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Noise Studies for the San Antonio "Y" Project 

GRANT S. ANDERSON 

ABSTRACT 

Measurements were made in Austin, Texas, of 
highway traffic noise reflecting from the 
underside of an overhead roadway to diagnose 
these reflections and the resulting amplifi
cation to the side. Special care was taken 
to normalize all measurements to the actual 
emission level of each passing truck. It was 
determined that reflections from the precast 
I girders were scattered to the side rather 
than reflected specularly. An equation was 
developed that related this scattered sound 
to the relevant cross-sectional geometry at 
the two measurement sites. Subsequent mea
surements at two additional sites verified 
the scattering equations to within l dB, on 
average. For different cross-sectional geom
etries in San Antonio, where the proposed 
structure is a composite wing girder rather 
than a precast I girder, calculations were 
made of the sideline amplification caused by 
the expected specular reflections. Compari
son of these calculated (specular) results 
with the measured (scattered) results in 
Austin indicates that the San Antonio ampli
fication should be less than that measured 
in Austin, except when both of the following 
occur: (a) the receiver is within 50 to 60 
ft of the edge of the elevated structure, 
and (b) the upper roadway curves away from 
the receiver. 

Figure l shows a portion of I-35 in Austin, Texas, 
where the Interstate is split level: half the traf
fic is depressed and the other half is elevated. 
Along this portion of I-35 the Texas State Depart
ment of Highways and Public Transportation (TSDHPT) 
had received complaints that the elevated structure 
was amplifying traffic noise to the side by reflect
ing sound from its underside, Attempts to measure 
this possible amplification had been inconclusive. 

Of immediate concern was a similar split-level 
Interstate proposed for San Antonio. would the 
proposed San Antonio structure amplify noise levels 
above what was predicted from the standard FHWA 
equations? If so, by how much? 

Figure 2 shows the two elevated structures for 
Austin and San Antonio. The Austin structure con
sists of a precast concrete deck supported on steel 
I girders. When sound reflects from the underside of 
such a structure, a portion of it is reflected spec
ularly as from a mirror, where the angle of reflec-

':?- p RESID~ 

D ~~ == • I 
FIGURE 1 Complete measurement geometry in 
Austin. 

AUSTIN SAN ANTONIO 

l ' /\ 
A PROBLEM TO THE SIDE ALSO A PROBLEM??? 

FIGURE 2 The two elevated structures. 

tion equals the angle of incidence. Another portion 
is scattered in all directions on reflection. For 
the Austin structure, the relative strengths of 
these reflected components are not obvious. 

By comparison, reflection from the San Antonio 
structure is surely specular. This proposed struc
ture--a so-called composite wing girder--consists of 
broad expanses of flat concrete devoid of any ex
posed beams. Because the two structures are so dif
ferent from an acoustical point of view, amplifica
tion to the side in Austin does not necessarily mean 
similar amplification in San Antonio. 

A three-part investigation of this type of ampli
fication is discussed in this paper: 

1. Measurement of the amplification in Austin, 
2. Diagnosis of the reflected sound in Austin to 

determine if it is predominantly specular or pre
dominantly scattered, and 

3. Application of the Austin results to predict 
possible amplification in San Antonio. 

The results are summarized as follows. Austin 
amplification was measured to range between zero and 
12 dB, depending on receptor distance to the side. 
The diagnosis clearly indicates that Austin reflec
t ions are predominantly scattered. As a result, the 
Austin measurements are no help in predicting pos
sible amplification in the San Antonio structure. 

The amplification of the San Antonio structure 
was computed by assuming specular reflections from 
the underside of the elevated structure. The result
ing amplifications range between zero and 7 dB, but 
most are usually between zero and 3 dB. 

The remainder of this paper contains details of 
the Austin measurements and their mathematical anal
ysis, followed by details of the resulting amplifi
cations and diagnosis of the reflected sound. Addi
tional Austin verification measurements are also 
given. Finally, the predictions of amplification in 
San Antonio are described. 

AUSTIN MEASUREMENTS: AN OVERVIEW 

Figure l shows the Austin cross-sectional geometry. 
Two sites were chosen for measurement: one depressed 
18 ft and the other depressed 12 ft. The geometrical 
complexity is obvious from the figure. With this 
geometry, the component of the sound reflected from 
the structure may not predominate enough to be mea
sured at all by using the time-averaging descriptor 
Leq• 

To 
peak 
heavy 

eliminate this complication during diagnosis, 
passby levels were measured for individual 
trucks on the lower roadway, rather than the 
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Leq• As long as no other trucks are close by during 
each peak measurement, the uncontaminated measurement 
shown in Figure 3 results. In Figure 3 the total 
level at the microphone consists of two components: 
a direct component and a ceflec ted c omponent. 

Depressed sections were chosen for measurement so 
that the reflected component would dominate over the 
direct component, which is reduced by diffraction 
over the top edge of the retaining wall. Even though 
this reflected component dominates, the direct com
ponent must still be subtracted from the total at 
the receptor to precisely determine the reflected 
component. The only recourse is to compute this 
direct component. 

Errors inherent in this computation will not 
significantly affect the result of the subtraction 
as long as the reflected component dominates. The 
introduction of a computation into the analysis adds 
another complication, however. Computation of the 
direct component for an individual truck passby 
includes an emission-level term. Rather than assume 
that the noise emission from each vehicle is equal 
to the national average, precision is maintained by 
an independent measurement of the emission level of 
each vehicle as it passes. Measurement of emission 
level is not straightforward, however, because an 
uncontaminated measurement 50 ft to the side is 
impossible. Instead, a surrogate is used for emis
sion level, which is measured at a reference micro
phone directly above the median and high enough so 
that essentially no reflected sound reaches it. The 
resulting geometry is shown in Figure 4. The peak 
reference level as a truck passes by is a measure of 
the noise emissions from that vehicle, but upwards 
at an angle rather than to the side, and not at the 
standard distance. 

In summary, the diagnosis uses measurements of 
single truck passbys, simultaneously measured to the 
side and at the reference position. The reference 
level is used to normalize the entire analysis to 
the emission level of that particular truck. The 
(computed) direct component is subtracted from the 
total level ~ at the microphone to yield the 
reflected component LR. It is this reflected com
ponent that is then quantified and diagnosed as 
specular, scattered, or a mixture of the two. 

ANALYSIS OF AUSTIN MEASUREMENTS 

Two equations are basic to the analysis. The first 
relates the amplification of the structure to the 
measured I.rotal and the computed Loirect: 

REFLECTED 
-............. MICROPHONE 

RECT~ 0 -' 

~.? .??-7= I 
AMPLIFICATION• TOTAL-DIRECT 

FIGURE 3 Measurement geometry for one lane and 
receptor pair. 

FIGURE 4 Measurement geometry with 
reference microphone. 
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Amplification• ~otal - Loirect (1) 

For example, if the direct component is 67 dB(A), 
this would also be the sound level at the receptor 
in the absence of the elevated structure. If the 
measured LTotal is 75 dB(A), the structure has 
amplified the sound level by the simple difference 
between these two: 8 dB. 

The second equation of interest relates the total 
level to its direct and reflected components: 

~otal = Loirect~LReflected (2) 

The circle around the plus sign signifies decibel 
addition. For example, if the direct component is 67 
dB(A) and the reflected component is 74 dB(A), then 
the total level at the receptor will be the decibel 
sum of these two: 75 dB(A). Equation 2 can be re-
written as 

LReflected = ~ota1(:)Loirect (3) 

where the circle now signifies decibel subtraction. 
The example numbers are the same as those previously 
given: 

74 dB(A) = 75 dB(A) - 67 dB(A). 

Equation 1 is used to derive the amplification from 
the measured I.rota! and the computed Loirect • 
Equation 3 is used to de rive the ref lected component 
from these same two quantities. 

In energy-like notation (to allow normal arithme
tic rather than decibel arithmetic), Equation 3 
converts to 

(4) 

Then Equation 4 is normalized by the emission level 
{Lt;L) of the vehicle, the maximum pc:u:.r:sby level 50 
ft to the side. Normalization of the first term on 
the right proceeds in two steps: first to LREF at 
the reference microphone, and second to LEL: 

10 (~-LREF)/lOx 10 (LREF""LEL)/10 

- 1o<Lo-1EL)/lO (5) 

(6) 

Equat ion 6 identifies each of the terms of Equation 
5 for easier discussion in the following sections, 
where each of these terms is discussed in detail. 

Basic Data: Term 1 of Equa t i ons 5 and 6 

Term 1 of Equations 5 and 6 comprises the basic 
data. This term is measured for each individual 
truck passby: LTotal at the receptor and LREF 
simultaneously at the reference microphone. Preci
sion is maintained in these simultaneous measure
ments by calibrating the ballistics of the two sound 
level meters. 

A total of 219 heavy trucks (three or more axles) 
were measured. These data span a combination of 40 
receptor and travel lane combinations, comprised of 
10 receptor positions matched with 4 lower-roadway 
travel lanes. 

Next, these data are separated by lane and recep
tor pairs into 40 subtables, each for a common lane 
and receptor pair. A standard error of 0.4 dB is 
typical of all 40 subtables. 
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In summary, there are 40 term l's, each corre
sponding to one of the lane and receptor pairs. Each 
term 1 is the mean value of one of these 40 sub
tables divided first by 10, and then exponentiated 
on 10, as indicated in Equation 5. These 40 terms 
comprise truck noise levels normalized to the over
head reference microphone. Sufficient trucks are 
measured for each lane and receptor pair so that the 
mean is known within± 1 dB. 

Surrogate Term: Term 2 of Equations 5 and 6 

Term 2 of Equations 5 and 6 converts the reference 
measurements to proper emission levels by indepen
dent experiment. The experiment is not in Austin, 
where the overhead roadways provide reflections, but 
instead at a similar cross-sectional site in San 
Antonio, where no overhead roadways exist. The ref
erence microphone was supported on a cross-street 
bridge, as were the reference microphones in Austin. 
The level to the side was measured at one side po
sition. 

Figure 5 shows the cross-sectional geometry. The 
reference microphone is 35 ft above the travel lanes 
of the lower roadway and directly above the center
line of the slow travel lane. Because of this all 
sources extend to the left of this reference micro
phone position. The distance to the left is desig
nated x. X ranges from zero for the slow travel 
lane, out to larger values for subsequent travel 
lanes, and ends at the slow travel lane in the op
posite direction. 

The side microphone is 5 ft above the pavement 
and 25 ft from the centerline of the nearest travel 
lane. Distance to the side microphone varies for 
each of the travel lanes, and all sideline levels 
are later converted to 50 ft. A regression equation 
is desired for the difference between the side and 
the overhead level as a function of which lane the 
vehicle is in. 

Term 2 is not actually a difference in sound 
levels but instead is a ratio of energies associated 
with these sound levels, It is desirable to regress 
this ratio of energies directly, rather than to 
regress the differences in the exponent of 10 in 
these terms. 

In addition, term 2 has one more complicating 
factor to it, as shown in Equation 7: 

Term 2 

(7) 

Term 2 does not just consist of the first factor 
in Equation 7, which relates the overhead reference 
microphone to the side level measured in this ex
periment. The second factor must also be included. 
This second factor is a distance conversion factor 
that converts the side microphone measurement to 50 
ft (the standard distance for emission levels). This 

• REF MIC 

in 
M 

• SOURCE 

i---- X ------- 25' 

SIDE lin 
MIC• 

FIGURE 5 Independent experiment geometry 
to convert reference level to emission level. 
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entire term 2 is regressed, including the squared 
ratio term, so that the regression result is the 
full term 2, The result is 

Term 2 = 2,133 - 0.05933X + 0.0005371X 2 (8) 

This is the conversion to emission level from 
LREF• the surrogate for emission level. It is an 
average term, averaged over the 69 trucks that 
passed by in San Antonio, 

Computed Direct Level: Term 3 in Equations 5 and 6 

Term 3 of Equations 5 and 6 is the computed sound 
level at the receptor, which ignores reflections 
from above. This computation proceeds in two steps: 

Term 3 [ 10 (LIY'lO) no barrier 11/Er/lOJ 10-A/lO 

(50/D)• 10-A/lO (9) 

In this equation the first term is the distance 
correction term from the 50-ft distance of the emis
sion level to the proper distance. The second term 
corrects for the barrier attenuation, which is a 
function of geometry. 

The barrier-attenuation equations that underlay 
the FHWA barrier calculations were used. However, 
also used were the equations for a point source, 
rather than for a line source, because the peak 
passby level is the result of a single truck near 
its closest point of approach. 

Note that Equation 9 does not contain vehicle 
emission level, which has been normalized out of the 
computation. In essense, this computation is a func
tion only of the propagation between source and 
receptor, 

RESULTING AUSTIN AMPLIFICATIONS 

Figures 6 and 7 show the resulting amplifications in 
Austin. These amplifications follow from the mea
surements and from Equation 1. The resulting ampli
fications differ significantly between Austin Site l 
and Site 2. At Site l the noise increases are all 
large and do not drop off with distance from the 
roadway. At Site 2 the noise increases are smaller 
and drop off significantly as the receptor moves 
farther from the roadway, 

To explain this site difference, ray-tracing 
techniques are used to search for a basic difference 

6 6 9 10-L4 
9 8 10 10-LJ 

12 11 13 12-L2 
I I I I I I I I I I Ii I 12 11 12 13-L1 

• • • • 
~· .. ·! 

LANES 4 3 2 1 

FIGURE 6 Resulting Austin amplifications, Site 1. 

I I I I I I I I I I I I 

~ .... I 
LANES 4 3 2 1 

4 
5 
6 

I I I I 4 

• 

, 1 2 -1 -1-L4 
3 2 3 1 1-LJ 
5 6 6 4 3-L2 
4 3 5 2 2-L1 

• • • • • 

FIGURE 7 Resulting Austin amplifications, Site 2. 
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between Site 1 and Site 2. Figure 8 shows this basic 
difference. For Site 1, this figure shows that this 
site produces a unique triple bounce of truck noise, 
aimed directly at the receptors. This triple bounce 
occurs not onl~' from th~ lana shown, but for all 
other lanes. It also occurs in several other man
ners. For example, from the lane shown, it bounces 
first off the roadway pavement, then to the opposite 
retaining wall, then to the overhead structure, then 
back down to the retaining wall, and then to the 
receptor. In effect, this is a quadruple bounce. 

_T ~~ 
~.::::E BOUNCE 

FIGURE 8 Site 1 anomaly. 

This triple bounce for Site 1 results in addi
tional paths by which sound can reach the receptors. 
These paths are quite similar to the direct path 
(shown lightly in the figure), except for two dif
ferences. First, they are longer, and second, they 
contain reflections. 

These reflections are essentially specular be
cause they are from the retaining wall and from the 
overhead structure, reflected perpendicularly. Be
cause they are essentially specular, they result in 
a geometry that can be calculated, just as the 
direct geometry was calculated. This calculation was 
undertaken for each of the image sources that each 
receptor would see (i.e., bounced off the opposite 
retaining wall). 

For each possible path, the expected level at the 
receptor was computed and subtracted from the total. 
In effect this means that the total sound level had 
many terms subtracted from it, not only the direct 
term, which goes directly over the retaining wall 
toward the microphone, but also each of these image 
terms. Even after this subtraction, however, Site 1 
amplification is significantly more than that at 
Site 2. 

What appears to be happening is the following: 
Sound generated by traffic and preceding toward one 
of the retaining walls is bounced up to the overhead 
structure and back down to the retaining wall. This 
aims a significant amount of sound over to the oppo
site rP.taining wall, which then bounce& it up to the 
opposite overhead roadway and back down again. In 
this manner sound is trapped between the two retain
ing walls, as if they were vertical. In reality they 
are not vertical, but the nearly 45-degree slopes of 
the retaining walls, combined with the horizontal 
overhead structure, in effect produces a vertical 
retaining wall. This results in a large amount of 
reverberant energy trapped in this depressed sec
tion. Each time the sound bounces off the overhead 
structure, some of it is scattered sideways by the 
structure to the receptor. After many bounces, sig
nificantly more sound is scattered sideways than 
would otherwise be there. This additional scattering 
makes Site 1 very different from Site 2. 

Because of this triple-bounce anomaly at Site 1, 
which will not occur in San Antonio, the amplifica
tion results of Site 1 are not considered to be as 
relevant as those of Site 2. Both sets of results 
are retained in the analysis, nevertheless. 
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DIAGNOSIS OF REFLECTED SOUND 

Combination of terms 1, 2, and 3 in Equation 5 
yields the reflected portion of the sound at each 
receptor. This reflected portion is determined sepa
rately for each of the 40 lane and receptor pairs. 

For many of these pairs there is no path by which 
sound can reflect off the upper roadway directly to 
the receptor with the angle of reflection equal to 
the angle of incidence. By pure ray-tracing reason
ing, therefore, the sound for these pairs should not 
be amplified by the overhead structure. 

Such pairs without direct specular reflections 
-are -ae - follows: - for- Site -1, for - recep~or- 2:- latres- T 
and 2; for receptor 3: lanes 1-3; and for receptor 
4: lanes 1-4; and for Site 2, for receptor 3: lane 
1 J and for receptors 4-6: all lanes. The receptor 
numbers increase with distance from the roadway. 

Nevertheless, for these lane and receptor pairs, 
amplification due to the upper roadway did occur. 
This portion of the amplification must be due to 
scattering from the upper roadway surface. 

Figure 9 shows the reasoning behind the next 
steps of the analysis. For those lane and receptor 
pairs that have no chance of specular reflections, a 
regression analysis was undertaken to determine 
scattering as a function of the angles of interest. 
This scattering was subtracted from the other data 
to determine the residual component that remained. 
This residual was essentially zero, and therefore 
the other data were essentially all scattered as 
well. 

NO CHANCE 
OF SPECULAR 

"OTHERS" SCAT. 

"OTHERS" 

SUBSTRACT SCAT. 
FROM "OTHERS" 

"OTHERS" SPECULAR 

FIGURE 9 Overview of Austin diagnosis of reflected 
sound. 

The scattering geometry is shown in Figure 10. 
For each lane and receptor pair, a line was drawn 
directly from the source up to the center of the 
reflecting surface and then down to the receptor. 
The two an~les shown are the angle of incidence and 
the angle of scatter. This path has length D, which 
in general differs from 50 ft, the reference dis
tance. Therefore, the total reflected component, 
normalized to the reference distance, is 

(~-1'E:L) /10 
10 = (50/D)• F(ainc• ascatl (10) 

'~%~aSCAT 

~ D1 ~A 

S / 0-0,+02 

FIGURE 10 Scattering geometry. 
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In this equation F is the fraction of incident en
ergy that is reflected toward the microphone. This 
fraction is a function of the two angles of concern, 
and it is this fraction that is sought. 

Because the expression on the left has been pre
viously measured for each of these lane and receptor 
pairs, and because the distance D is known, this 
equation can be used to solve for F. This was done 
for each of the lane and receptor pairs previously 
given. The average values of Fare 0.62, 0.63, and 
o.so for Site l and 0.21, 0.34, o.oa, and 0.07 for 
Site 2. 

As is apparent, Site l still does not match with 
Site 2: the scattered energy is far greater. For 
this reason, an attempt was made to interpret Site l 
data by a higher source height than for Site 2. 
Justification for this is as follows. 

At Site l the trucks were coming out from under
neath the cross-street overpass and accelerating up 
a grade of greater than 5 percent. Such acceleration 
results in two things. First, the emission levels of 
the trucks are increased. This is accounted for 
automatically by the reference microphone measure
ment directly above the truck. Second, most of the 
energy of an accelerating truck comes from the top 
of the stack of the truck, rather than from its 
tires, because the throttle is increased during 
acceleration. Thus the source height of these trucks 
is likely to be higher than it is for Site 2, where 
such upgrade acceleration did not occur. 

For this reason all calculations were redone with 
a source height of 12 ft. The resulting Site l 
values of F were reduced by this increase in source 
height, but were still much larger than at Site 2. 

A quadratic nonlinear fit was attempted on (a) 
all the data, including Site l, and (b) on Site 2 
data only. The statistics are as follows: On all 
data, R• = 0.45, and on the Site 2 data only, R2 = 
0.73. These fits are considered satisfactory for use 
and were retained as the final results. For Fat both 
sites and no direct deflection, 

F = 0.1435ainc - 0.0017lainc' 
+ 0.02422ascat - 2.731 

and for F2 with no direct reflection, 

F2 = O.l469ainc - 0.001697ainc' 
+ 0.03225ascat - 3.0709 

(ll) 

(12) 

Equation 11 is later used for Site l data, and Equa
tion 12 is used for Site 2 data. 

As noted previously, many lane and receptor pairs 
were left out of this regression analysis. These 
were left out because, for these pairs, strong sin
gle specular reflection is possible. 

The next obvious question is how well the regres
sion fit explains the lane and receptor pairs that 
were not used in its development. In other words, 
each of the pairs that has a direct specular reflec
tion also has an angle of incidence and an angle of 
scatter. Therefore, they would probably also have a 
portion of the excess energy contributed by scatter
ing. In essence, this scattered portion is found by 
using the regression equations. Then, after sub
tracting it from the total sound for those pairs, 
the remainder is the portion that would arrive by 
way of direct specular reflection. 

Results indicate that, except for the first two 
lane and receptors pairs, the specular reflections 
have no influence on the measured noise levels. All 
of the energy arrives by way of scattering. Even for 
the first two pairs, scattering controls the ampli
fication at the microphone position. 

It is concluded from this analysis that all the 
amplification to the side in Austin is caused by 
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scattering, and essentially none is caused by 
specular reflection. 

A FINAL CHECK: SPECULAR PREDICTIONS FOR AUSTIN 

The specular amplification for the Austin geometry 
was next predicted for comparison with the measured 
scattered amplification. In this manner the differ
ence between specular and scattered conditions could 
be directly determined. The results of the specular 
calculations are described herein. 

The basic equation is 

LT = (Lo - A) + ( r Lal (13) 

dB sum,also 

This equation states that the total measured noise 
level is the sum of the direct level (minus the 
barrier attenuation) and all reflected levels re
ceived by reflected paths. All these sums are deci
bel summations. 

The results of this analysis appear as dotted 
lines in Figures ll and 12 as a function of dis
tance from the edge of the structure. For compari
son, the solid line shows the measured amplification 
in Austin. The measured amplification significantly 
exceeds the specular predictions, as is obvious from 
the figures. 
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Figure ll shows a breakdown of the specular 
amplification into that produced by the triple 
bounce and that produced by the remainder of the 
reflections. As is obvious from Figure 11, most of 
the amplification is from the triple bounce and 
little is from the remaining reflections. This check 
on specular reflections confirms the diagnosis that 
scattering predominates over specular reflection 
from the underside of the Austin structure. 
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VERIFICATION 

Overview 

The measur@ments pre11iously cited are best called 
diagnostic measurements. They involve individual 
truck passbys, where the lane of travel is known for 
each passing truck. During the closest point of 
approach for each such truck, noise from that truck 
completely dominates the total sound level at the 
receptor. The measurement then allows diagnosis of 
the path (s) that this noise has traveled from truck 
to receptor. 

-Such - diagnostic - measurements could not have - been 
made by using the full noise climate at the recep
tor. This full noise derives from many different 
vehicles, each with its own emission level, and from 
vehicles traveling on many different lanes. The 
propagation situation is simply too complicated for 
diagnosis. 

Another way of looking at the diagnosis is that 
the diagnostic measurements were of short duration, 
essentially just a second or less, when an ind i
vidual truck was registering its maximum noise level 
at the receptor. During this short duration one 
noise source dominated. The situation is rela
tively simple. On the other hand, longer measure
ments capture many vehicles and much more com
plexity. These longer measurements do not allow 
diagnosis. 

It was thought desirable, notwithstanding these 
difficulties, to measure noise during some longer 
periods to determine if the results of the diagnosis 
would adequately predict the longer-term noisf! 
levels1 specifically, the energy-average noise level 
Leq• For this purpose a series of verification 
measurements was made. 

Verification measurements were made at Site 2, as 
well as at two additional sites along the elevated 
sections of I-35 in Austin. These two additional 
sites are both sites where the lower roadway iis ;,t 
grade, They differ from each other in that the ele
vated roadway is significantly higher at one than at 
the other, 

At each of these three verification sites a series 
of 10-min Leq' s was obtained. Simultaneously , the 
traffic was classified and speeds were measured, In 
addition, overhead noise levels were measured for 
each passing heavy truck for later conversion to 
emission levels. Then, by using these measured data 
at the site , the Le 's were predicted for each 
10-min period for matciing with the measured 10-min 
r.t!4..'_ ~. 

~he Leq noise predictions were made in accor
dance with the current FBWA method <1), as embodied 
in FHWA' s (Texas Instruments) programmable-calcula
tor program. Instead of using the national average 
emission levels for heavy trucks on the lower road
way, emission levels specific to the measurement 
period were obtained from the overhead reference 
levels. These emission levels, specific to I-35 in 
Austin and specific to the actual 10 min of measure
ment, were used only for heavy trucks on the lower 
roadway. The national average emission levels were 
used in all other cases. 

Full traffic classifications were made for the 
lower roadway, separately by lane, and also for the 
near frontage road. These classifications were made 
simultaneously with the noise measurements. Classi
fication on the upper roadway was done only by di
rection of travel, either before the period of mea
surement or after it, generally within 2 hr of the 
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measurement. Although this time displacement for the 
upper roadway results in only an approximate classi
fication during measurement, traffic from this road
way is shielded from the receptors by the edge of 
structure. It does not dominate the noise. 

Speeds were measured on the lower roadway and the 
near frontage road by timing a sample of heavy 
trucks between two fixed points, The average of 
these sampled speeds was used for computation. 

Volumes and speeds on the far frontage road were 
taken to be identical to those measured on the near 
frontage road, All barrier calculations were done 
separately by lane and separately by the three vehi-

- o -le -t-ypes:-- automobiles--(all -- four-tire - vehicles)-,
medium trucks (all six-tire vehicles), and heavy 
trucks (all vehicles with more than six tires). For 
these barrier calculations, all traffic on the two 
elevated structures was positioned in the lane 
nearest the receptor. 

The noise calculations were kept separate by lane 
and by vehicle type for each 10-min period, Before 
combining them into the total 10-min noise level, 
the heavy-truck contributions on the lower roadway 
were adjusted to account for the level difference 
between the national average emission (ignoring 
grade) built into the FHWA method and the measured 
emission levels during the measurement period. 

First, the overhead reference levels were con
verted to sideline emission levels at 50 ft by using 
the following equation: 

LREF - LEL = 10 log(2.133 - 0,05933X 
+ 0.0005371X 2 ) (14) 

where X is the horizontal distance between the ref
erence microphone and the centerline of the lane of 
travel, as before. Then emission levels of all the 
heavy trucks that passed during the 10-min period 
were energy-averaged to obtain the average emission 
level for th,3t me,3s1_1r~'!ll~nt period: 

A total of 329 heavy trucks were measured over 
the total of 21, 10-min verification periods, for an 
average of 16 trucks per period, Note that this 
number of trucks is not a small sample; it is all 
the heavy trucks that passed during the measurement 
periods and comprises the full population of trucks 
that should be used for emission level adjustment. 
The heavy-truck emission level adjustments, relative 
to the national average emission levels, ranged 
between -7 and +2 dB, averaging -2,l dB, 

Another complication enters here. The overhead 
reference levels for these trucks were measured at 
the closest cross-street bridge that passed over the 
lower roadway. For verification of Site 1 data, 
which was identical to a diagnostic site, this 
closest bridge was immediately adjacent, where the 
lower roadway was fully depressed. For the other two 
verification sites, however, the nearest cross
street bridge was a distance from the measurement 
site. 

Of most importance here is that the overhead 
measurement occurred where the trucks were in a 
depressed section, whereas for the verification the 
sideline measurement occurred where they were at 
grade. It is possible that truck drivers use dif
ferent amounts of throttle for these two different 
positions along their travel, and it is possible 
that this throttle change introduces a bias in the 
computation method, 

To check for such a bias and to compensate for it 
if found, the sideline noise of 51 heavy trucks was 
measured along I-35 in San Antonio at a location 
where the cross section alternated between depressed 
and at grade (similar to Austin). Distinction was 
made between trucks passing in the two different 
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directions. For these trucks in San Antonio, the 
differences in emission levels were 

Direction 1: Ldepressed - Lup-grade = 0.3 dB, 
Direction 2: Ldepressed - Lup-grade = -0.8 dB, and 
Full average: Ldepressed - Lup-grade = 0.2 dB. 

Within experimental error, this small level differ
ence is not significantly different from zero. 
Therefore, no adjustment was made to account for the 
fact that the overhead measurements were not made 
immediately adjacent to the sideline measurements 
for verification Sites 2 and 3. 

After emission level adjustments were made for 
all lower-roadway heavy trucks, the contributions 
from all vehicles on the lower roadway and frontage 
roads were increased by reflection from the under
side of the structure. In total, 

~/10 I.il/10 Lo/10 A/lO 
10 = 10 + 10 X 10- (15) 

where A equals the barrier attenuation for this par
ticular lane, vehicle, and receptor combination. 
Note that Lo is the direct contribution without 
barrier attenuation. Next, 

(16) 

where the distance ratio is taken to the power of 
unity because the L diverges as a line source. The 
fraction Fis the fraction of energy lost on reflec
tion from the upper surface: 

F = 0.1469ainc - 0.001697ainc 2 

+ 0.03225ascat - 3.0709 (17) 

from the scattering measurements at diagnostic Site 
2. Next, the amplification due to reflection is 

Amp = ~ - (Lo - A) 

In total, 

Amp= 10 log[(0.1469ainc - 0.001697ainc 2 

+ 0.03225ascat - 3.0709) (Do/DR) 

+ 10-A/lO] + A 

(18) 

(19) 

This equation was used to compute the overhead 
amplification separately for each lane, vehicle, and 
receptor combination for a total of 55 amplification 
computations. 

Finally, once these two adjustments were made 
(emission level and amplification), the contribu
tions from all lanes were summed to the total 10-min 

Leq• 

Results 

On average, the predictions agree with measurements 
within 1 dB, which is better than could generally be 
hoped. For closeby receptor positions, predictions 
fall below measurements by 3 to 5 dB; in other 
words, the predictions are too low. There exists the 
possibility that the predicted amplification from 
the structure is too low. This is most likely not 
the case, however, because the amplification was 
measured precisely during the diagnostic measure
ments, which are far more controlled than are these 
verification measurements. In addition, the verifi
cation predictions have many possible sources of 
bias not connected with the upper structure. Perhaps 
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the FHWA method under-predicts the noise from the 
frontage road traffic, which is generally stop-and
go traffic. According to the computations, this 
frontage road traffic was a significant contributor 
to the total noise level, especially for the closeby 
receptor positions, basically because it is so close. 

For receptor positions that are farther out, 
predictions are greater than measurement by 1 to 7 
dB; that is, predictions are too high. This is most 
likely due to shielding, in plan, which intervenes 
between the receptors and the traffic lanes, both to 
the right and to the left of the closest point of 
approach. This shielding was not taken into account 
in the computations. In addition, the over-predic
tion could result partly from the assumption of hard 
ground between source and receptors (a = 0 in the 
FHWA method). This hard-ground assumption is more 
nearly true, on average, than it would be for the 
soft-ground assumption because of the street or 
driveway down which the receptor line was placed, 
but a significant amount of the intervening ground 
was grass. 

In summary, the verification measurements do not 
dispute the results obtained from the diagnostic 
measurements. For this reason, they lead to no 
changes in the conclusions of the study. The verifi
cation measurements are shown in Figure 13. 
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FIGURE 13 Summary of Austin verification measurements. 

SAN ANTONIO COMPUTATIONS 

Four typical sites were chosen for analysis in San 
Antonio: depressed, vertical retaining walls; de
pressed, grassed slopes; flat; and 10-lane elevated. 
At these cross sections the noise from all vehicles 
on the lower roadway was computed, assuming specular 
reflection from above. 

These calculations were made with the official 
FHWA highway noise traffic prediction model embodied 
in its programmable-calculator form. Therefore, they 
all assume infinite roadway and infinitely long 
barriers. Source height assumptions were zero height 
for automobiles, 2.8 ft for medium trucks, and 8 ft 
for heavy trucks. These source heights are important 
to barrier calculations. 

Calculations were made for every travel lane and 
for the three vehicle types at every receptor loca
tion. Receptor locations were chosen to be at the 
closest building lines and 5 ft above the local 
terrain. At the fourth site an additional receptor 
location was placed 15 ft above the local terrain to 
account for noise entering the second story at this 
site. 

In Figure 14 the results are condensed as a func
tion of distance from the edge of the structure, 
where they are compared with the Austin results. At 
30 ft the two sides of the roadway differ appreci
ably, as shown in the figure. 

In conclusion, the noise in San Antonio increases 
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FIGURE 14 Predicted San Antonio amplification 
compared with Austin measurements. 

to the side due to overhead reflections, and it 
should be less than that measured in Austin, except 
when both of the following occur: (a) the receptor 
is within 50 to 60 ft of the edge of the elevated 
structure, and (b) the upper roadway curves away 
from the receptor. When the upper roadway curves 
away from the receptor, its tilted undersurface 

Transportation Research Record 983 

tends to aim energy toward the receptor, thereby 
increasing the noise. The San Antonio values of 2 
and 7 dB on the graph occurred at such a roadway 
curve, on opposite sides of the roadway. 

The particular 10-lane elevated section chosen 
for study in San Antonio is unique, It occurs where 
the frontage road runs underneath the upper roadway. 
For most of the 10-lane elevated section there is no 
roadway underneath to be amplified. For this cal
culated cross section, where the frontage road is 
underneath, the upper roadway increases frontage 
roadway noise to the side by approximately 3 to 4 dB. 
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Evaluation of T-Profile Highway Noise Barriers 
J. J. HAJEK and C. T. BLANEY 

ABSTRACT 

An aco\lstical performance eval\lation of 
unique 5-m-high sound-absorbing parallel 
highway noise barriers, with a horizontal 
cap to form a T-profile, is presented. The 
evaluation was done by using (a) direct 
field measurements, (bl analytical proce
dures based on the STAMINA 2.0 computer 
J:>ruyram aml lht! applic:dliou of geometi: ical 
acoustics, and (c) acoustical scale model
ing. Noise measurements in the residential 
area behind the barriers indicated that the 
addition of a 1-m-wide horizontal cap on top 
of the barrier had increased its insertion 
loss by about 1 dB(A). Similar results were 
obtained by acoustical scale modeling, which 
also indicated that it is usually acousti
cally more effective to increase the barrier 
height rather than to build a T-top. 

The objective of this paper is to present the re
sults of an acoustical evaluation of unique parallel 
highway noise barriers constructed in 1983. The 
barriers have sound-absorptive layers on both the 
highway and the residential sides. A 1-m-wide sound-

absorptive cap is mounted horizontally on top to 
create a T-profile. 

The evaluation has been conducted by using direct 
field measurements, analytical calculations, ano 
acoustical scale modeling. The latter two methods 
were used to establish their accuracy in relation to 
the field measurements and to evaluate various de-
sign parameters, such as the T-top shape and absorp
tive treatment of barrier walls, which could not be 
evaluated effectively in the field. 

'l'he barriers are located along both sides of the 
Queen Elizabeth Way (QEW), east of Cawthra Road in 
Mississauga, Ontario. At this location the QEW has 
six traffic lanes, three in each direction, and the 
barriers are about 36 m apart. On both sides of the 
QEW there are two-lane service roads. The terrain is 
flat, gently sloping toward the south (Lake On
tario). Figure 1 shows the general barrier setting, 
together with the location of T-top and conventional 
barriers, and the measurement locations used for 
evaluation. 

The photographs in Figures 2 and 3 have been 
included to illustrate the appearance and aesthetics 
of T-top barriers. Although opinions in these mat
ters can certainly differ, the addition of the hori
zontal cap does not appear to degrade the appearance 
of a conventional type barrier. 

Construction of noise barriers at this site had 
been anticipated during highway construction in 
1977. Thus 0.8- to 1.2-m-high New Jersey (NJ) type 
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FIGURE I QEW, Cawthra to Dixie roads, general setting. 

FIGURE 2 Site overview from the pedestrian overpass (North 
Service Road is on the right). 

walls, which would separate the QEW from the service 
roads, were designed to serve also as a foundation 
for noise barriers (Figure 4). Because of the foun
dation design, the height of possible noise barriers 
was limited by wind load considerations to 4 m above 
the NJ walls (i.e., to about 5 m above the pavement 
elevation) • This height restriction placed a limit 
on performance of the noise barrier (1). 

The need for higher insertion ~ss (than that 
predicted for 4-m-high barriers mounted on top of NJ 
walls) without exceeding the total barrier height of 
5 m was the main reason why T-top experimental bar
riers were constructed at this site. Research and 
development considerations, such as the effect of 
barrier shape and community acceptance, also con
tributed to the decision. 

PREVIOUS EXPERIENCE 

May and Osman (ll conducted a comprehensive acous
tical scale-modeling study on different barrier 
shapes and reported a 3 dB(A) increase in the bar-

FIGURE 3 View from the residential side showing T-top and 
conventional barriers. 
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rier insertion loss with a 1-m increase in the width 
of the horizontal cap. This rate compared well with 
the insertion loss growth rate of about 2 dB(A) per 
1-m increase in the height of a conventional barrier 
found for the same test situation. The study also 
recommended an absorptive treatment of the hori
zontal cap on the upper surface. 

Although it appears that the present application 
is the first actual installation of a T-top barrier, 
two previous full-scale experiments were found. In a 
report evaluating the Doublewal noise barrier 
(l,p.27), it was noted that there was no discernible 
difference in the barrier insertion loss if the bar
rier was fitted with a 1.5- or 2.4-m-wide T-top. 
(The thickness of the basic Doublewal unit was about 
1.2 m.) On the other hand, it was reported that 
temporary addition of a 0.75-m-wide horizontal cap, 
2 cm thick, to an existing 4-m-high noise barrier 
had increased its insertion loss by about 1 to 1.5 
dB(A) (_!). 
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FIGURE 4 Construction detailll of T-profile noise barrier mounted on NJ wall. 

BARRIER DESIGN AND CONSTRUCTION 

The design and construction of the Cawthra Road 
barriers were based on a study by Hajek et al. Ill, 
which recommended a sound-absorptive treatment on 
the barrier side facing the highway (freeway side) 
as well as on the side facing the service roads 
(residential side). The recommendation for the 
sound-absorptive treatment on the freeway sides was 
based on the evaluation of multiple reflections 
caused by parallel barriers, according to a proce
dure outlined elsewhere 11,1). 

The recommendation for a sound-absorptive treat
ment on the residential side was based on sound 
levels emitted by traffic on service roads that 
cannot be attenuated by noise barriers. A 12-hr 
traffic classification survey, conducted in April 
1981, indicated that traffic on the service road was 
rP.latively high, OepP.nd i n<J on timP., t.hP. Sollt.h SP.r
vice Road traffic volumes represented about 15 to 28 
percent of the eastbound QEW traffic, and the North 
Service Road traffic volumes represented about 12 to 
18 percent of the westbound QEW traffic (1). It was 
feared that if the barriers were sound reiiecting on 
the residential side, they would reflect sound from 
the service road traffic to the community behind the 
barrier and amplify it by as much as 3 dB(A). 

A typical barrier construction detail, showing 
the T-top, is shown in Figure 4. Sound-absorptive 
treatment consisted of a Dur isol building material, 
which is described as a lightweight material (den
sity of about 560 kg/m') made of chemically miner
alized and neutralized softwood shavings bounded 
together under pressure with portland cement. It is 
an open-textured material with a noise reduction 
coefficient (NRC) of about 0.60 for 5-cm thickness 
when mounted against a rigid backing. The structural 
support for Durisol was provided by a steel-rein
forced concrete core. The complete panels are 3 m 

long, 0.5 m high, and 0.132 m thick. The panels are 
interlocking with tongue-and-groove joints, and the 
joints between the panels and steel posts are sealed 
wlth a rubberized compound. The t i rst panel on top 
of the NJ walls was an all-concrete panel. 

FIELD EVALUATION 

The acoustical performance of the barriers was as
sessed by comparing sound levels measured before the 
barrier construction with the sound levels measured 
(a) after the erection of sound-absorptive vertical 
barriers and (bl after the addition of the horizon
tal cap. The before-and-after measurements were done 
on identical locations in the residential community 
behind the barriers and during similar times of the 
day. 

The measured barrier insertion loss was normal
ized to remove the effects of source strength and 
other variations as described in previous studies by 
the Ontario Ministry of Transportation and Communi
cations (MTC) (.!,§.), where sound levels were mea
sured behind the barrier and, simultaneously, at a 
control measurement location unaffected by barrier 
construction, both before and after barrier erec
tion. In this study the procedure was slightly modi
fied in that two control locations, rather than one, 
were used to indicate any changes that may occur 
between the measurements. The first control measure
ment location was close to the highway (about 40 m 
from the centerline, 4 m aboveground) and was in
tended to account mainly for the source strength 
(traffic) variation. The second control location was 
farther from the highway (about 90 m from the cen
terline, 1.2 m aboveground) and was intended to 
account, in addition to the source strength varia
tion, for weather-related factors (e.g., wind and 
temperature gradients, wind speed) and ground condi-

.. 
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tions that were not fully accounted for by the con
trol measurement placed close to the highway. Two 
control measurements were used on each highway side, 
as shown in Figure 1, 

Altogether four types of acoustical field evalua
tions were conducted in the area behind the bar
riers, as described in the following sections. 

Measur ements at S i ngle Location S i tes 

At the single location sites, shown in Figure 1, 
measurements were done in two measurement series: 
before barrier construction and after the completion 
of the barrier, including the T-top. The data in 
Table 1 summarize the measurement results as well as 
the predicted results described later. Overall, the 
barrier insertion loss was rather limitedi the first 
row housing receivers attaining about 5 dB(A), and 
the more distant ones from about 2 to 4 dB(A). 

Measurement Lines 

The {three) measurement lines {shown in Figure 1) 
served as the main evaluating tool. The sound level 
measurements at these lines were done before barrier 
construction and then at several construction stages 
(e.g., after barrier construction to a height of 3 
m, after its extension to 5 m, and after the T-top 
was in place). At each stage the measurements were 
repeated at least two times on different days and 
were of 20 min duration, Figures 5-7 show average 
measured results before the barrier construction and 
after construction of the 5-m barrier without the 
T-top. The reason why the T-top results are not 
shown are rather insignificant changes in levels due 
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TABLE 1 
Levels 

Comparison of Measured and Predicted Sound 

Measurement 
Location8 

Sound Levels Before 
Barrier, Leq [dB(A)) 

Measured Predicted 

Part A: Locations not Shielded by Houses 

IN 74.0 74.7 
2N 75 .4 75.9 
IS 73.4 74.4 
2S 74.3 74.5 
Avg 74.3 74.9 

Barrier Insertion Loss, 
6 Leq [dB(A)) 

Measuredb Predicted' 

4.3 5.3 
5.1 5.7 
4.4 4.7 
4.7 5.3 
4.6 5.3 

Part B: Locations Shielded by One or More Rows of Houses 

3N 62.3 64.4 2.2 2.4 
4N 64.9 66.0 3.3 4. 1 
SN 58.6 59.4 3.5 1.4 
6N 62.0 63.7 4.3 4.4 
7N 66.1 67.7 4.5 3.2 
3S 64.0 66.0 4.7 4.1 
4S 60.3 63 .1 2.9 2.2 
ss 58.6 61.0 4.0 2.7 
6S 66.0 67.4 3.7 5.8 
Avg 62 .5 64.3 3.7 3.4 

Part C: Control Measurement Locations 

A 68.2 67.1 
B 77.2 76.5 
Al 65.6 66.1 
B1 76.3 76 .4 
Avg 71.8 71.5 

3Measurement locations are shown in Figure 1. All measurements were taken 1.2 m 
aboveground and were of 20-min duration. 

bMeasured insertion losses have, been nd]usted for rmrnc and other varfations by 
using control measuroman1s. rrti t inscrlion loss mmuurements were done after the 
construction of the T-top. 

cThe effect of the T-top was not included in the calculations. 
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to the T-top. This, together with t he calculated 
results also shown in the figures, are discussed 
later. 

Direc t Compa r i son of Conve ntiona.l a nd T- Top Barriers 

A direct comparison of the conventional versus T-top 
barriers was done at the western end of the site 
where these two barrier types were constructed side
by-side (Figure 1). Measurements were done by using, 
simultaneously, four type 1 sound level meters (7), 
two located behind the conventional barrier at vir
ious distances and heights aboveground, and the 
other two located behind the T-top barrier at the 
same distances and heights as their conventional 
barrier counterparts. Because all variables at the 
two measurement sites were the same (e.g., traffic, 
weather-related variables, height of the barrier not 
including the thickness of the horizontal cap, dis
tance behind the barrier), with the exception of the 
T-top, the differences between the two sets of mea
surements were attributed to the influence of the 
T-top only. 

Based on extensive measurements, the contribution 
of the T-top was rather limited and amounted to only 
about 1 dB(A) if the effect of service road traffic 
was eliminated during the measurements. The contri
bution was less than 1 dB(A) if the traffic on ser
vice roads was included. A similar limited influence 
of the T-top was measured at the measurement lines. 

Long- Te r m Moni toring 

In order to evaluate long-term changes in sound 
levels associated with the construction of parallel 
barriers, a separate measurement procedure was con-
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ducted. Also, the MTC has received a number of com
plaints from residents (often living several hundred 
meters behind highway noise barriers) that noise has 
actually increased after barrier construction. 

Two locations, approximately 350 m from the high
way centerline, were selected, one on each side of 
the highway (see Figure 1). At these locations five 
24-hr sound level measurements were conducted before 
barrier construction and eight to ten 24-hr measure
ments were conducted after construction. The re
sults, summarized in Figure 8, show a considerable 
day-to-day variation in sound levels. No statisti
cally significant difference between the before-and
after sound levels, or between the north side and 
south side sound levels (Figure Ba), was obtained. 
The influence of weather-related variables on the 
measured sound levels was studied, but it was dif
ficult to quantify because of the transient nature 
of these variables. The nighttime sound levels were 
about 6 dB(A) lower than the daytime levels (Figure 
Bb) both before and after barrier construction. 

ANALYTICAL EVALUATION 

In addition to the field measurements, the barriers 
were also evaluated analytically by using the 
STAMINA 2.0 computer program(~). To account for the 
effect of multiple reflections off parallel barrier 
walls, a number of image roadways were constructed 
by using principles of geometrical acoustics and 
were included in the program input. The procedure is 
explained elsewhere (il• Alternatively, the calcula
tions can be performed more easily by using a com
puter program developed by Bowlby and Cohn 110), 

The reasons for the analytical evaluation of the 
completed barriers were three-fold: 

0 NORTH SIDE 

• SOUTHSIDE 

l 0 
0 - ~ f ( ~ 

• 
APR . MAY JUNE JUL, AUG. 

65 .------..-----........ - ........................ -----........ -----.-----...------.--'v--D-A_Y_T_IM=E-7-,0-o- .-ZJ-,oo- --, 

" ~ 
.J 60 t-------t----'li' ...... --t----lr,' 

"' > w 
..J 
w 
IC 55 t------,,f,;--t-----t----,-,t-~)-l"l,S 
::) 
Vl 
Vl 
w 
IC 
0.. 
0 ~ t---+----+-----1+--=~ 
z 
::) 

0 
Vl 

• NIGHTTIME 23:00 · 7:00 
0 leq 24 HR. 

45 ..._ ____ ...... _____ ..__ ..J.<L£.<.<..A;J...1.--- --....... ----.....l.---- - ....... ----.....1.-----_._ ____ __,__, 
NOV. 82 DEC. JAN. 83 FEB, MAR. APR , MA Y JUNE JUL 

(bl Daytime and Nightt ime Leri. No rth Side 

FIGURE 8 Long-term (24-hr) measurements at distant locat ions (approximately 350 m from centerline) before and after 
barrier construction. 

AUG. 



~ 

14 

l. To verify the accuracy of the prediction 
procedure and its applicability to a parallel bar
rier situation with barrier surfaces partly sound 
absorbing, 

2. To quantify the effectiveness of the sound
absorptive treatment used at this site, and 

3. To evaluate the effectiveness of alternative 
designs that may be required for different barrier 
sites. 

The measured and predicted results are compared 
in Tableland in Figures 5-7. In general, there was 
satisfactory agreement between the measured and 
predicted sound levels and insertion losses. This 
reflects well on both the STAMINA 2.0 program and on 
the procedure used to account for the parallel bar
rier situation. However, sound levels at locations 
shielded by one or more rows of houses were consis
tently over-predic ted by about 1 or 2 dB (A) • This 
may be a ttributed to rather subjective selection of 
housing shielding fac tors or to the prediction pro
cedure. At any rate, it appears that the overall 
accuracy of the predictions is adequate and that the 
prediction methodology can be used with confidence 
for alternative designs. 

The predicted insertion losses for the existing 
and alternative barrier designs are given in Table 2 
for three typical receiver types: 

1. Receivers unshielded by houses (front yard 
receivers), 

2. Receivers shielded by one row of houses (re
ceivers in the back yards of the first housing row), 
and 

3. Receivers shielded by two or more rows of 
houses. 

Row 3 in Table 2 indicates that 
insertion loss provided by NJ walls 
from 0.2 to 0.7 dB(A). It should be 

the predicted 
alone ranges 

stressed that 
the measured results, reported in Table l aud in 
Figures 5 and 6, indicate only the insertion losses 
caused by the erection of the noise barriers on top 
of the NJ walls. The total insertion loss, including 
that predicted for the NJ walls, is thus 0.2 to 0.7 
dB(A) higher. 

Based on the predicted data given in row 4 of 
Table 2, the insertion loss of the existing barriers 
would have been reduced by 1.1 to 2.6 dB(A) if 
sound- r e flecting bare iers (NRC O .05 ) wer e built 
instead . If the barriers were fully sound absorptive 
(NRC = 1.00), the insertion loss of the existing 
barriers (NRC = 0.60) would have been increased by 
1.7 to 3.4 dB(A) (row 5, Table 2). It may be noted 
that the additional insertion loss from the absorp-

TABLE 2 Insertion Loss Prediction for Different Barrier Alternatives 

Row Alternative Barrier Arrangement 
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tive treatment increases with the distance from the 
barrier. For example, the additional insertion loss 
for the north-side receivers is l. 7 dB (A) for un
shielded receivers, and increases to 3.4 dB(A) for 
receivers shielded by two or three rows ot houses, 

The last row in Table 2 indicates that the exist
ing absorptive treatment on the residential side had 
only a limited effect. The reason is that the first 
1.5 m of the barrier structures are made of concrete 
(NJ wall plus the first barrier panel) and are sound 
reflecting. Based on the principles of geometrical 
acoustics and considering receivers close to the 
ground, the sound-absorptive treatment above the 
height of 1.5 m is be~neficial only f or noT se emitted 
by heavy trucks . The absorptive treatment on the 
residenti al side should have e xte nded as low t o the 
ground as possible, but it did not have to reach to 
the top of the barrier. Because the degradation 
effect of multiple reflections between the barriers 
exceeds that of a single reflection off the residen
tial side, and because of the different reflection 
geomet r ies involved, the amount and the p1acement of 
the absorptive treatment on the two barrier sides 
should be optimized to achieve maximum acoustical 
effectiveness at the lowest cost. 

SCALE-MODELING EVALUATION 

In addition to the field and analytical evaluations, 
a congruent acoustical scale-modeling study was 
conducted at the MTC scale-modeling facility. The 
equipment .:ind materiale used wei:e described by Osman 
(.!.!, 12) and have been used extensively (.! ,ldl . The 
use of s cale model i ng provides a rapid and inexpen
sive way to evaluate a number of alternative designs 
and situations (e.g., T-profile dimensions and mate
rials, and the source, barrier, and receiver geom
etry) that would be impractical or impossible to 
evaluate in any other w~_y. The objective of the 
scale-modeling study was to verify the accuracy of 
scale modeling and to determine optimal design pa
rameters of T-profile barriers. 

A 1: 16 scale model was used for both spatial 
variables and the A-weighted traffic noise spectra. 
However, all dimensions quoted in the following 
paragraphs are full-scale equivalents. The sound
absorptive properties of the model materials (such 
as grassland, barrier surfaces, and pavements) were 
tested to ensure that they appropriately modeled the 
actual materials on the 1:16 scale. The acoustical 
hardware consisted of a high voltage spark as a 
noise source, a O .125-in. microphone, filtering and 
processing instrumentation, and an oscilloscope. 

Receivers Un- Receivers Shielded Receivers Shielded 
shielded by Houses by One Row of by Two or Three 
(front yard) Houses Rows of Houses 

North South North South North South 
Side Side Side Side Side Side 

1 Insertion loss of existing barriers, including insertion loss provided by NJ walls 6.1 5.7 4.0 3.5 1.4 1.6 
2 Insertion Joss of existing barriers, not including insertion Joss provided by NJ 

walls 5.5 5.0 3.5 3.1 1.2 1.4 
3 Insertion Joss provided by NJ walls alone 0.6 0.7 0.5 0.4 0.2 0.2 
4 Reduction in in~urtlon loss of existing barriers if sound-reflecting barriers on 

both sides (NRC = 0.05) were built instead 1.2 1. J 1.9 1.4 2.6 1.5 
5 Increase in insertion loss for existing barriers if fully sound-absorptive barriers 

(NRC = 1.00) were built on both sides inste.ad 1. 7 2. 7 2.6 3.4 3.4 3.4 
6 Reduction in inseriion loss for existing barriers if the residential sides only 

were changed to be sound reflecting (NRC = 0.05) 0.1 0.1 0.1 0.1 0.1 0.1 

Note: Results arc averaged over a number of pofots (site mt>ai;urement points and line nlC:il,"uements, see Figwe 1). All locations were 1.2 m aboveground behind the parallel harder 
corridor. Calculation assumes a conventional barrier (no T-top), NRC = noise reduc1i(m «J~Wcient. 
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The source, barrier, and receiver geometry used, 
shown in the lower portions of Figures 9 and 10, was 
selected to model the Cawthra Road site. For sim
plicity, the majority of tests were done by using a 
point source only. Some of the single-point source 
tests were repeated by using an incoherent line 
source, created by moving a point source at small 
intervals along a line. The results indicated that 
although the absolute insertion loss values were 
smaller for the incoherent line source, the point 
source was sufficient to indicate the relative per
formance of different barrier shapes. Consequently, 
only the point-source results are reported here. 

A number of different horizontal caps, mounted on 
top of 4- to 5-m-h igh c onventional barriers, were 
evaluated. The T- t ops di ffered in width (from 1 to 2 
m), thickness (from 3 to 25 cm), shape (sharp-edged 
and rounded), their position relative to the barrier 
c enter (larger or smaller overhang toward the 
source), and material ( r e f l e c tive, NRC = 0 .05 1 ab
sorptive, NRC = 0. 75 ). Howe ver , with the e xce p tion 
of the T-top width, these variables, within the 
ranges defined, had a small, hardly measurable in
fluence on the insertion loss. 

The addition of a 1-m-wide T-top to a 5-m-high 
barrier increased the insertion loss (e.g., 40 m 
behind the barrier, 1. 2 m aboveground) by about 1 
dB(A) (Figure 9). This is the same increase measured 
in the field. The addition of a 2-m-wide T-top to 
the identical barrier increased its insertion loss 
by abou t 2 dB(A) (Figure 10). A similar 2 dB(A) 
inc rease was obta ined by increasing the barrier 
height by 2 m. 

T- 'l'op Versus I nc reased Ba r rie r Height 

The insertion loss of barriers with the T-top is 
also compared in Figures 9 and 10 with that of bar
riers that have increased heights equal to the T-top 

25 

15 

width (vertical cap). According to these figures, at 
short distances behind the barrier (10 to 20 m), the 
T-top provides a higher insertion loss than its 
vertical cap counterpart. At larger distances behind 
the barrier (30 to 40 m), the vertical cap provides 
a somewhat larger insertion loss. These results 
apply only for the source, barrier, and receiver 
geometry shown in Figures 9 and 10. 

A more extensive comparison of horizontal and 
vertical barrier extensions, covering many receiver 
positions, is shown in Figure 11 by means of iso
decibel lines or, in regions where isodecibel lines 
were difficult to define, by single measurement 
points. According to Figure lla, the addition of the 
T-top provides the greatest insertion loss increase 
for receivers just behind the barrier, close to the 
ground. The addition to the barrier height (Figure 
llb) is most effective for receivers also close 
behind the barrier, but higher above the ground. 
Figure llc shows that the 1-m vertical addition 
provides higher insertion loss than the 1-m T-top 
for all receivers more than about 20 m behind the 
barrier. Only at distances less than 10 m behind the 
barrier is the T-top addition better than the 
vertical one. It appears that given a choice and the 
same amount of material, it is acoustically more 
effective to increase barrier height rather than to 
build a T-top. 

Discussion of Results 

The beneficial effect of T-profile was theorized by 
May and Osman to be "due to the limited opportunity 
for pressure doubling to occur at the point that the 
incident wave impinges on this barrier at the end of 
the T" (4). Incide ntally, this was the main reason 
why the T-top was positioned to overhang more on the 
freeway side (main source side) than on the residen-

\\ (bl 5 m WALL WITH 1 m T-TOP, 1 
20 

<! 
!g 15 

vi 
"' 0 
...J 

2 
0 
.: 
a: 
w 10 
"' 2 

,\ 
' 
'b----- - -<>-- ... £(al 6 m WALL , l_ 

:.,. .... -----o 

GEOMETR Y: 

SOURCE 

O ! 1.5m 

L REFLECTING 
GROUND 

15.0 m 

\_ + -- - •• , •• ,1'1. -
------- + .... ~ .............. 

~mWALL, l_ ~.::::-:. ... .._ 

~ 

BARRIER 
POSITION 

I RECEbVEl'l 

~1 .2m 
'7/77»77ll(» ///////////////?»»»I».?» 

'\_ GRASS-COVERED GROUND 

VARIES, UP TO 56.1 m 

O-t-- - ---,---- - -.------,------,------.-------, 
0 10 20 30 40 50 

DISTANCE BETWEEN BARRIER AND RECEIVER, m 

Note: The horizontal top overhang on the source side is about twice that on the receiver side. 
Results are obtained by acoustical scale modeling. 

FIGURE 9 Change in insertion loss of 5-m-high harrier due to (a) increase in harrier 
height by 1 m and (b) addition of 1-m-wide horizontal T-top. 

60 



16 

1m 

··l I·· 

U
m 

8m Sm 

~ .., 
vi 
~ .., -
z 
0 
;::: 
a: 
w 
<I) 

z 

20 

15 

10 

5 

.C\ r (bl 5 m WALL WITH 2 m T-TOP, I. 
'\', ,, 

\\ 
\' ~-.... .._J.•11 m WALL, l_ 

~--~.::.a 

Transportation Research Record 983 

----o-
\_ t --- --'::::.;:,-- -

5 m WALL . l -+ ~--••• :::::.:-a 
GEOMEHiY 

SOURCE 
0 \ 1.5 m 

REFLECTING 
GROUND 

15.0m 

BARRIER 
POSITION 

VARI ES, UP TO 56.1 m 

----::~ 
+- - -·-- --- --- - -·-·-

0-+------,~-----,------...-------.-----""T"------y 
0 10 20 30 40 50 

DISTANCE BETWEEN BARRIER ANO RECEIVER, m 

Note. T ha horizontal top overhang on tho sou rce side ls about twice that on the receiver side. 
Result1 a_ra obtained by acoustical s.cale moduling. 

FJGURE 10 Change in insertion lo of S·m-high barrier due to (a) increase in barrier 
height by 2 m and (h) addilion of 2·m-wide horizontal T.top. 

6 1~·- 0.6 0.8 · l ""'··· "· From Barrier 
~32~ ' 0.6 0.2 

2 1.5 m Above 
5'-.."' 0.5 0.8 Ground 

• I I I I ' I I 
0 5 10 16 20 25 30 

60 

0.2 

0.8 

0.4 

3~ 
I 

40 

(al/ Insertion Loss of 5 m High Barrier With 1 m Horizontal T-TOfl Minus lnsertiQn Loss of (Plain) 5 m High Barrier, dBA 

6 

4 Source: 12 m 
From Barrier 

2 1.5 m Above 
Ground 

0 

::.S-:~~ ~ 2.3 2.5 2-5 

- 4'i?2"7 ~2~ 3.2 

/// • -1~ 1.1 ~ 

5 10 15 20 25 30 35 40 
lb)/ Insertion Loss of 6 m High Barrier Minus Insertion Loss of 5 m High Barrier, dBA 

6 

4 Source: 12 m 
From Barrier 
1.5 m Above 
Ground 

0 

--5- 3- 1.7 1.7 2.3 

~1---.:::::---,.. 1.3 \ .5\. 2.8 
'"'··· --- - _,/' -'- ------ , -1 ... :::---:: .. ~-o.____ \ 

0
_
3 

1 ~ 2-,-, .. _
3 
__ _ 

s 10 15 20 25 30 35 40 

le)/ Insertion Loss of 6 m High Barrier Minus Insertion Loss of 5 m Hi9h Barrier With 1 m Wide Horizontal T-Top, dBA 

Note: The ground behind the barrier is sound absorptive (grass covered,. and the ground in front of the barrier is sound reflecting (pavement). 

FIGURE 11 Comparison of insertion losses (obtained by scale model measurements) for S·m-high barrier, with and without 
1-m-wide horiwnlal T·top and 6-m-high barrier. 

tial side (Figure 4). Even though the T-top has not 
produced the expected results [as based on data by 
Mays and Osman (4)], the increase in the insertion 
loss due to the T":.top was still somewhat larger than 
that predicted for the change in the path-length 
difference alone. This additional increase may be 

attributed to the pressure doubling effect pre
viously described or to the effect of double dif
fraction or, perhaps, to other causes. At any rate, 
when the effect of the T-top is compounded with 
other effects of outdoor sound propagation, such as 
refraction and scattering in the atmosphere, it 



Hajek and Blaney 

appears that only limited acoustical benefits can be 
expected from sophisticated barrier shape designs 
similar to the T-top. 

CONCLUSIONS AND RECOMMENDATIONS 

l. Based on noise measurements in the residen
tial area behind the barrier, the addition of a 
1-m-wide T-top to a 5-m-high barrier has increased 
the barrier insertion loss by about l dB(A), Similar 
results were obtained by using acoustical scale 
modeling. 

2, To increase barrier insertion loss, it is 
usually more effective to increase barrier height by 
a certain amount rather than to add a T-top of the 
same size, 

3, Good agreement was obtained between measured 
and calculated sound levels, Th is tends to verify 
the applicability of the prediction procedure, based 
on the STAMINA 2,0 computer program and the applica
tion of geometrical acoustics, for parallel barrier 
calculations, 

4, Based on calculations, the sound-absorptive 
treatment on the residential side provides only a 
limited benefit because it does not extend to the 
ground, The amount and the placement of the absorp
tive treatment on the freeway and residential sides 
should be optimized to achieve maximum acoustical 
effectiveness. 

5, Sound levels at locations about 350 m from 
the highway centerline were unaffected by the bar
rier construction. 

6. Aesthetically, the addition of a T-top does 
not appear to degrade the appearance of the conven
tional barrier. 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the assistance 
they received from J. Egan and J. Walsh, Experi
mental Testing Laboratory, in conducting field mea
surements, and from R,W, Krawczyniuk, Research and 
Development Branch, in predicting sound levels, The 
authors also acknowledge the support given for this 
field trial by the Highway Design Office, in par
ticular, J,R, Wear. 

REFERENCES 

l. J ,J, Hajek, F,W, Jung, and M,R, Hunter, Highway 
Noise Barrier Options: Q,E,W, East of Cawthra 
Road. Report AE-81-06, Research and Development 
Branch, Ontario Ministry of Transportation and 
Communications, Downsview, Ontario, Canada, 
June 1981. 

17 

2, D.N, May and M,M, Osman, Highway Noise Bar
riers: New Shapes. Journal of Sound and Vibra
tion, Vol, 71, No, 1, 1980, pp , 73-101, 

3 . F.A, Prahl, M,M, Myles, and L,E, Witting, Noise 
Attenuation Measurements on a Doublewal Noise 
Barrier, Report 3740, Bolt Beranek and Newman, 
Inc., Cambridge, Mass., Jan, 1978, 

4. D,N, May and M,M, Osman, The Performance of 
Sound Absorptive, Reflective, and T-Profile 
Noise Barriers in Toronto. Journal of Sound and 
Vibration, Vol, 71, No, 1, 1980, pp. 65-71, 

5 , J,J, Hajek and L, Kwan, Effect of Parallel 
Highway Noise Barriers, Proc., Inter-Noise 80, 
Dec. 1980, pp. 595-598. 

6 , J,J, Hajek, Performance of Parallel Highway 
Noise Barriers, Yonge St. to Bayview Ave., 
Toronto, Report AC-80-01, Research and Develop
ment Branch, Ontario Ministry of Transportation 
and Communications, Downsview, Ontario, Canada, 
1980, 

7, Specification for Sound Level Meters, Report 
ASNI Sl.4-1971, American National Standards 
Institute, New York, April 1971, p. 8, 

8 , W, Bowlby et al., eds, Noise Barrier Cost Re
duction Procedure STAMINA 2 , 0/0PTIMA: User's 
Manual, Report FHWA-DP-58-1, FHWA, U,S, Depart
ment of Transportation, April 1982, 

9. J ,J, Hajek. Effects of Parallel Highway Noise 
Barriers, .!.!! Transporta t ion Research Record 
937, TRB, National Research Council , Washing
ton, D,C., 1983, pp. 45-52. 

10, W, Bowlby and L.F. Cohn, IMAGE-3: Computer
Aided Design for Parallel Highway Noise Bar
riers, !..!!. Transportation Research Record 937, 
TRB, National Research Council, Washington, 
D.C., 1983, pp. 52-62. 

11. M,M. Osman. MTC Scale Model Facility for Trans
portation Noise Problems: Materials Choice and 
Validation for Scale Modelling. Report AC-77-
04. Research and Development Division, Ontario 
Ministry of Transportation and Communications, 
Downsview, Ontario, Canada, June 1977, 

12, M,M, Osman. MTC Scale Model Facility for Trans
portation Noise Problems: Instrumentation Man
ual, Report AC-77-03, Research and Development 
Division, Ontario Ministry of Transportation 
and Communications, Downsview, Ontario, Canada, 
June 1977. 

13. J,J, Hajek, Are Earth Berms Acoustically Better 
than Thin-Wall Barriers? In Transportation 
Research Record 896, TRB, National Research 
Council, Washington, D.C., 1982, pp. 60-67, 

Publication of this paper sponsored by Committee on 
Transportation-Related Noise and Vibration, 



18 Transportation Research Record 983 

Noise-Compatible Development: A Pilot 
Demonstration Project 

MARKT. STAHR 

ABSTRACT 

Recently FHWA initiated a pilot demonstra
tion project in noise-compatible develop
ment. Site visits were made to two locations 
(Oakdale, Minnesota, and Bradenton/Manatee 
County, Florida) to offer technical assis
tance in both estimation of future noise 
levels and consideration of noise in land 
use planning and development decisions. 
Based on local data of traffic, speed 
limits, and the percentage of truck travel, 
noise contours were produced for all major 
highway facilities in both areas. In addi
tion, planning techniques for considering 
noise were discussed, as were the legal 
aspects regarding noise and zoning. Based on 
these pilot projects, it was concluded that 
the information provided was useful to the 
local communities, and that technical assis
tance from the federal and state levels is 
er itical to the effectiveness of noise-com
patible development. 

For a number of years FHWA has been interested in 
the subj~ct ur noise-compa~ible development for 
several reasons. First, while state and local noise 
barrier programs along major highways have had many 
successful applications, the percentage of highway 
right-of-way on which barriers can be placed is 
fairly small because of topography, the nature of 
development, cost, aesthetics, or the inability to 
install a continuous barrier without breaks. Second, 
it is generally not practical to erect barriers 
along the thousands of miles of highways where there 
is currently no development because it is not known 
when and where development will take place or what 
type of development it will be. For these reasons 
FBWA has a policy of not funding batrier construc
tion on undeveloped lands. Third, it is clear that 
traffic noise will continue to be an issue because 
ot projected long-term increases in automobile and 
truck travel, and because of anticipated development 
along major highway s . 

Until recently, FHWA involvement in noise-com
patible development had been in the production and 
distribution of pamphlets and audio-visual materials 
alerting local communities to the need for noise
compatible development. Although these were gener
ally well-accepted materials, it also became evident 
that they were not meeting all of the needs of local 
communities with little or no experience in analysis 
or mitigation of traffic noise, or incorporation of 
noise as a factor into local land use planning ac
tivities. As a result, during the past year FHWA 
initiated a pilot demonstration project in noise
compatible development. Site visits were made to two 
locations to offer technical assistance in both 
estimation of future noise levels and consideration 
of noise in land use planning and development deci-

sions. The purpose of this paper is to report on the 
results of these site visits. 

DESCRIPTION OF PILOT DEMONSTRATION 

The three basic aims of the pilot demonstration were 
as follows. 

1. Develop noise contours for major highway 
facilities in a local area. The FHWA STAMINA 2. 0 
noise model was used, making several simplifying 
assumptions appropriate to the community-wide ( in
stead of site-specific) nature of the analysis. 
These assumptions will be discussed. 

2. Provide local personnel with simple tech
niques that can be used to produce additional noioe 
contours. The techniques provided and discussed were 
a nomograph method published by the u.s. Department 
of Housing and Urban Development (HUD) (.1) and the 
FHWA programmable-calculator method Cl). 

3. Discuss with the local personnel different 
techniques that they may use to incorporate noise? 
considerations into the land use planning or sub
division approval processes. A packet of information 
was provided in which zoning techniques for noise, 
subdivision approval considerations, site design 
issues, and so forth were discussed. Legal issues 
regarding noise and the ability to plan for it were 
discussed, and informational pamphlets th;it cot.1.ld be 
provided to local decision makers or interested 
citizen groups were also included. 

Choosing the Sites 

Before setting up a more formalized means of tech
nical assistance, it was decided to try this at two 
pilot sites to make sure that FHWA would have some
thing meaningful to provide to local communities, 
and that there is a demand for this type of assis
tance. in choosing the pilot sites, three screening 
criteria were used; these criteria would apply to 
any future technical assistance as well: 

l. r,ocal officials oonoidcr highway traffic 
noise to be an issue in their community and are 
motivated to initiate a noise-compatible development 
program; 

2. Local agencies have not yet developed an 
expertise in noise-compatible land use planning, but 
are interested in doing so; and 

3. There is right-of-way along major facilities 
not yet developed but which will be developed in the 
next few years; this recognizes that the ability to 
plan for noise is much greater where the land has 
not yet been fully developed. 

Through the FHWA field offices, communities in 
California, Florida, Minnesota, Nevada, and Pennsyl
vania were submitted as candidate sites. 

The communities chosen for the pilot demonstra
tion were Oakdale, Minnesota, and Bradenton/Manatee 
County, Florida. Before the demonstration, prelimi
nary site visits were made to collect data to de-



Stahr 

velop noise contours and to investigate the struc
ture of local land development activities, The dem
onstrations that took place at each site are covered 
in the following sections. 

Oakdale 

Oakdale is a suburban conununity of 12,000 people 
located in the Twin Cities (Minneapolis-St, Paul) 
area in Minnesota. It is primarily residential in 
character, with a small amount of light industry and 
commercial property. Although much of the land is 
still undeveloped, the Beltway around the Twin 
Cities (I-694) runs through Oakdale, and its good 
accessibility has increased pressure for develop
ment. In addition to the Interstate facility, there 
are several major arterials where traffic noise is 
also a potential issue, 

The community was incorporated as a municipality 
in 1972, The single planner on the city staff is 
responsible for a number of functions, and relies on 
the state and consultants for much of the traffic 
planning and engineering work, The demonstration 
consisted of several hours of discussion with the 
city planner, plus a brief presentation on the pur
pose of the demonstration to the Oakdale City Coun
cil. 

For input into the FHWA STAMINA model to produce 
noise contours, 1982 and 2000 traffic estimates were 
provided by the city's consultants, speed limits 
were provided by the Oakdale Sheriff's Department, 
and the percentage of truck travel was supplied by 
the Minnesota Department of Transportation 
(MinnOOT), With this information, Leq noise con
tours were produced for major highway facilities, 
giving the distance from the centerline of the road
way to levels of 75, 70, 67, 65, and 60 dB(A), In 
addition, the packet of materials given in Table 1 
was presented and discussed, and a slide and tape 
presentation entitled •sound Planning• was shown. 
Meetings were also held at MinnOOT and the League of 
Minnesota Cities to sununarize the demonstration in 
Oakdale, 

At the meeting in Oakdale, the conununity's inter
est in traffic noise was discussed, as well as gen
eral thoughts on the course of future development. 
The two primary motivations to addressing noise 
issues were the desirability of quality development 
(i.e., a pleasant living environment) and the need 
to meet Federal Housing Administration/Veterans 
Administration (FHA/VA) standards on noise so that 
developments could qualify for mortgage guarantees, 
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Bradenton/Manatee County 

The city of Bradenton (population 121,000) and 
Manatee County (population 148,000, including 
Bradenton) are located on Florida's Gulf Coast in a 
rapidly developing area just north of Sarasota and 
south of the Tampa/St, Petersburg area. A major 
Interstate (I-75) goes through the area, and a num
ber of US and state roads also carry heavy traffic, 
There is considerable truck traffic associated with 
the citrus industry in certain parts of the county. 

There is a city planning staff that covers ac
tivities within the Bradenton city limits, and a 
county staff that covers the remainder of the 
county , Most of the city is currently developed, so 
virtually all of the rapidly developing areas are 
the responsibility of the county staff. Presenta
tions were made to a planner on the city staff and a 
planner on the county staff, 

The year-2000 traffic estimates were available 
from projections made by the Sarasota/Manatee Area 
Transportation Study (SMATS). Truck percentages were 
estimated from counting programs of both the Florida 
Department of Transportation and Manatee County. 
Speed limits were assembled by county staff. From 
this, the Leq contours were produced, and because 
the state and county use the L10 descriptor, a 
discussion was given on the relationship between 
L~q and L10• The packet of material in Table 1 was 
discussed. As in Oakdale, the desire for a pleasant 
living environment and the desire to meet HUD stan
dards were both reasons to be concerned about noise. 

EVALUATION OF PILOT DEMONSTRATIONS 

It is difficult to come up with an ultimate measure 
of success for a program like this because the most 
likely (and possibly the most desirable) outcome 
would be for local planning staffs to use the con
tours and zoning and subdivision information in 
informal discussions with developers. However, the 
pilot demonstrations can be evaluated for how well 
they transmitted useful information to local area 
planners, and what limitations the information may 
have had. The technical and policy aspects of the 
demonstration are discussed in the following sec
tions, and an attempt is made to interpret the in
formation from a local point of view. 

Assembling Data 

The three major data items needed to be able to 

TABLE 1 Noise-Compatible Development Materials Distributed to Localities 

Publication Use 

Policy on Land Use and Source Control Aspects of Traffic Noise 
Attenuation. AASHTO, Washington, D.C., 1980. 

Guidelines for Considering Noise in Land Use Planning and Con
trol. Federal Interagency Committee on Urban Noise, June 
1980; available from FHWA, U.S. Department of Transportation. 

W. J. Gallaway and T. J. Schultz. Interim Noise Assessment Guide
lines. Office of Policy Development and Research, U.S. Depart
ment of Housing and Urban Development, Dec. 1980. 

M. J. Meshenberg. The Administration of Flexible Zoning Tech
niques. Planning Service Report 318. American Society of 
Planning Officials, Chicago, June 1976. 

M. T. Stahr. Reducing Noise Impacts of Motor Vehicles: A Prob
lem With Diffused Solutions. Unpublished; submitted for a 
course at George Washington University, March 1983. 

The Audible Landscape: A Manual for Highway Noise and Land 
Use. FHWA, U.S. Department of Transportation, Aug. 1976. 

Highway Noise and Compatible Land Use. FHWA, U.S. Depart
ment of Transportation, May 1979. 

Highway Traffic Noise and Future Land Development Can be 
Compatible. FHWA, U.S. Department of Transportation, 1979. 

Demonstrates AASHTO support for noise-compatible 
development 

Discusses federal agencies' policies and standards for 
noise 

Provides nomograph techniques for estimating noise 
impacts from transportation sources on a 
development 

Discusses newly developing techniques for zoning to 
be able to consider a wider range of issues 

Discusses where noise-compatible development may 
be appropriate and how it may be accomplished 

Suggestions for incorporating noise into land use and 
site design decisions 

Five case histories 

Pamphlet promoting noise-compatible development 
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produce noise contours are traffic forecasts, speed 
data, and the percentage of truck travel. In both 
conununities all these data were available, and the 
contours could be produced by making certain assump
tions. For Oakdale, the year-2000 t raffic projec
tions were given as a range by the cons ulta nt [aver
age daily traffic (ADT) of 46,000 to 55,000), rec
ognizing the uncertainty associated with travel 
forecasts. The midpoint of this range was used for 
traffic data. For Bradenton, the SMATS travel fore
casts were used. These forecasts were from an un
restrained traffic assignment process, and because 
Bradenton is a rapidly developing area, the pro
j ectad volumes -in some cases -exceeded the roadway 
capacity. In those cases the capacity of the roadway 
was chosen rather than the projected volume. 

The speeds used in estimating contours were the 
current speed limits on facilities in both areas. 
Two potential drawbacks of using current speed 
limits are that the limits may change in the future, 
and that as future volumes approach capacity, actual 
speeds will decrease. The decrease in speed, how
ever, may be offset by the noise associated with 
acceleration and deceleration in congested traffic. 
Therefore, the use of current speeds was thought to 
be a reasonable assumption. 

Highway noise-prediction models are sensitive to 
the percentage of truck travel because heavy trucks 
are much noisier than passenger cars. In both com
munities (and probably in most other areas as well) 
there was no breakdown available for every arterial 
and freeway on truck travel. Also, most truck count
ing figures do not divide the percentages into heavy 
versus medium trucks, and the noise models requ i re 
both. For both Oakdale and Bradenton, the states had 
collected truck data for major facilities, and in 
addition, Manatee County (Bradenton) had estimates 
for some additional facilities. With this informa
tion, the percentage of trucks could also be as
signed to other facilities of the same type. The 
breakdown of medium versus heavy trucks was derived 
from national average data obtained from an FHWA 
Technical Advisory (l>• 

Developing Contours 

Once the data were assembled, the development of 
contours was a straightforward matter. The FHWA 
STAMINA 2.0 model was used. Receptors were located 
perpendicular to the roadway at 50-ft intervals, and 
from the output it was possible to interpolate to 
develop the contours. A sample of the contours de
veloped is given in Table 2. Assumptions used in the 
STAMINA runs were as follows. 

1. Ni'lt-.i,:,nal avera']e data by city size from NCHRP 
Report 187 (4) were used to develop peak-hour fac
tors from ADT. Peak-hour Leq noise contours were 
developed . 

2. Flat sites with no barriers were assumed. 
3. Soft sites were assumed. 
4. The nighttime percentage of ADT was assumed 

at 15 percent, thus making the Leq (FHW/\ measure
ment) and Lan (HUD measurement) comparable. 

5. Each segment of roadway was modeled sepa
rately, assuming an infinite length, and distance 
from the centerline was measured. Segments were not 
modeled separately for each direction of travel. 
Distances were rounded to the nearest 10 ft. 

6. Shielding by houses was not accounted for. 

Although these assumptions were reasonable in 
each conununity and simplified the use of STAMINA 
compared with a project-specific analysis, there is 
still a lot of analysis involved. Th i s i s because 
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TABLE 2 Sample of Contours Developed During Pilot 
DemonBtration Project 

Distance from 
Centerline (It) 

Contour, 
Facility Leq ldB(A)] 2000 1982 

1-694, between 75 100 60 
TH-120 and 70 200 140 
TH-36 67 320 220 

65 420 280 
60 900 600 

1-694, between 75 100 60 
TH-36 and 70 250 130 
40th Street north 67 375 - - 200 

65 500 270 
60 1,100 550 

1-694, between 75 110 60 
40th Street north and 70 240 130 
TH-5 (does not 67 360 200 
take into account 65 500 270 
barriers) 60 1,050 550 

1-694, between 75 I 30 70 
TH-5 and 1-94 70 270 150 

67 430 230 
65 580 310 
60 1,300 650 

TH-120, between 75 
1-694 and 50th Street 70 
north 67 60 45 

65 80 60 
60 :WU 140 

TH-120, between 75 
50th Street north and 70 50 
40th Street north 67 90 60 

65 120 70 
60 250 160 

TH-120, between 75 
'10th Street north and 70 70 so 
Stillwater 67 110 80 

65 160 110 
60 350 230 

TH-120, between 75 
Stillwater and 70 60 
10th Street north 67 90 60 

65 120 90 
60 270 190 

each time the ADT, speed limit, or percentage of 
truck travel changes on a facility, a separate anal
ysis must be done on that link. On a conununity-wide 
basis, a large number of analyses may have to be run. 

The contours were easy to explain to local staffs 
not familiar with noise. It was also easy to explain 
that these were only approximate distances; the 
local planners were comfortable with that. It was a 
little more confusing to describe the different 
noise descr i ptors (Leq• Lan• L1oi and t he i r appl ica
tion because neither conununity had significant ex
perience in noise measurement. The relationship 
between Leg and Lan was particularly important 
in both ore1111 bec 11use HUD u ,;t1 Lhto Lan descr lption 
for the noise standard for FHA. mortgage guarantees 
and other HUD programs. 

Planning and Legal Aspects 

The packet of materials discussed (Table 1) con
sisted both of informational brochures outlining 
the traffic noise problem and suggesting land use 
solutions, and more detailed booklets on how noise 
impacts may be successfully incorporated into the 
land use planning and subdivision approval pro
cesses. In zoning, several options were discussed, 
with the most promising appearing to be definition 
of a noise overlay zone. The overlay zone, which has 
typically been used previously in defining flood 
plains, would put high noise areas into a special 
zone (based on the contours), which would be in 
addition to whatever zoning the property would al-
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ready have, and would thus require mitigation. Con
ditioning subdivision approvals on proper considera
tion of noise impacts would have the same purpose, 
but would place consideration later in the develop
ment process. The legal issues relating to both 
liability for noise and zoning for noise were also 
covered. 

Planners in both communities rated these mate
rials "very useful" or "somewhat useful." The under
lying sentiment appeared to be that although these 
were helpful as guidance documents, neither com
munity intended to extensively revamp their zoning 
process to incorporate noise because of the sensi
tive political nature of making any changes in the 
zoning process. Instead, the materials would be used 
in discussions with developers on a case-by-case 
basis. 

CONCLUSIONS 

In evaluating the success of these pilot demonstra
tions and considering setting up a continuing pro
gram of technical assistance, three basic measures 
of success need to be examined: whether it is tech
nically feasible to supply noise contours, whether 
there is an identifiable demand for this type of 
assistance, and whether local areas have enough 
information to continue to work in noise-compatible 
development after the demonstration project. 

1. Technical feasibility: The two pilot demon
strations have shown that it is possible to provide 
contours to a local community with a quick turn
around time. Some of the assumptions made about 
being able to provide this quick turnaround would 
not be considered acceptable for a project-specific 
analysis [for use in an environmental impact state
ment (EIS), for example), but they were thought to 
be reasonable for community-wide estimates. The 
necessary data were obtainable in both communities 
without a major level of effort. The issue of how 
defensible the contours are and whether they can be 
successfully used to determine the use of individual 
parcels of land remains unresolved. If it is assumed 
that the contours developed are accurate to within 
±3 dB(A), this still leaves considerable latitude 
as to the true location of the contour. A developer 
may argue that if the contour is 3 dB (A) too high, 
he will be unfairly prevented from using a large 
parcel of his land. Although this is an issue to be 
concerned about, it need not prevent the use of 
contours in development decisions. As evidence, a 
parallel situation has existed for years in many 
communities: Developers have been required to pay 
for road improvements (widening, turning bays, and 
so forth) on the basis of imperfect traffic fore
casts. The main concerns from both a legal and 
equity standpoint should be that noise contours be 
developed by using a rational process and best 
available data, and that the standards be applied 
equally to everyone. 

2. Demand: There were several other communities 
that expressed an interest in being pilot sites 
besides the two chosen, and wider advertisement 
should increase interest. The total demand is un
known because noise is still not considered a crit
ical issue in most communities. However, for cities 
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and counties expecting growth, planning for noise 
ahead of time ought to avoid a lot of homeowner 
dissatisfaction in later years. 

3. Continuation of the process: From a technical 
standpoint, the HUD nomograph procedure provided to 
both areas should allow them to easily update con
tours if circumstances change. It was also apparent 
from the pilot demonstrations, however, that the 
support of the state is critical to the continuation 
of these activities. The involvement of state de
partment of transportation experts in noise in both 
these demonstrations was a major factor in the over
all credibility of the demonstration. Local planners 
in both communities were more at ease in dealing 
with noise knowing there was someone in the state 
they could call on for general guidance, technical 
assistance, and data. Depending on the knowledge and 
experience available in the local community, help 
could be needed from federal and state governments 
in the following areas: traffic forecasts, truck 
forecasts, noise contours, fundamental concepts of 
traffic noise, fundamental concepts of noise de
scription, experiences in other communities, and 
zoning and legal issues. In terms of policy guidance 
offered to the communities, the pilot programs 
showed that the handouts appeared to be appropriate 
and useful. The documents were seen as somewhat 
vague in terms of specific solutions, however. A 
"cookbook" approach would be more desirable, but 
this is not feasible because each local community 
will differ in its treatment of zoning, relationship 
with developers, and so forth. 

In general, it can be concluded that (a) there is 
a need for consideration of noise in the land use 
planning and subdivision approval process, (b) local 
areas will have to follow through because they are 
responsible for land use decisions, (c) it is neces
sary for federal and state governments to offer 
assistance to local governments on this subject, and 
(d) the pilot demonstration projects were a reason
able example of how all this may be accomplished. 
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Determination of Reference Energy Mean Emission 

Level in Georgia 

ROSWELL A. HARRIS 

ABSTRACT 

In conducting any detailed noise impact 
analysis and subsequent barrier design, it 
is always desirable to calibrate the noise 
prediction model (STAMINA) with measured 
noise levels at the site in question. The 
model does not always yield noise levels 
acceptably close to those measured in the 
field, often for no apparent reason. It is 
suggested in this paper that the reference 
energy mean emission curves published by 
FHWA may cause the model to significantly 
overpredict noise levels in the vicinity of 
major highways. New emission data are of
fered and then used to compare the results 
of the noise prediction model with field 
measurements. This comparison reveals sig
nificantly closer agreement between the 
noise levels calculated by STAMINA, using 
the new emission curves, than was obtainable 
with the FHWA curves. 

The presence of high noise levels adjacent to major 
highways continues to be a major problem to state 
transportation agencies throughout the United 
States. The primary mandate of these agencies is to 
provide the citizens of their respective states with 
a safe and efficient highway network. As a result, 
efforts to improve existing facilities and construct 
new facilities are causing significant increases in 
ambient noise levels in established residential 
areas. Many states are thus committing substantial 
sums of money to noise-abatement barriers in an 
attempt to m1n1m1ze increases in existing noica 
levels along their highway systems. 

Acoustic design of these noise barriers is ac
complished through a computer model that calculates 
anticipated future noise levels and the insertion 
loss provided by a given barrier configuration. It 
is suggested in this paper that the state-of-the-art 
model may significantly ov .. 1fa!c!tllc.:t expected noise 
levels for any given highway design. Although this 
may not pose a serious problem along an existing 
highway where present noise levels can be easily 
measured, a significant lack of confidence in the 
predicted noise levels could occur on a new location 
or project. A transportation agency will naturally 
be less likely to commit funds for noise abatement 
when the engineer cannot express a high level of 
confidence in his noise impact analysis. 

PROBLEM STATEMENT 

The author's past experience with STAMINA 1. O and 
STAMINA 2.0 has indicated a tendency of the model to 
overpredict noise levels adjacent to Interstate 
highways. At first it was unclear if the error was 
related to the user's choice of the ground absorp
tion (alpha) factor. Although there is ample evi-

dence to support the use of O. 0 for acoustically 
reflective ground cover and 0.5 for absorptive 
cover, e-opograr,h1c-cliaracteristlcs - vary- fi:oin site-- to 
site; thus the choice of an alpha factor requires 
good judgement by the user based on prior experi
ence. Even though this step does introduce a pos
sible source of error for users not familiar with 
the model, experience should provide the necessary 
guidance in selecting the proper alpha factor. 

Traffic volume and speeds are easily measured or 
can be closely estimated by an experienced observer, 
thus minimizing errors of this type. The calibration 
process should include noise measurements at a lo
cation free of terrain influence, thus eliminating 
any excess attenuation error. In short, the experi
enced user should be able to keep input data errors 
to a minimum, and expect the calculated noise levels 
from the model to agree closely with measured noise 
levels. If the calculated and measured noise levels 
do not agree within desired limits for the calibra
tion sites, the user typically cannot find a logical 
explanation for the discrepancy. 

Because the refetence energy mean emission levels 
published by FHWA were gathered by the Four-State 
Noise Inventory (1) conducted in 1975, the question 
was raised on whether these data were valid for the 
state of Georgia. Accordingly, tests were begun to 
develop emission level curves for highway traffic in 
Georgia and then compare that data with the FHWA 

presented herein. 

EMISSION LEVEL METHODOLOGY 

The study was conducted in accordance with proce
dures established by FHWA (2). Only a brief discus
s ion of the procedure will be presented here be
cause a detailed description is available from the 
report. 

All test sites were chosen to be level and free 
of extraneous terrain influence. The microphones 
were placed at 50 ft from the centerline of the near 
traffic lane, with a clear line of sight to the 
roadway and an unobscured arc of at least 150 de
~raa& at the microphone, All roadways had a grade of 
less than 2 percent and consisted of dry, smooth 
asphalt or concrete pavement. 

Measurement sites were chosen to minimize poten
tial contamination of each sample by noise from 
other vehicles. This was done by choosing locations 
with wide, tree-covered medians, or locations with 
low traffic volumes. The sound level meter was care
fully watched while the observer physically listened 
for interference from other vehicles. Careful appli
cation of this procedure ensured that these emission 
level samples were not contaminated by noise from 
other sources. 

Wind speed, temperature, and humidity were 
checked at a local National Oceanic and Atmospheric 
Administration (NOAA) office to ensure that meteoro
logical conditions were within acceptable limits for 
the time of the sample. It was assumed that humidity 
and temperature did not vary significantly at the 
measurement sites from that reported at the NOAA 

... ... 
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station, a reasonable assumption for middle Georgia 
during the summer months. Measurements were halted 
if the wind began gusting or if the constant wind 
speed was suspected of approaching 12 mph. 

A Metrosonics db-602 Sound Level Analyzer was 
used to record the maximum A-weighted noise level 
from each vehicle passby. This equipment was field 
calibrated before and after each measurement session 
to ensure accuracy. The speed of each sample vehicle 
as it passed the microphone was measured with a 
hand-held radar unit, which was also calibrated 
before and after each measurement session. 

Traffic was classified into three groups: (a) 
automobiles, which included light trucks with four 
tires: (b) medium trucks, which consisted of trucks 
with two axles and six tires: and (c) heavy trucks, 
which consisted of trucks with three or more axles 
and all tractor-trailer combinations. An estimated 
number of vehicles to be sampled from each classifi
cation was obtained from Figure 1 (2) for a desired 
confidence interval of ±1 dB(A) at a 95 percent 
confidence level. Samples were grouped into a speed 
range of ±3 mph, with midpoints ranging from 30 to 
58 mph. 

EMISSION LEVEL RESULTS 

All samples greater than 48 mph were gathered on the 
Interstate highway system outside the Atlanta area. 
Because the vast majority of noise problems occur 
along this type of facility, it is significant to 
note that these routes are heavily used by inter
state travelers. Thus the results of this study are 
influenced by traffic (all classifications) from 
states other than Georgia. The remaining samples of 
heavy and medium trucks were obtained from local 
roads in the vicinity of several interstate trucking 
terminals in south Atlanta. Consequently, the emis
sion curves developed in this paper should be indic-
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ative of noise emissions from vehicles in other 
states as well. 

The statistical tests used in the validation 
procedure all assume the data are normally dis tr ib
u ted. In order for this assumption to be used with 
confidence, all the data for each vehicle classifi
cation were tested to determine if they were from a 
normal population. The tests for normality were 
accomplished by use of a statistical computing pack
age (MINITAB) developed by the Statistics Department 
at Pennsylvania State University and modified for 
use on the DECsystem-lo at Vanderbilt University. A 
normal probability plot for each vehicle classifica
tion was produced (Figure 2). If the sample is from 
a normal population, the points on the plot will 
fall roughly on a straight line. As can be seen from 
Figure 2, all plots are reasonably straight. MINITAB 
also calculates a correlation coefficient that mea
sures the straightness of each plot. Each set of 
data proved to be from a normal population based on 
a 95 percent level of confidence. 

After the final number of samples of each vehicle 
classification was collected, the actual confidence 
interval for a 95 percent level of confidence (3) 
for each speed range within each vehicle classific;
tion was calculated according to the following equa
tion: 

ii.-lo.o,s,n-tf(S/yn) .; µ ,;; ii.+ lo.02s ,n-1(S/yn) 

where 

x = sample average emission level, 
t Student's t-test distribution, 
s = sample standard deviation, and 
n a actual number of samples. 

(!) 

The actual number of samples for each vehicle 
classification within each speed range is given in 
Table 1. Also included is the confidence interval as 
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calculated by Equation 1 for a 95 percent confidence 
level. 

As illustrated by the data in Table 1, the larger 
the number of samples, the smaller the error limits • 
It is significant to note that because the vast 
major ity of noise problems occur on faci lities with 
high tz.-affic speeds and volumes, all data at speeds 
greater than 40 mph were within the desired error 
limit of ±1.0 dB. 

The reference energy emission level for each 
speed range within each vehicle classification was 
then calculated according to Equation 2: 

(Lo)E; = (i:;;"); + 0.115 (s)f 

where 

(LolEi = reference energy mean emission level 
for the ith vehicle class for a single 
speed range, 

<Loli= arithmetic average sound level of the 
ith vehicle class for a single speed 
range, and 

(2) 

sample standard deviation of the emis
sion levels of the ith vehicle class for 
a single speed. 

The arithmetic average sound level for the ith vehi

cle class [(Loli) is calculated according to Equation 
3: 

(I.,,);= (1/n) • i (Lo)ki (3) 
i=l 

where (L0 lki is the kth measured emission level 
for the ith class of vehicles for a single speed, 
and n is the number of measured emission levels for 
the ith class of vehicles for a single speed range. 
The sample standard deviation (Sil of the ith 
vehicle class is calculated according to Equation 4: 

(4) 

Once these calculations were completed, it was 
desired to find the mathematical equation that best 
described the relationship between the reference 
energy mean emission level and speed for each vehi
cle classification. This was accomplished through a 
regression analysis by the method of least squares. 
The values of the regression constants were obtained 
in this calculation, as well as the coefficient of 
determination (r 2 ) . The value o f r• will lie 
between O and 1 and will indicate how closely the 
equation fits the experimental data ( the closer r 2 

is to 1, the better the fit). 
The data in Table 2 give the mean sound laval, 

the standard deviation, and the reference energy 
mean emission level for each speed range and vehicle 
classification. 

TABLE 1 Actual Number of Samples and Confidence Interval for 95 Percent Confidence 
Limit 

Speed Range (mph) 
Vehicle 
Class Item 27-33 34-40 41-47 48-54 55-6 1 

Automobiles No. of samples 28 54 61 76 96 
Confidence interval (dB) ± 1.0 ±0.7 ±0.7 ±0.5 •0.4 

Medium trucks No. of samples 46 47 46 56 71 
Confidence interval (dB) • 1.2 • I.I •0.8 ±0.6 ±0.6 

Heavy trucks No. of samples 38 65 58 60 78 
Confidence interval (dB) • 1.2 ±0.8 ±0.8 ±0.7 ±0.5 

... 
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TABLE 2 Data Summary 

Emission Level as a Function of Speed 
[dB(A)J 

Vehicle 27-33 34-40 41-47 48-54 55-61 
Class Parameter mph mph mph mph mph 

Automobiles (Lo) 63.8 64.4 65.6 70.8 71.6 
s 2.64 2.69 2.63 2.35 2.03 
(Lo)E 64.6 65.3 66.4 71.5 72.1 

Medium trucks (Lo) 73.3 73.3 76.9 77.8 78.5 
s 4.00 3.90 2.67 2.40 2.60 
(L0 )E 75.1 75.0 77.7 78.5 79.2 

Heavy trucks (Lo) 80.7 80.8 81.1 81.1 81.6 
s 3.66 3.18 3.08 2.75 2.38 
(Lo)E 82.3 81.9 82.2 81.9 82.2 

The mean emission level from Table 2 was used 
with the midpoint of each speed range in a regres
sion analysis to calculate the following equations, 
where Vis vehicle speed in miles per hour: 

Automobile: (L0 )E = 28.19 Log(V) + 21.9 1 dB(A) (r2 = 0.89) (5) 

Medium truck: (Lo)E = 16.36 Log(V) + 50.41 dB(A) (r2 = 0.90) (6) 

Heavy truck : (4. )E = 81.1 dB(A) (7) 

Figure 3 is a graphic comparison of the data 
collected in Georgia with the FHWA emission level 
curves. There is a dramatic difference in the higher 
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speed emission levels for both medium and heavy 
trucks, with relatively little change in the curve 
for automobiles. It is interesting to note that the 
emission level for heavy trucks is independent of 
speed, which is similar to the emission level ap
plied to all trucks by NCHRP Report 117 (1) in 1971. 

VALIDATION METHODOLOGY 

STAMINA 2.0 was modified (5,6) by replacing the FHWA 
emission level curves with - the curves defined in 
this paper, and a validation study was conducted in 
accordance with FHWA procedures (1>• Four sites were 
chosen for this study. 

Noise measurements were made with an equipment 
system provided by FHWA. The system consisted of a 
computer-controlled GenRad real-time analyzer modi
fied to permit simultaneous A-weighted sampling from 
several microphones. GenRad 1962 0.5-in. electret 
microphones, powered by GenRad preamplifiers, send 
signals through shielded coaxial cables to a mobile 
laboratory. There the signal passes through Ithaco 
451 amplifiers to an A-scale filtering modified 
GenRad 1925 multi-filter. The A-weighted signal is 
then sent to a GenRad 1926 rms detector, which, for 
this study, was set to sample the noise level eight 
times per second. These data are then sent through a 
Telecom 5141 interface to a Hewlett-Packard 2100S 
computer. The computer then analyzes the data and 
computes the Leq at the desired location. 

------
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FIGURE 3 Reference vehicle sound emission levels. 
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Carefully controlled field measurements were then 
compared with STAMINA 2.0 output by first using the 
FHWA emission curves and then using the emission 
curves developed in this paper. 

VALIDATION RESULTS 

A comparison of the measured and calculated noise 
levels for each site is given in Table 3. 

TABLE 3 Calculated Versus Measured Noise Levels 

Site 

2 

3 

4 

Leq [dB(A)] 

FHWA Georgia 

80.1 78.1 
80.I 78.1 
80.1 78.1 
74.3 72.8 
73.9 72.5 
70.7 69.1 
71.0 67.6 
77.1 74.6 

Measured 

79.1 
77.4 
78.7 
73.0 
72.1 
69.2 
68.0 
75 .1 

Difference [dB(A)] 

FHWA- Georgia -
Measured Measured 

1.0 -1.0 
2.7 0.7 
1.4 -0.6 
1.3 -0.2 
1.8 0.4 
1.5 0.1 
3.0 -0.4 
2.0 -0.5 

As the data in Table 3 indicate, STAMINA 2. O 
consistently overpredicts by 1 to 3 dB when using 
the FHWA emission curves. By using the same input 
data but with the Georgia emission curves, STAMINA 
predictions were all within the desired ±1.0 dB 
tolerance limit. The input data used in this com
parison are given in Table 4. 

It was then necessary to determine if the differ
ence between measured and calculated noise levels 
was significant in either case. The Student's t-test 
for paired data was applied to the mean difference 
in measured and calculated noise levels (]) for both 
conditions. A mean difference of 1.84 dB(A) was 
obtained by using the FHWA data and -0.19 dB(A) was 
obtained by using the Georgia emission data. At a 95 
percent level of confidence, there is a significant 
difference between the model results, using FHWA 
emission data, and measured noise levels at the 
modeled location. On the other hand, there was no 
significant difference between calculated and mea
sured noise levels using the Georgia emission data. 
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CONCLUSIONS 

The data presented in this paper suggest that the 
FHWA emission level data for medium and heavy trucks 
(.1) may have changed over the years, or the data 
from that study may simply not be representative of 
the noise emission levels of the vehicles in states 
other than those sampled. Spec if ically, the follow
i ng can be concluded. 

1. The energy mean emission level for heavy 
trucks was found to be 81.1 dB (Al , independent of 
speed. At 55 mph this is approximately 5.2 dB(A) 
lower than the speed-dependent value suggested by 
FHWA. 

2. The energy mean emission level for medium 
trucks was found to be speed dependent. However, at 
55 mph the Georgia emission level data produce a 
noise level 3.4 dB(A) lower than the FHWA emission 
level data. 

3. At low speeds the Georgia emission level data 
are slightly higher than the FHWA emission level 
data for all three vehicle classifications. 

4. Validation measurements at four sites indi
cate that calculated noise levels, using the Georgia 
emission level data, were not statistically differ
ent from measured noise levels at the modeled loca
tion at a 95 percent level of confidence. The same 
measurement data revealed a statistically signifi
cant difference in the calculated and measured noise 
levels using the FHWA emission data. 

RECOMMENDATIONS 

Atlanta is recognized as the major transportation 
hub in the southeast. As such, it is reasonable to 
state that the radial Interstate system through the 
city is well traveled by vehicles of all classifica
tions from a large number of states. It therefore 
follows that the emission level data presented in 
this paper may also be representative of vehicles in 
other states as well. 

It is suggested that other state transportation 
agencies may want to develop their own emission 
level data. An alternative would be for FHWA to 
develop regional emission level data based on mea
surements in a number of states in each region. This 
could be accomplished in a cooperative effort with 

TABLE 4 STAMINA 2.0 Input Data Summary 

Automobiles Medium Trucks Heavy Trucks 

Speed Speed Speed 
Location No. (mph) No. (mph) No. (mph) 

Site 1, all 3 runs 
1-285 NBL 4,518 58 178 57 203 57 
1-285 SBL 5,094 61 200 56 229 58 
Frontage Road 36 52 5 40 1 40 

Site 2, run 1 
1-285 NBL 3,360 54 144 49 152 51 
1-285 SBL 3,272 60 176 56 164 56 

Site 2, run 2 
1-285 NBL 2,828 54 144 49 152 47 
1-285 SBL 2,404 57 208 56 164 57 

Site 3, run 1 
1-20 EBL 740 58 36 58 40 65 
1-20 WBL 604 56 16 58 48 53 
Frontage Road 76 45 1 30 4 41 

Site 3, run 2 
1-20 EBL 564 62 24 59 36 59 
1-20 WBL 528 58 60 59 72 59 
Frontage Road 36 45 0 0 0 0 

Site 4, run 1 
1-75 NBL 743 61 59 58 141 55 
1-75 SBL 713 59 57 58 135 55 

Note: NBL = northbound lane, SBL = southbound Jane, EBL = eastbound lane, and WBL = westbound lane. 



Transportation Research Record 983 

the state transportation agencies and would add 
reliability to the predictions of the model nation
wide. Verification of the emis~ion level data will 
not only give the user more confidence in his analy
sis, but it also has the potential for providing 
more cost-effective noise barrier designs. 
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Rumble Strip Noise 

JOHN S. HIGGINS and WILLIAM BARBEL 

ABSTRACT 

The Illinois Department of Transportation 
(IDOT) placed rumble strips near the north 
end of the Edens Expressway to alert drivers 
that they were approaching a signalized 
intersection. The intersection was a high
accident location, and previous safety mea
sures were not significantly effective in 
lowering the number or severity of the acci
dents. Many complaints about noise were 
received from adjacent property owners after 
the strips were placed. When a berm that was 
placed between the residents and the strips 
did not reduce the complaints, !DOT re
quested assistance from the Demonstration 
Projects Division of FHWA to study berm 
effectiveness and rumble strip noise. Two 
types of strip construction were compared, 
the formed and the cut types. Several dif
ferent configurations were also analyzed. 
Outside measurements were taken at three 
sites, and inside noise measurements were 
taken from the tractor of a semitrailer 
unit. Vibration measurements were taken from 
the steering column of the truck. The re
sults indicated that the formed type of 
strip provided better driver perception than 
did the cut type at all speeds tested. Out
side noise did not significantly vary with 
the different types and configurations of 
the rumble strips. The strips appear to have 
reduced the number and severity of accidents 
at the Edens Expressway location. 
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Rumble strips have been used by highway agencies as 
a safety feature to alert drivers to some impending 
change in the traffic flow (i.e., an upcoming toll 
booth on an expressway, and construction zones). 
Typically, the strips are used in conjunction with a 
visual stimuli, such as warning signs or lights. 
When the strips are crossed over, a driver feels the 
vibration and hears the noise. This causes the 
driver to become more alert and, on seeing the 
visual stimuli, to take the appropriate action. 

The strips are usually made by cutting, or form
ing, transverse grooves or ridges in the pavement 
approximately 1 to 2 cm (0. 5 to 1 in.) deep. The 
width, distance between, and the number of grooves 
(or ridges) vary. A set of grooves or ridges becomes 
a rumble strip. Typically, three strips are used 
with a length of untreated pavement in between each 
strip. 

The Illinois Department of Transportation (!DOT) 
placed a set of rumble strips to warn drivers of the 
terminis of the Edens Expressway at Clavey Road in 
Highland Park. This intersection, which is signal
ized, has a high-accident history, the most severe 
being rear-end collisions. The abrupt change from a 
limited-access facility to a major arterial was the 
cause of these accidents. !DOT had tried several 
improvements to alleviate the problem, such as signs 
and warning lights. The effectiveness of these im
provements has not been significant (_!). 

Public pressure became so great that rumble 
strips were placed to help warn the drivers of the 
upcoming signal. Immediately, complaints about noise 
from the rumble strips were received from the neigh
boring homeowners. IOOT attempted to reduce the 
noise from the rumble strips by constructing a 3.2-m 
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(10-ft) berm. When the complaints continued, IDOT 
requested assistance from the Demonstration Projects 
Division of FHWA in analyzing the noise being gen
erated from the rumble strips and the effectiveness 
of th@ herm-

Another problem that IDOT wished to investigate 
was the vibration inside the vehicle as it passed 
over the rumble strip. IDOT testing indicated that 
the vibration inside automobiles was felt, but in 
large trucks it was not noticeable. 

THE STUDY 

The study had three objectives: 

l. To measure the noise amplitude and frequency 
of the strip at various distances from the highway, 

2. To measure the vibration inside a semitrailer 
tractor as it passes over the strips, and 

3. To analyze how selected strip configurations 
affect both outside and inside vehicle noise and 
vibration when the tractor passes over it. 

SITE DESCRIPTION 

At the first three sites noise and vibration were 
analyzed from existing rumble strips. At the fourth 
site strips with different configurations were tem
porarily placed for analysis. 

l. Site 1, East-West Toll Road at Toll Plaza No. 
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61: The strips are located in concrete pavement on 
the westbound lanes. Figure l shows the general 
configuration, and Table l gives the specific dimen
sions of the strips. Note that the grooves are 
rounaea , which el i minate any sharp edges a The ter
rain slopes gradually upward from the roadway. These 
strips a r e of the formed type. 

2. Site 2, Edens Expressway at Clavey Road: The 
strips are located in the northbound lanes, and 
their configuration is shown in Figure 2 (the dimen
sions are given in Table 1). These grooves were cut 
into the concrete pavement. Note that these strips 
have sharp edges rather than the rounded ones at 
Site l. A 3.2-m-high (10-ft) berm separates the 
roadway and the neighboring property owners. 

3. Site 3, US-12, south of Volo, Illinois: Four 
sets of strips, each with a different configuration, 
were cut into the concrete in the southbound lanes. 
The general configurations are shown in Figure 2, 
and the specific dimensions are given in Table l. 
Note that strip A has a 10-degree tilt from normal. 
The terrain near the highway was generally flat, 
open fields. 

4. Site 4, Tri-State Tollway at Toll Plaza No. 
21: This site is similar to Site 1, only the grooves 
are slightly deeper and have been filled with a 
small lift of asphalt. (Refer to Figure land Table 
l for the dimensions.) Only internal truck vibration 
and noise measurements were taken at this site. 

Outside measurements were taken by using up to 
eight microphones, a real-time analyzer, and a com
puter (equipment from FHWA Demonstration Project No. 

01 -I 
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\ 

l\sphal t Fill, 
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FIGURE 1 Strip layout: Site 1, East-West Toll Road, and Site 4, Tri-State 
Tollway. 

TABLE 1 Rumble Strip Dimensions 

Length of Center-to-Center 
One Strip, DI Type of Distance of 

Site (m) Strip No. Grooves, D2 ( cm) 

I 6.4 Formed" 42 15 
2 6.1 Cut 21 32 
3 

Strip A 3.6 Cutb 13 30.5 
Strip B 3.6 Cut 13 30.5 
Strip C 6.1 Cut 21 30.5 
Strip D 2.4 Cut 13 20.3 

4 6.4 Formedd 42 15 

Note: 1 m = 3.28 ft , l cm= 0.39 in., and NA= not applicable . 

aGroove:s formed with 2.5-cm rounding, thus eliminating all sharp edges. 

bGrooves cut on a 10-degree tilt, thus creating a 0.6-m offset from one end to the other. 

cOnly two strips were cut. 

Depth, D3 
(cm) 

0.8 
1.6 

l.3 
1.9 
1.3 
1.3 
1.7 

dGrooves similar to those at Site 1; however, an asphalt lift was used in the groove to flatten the bottom. 

Width, D4 
(cm) 

NA 
10 

10 
10 
10 
10 
NA 

Distance Between 
Strips (m) 

1-2 (D5) 2-3 (D6) 

32 .2 29.4 
30 30 

30c 
30 
30 
30 
29.5 30.8 
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FIGURE 2 Strip layout: Site 2, Edens Expressway, and Site 3, US-12. 

45, Highway Noise Analysis). Simultaneous measure
ments were taken at all microphones, with a sampling 
rate of 0.125 sec. A frequency distribution was 
obtained from various microphones at each site. 
Several measurement periods, each 15 min long, were 
conducted at Sites 1 and 2. A 1-min period was used 
at Site 3. 

A Digital Acoustics 607 portable sound analyzer 
recorded the peak noise levels from vehicles cross
ing the center rumble strip. The duration greater 
than a threshold value of 75 dB(A) was also recorded. 

MICROPHONE PLACEMENT 

At Site 1 three microphones [channels (Ch) 43, 46, 
47] were placed 15 m (50 ft) from the centers of the 
three strips. Another was placed as far as possible 
from the strips, while still maintaining the 15-m 
distance from the roadway (Ch 42). Three other 
microphones (Ch 44, 45, 48) were placed at various 
distances from the center strip in an attempt to 
measure the drop-off rate. The 607 was placed 15 m 
from the center strip (near Ch 47). Figure 3 shows 
the layout of the site. Traffic volumes and speeds 
were recorded for each vehicle classification (i.e., 
cars). 

At Site 2 the microphones were placed to measure 
the barrier insertion loss at various locations on 
the neighboring properties (Ch 42, 44, 46). Measure
ments were taken in the bedrooms of two of the af
fected homes (Ch 45, 49), with the windows open and 

• ~48 • Ch44 • Ch45 

closed. Frequency measurements were obtained from 
the top of the berm (Ch 43), in the backyard (Ch 
44) , and in the bedroom (Ch 45, windows open) of 
house 226. A microphone (Ch 47) was placed in the 
front yard of house 242 to measure the neighborhood 
noise levels. Figure 4 shows the layout of the site. 
Traffic volumes and speed were also measured at this 
site. 

At Site 3 microphones were placed 15 m from the 
center of each set of rumble strips (Ch 42, 43 for 
strips A and C; Ch 46, 47 for strips B and D). 
Microphones were also placed at various distances 
away from the highway to measure the drop-off rate 
(Ch 44, 45 for strips A and C, Ch 48, 49 for strips 
Band D). Frequency distributions were obtained from 
the microphones 15 m away from the strips (Ch 43, 
46). The 607 was placed 15 m from the center of 
strips A and C only (near Ch 43). The only noise 
measured at this site was from the test semitrailer 
traveling at speeds of 56, 65, 73, 81, and 88 km/h 
(35, 40, 45, 50, and 55 mph), and a automobile at 
speeds of 56, 73, and 88 km/h (35, 45, and 55 mph) 
only. Figure 5 shows the layout of the site, and mi
crophone placement at the strips is given in Table 2. 

MEASUREMENT ANO PREDICTION PROCEDURES 

Outside measurements were conducted in accordance 
with the guidelines set forth in an FHWA report <1>· 
Both FHWA noise prediction models (STAMINA 1.0 and 
STAMINA 2. 0) (1,i) were used to obtain predicted 
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FIGURE 3 Site 1 microphone placement. 
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FIGURE 5 Site 3 microphone placement. 

TABLE 2 Microphone Locations for Site 3 

Distance (m) From Center of Rumble Strip by Channel 

Strip 42 43 44 45 

A 15 15 45 908 

D 
C 15 15 45 75•,b 
D 

Note: 1 m == 3.28 ft. 

aOffset sJightly because of electrical interference. 

bMaximum cab]e length reached. 

46 47 48 49 

15 15 45 79h 

15 15 45 105 

sound levels and frequency distributions at each 
microphone location from traffic traveling on normal 
pavement conditions. The predicted values provide a 
comparison between the expected no-rumble strip 
condition and the rumble strip condition at each 
site. The mode ls we re used only at Site s 1 and 2. 

Internal noise measurements were done by using a 
B&K impulse sound level meter. Vibrations from the 
steering column were obtained by using a B&K ac
celerometer. The vehicle steering column was chosen 
to measure the vibration because of the direct vi-
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Distances 
D6 - 70m (230ft) 
D7 - 79m (260ft) 
DB - 10Dm (330ft) 

Berm 

bration transmission from the tires, through the 
steering assembly, to the driver's hands. Data wer e 
recorded on a B&K FM data tape recorder. Speeds for 
which the noise and vibration data were taken at 
were 56 , 65, 73, 81, and 88 km/h (35, 40 , 45, 50, 
and 55 mph). Data were only taken up to 73 km/h (45 
mph) at Site 2 because the speed limit was 65 km/h 
( 40 mph). Data were analyzed by running the data 
through a B&K narrow band fast Fourier transforma
tion (FFT) analyzer and HP chart recorder. Vibration 
charts were plotted by using millivolts versus fre
quency (hertz). Internal noise measurements were 
expressed in sound level [dB(A) J versus frequency 
(hertz). 

To obtain driver perception of the vibration 
caused by passing over the strip, the vibration from 
the pavement just before going over the rumble strip 
was compared with that when the vehicle was on the 
strip. The frequency of most concern is 2 to 5 Hz, 
because it is the most sensitive for passenger com
fort. Most vehicle suspension systems are designed 
to resonate at frequencies slightly higher--5 to 20 
Hz (-2_,&I. 

RESULTS 

Site l, East-West- Toll Road 

Al though three measurement periods were conducted, 
only two periods of data are available because of an 
overflow during one period. The noise levels for 
each channel are shown in Figure 6 . The noise levels 
at each location are similar between the two pe
riods. The Leq at the 15-m ( 50-ft) microphones (Ch 
43, 46, 47) was 78 dB(A), with peak noise levels 
ranging from 84 to 114 dB(A). The duration above the 
threshold level ranged from 0.5 to 2 sec. The aver
age peak level was 90 dB (A), which lasted for O. 75 
sec. The Leq at the microphone placed near the 
untreated pavement (Ch 42) was 3 to 4 dB(A) lower 
than those near the strips. 

The frequency distribution from 15 m away from 
the c ente r strip (Ch 47) is shown in Figure 7. The 
A-weighted noise level is shown by the bar and nu
merical value next to 8-A. The bars and numerical 
values next to lines 14-40 show the distribution of 
the noise for each frequency band. In both periods 
the dominant frequencies were in the 80 to 160 Hz 
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and 315 Hz ranges, The fundamental frequency was 
calculated to be 161 Hz at 88 km/h ( 55 mph) , The 
measured values show the fundamental frequencies as 
well as the harmonics, 

The STAMINA 1,0 model predicted noise levels, 
with normal pavement, of 2 to 6 dB(A) less than the 
measured values. The dominant frequency range was 
computed to be 500 to 1,000 Hz, which was consider
ably higher than the measured values. 

Inside the test truck, peak noise levels ranged 
from 75 to 92 dB(A), depending on the speed when the 
truck passed over the stripsi the average value was 
87 dB(A), The fundamental frequency was seen in both 
the interior noise levels and the vibration when the 
truck passed over the first set of grooves. A sig
nificant difference in the vibration displacement 
amplitude, in the l to 20 Hz range, was measured 
between the pavement just before the rumble strip 
and when the truck was passing over the strip. Fig
ure 8 (6) presents this difference for the truck at 
65 km/h-(40 mph), A similar difference was found for 
all speeds tested. 

LD r, EACH FREQUENCY Period 1 

• 29 
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.&- No we 
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FIGURE 7 Frequency distributions (Ch 4 7) at Site 1. 
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FIGURE 8 Vehicle vibration at Site 1 at 65 km/h (40 mph)(6J. 
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FIGURE9 Noise levels at Site 2. 
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Site 2, Eldens Expressway 

Three measurement periods were successfully com
pleted at Site 2. The noise levels at each location 
were consistent over the three per iodsi they are 
shown in Figure 9. The measured Leq in the back
yards (Ch 42, 44, 46) was in the low 60s. In the 
bedrooms (Ch 45, 49) with the windows opened the 
Leq was in the high 50si with the windows closed 
the Leq was less than 50 dB (A) • By using the FHWA 
procedure Ill, the berm insertion loss was computed 
at 10 dB (A) , which agrees well with computations by 
!DOT and an independent consultant. 

The frequency measured on top of the berm (Ch 43) 
was 1n the ranges ot b] to 160 Hz and 500 to 1,000 
Hz. In the backyard (Ch 44) the berm effectively 
reduced the high frequency noise but did little to 
the lower frequency noise. In the bedroom (Ch 45, 
windows open), the low frequency noise was the most 
significant contributor (75 dB). Taking into account 
the A-weighted scale, the noise would be 50 dB(A), 
enough to disturb a person sleeping. Figure 10 shows 
the frequency distribution at the three locations. 

The STAMINA 1.0 model predicted noise levels, 
with normal pavement, of 2 to 7 dB(A) less than were 
measured, with the majority of the noise occurring 
in the 250, 500, and l,000 Hz octave bands. 

Inside the semitrailer the peak noise ranged from 
80 to 86 dB(A). The fundamental frequency that was 
calculated for this set of strips ranged from 53 to 
84 Hz, depending on vehicle speed. Many harmonics 
were created as the vehicle passed over the strips, 
but they were not as distinct as those created by 
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the strips at Site 1. The vibration created by the 
pavement just before the strips was similar to that 
found while on the strips. There was not a signifi
cant change in the displacement amplitude between 
the two in the 1 to 20 Hz range for the speeds 
tested. Figure ll (6) shows this difference for the 
truck at 65 km/h (40- mph). 

Site 3 1 US-12 

All outside measurements were completed satisfac
torily. No inside vibration or peak noise levels 
werP. availahlP he,:,ause of an equipment malfunction, 
The peak noise levels measured from the truck (Ch 
42, 43, 46, 47) ranged from 7B to 84 dB(Al, depend
ing on speed. Figure 12 shows the average peak noise 
levels from the semitrailer at 15 and 45 m (50 and 
150 ft) from the rumble strips. The average peak 
noise levels measured by the 607 were approximately 
1 to 2 dB(A) higher than those measured by the com
puter and had an average duration above the thresh
old (75 dB(A)] of 2 sec. The test automobile had 
peak noise levels about 3 dB (A) less than those of 
the truck, and the duration greater than the thresh
old was about 0.5 sec. 

Frequency measurements were conducted on strips A 
and c. The dominant frequency range at strip A was 
measured in the 63 to 84 Hz range, depending on 
vehicle speed. The calculated fundamental frequency 
ranged from SO to 80 Hz. The dominant frequency 
range at strip C was measured in the 50 to 100 Hz 
range, depending on vehicle speed. The calculated 

Vibration of vehicle while 
on the rumble atrip 

Vibration of vehicle just 
before crossing the strip 

FREQUENCY (HzJ 

FIGURE 11 Vehicle vibration at Site 2 at 65km/h (40 mph) (6). 
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FIGURE 12 Average peak noise levels at Site 3. 

fundamental frequency range is the same as that for 
strip A. 

Although the inside equipment malfunctioned, the 
record level meter settings and the subjective re
sponses from the driver and passengers indicated 
that strip C produced significant driver perception 
at the lower speeds tested [56, 65, and 74 km/h (35, 
40, and 45 mph) J, and strip D produced significant 
perception at the higher speeds tested [ BO and 88 
km/h (50 and 55 mph)]. 

SUMMARY AND CONCLUSIONS 

Although this study was limited, enough information 
was obtained to establish that rumble strips create 
a noise that is different from normal traffic noise. 
Because of this, the highway designer should be 
aware of strip placement when near a residential 
area. 

The following is a list of other conclusions 
reached in this study. 

1, 'A rumble strip produces a low frequency noise 
that can increase the Leg noise levels by up to 6 
or 7 dB(A) over noise levels produced by traffic on 
normal pavement. 

2, A berm can significantly reduce high fre
quency noise, but it is not effective in reducing 

low frequency noise, such as that produced by a 
vehicle passing over a rumble strip. 

3. A rumble strip that is formed rather than cut 
into the pavement creates better driver perception. 

4. The groove center-to-center distance has some 
effect on driver perception. Smaller center-to-cen
ter distances appear to be more effective on vehi
cles traveling at higher speeds. 

5, The outside noise, which adjacent property 
owners will hear, does not significantly vary with 
strip configuration. 

6. The outside noise created by an automobile 
passing over a strip is slightly less than that 
created by a truck passby. The duration of the noise 
is much shorter than the duration of a truck, 

7, The addition of rumble strips on the Edens 
Expressway appears to have reduced the number and 
severity of accidents, 
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Examination of the Dependence of Diesel-Electric 

Locomotive Noise Emission on Speed, 

ERIC STUSNICK 

ABSTRACT 

A statistical analysis was conducted of an 
FRA data base nf locomotive passby noise 
levels to determine the dependence of diesel
electric locomotive noise emission on speed, 
rated power, and age. Although a statisti
cally significant dependence on locomotive 
speed was determined, the data set did not 
indicate a significant dependence on rated 
horsepower or age. Reasons for this finding 
are discussed. 

Federal noise emission standards for moving locomo
tives in line-haul service limit the maximum A
weighted passby sound level at 100 ft to 96 dB for 
locomotives manufactured before December 31, 1979, 
and to 90 dB for locomotives manufactured after that 
date (40 CFR Part 201). Most existing locomotives 
meet this standard. 

Recent efforts to improve fuel economy are lead
ing the diesel-electric locomotive manufacturing 
industry to design diesel engines with higher rated 
power than is currently used. There is some concern 
that locomotives with such engines will not be able 
to meet the federal noise emission standard. At the 
time of the development of the noise emission stan
dards, fuel economy was not an important issue. 

In addition, there is concern that the noise 
emissions of a diesel-electric locomotive may in
crease as the unit ages. If this occurs, then a 
locomotive that just meets the standard when new may 
not meet the standard when older. 

In order to put some of these concerns in per
spective, a study was carried out to examine the 

dependence of diesel-electric locomotive noise emis
sion on locomotive speed, rated power, and age. 

SOUND LEVEL AS A FUNCTION OF SPEED 

The data base used in this study was a computerized 
1 is ting of locomotive passby sound levels measured 
by the Office of Safety of the FRA during the period 
from September 1978 to June 1981. It contained mea
surements of maximum A-weighted sound levels at 100 
ft for 379 single- and multiple-locomotive passbys. 
Figure 1 shows the distribution of sound levels, 
which ranged from 69 to 97 dB (,1), 
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FIGURE 1 Distribution of sound levels for 
moving locomotive consists. 
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The data in Table 1 give the range, mean value, 
and standard deviation of these sound levels as a 
function of the number of units in the consist. The 
sound level does not increase with the number of 
units in the consist, as might be expected. However, 
note that many of the variables that affect noise 
emission, such as the power settings of the units, 
are unknown in these samples. These uncontrolled 
variables presumably play a more important role in 
determining the peak sound level than does the 
number of units. 

TABLE l Range, Mean Value, and Standard Deviation 
of A-Weighted Sound Leveb of Moving Locomotive 
Consids 

A-Weighted Sound Level 
Number of Units Number of At I 00 Feet (dB re 20µPa) 

In Consist Samples 
Min. Max. Mean u 

I 153 70 96 BB.I 4.8 
2 97 70 96 87.4 6.0 
3 82 70 96 88.6 5.7 
4 30 69 97 85.9 7.6 
5 9 74 94 84.8 7.4 
6 8 83 96 87.8 5.7 

ANY 379 69 97 87.8 5.7 

Figure 2 shows the relationship between the maxi
mum A-weighted passby sound level (LA) and the 
logarithm of the locomotive speed (V) for a 260-ele
ment subset of the FRA data base for which the loco
motive speed was known. The corresponding linear 
regression curve, the standard error of estimate 
( 0 ), and the correlation coefficient (r) are also 
given. A correlation coefficient of +l or -1 indi
cates an exact linear relationship between the two 
variables. A correlation coefficient of zero indi
cates that no relationship between the two variables 
exists. 

Because the correlation coefficient indicated in 
the figure is an estimate (based on the 260 sets of 
measurements) of the actual correlation coefficient 
that would be found if an infinite number of sets of 
measurements could be examined, a statistical test 
must be used to judge whether it is reasonable to 
assume that the two variables are independent. One 
such test (~) compares the estimated correlation 
coefficient with a critical value, which is a func
tion of both the number of sets of measurements and 
the degree of confidence desired. For 260 sets of 
measurements and a confidence level of 95 percent, 
Table A-30a in the work by Dixon and Massey (2) in
dicates the er itical value of the correlation - coef
ficient to be 0.12. Because the observed correlation 
coefficient of 0.520 exceeds this critical value, a 
statistically significant dependence of LA on log10V 
is indicated. 

In examining Figure 2 note that the scatter of 
points about the regression line is quite large. 
Assuming this scatter to be normally distributed, 95 
percent of the measurements lie within ±9.8 dB (2 0 ) 

of the regression line. Thus the measured points es
sentially occupy a 20-dB-wide band. 

SOUND LEVEL AS A FUNCTION OF RATED POWER ANO AGE 

To investigate the dependence of maximum passby 
sound level on rated power and age, a 40-element 
subset of the FRA data base was selected. It con-
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FIGURE 2 Maximum A-weighted sound level of locomotive 
consist passhys as a function of locomotive speed (V) 
(measurements at 100 ft). 

sisted of single locomotive passbys for which both 
locomotive speed and identification were known. The 
rated power and year of manufacture of each locomo
tive were obtained from the railroad company that 
owned the locomotive. 

Linear regressions were carried out considering 
the passby sound level as a function of the two 
independent variables--rated power (P) and age (Al-
and as a function of the two derived variables-
log10V and 10910P. The correlat i on coefficient 
for each regression is given in Table 2. 

TABLE 2 Correlation Coefficients 
of LA with Locomotive Speed (V), 
Rated Power (P), and Age (A) 

Independent Variable Correlation 
Coefficient 

p 0.23 

A -0.11 

loglO V 0.36 

loglO p 0.23 

As described in the previous section, these 
correlation coefficients can be used to test for the 
independence of LA on each of the dependent var i
ables. For 40 sets of measurements and a confidence 
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FIGURE 3 Maximum A-weighted sound level of single locomotive pa!!shys as a 
function of locomotive speed (V) (measurements at 100 ft). 

level of 95 percent, Table A-30a (~) indicates the 
critical value of the correlation coefficient to be 
0.31. Applying this criterion to the values in Table 
2, it is seen that, at the 95 percent confidence 
level, LA is only dependent on the log10V variable. 

The linear regression of LA with log10V for the 
subset of single locomotive passbys is shown in Fig
ure 3, The corresponding regression equation, the 

lOOr-----~1---~ 1-----1 ---~,--~ 

.:. 

I 90
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FIGURE 4 Maximum A-weighted sound level of single 
locomotive passhyR aR a function of rated power (P) 
(measurements at 100 ft). 
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FIGURE 5 Maximum A-weighted sound 
level of single locomotive passhys as a 
function of locomotive age (A) 
(measurements at 100 ft). 

standard error of estimate ( 0 ), and the correla
tion coefficient (r) for this subset of the data are 
also given, The dependence on log10V is similar to 
that obtained in Figure 2 for the overall data base, 
The scatter of the data about the regression line is 
also similar. 

Regressions of LA with P and of LA with A are 
shown in Figures 4 and 5, respectively. It is cleat 
from the figures why dependence c,f the two variables 
cannot be statistically justified. The large scatter 
of data points coupled with the small slope of the 
regression curves cannot preclude a zero slope, 
which would indicate independence of the two vari
ables • 

Note that in Figure 5 the regression line indi
cates a decrease of passby sound level with increas
ing locomotive age. This is contrary to what might 
be expected: however, further examination of the 
data indicates a possible explanation. The correla
tion coefficient between rated power and locomotive 
age is O. 70, so that in thio data set these two 
variables are not independent. Figure 6 shows the 
1 inear regression between these two variables. The 
older locomotives in this data set have lower rated 
power than do the newer locomotives. If indeed noise 
emission does increase with rated power, then it 
would be expected that this data set would indicate 
a decrease in passby level with age, because most of 
the older locomotives have lower rated power than 
the newer ones. 
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FIGURE 6 Linear regression of rated 
horsepower (P) with locomotive age (A) for 
subset of data used in this analysis. 
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These single-variable analyses ignore the fact 
that the sound level may be a function of several 
variables. To consider this case, a multiple linear 
regression was carried out by using log10V, P, and 
A as three independent variables. The results of 
this analysis are given in Table 3. Note that the 
multiple correlation coefficient (0.42) is larger 
than any of the values in Table 2, thus indicating a 
slightly better fit to the data. 

TABLE 3 Multiple Linear Regression of LA as a Function of 
the Logarithm of Speed, Rated Power, and Age 

R~resslon Eguotlon: 

LA = 10.15 log 10 V + 0.0022 P + 0.157 A + 65.6 

Independent Regression Standard Error of t-Value Variable Coefficient Reg. Coefficient 

loglO V 10.15 4.50 2.26 

p 0.002 0.002 1.25 

A 0.157 0.138 1.14 

Multiple Correlation Coefficient: 0.42 
Standard Error of Estimate: 5.0 

In Table 3 the associated standard error and 
t-value for each regression coefficient are also 
given. The standard error is a measure of the un
certainty in the regression coefficienti the t-value 
is a related parameter that can be used to test the 
hypothesis that the fitted variable (LA in this 
case) is independent of the indicated independent 
variable. By using a procedure similar to that which 
was described for correlation coefficients, the 
computed t-value for each independent variable is 
compared with a critical value that depends on the 
number of sets of measurements, the number of in
dependent variables in the best-fit equation, and 
the degree of confidence desired (ll. In this case 
Table A-5 (2) indicates the critical t-value at a 95 
percent confidence level to be 2.02. 

The data in Table 3 also indicate that only the 
10910 V variable has a t-value exceeding th is 
critical value. Thus, as in the single-variable 
analysis, there is only statistical justification 
(at the 95 percent confidence level) for identifying 
log10V as the variable on which LA depends. 

Even though there is no real statistical justifi
cation shown in this data base for assuming a de
pendence of LA on rated power, it is interesting 
to note that the best-fit regression equations for P 
in both the single variable (Figure 4) and the 
multiple variable (Table 3) analyses indicate an 
increase in LA of O .2 dB with each 100 hp increase 
in rated power. The standard error in this regres
sion coefficient is of comparable sizei thus there 
is a 95 percent probability that the rate of change 
of LA with Pis between -0.2 and 0.6 dB per 100 hp. 

CONCLUSIONS 

A statistically significant dependence on locomotive 
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speed of the maximum A-weighted sound level during a 
single locomotive passby has been found. No statis
tically significant dependence on rated power or age 
was found for the data set studied. 

In interpreting these data, the analyst should be 
careful to avoid concluding that there is no depen
dence of locomotive sound level on rated power or on 
age. Rather, it is more correct to say that this 
data set has not indicated that there is such a 
dependence. Because of the necessity to consider 
only single locomotive passbys (most measured pass
bys are of multiple-locomotive consists), the data 
set is quite small. In addition, many variables that 
may affect the measured sound level, such as throt
tle setting, load, and the existence of turbocharg
ing, were not considered in the regression. Finally, 
the normal unit-to-unit variation of sound level for 
the same locomotive model adds a certain amount of 
dispersion to the data. 

For example, 15 of the 40 measurements in the 
data set were of different units of the same locomo
tive model. These 15 units were each rated at 3,000 
hp and were each manufactured in 1979. The sound 
levels of seven of the units were measured while the 
locomotive was moving at 40 mphi that of seven 
others were measured at 50 mph. The standard devia
tion of the measurements at 40 mph was 4.6 dB, and 
that of the measurements at 50 mph was 1.6 dB. Such 
large variations in sound level for the same condi
tions of speed, rated power, and age are indicative 
of dependences on other unconsidered variables. 

In order to further test the dependence of maxi
mum A-weighted passby sound level on the rated power 
and age of the locomotive, it is necessary to obtain 
a data base of such sound levels in which throttle 
setting, load, and turbocharging are also accounted 
for, as well as speed, rated power, and age. 
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Noise Impact of Rail Passenger Service 
MAS HATANO 

ABSTRACT 

The California Department of Transportation 
(Caltrans) petitioned the California Public 
Utilitico Commiooion (PUC) to allow the 
National Railroad Passenger Corporation 
(Amtrak) to increase their train speed limit 
from 65 to 90 mph between Los Angeles and 
San Diego. The city of Montebello, which had 
recently constructed a noise barrier that 
allegedly reduced the train noise from 95 to 
75 d!HA) at the adjacent residences, pro
tested the increase because of the belief 
that the increase in train speed would ne
gate part of the benefit provided by the 
barrier. Caltrans performed noise measure
ments behind and beyond the end of the bar
rier in Montebello. Measurements were also 
made in an open area near Galivan in Orange 
County, where the Amtrak train could travel 
at 90 mph= Conclnsions froro this study indi
cated that the noise barrier in Montebello 
provided about 13 dB(A) attenuation. An 
increase in train speed from 65 to 90 mph 
would increase the noise from 74 to 78 dB(A) 
behind the barrier. However, the exposure 
time would decrease from 6 to 3 sec at the 
higher speed. Twelve Amtrak passenger trains 
operate between 7:30 a.m. and 9:05 p.m. 
through Montebello. Other noise from sources 
such as switching of freight cars on nearby 
tracks, and operation of freight trains and 
engines, motorcycles, airplanes, and deliv
ery trucks ranged from 71 to 82 dB(A). The 
highest train whistle recorded was 99 dB(A). 
These noise levels were all measured behind 
the noise barrier. Discussions with resi
dents behind the barrier indicated they were 
bothered by noises previously mentioned that 
occurred on a regular basis at night. The 
noise from the Amtrak train was a small part 
of the noise environment. The PUC granted 
Amtrak permission to operate at 90 mph be
tween Los Angeles and San Diego based en the 
information presented in this study. 

The work described in this paper was initiated by 
the Division of Mass Transportation, California 
Department of Transportation (Caltrans), which was 
responding to a request of the California Public 
Utilities Commission (PUC). The Caltrans Office of 
Transportation Laboratory (TransLab), in turn, was 
requested to measure passenger train noise and de
termine any impact when passenger train speeds are 
increased. 

Information concerning noise impacts created by 
increasing train speeds from 65 to 90 mph was re
quested by the city of Montebello. The city had 
recently constructed a noise wall next to the rail
road tracks along Sycamore Street, and there was 
concern that the efforts might be negated if the 
noise increased significantly because of the in
creased speed. 

Noise measurements were made of the rail pas-

senger service operating between Los Angeles and San 
Diego. ·rest sites were located in Montebello along 
Sycamore Street to evaluate the noise wall and near 
Galivan in Orange County to evaluate the effects of 
speed (Figure 1). 

• MONTEBELLO 

Los 

LAGUNA BEACH• 

GALIVAN / 

rj 

FIGURE l Location map of Montebello and Gavilan 
sites. 

All noise measurements were made on the A scale 
and denoted as dB(A). This means that the measured 
noise level is comparable to that perceived by the 
normal human ear. Noise is expressed in terms of 
peak levels. 

INSTRUMENTATION 

The following types and quantities of equipment were 
used in conducting the measurements used in this 
study: 

1. Two B&K 2206 type l sound level meters (SLMs), 
2. Two B&K 2203 graphic level recorders (GLRs), 
3. One B&K 4230 calibrator, 
4. Two foam windscreens, 
5. Two radar speedometers (Decatur Electronics), 

and 
6. One wind measuring set (Belfort Instrument 

Company). 

The calibrator, SLMs, and GLRs were checked at 
Trans1.ao before they were taken to the field. Cali
bration checks on the SLM and GLR systems were made 
periodically during the measurement periods. (Rec
ords of calibration for all sound instruments are on 
file at TransLab.) The radar speedometers were also 
calibrated periodically in the field by using tuning 
forks. 

Noise measurements are affected by wind speeds 
greater than 12 mph. A wind measuring set was used 
to periodically ensure that speeds were less than 
this level. 

GALIVAN LOCATION 

An open area near Galivan, in the vicinity of Mis
sion Viejo in Orange County, was selected to deter
mine changes in noise levels caused by increasing 
the passenger train speeds from 65 to 90 mph. The 
site was an area without vegetation and included an 
old two-lane concrete highway. There is one main 

-.. 



Hatano 

track of jointed-rail construction for through traf
fic in this area and one track that serves as a 
siding for meeting and passing trains. Current regu
lations permit passenger trains to travel 90 mph at 
this location. 

SLMs were located 50 and 100 ft from the center
line of the tracks at an elevation of 4 ft above the 
top of rails. The purpose of the two meters was to 
determine the decrease in noise due to an increase 
in distance. These data were used to analyze noise 
levels at varying distances from the noise source at 
speeds between 65 to 90 mph, where the terrain is 
comparable to that in Montebello. 

Measurements were made on February 14, 1979. The 
weather was clear, except for some scattered clouds. 
The temperature was estimated at 60° to 70°F. Wind 
speeds were measured at 2 to 5 mph. 

All peak noise levels were taken from the graphic 
level recordings and reported to the closest 0.5 
dB(A). Figure 2 shows example graphic level record
ings from the Galivan location. 

C 
ID 
"Cl 

FIGURE 2 Noise level variation with 
speed. 

Train speeds were determined by using two radar 
speedometers for reliability. The data are given in 
Tableland are plotted in Figure 3. 

A regression line was drawn to approximate the 
estimated increase in noise caused by changes in 
speed at 50 and 100 ft from the tracks. The data 
indicate a noise decrease of 4.5 dB(A) as the dis
tance is doubled from 50 to 100 ft. Also, the noise 
increases 4.5 dB(A) from 65 to 90 mph. 

The ambient noise level in this area ranged from 
60 to 73 dB(A). This noise was produced by the I-5 
freeway traffic that was located near, and due east 
of, the measurement site. Occasional noise was pro
duced by vehicles using the old highway. 

An examination and analysis of the graphic level 
recordings indicated the peak noise reached a maxi
mum and continued for approximately 6 sec. This 

TABLE I Decreases in Noise Levels with Distance 

Noise Level 
Train Train [dB(A)] at 

Time Speed Length 
of Day (mph) (cars) 50 ft 100 ft 

8:30 a.m. 72 6 98 92 
9:43 a.m. 93 4 101 96 
10:00 a.m. 84 4 100 96 
11 :40 a.m. 65 4 95 92 
2:28 p.m. 63 4 96 90 
2:44 p.m. 90 5 99 93 

Avg 78 98 93 
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occurred when the train speed was 65 mph and the 
distance from the SLM to the train was 100 ft. The 
maximum levels were reached and remained for ap
proximately 3 sec at a speed of 90 mph. 

MONTEBELLO LOCATIONS 

Locations were selected behind the noise wall in 
Montebello. Two of the locations are shown on the 
map in Figure 4. Figure 5 shows a typical cross 
section of the sites behind the noise wall. These 
sites were far enough from the end of the wall to 
minimize the noise coming from beyond the end of the 
wall. There are two main tracks (northbound and 
southbound) in this area that are of continuously 
welded rail construction. 

Measurements were made at Sycamore and Spruce 
streets on February 13, 1979. The weather was clear, 
except for scattered clouds. The temperature was 
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FIGURE 4 Plan of measurement sites in Montebello. 
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estimated at 60° to 70°F. Wind speeds were measured 
at 2 to 5 mph. 

Supplementary measurements were made at Sycamore 
and Cedar streets on February 15, 1979. Weather 

•. ,a,-o :::anl"'\P"'v;n1::io+-a1 '1i r +-ho C!:::amo :::aC! 
" ..... - -rr-- ----···- ----' --- - ---·· - --

13. 
A third location was selected in an open area in 

front of the Peerless Pump Company facility on Syca
more Street north of Greenwood Avenue (Figure 4). 
There are four sets of tracks in this area, and the 
main tracks are of continuously welded rail con
struction. Two other tracks serve as sidings. The 
measurements at this location also were made on 
~ebruary 13, 1979. 

The purpose of the measurements at the three 
locations was to assess the ambient noise level, 
passenger train noise, other train noise, noise 
attenuation because of the sound wall, and any in
crease in noise from trains traveling at 90 mph. The 
test data for the various Montebello sites are given 
in Table 2. 

TABLE 2 Montebello Noise Wall Attenuation of Passenger 
Train Noise 

Noise Level [dB(A)) 
Train Train 

Time Speed Length Behind Open 
of Day (mph) (cars) Wall Area 

8:50 a.m. 66 4 74 88 
9:15 a.m. 67 6 958 

74 86 
10:50 a,m, 63 4 74 87 
11 :50 a.m. 66 4 92• 

76 85 
3:15 p.m. 63 4 73 88 
4 :05 p.m. 64 4 74 89 

Avg 65 74 87 

Note; rnstance from sound level meter to train averaged 127 ft. 
3 Whistle. 

Attenuation 

14 

12 
13 

9 
15 
15 

13 

The following table gives data that compare the 
noise levels at the Orange County site and the open 
area site in Montebello: 

Open area in Orange County 
(Galivan) 

Open area in Montebello 

Train 
Speed 

.1.!!!e!:!.L 

64 
65 

100-ft Noise 
Level [d B(A)J 

91 
67 

Adjustments to the noise level in Montebello were 
made based on a 4.5 dB(A) drop-off for a doubling of 
distance. 

The slightly lower levels in Montebello were 
caused by the continuously welded rail construction 
of the track. These data reinforced the assumption 
that the noise level without the wall along Sycamore 
Street would be about the same as the noise level at 
the adjacent open area [87 dB(A)]. Because the mea
sured noise levels behind the wall were about 74 
dB (A) , the attenuation provided by the wall is ap
proximately 13 dB(A). 

OTHER MEASUREMENTS BEHIND THE NOISE WALL 

Noise measurements were also taken at Sycamore and 
Spruce streets on February 13 to assess the neigh
borhood environmental noise. The data are given in 
the following table: 
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Noise 
Automobile 
Jet aircraft 

Noise Level 
[dB(A)] 
70 
73 
...... .. 

Freight train 82 
Train whistle 99 

The noise levels represent the maximum levels 
recorded between the passing of passenger trains. 
These and other noise sources intermittently dis
turbed the quiet of the neighborhood, but they were 
usually lower than the maximum values shown. 

DISCUSSION OF RESULTS 

There are currently 12 National Railroad Passenger 
Corporation (Amtrak) passenger trains operat i ng 
Monday through Friday between Los Angeles and San 
Pi ~go (6 in e~ch rl '\rP.ct;.i on) - Th~ first leaves San 
Diego at 11:05 p.m. All 12 Amtrak trains pass 
through Montebello between 7:30 a.m. and 9:05 p.m. 
On weekends, one less train per day is operated. 

Passenger train noise measurements at the Galivan 
site in Orange County indicated an increase of 4 . 5 
dB(A) as the speed increased from 65 to 90 mph. The 
increase in noise in Montebello behind the wall 
should be less than 4.5 dB(A) because the trackage 
is of continuously wo1 n~n r;::1 i 1 rnn~t_rnr.t: inn .. Thi s 
increase, however, will generally occur during the 
nonsleeping hours and will be about equal to and a 
part of the neighborhood environmental noise (as 
shown in the preceding table). 

An increase of 2 to 3 dB (A) would hardly be no
ticeable to most people when the change occurs from 
one day to the next. An increase of 10 dB(A) doubles 
the noise level as perceived by the human ear. An 
increase of 4.5 dB(A) would probably be noticeable. 

The engine and rail noise are the primary noise 
sources from a passenger train. Usually the engine 
is noisier, but this was not confirmed because the 
Amtrak passenger train was traveling at high speeds 
and was pulling only four to six cars. The two noise 
sources could not be separated or detected on the 
graphic recordings. 

Subjectively, the measurement team could not 
clearly ascertain if the noise level at 90 mph was 
significantly louder than at 65 mph. This probably 
was due to the train whistle, which was the dominant 
noise source that affected the perception of the 
lower level engine and rail noise. The engineer blew 
the whistle whenever he saw anyone near the tracks 
or when he approached a grade crossing of a street 
or highway. 

The train whistle i s not a ffected by speed. Based 
on the previous discussion, it appears that the 
whistle will continue to dominate neighborhood noise 
in Montebello behind the noise wall. 

One resident living near Sycamore and Spruce 
streets indicated that the noise wall helped keep 
the noise level down. He noted, however, that the 
most annoying and loud noise occurred at night dur
ing the sleeping hours when the freight cars were 
being coupled, uncoupled, and switched. 

CONCLUSIONS 

The following conclusions are reached as a result of 
this study. 

1. The passenger train noise increased approxi
mately 4.5 dB(A) when train speeds increased from 65 
to 90 mph over jointed rails. 

2. At a train speed of 65 mph, the noise level 
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at 100 ft reached a maximum level and remained con
stant for approximately 6 sec. 

3. At a train speed of 90 mph the noise level at 
100 ft reached a maximum level and remained constant 
for approximately 3 sec. 

4. The noise level behind the noise wall in 
Montebello was 74 dB(A) when the passenger train 
speed was 65 mph. 

5. Because of continuously welded rail construc
tion of the trackage in Montebello, the noise level 
is expected to increase less than 4. 5 dB (A) if the 
speed is increased to 90 mph. 

6. The noise wall in Montebello along Sycamore 
Street provides approximately 13 dB(A) attenuation. 
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7. Other noise from sources ( such as switching 
of freight cars, freight trains, and engines; pass
ing cars; motorcycles; delivery trucks; and air
planes) ranged from 71 to 82 dB(A). The highest 
train whistle noise recorded was 99 dB(A). These 
levels were measured behind the wall at the inter
section of Spruce and Sycamore streets in Montebello. 

Publication of this paper sponsored by Committee on 
Transportation-Related Noise and Vibration. 

Synthesis of Disc Brake Squeal Quieting Experience 

MICHAEL A. STAIANO 

ABSTRACT 

Disc brake squeal produced by Washington 
Metropolitan Area Transit Authority transit 
cars precipitated a number of on-car and 
laboratory tests. The results of these tests 
are summarized along with the experience of 
other investigators in both the transit and 
automotive fields. Experience indicates that 
some brake systems are prone to squeal while 
others are not, and that the benefit of 
system modifications varies dramatically for 
different disc brake systems. Modifications 
that hold the most promise for reducing the 
propensity of a brake system to squeal are 
sufficiently damping the brake pad back
plate, disc rotor, or caliper; altering disc 
rotor stiffness, caliper mass, or caliper 
stiffness; reducing (if possible) the brake 
pad friction coefficient; and, possibly, 
eliminating brake pad grooves. 

The existence of brake squeal has been recognized as 
a problem for some time primarily because of its 
occurrence in highway vehicle drum and disc brake 
systems. Rail transit cars have also exhibited brake 
squeal from their tread and disc brakes. In the 
United States three transit systems use disc brakes: 
the San Francisco Bay Area Rapid Transit District 
(BART), the Chicago Transit Authority (CTA), and the 
Washington Metropolitan Area Transit Authority 
(WMATA). Of these, only WMATA has experienced prob
lems due to brake squeal. The squeal propensity of 
the WMATA brake system has limited the options 
available for replacement friction pad materials, 
and at one point squeal sound levels became so 
severe that a considerable public outcry ensued. The 
purpose of this paper is to document the experience 

gained in attempting to reduce the brake squeal on 
WMATA cars and to place this experience in the con
text of other work. 

WASHINGTON METRORAIL EXPERIENCE 

The disc brake assembly used by the WMATA Metro cars 
is similar in configuration to automotive caliper 
disc brakes with ventilated rotors (Figure 1). The 
disc is 20 in. in diameter and 3.6 in. thick and 
weighs 137 lb (1). The kidney-shaped brake pads are 
actuated by t~ side-by-side pistons. The brake 
system was designed by the Abex Corporation with two 
assemblies fitted per axle for a total of eight 
assemblies per car. (Author's note: Equipment sup-

Caliper ----.........;:LJ 
(Piston Sidel 

Bracket and 
Link Assembly 

. ...-··-.,,._ 
) 

·...._/ 

Caliper 
(Piston Sidel 

- Truck Wheel 

FIGURE 1 WMATA/Abex disc brake system. 
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pliers are identified in this paper for clarity of 
presentation. Their reference constitutes neither 
endorsement nor criticism.) 

From the time WMATA initiated rail service, its 
br=.~e 5Y!:t.e!!'. e~h!~iteC =! ~=~pe~eit~,7 t~ ::q~~~l {~}. 
The BART brake system with similar design param
eters, on the other hand, has never exhibited squeal 
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(a) Judiciary Square station, January 27, 1976 
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(b) McPherson Square station, February 20, 1981 

FIGURE 2 Typical brake squeal time histories. 
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(.!) • The squeal experienced early in the Metrorail 
history was occasional in nature and relatively low 
in amplitude and frequency (Figure 2a). However, 
when the original asbestos-bearing Abex 45109 fric-

pads, squeal became common, and its amplitude and 
frequency increased considerably (Figure 2b) (]). 

To correct the deteriorated squeal behavior, a 
series of on-car modifications were evaluated for an 
immeaiate solution (ii. Laboratory investigations 
using a constant-speed dynamometer were also under
taken for long-term improvements Ci,il. The on-car 
modifications included a variety of replacement pads 
,md system modifioationo fitted to teat trains run 
during nonrevenue hours. The on-car tests found one 
pad--the Abex l389b--to be relatively squeal-free. 
This pad was selected as a suitable replacement pad 
with acceptable squeal behavior. 

SQUEAL fll_.ECHANISM 

The mechanism of brake squeal generation confounded 
investigators until two key observations were made 
(1): 

l. Squeal is a function of the direction of disc 
rotation (i.e., squeal might occur for only clock
wise rotation and not for counterclockwise rota
tion), and 

2. Deceleration measured during a squealing stop 
is somewhat higher than that measured for an essen
tially identical stop without squeal. 

These observations suggested that squeal is re
lated to an asymmetry of the contact area of the pad 
with the disc, such that the contact area is in a 
"sprag position" with respect to the backplate
piston contact point. This sprag configuration, or 
"digging in" of the pad to the disc, results in 
elastic deformation of the pad, which then reduces 
the binding forces and releases the pad to its orig
inal position from which the cycle can be repeated. 
This theory was tested by grinding a pad to an exag
gerated asymmetry and varying the backplate-piston 
contact point. Squeal was observed consistent with 
the theory for the conf iguration shown in Figure 3 
Cl) fore~ tan-l µ, whereµ is the pad friction co
efficient. Further analysis indicated that squeal was 
poss ible for O < e < tan-1 µ• 

FIGURE 3 Disc, pad, and piston in squeal configuration (7). 
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Fundamental to the sprag-slip theory is the pres
ence of the asymmetrical pad-disc contact area. The 
asymmetry is believed to arise from nonuniform pad 
wear, working of the backplate by the piston, or 
thermal distortion of the pad (1,~). A squeal-prone 
condition and slight backplate dishing have been 
observed after simply heating a pad to about 250°C 
and allowing it to cool. Thus heavy braking and 
subsequent cooling is likely to cause such distor
tions, as has been observed of squeal in in-service 
conditions. At low brake pressures the contact area 
is quite small due to the distortioni at high brake 
pressures the pad is flattened-out, thereby reducing 
the asymmetry. The result is less squeal at high 
brake pressures. The requirement that pad asymmetry 
exist probably accounts for the appearance of squeal 
in the Knorr BB1 pad in the WMATA brake system only 
after a period of revenue service. 

Investigators have noted that the frictional 
force on the face of the pad is resisted by a re
straining force at the pad backplate resulting in a 
moment tending to rotate the leading edge of the pad 
toward the disc and causing more rapid wear at the 
leading edge (l). This moment also tends to shift 
the contact patch toward the leading edge--to a 
• spragg ing" position. This is shown in Figure 4. 
From translational equilibrium, all forces acting on 
the pad can be estimated in terms of the brake pres
sure force (N) and the friction coefficient. From 
rotational equilibrium, the offset (a) of the pad
disc effective contact point to the backplate-piston 
effective contact point must be a = µt, where t is 
the pad thickness. It is interesting to note that 
the maximum leading contact point offset (b) for 
squeal is equal to a. (Note that, even for the 
WMATA/Abex brake system, this offset is quite small. 
Specifically, for a new pad, b ~ 0.25 in. for a 
pad whose half-length is approximately 6 in.) 

ANALYTICAL DESCRIPTION OF SQUEAL 

The sprag-slip theory was supported and refined by a 
series of investigations (~-14). A mathematical 
description of a complex system such as a disc brake 
assembly requires a considerable number of simplify
ing assumptions. Expression of sprag-slip for a real 
(automotive) disc brake assembly, for example, con
sisted of a 6 degree of freedom (df) lumped-param
eter model in which system damping was ignored (B). 
The interaction of the inner and outer pads was also 
ignored, such that the model was simplified to a 
single pad pressed against the disc. [Other work has 
demonstrated that the interaction of the pads does 
affect the parameter ranges that will result in 
squeal. However, the general trends indicated by the 
single-pad model are representative (14).] Thus this 
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model consists of three elements (the disc, pad, and 
caliper), with each possessing rotational and trans
lational stiffness and mass. Element rotations are 
about an axis parallel to the disc radius and dis
placements are lateral (i.e., normal to the plane of 
the disc) • Disc mass and stiffnesses are effective 
or equivalent values estimated for an equivalent 
beam from expected disc modal behavior during squeal. 

When the equations of motion and boundary condi
tions are applied to the disc, pad, and caliper 
elements, a set of equations is obtained yielding 
solutions for the displacements of disc, pad, and 
caliper and the rotations of the disc and pad. These 
solutions have the form y = Y ezt, where z can be 
imaginaryi thus, 

ezt = ext eiwt = ext [cos(wt) + i sin(wt)] (1) 

Therefore, the solutions are simple harmonic if x = 
O, sinusoidal and damped if xis negative, and sinu
soidal and diverging (i.e., unstable) if x is posi
tive (15). Squeal is the self-excited oscillation 
that occurs when the brake system parameter values 
combine to yield an unstable solution to the dis
placement equations (i.e., positive x). In the lit
erature the magnitude of positive x has been defined 
as the •squeal propensity• and w/2 has been called 
the "squeal frequency.• 

EFFECT OF BRAKE SYSTEM DESIGN ON SQUEAL 

The fundamental squeal mechanism is understood. 
Simplified experimental and analytical models pro
vide results that agree mutually and agree reason
ably with specific real brake systems. However, 
behavior for one brake system may not be representa
tive of that of another. Furthermore, the best cur
rent analytical model in the literature is still a 
considerable simplification of a complex system. 
Industry practice (both rail transit and automotive) 
for solving squeal problems remains basically trial
and-error modification of actual components. How
ever, the analytical results are useful in guiding 
the types of modifications that may ultimately prove 
successful. 

Brake Pad 

Clearly, the brake pad plays a significant role in 
the squeal mechanism. When the original Abex 45109 
pad was replaced by the Knorr B81 pad on the Metro
rail cars, squeal worsened considerablyi when the 
Knorr 881 was replaced by the Abex 1389b, squeal was 
virtually eliminated (see Table 1). Interestingly, 
the presence of even one squeal-prone pad in a 
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TABLE 1 Tests of WMAT A On-Car Modifications 

No. of 
Pad Disc Tests LA max Configuration 

All A!! di) 86 W ith H~T';...,,,., .,,,.,.fa,.,.... ft"\l"\rl1f11''>t1,-,..,,r 

Abex 45109 Abex I 80 Original asbestos pads 
Knorr 881 All 23 89 With various system modifications 
Knorr 881-1 All 6 84 With various system modifications 
Abex 1389b All 7 77 With various system modifications 
All Knorr 10 88 With various system modifications 
Aii Abex 21 85 With various system modifications 
NYAB NYAB I 79 Different brake assembly, including caliper 
Knorr 881 All 7 92 With0.01- to 0.10-in. rubber material behind backplate plus various 

other modifications 
Knorr 881/881-1 All 5 89 With 0.125-in. steel plate inserted behind or welded to backplate plus 

vnrious other modificatio115 
Knorr 881 All 5 87 4-slot, 8-segment pads plus various other modifications 
Knorr 881 All 4 90 I-slot, 2-segment pads plus various other modifications 

Note: A test consisted of recordfogs of maximum slow-response A-weighted sound levels for at least six passbys of a two-car train fitted with a 
given brake system configuration. LAmax is the average or the average maximum A-weighted sound levels for each test. Tests were performed at 
Union Station-Visitors Center StnHon, fanuary 2 3 to April 71 1981 , Pads supplied by Knorr were manufactured by Jurid GmbH, Hamburg, 
West Germany. 

caliper is sufficient to induce squeal (§.,ll, In 
tests on the same automotive disc brake assembly, 
four different friction materials tended to excite 
significantly different frequencies (16). 

Increasing pad friction coefficie~ increases the 
range of pad contact point geometries (0 < e < 
tan-1 µ), which are squeal prone. Thus high-friction 
pad compositions tend to squeal more. Analytical re-
sults indicate that a minimum friction coefficient 
exists for which no squeal will be produced for any 
contact point geometry, In practice, for at least 
one actual system, this minimum friction coefficient 
was found to be 0.25 (8), When squeal is experienced, 
however, its sound lev~l is independent of the fric
tion coefficient (17), 

Friction Material Stiffness 

The 6 df model described in the previous section 
predicted squeal instability regions within fairly 
well-defined ranges of pad (Young• s) modulus. How
ever, the usefulness of pad modulus as a design pa
rameter is limited by the pad modulus variability 
with temperature and pad distortion that causes the 
pad to become less stiff and more nonlinear (8), 

In the WMATA laboratory tests, Battelle Columbus 
Laboratories measured the compressive static stiff
nesses of Knorr 881 and Abex 1389b pads (5). The 
results are given in Table 2 (il as a function of 
brake pressure, Note that in the load range repre
sentative of WMATA service, the quieter Abex pads 
are approximately twice as stiff at low braking 
effort (Bll and are approximately 20 percent stiffer 
at high braking effort (BS). The Abex 1389b pads 
have been characterized as "soft" (i.e., faster 
wearing) but less squeal prone. This behavior has 

TABLE 2 Brake Pad Compressive Static Stiffness (5) 

Brake Stiffness (10 3 lb/in.) 
Braking Brake Press Force• 
Mode Range (psi) (lb) Knorr 881 Abex 1389b 

Snow 60-65 600 130 380 
Bl 110-130 1,200 180 340 
B2 240-270 2,600 300 410 
B3 290-310 3,000 320 420 
B4 340-370 3,600 360 450 
BS 427-473 4,500 420 490 
Emergency 450-500 4, 800 430 500 

Note: The data are for statk stiffness for increasing load. 
8 Total force approximated for brake pressure acting on two 2.S-in.-diameter 
pbtons. 

also been attributed to some automobile brake sys
tems. However, neither squeal propensity nor service 
life has been found to be simply related to pad 
hardness. 

Most disc brake pads are manufactured with at 
least one slot or "rain groove" (usually radial with 
respect to the disc), Somewhere in disc brake lore 
originated the nostrum that additional slots woulu 
quiet squealing C!UC!f,, Off'IC! --,4---···-, 
evidence of this has been found by the author, WMATA 
at tempted th is approach on the Knorr 8 81 pad by 
cutting an additional slot to form eight segments. 
This modification had no significant effect on aver
age maximum squeal levels (see Table 1), The Office 
of Research and Experiments (ORE) of the European 
International Union of Railways (UIC) also tried 
this approach on a European-style (UIC-type) scis
sors-action caliper disc brake assembly and found 
the resultant squeal was prolonged and more objec
tionable (17). Battelle tried a further variation on 
this themP.hy cut.t i.ng several radial slots throu']h a 
Knorr 881 pad, including the backplate. The result 
of this modification was to reduce the number of 
squeal frequencies observed at high brake pressure, 
but it increased the number of squeal frequencies at 
lower brake pressure <il• Battelle also tried to re
move friction material from one end of a brake pad 
to induce asymmetry and alter pad response (6), This 
modification did not alter squeal charact-;ristics 
for either direction of disc rotation. 

A simple geometric model of sprag indicates that 
prere~uisite to squeal _\s a pad-disc contact o~1set 
(bl with O < b < (t tan µ). The. width (t tan µ) 
was shown previousl y for t he WMATA/Abex assembly to 
be relatively narrow compared with the circumferen
tial length of the pad. Conceivably, removing the 
center poct.i.on of the friction material (:t t tan-1 µ 

about the center of the pad) could force the contact 
point geometry beyond the squeal range. This was 
apparently tried with an automotive brake assembly 
for which the pad center was milled out to within 
0,75 in, of the pad ends. The result was an altera
tion of the observed frequencies, but apparently 
squeal was not eliminated (16). 

Holographic interferometry experiments to deter
mine component vibration behavior of an automotive 
disc brake assembly showed high vibration levels at 
the brake pad leading edge (18). This behavior is 
reasonably explained by the sprag-slip mechanism. 
These experimenters attempted to make the pad 
stiffer by testing the same pad type with and with
out a single central rain groove. Squeal frequency 
peaks for the ungrooved pad were reduced at least 15 
dB. WMATA tested versions of the Knorr 881 with a 

--
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single slot instead of the standard three slots, 
with no benefit (see Table 1). Apparently no tests 
were made of a Knorr 881 with no slots, however. 

Backplate Stiffness 

The laser holography tests previously cited also 
showed high levels of pad backplate vibration. These 
results included •x• and •+• modal patterns ex
hibited on a square backplate with a centrally lo
cated pressure point. Results for an elongated pad 
(more similar to the WMATA pad geometry) gave a 
roughly radial nodal line somewhat comparable to the 
result obtained by Battelle for the Knorr 881 pad 
(§.). The vigorous vibration of the backplate would 
appear to suggest that some modification might alter 
the system characteristics sufficiently to reduce 
squeal. Two approaches have been tried: stiffening 
bars and plates, and damping treatments. 

The use of backplate inserts has been employed by 
the automotive industry, reportedly with some suc
cess. WMATA has tried a variety of backplate-stiff
ener modifications with a 0.125-in. steel plate 
(including some with a silicone rubber-fiberglass 
fabric bonded to the plate and some with a Teflon
type coating). These experiments showed no benefit 
(Table 1). Battelle also tried this approach with a 
0.375 x 1.0 x 12-in. bar with similar lack of suc
cess (J.) • Reducing backplate stiffness by the pre
viously mentioned slotted backplate was also inef
fective. Insertion of thin elastomeric sheets behind 
the backplate also produced no benefit (Table 1). 

Damping 

In the Battelle compressive static stiffness mea
surements, both pads exhibited considerable hystere
sis in compression with the "quiet• Abex pad 
exhibiting significantly greater hysteresis (con
sequently greater internal damping) than the •noisy• 
Knorr pad--an intuitively reasonable result (1). 
However, in dynamic tests on the two pads using an 
impedance hammer to explore the transverse bending 
behavior, the Knorr pad exhibited about 30 percent 
greater damping than the Abex pad. (Specifically, 
the results were Knorr 881, mean of 4.6 percent 
critical damping versus Abex 1389b, mean of 3.4 
percent critical damping.) Similarly, in tests using 
a steady-state shaker excitation of suspended pads 
to explore the behavior of the friction material in 
a plane parallel to the disc and backplate, the 
Knorr pad exhibited about 90 percent greater damping 
than the Abex pad. (Specifically, the results were 
Knorr 881, mean of 2.5 percent critical damping 
versus Abex 1389b, mean of 1.3 percent critical 
damping.) 

ORE performed pad damping experiments on an UIC
type brake assembly. In tests with an approximately 
0.125-in. rubber coating to either the brake pad or 
the brake pad holder, no benefit was produced. In a 
test with about a 0.25-in.-thick •epoxy resin coat
ing ••• on both the bearing surface of the pad and on 
the dove-tail seat ••• [such that] there was no longer 
any metallic connection between brake pad and brake 
pad holder," squeal was eliminated and sound level 
was reduced by 31 dB(A) (17). This treatment was 
not, however, considered ~table for operational 
use in its tested form. (Also, the treatment prob
ably not only increased system damping but also 
significantly altered system stiffnesses.) Unfor
tunately, no damping capacity data were reported for 
the standard and modified assemblies. 

Battelle tested a constrained-layer damping 
treatment on the Knorr pad backplate consisting of a 
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0.05-in. damping layer wi th a 0.25-in. steel con
straining plate (6). This modification resulted in a 
4 dB (A) reductio; in squeal sound levels, but the 
pad had "squeal characteristics similar to those of 
the same pads before modification . • This lack of 
success may be explained by the relatively limited 
increase ( approximately 50 percent) in damping in 
the mod ified pad. (Damping measured by Battelle 
indicated that the s tandard pad had a mean of 4. 9 
percent cdtical damping, whereas the modified pad 
had a mean of 7.5 percent critical damping.) 

The WMATA on-car tests showed no significant differ
ence in maximum squeal levels between interchange
able discs provided by different manufacturers 
(Table 1). In tests using a simplified laboratory 
test rig with an 8-in.-diameter and approximately 
0.1-in.-thick solid disc, a squeal frequency was 
observed " occurring near to the anti-resonance of 
the free disc between the (3,0) and (4,0) modes ••• • 
with the disc in a (3,0) mode when squealing (11). 
[Disc mode shape (D,C) corresponds to D nodal diam
eters and C nodal circles.] 

Using a slightly different test rig, a (2,0) 
modal shape was observed for the squeal i ng disc; 
and, with a significantly thicker disc, a (1,0) mode 
was observed with the nodal diameter line perpendic
ular to the radial line containing the contact point 
(13). Using holographic interferometry techniques on 
a small automotive disc brake assembly in squeal, six 
nodal radii were observed, with the 6th antinode 
"wholly suppressed by the brake pad" for an apparent 
(3,0) disc mode shape (18). Similarly, apparent 
(4,0) and (5,0) mode shapes were also observed . Bat
telle used a noncontacting displacement pick-up to 
probe a squealing Abex disc (i). Their findings im
plied a pattern similar to those obtained by the 
holographic work, with a t least seven nodal radii 
indicated. Speculating the presence of an additional 
unobserved nodal radius just after the pad trailing 
edge and suppression of the 8th antinode by the pad 
suggests the disc is responding in a (4,0) mode, 

Stiffness 

A number of efforts have been made to •det une" the 
rotor to eliminate squeal. ORE tried two approaches 
(17): The removal of some of the cooling ribs of a 
rail transit brake disc to obtain an irregular rib 
distribution in 90-degree sectors gave no signifi
cant improvement. Machining one of the two disc 
friction surfaces (apparently to the wear limit) 
also produced no improvement. In an experiment simi
lar to ORE but with cooling fin randomization over a 
full 360 degrees, Battelle found squeal frequency 
peaks were less intense but more numerous comparing 
modified and unmodified Abex rotors (1). 

In the simplified laboratory test rig using 0.4-
in.-diameter steel pins in place of brake pads, the 
effect of disc stiffness was explored by varying the 
radius of the contact point on the disc (13,14). 
Assuming disc stiffness 

kd « h'/r' (2) 

where h is the disc thickness and r is the contact 
point radius, squeal in11tability regions were 
clearly defined as a function of disc stiffness, 
contact angle, and beam stiffness. (Beam stiffness 
was the experimental analog to pad and caliper 
stiffness.) However, as previously mentioned, a 
thicker disc squealed in a different mode, appar-
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ently due to stiffness and mass effects, so that a 
simple thickness-cubed relationship is not valid. 
Apparently squeal cannot be eliminated in real sys
tems by simple disc stiffness changes, although it 
its .im~urb::tnt .i.11 .i.Lz:s iui...1::Lactiu1-. with cali?C~ z;tiff
ness, as discussed in the following section. 

A practical approach taken by the automotive 
industry has been to stiffen the rotor to increase 
the frequency of the disc modes out of the range of 
human hearing. However, the viability of this ap
proach with the much more massive transit car discs 
is questionable. 

Damping 

An approach that has been explored by the automotive 
industry and is now in production for a number of 
automobiles is the use of high-damping discs. Gray 
iron is a generic cast iron commonly used in brake 
di~CQ {ittcludiug th~ ~bo~ r~t~~}. The i~te:nal damp
ing capacity of gray irons has been found to be a 
function of its chemical composition--specifically, 
the equivalent iron carbon content. A number of 
batches of brake discs were cast and fitted to auto
mobiles to be evaluated for squeal propensityi in 
addition, samples from these batches were tested for 
their damping capacity (19). The relationship of 
damping capacity (given inaverage percent critical 

with iron carbon equivalency (%CE) 
those tests is 

than 2,000 Hz! 
obtained from 

%C/Cc m 0.302(%CE) - 1.164 (3) 

with correlation coefficient r = 0.83 [from Miller 
<.!2.1 I. 

From the automobile tests in representative ser
vice, this study found that •about 0.2% critical 
damping was required to suppress squeal to a com
mercially acceptable level under the test condi
tions• and •coocntially squeal-free brakes were 
obtained with 0.3% critically damped brake discs• 
( 19) • These conclusions are valid because the vehi
cles and brake pads ( \J " 0. 35) were of the same 
type. However, the required numeric values of damp
ing capacity are not universally applicable. For 
example, 0.2 percent critical damping may be only 
marginally acceptable for a different brake assembly 
or pad composition. 

A disadvantage of high-damping gray irons is 
their inferior strength compared with other gray 
irons, thus, their use may necessitate rotor rede
sign, thereby reducing their suitability for retro
fits. However, higher disc damping may alternatively 
be accomplished by mechanical damping devices. 

Battelle measured the damping capacity of an Abex 
rotor (dynamometer-mounted without caliper and pads) 
by using a shaker to provide a white-noise excita
tion (2_). The mean damping capacity over four mea
surement locations was 1.4 percent critical damping. 
Battelle also measured the damping capacity of the 
Abex rotor by using an impedance hammer (6). The 
mean damping capacity measured was 0.14 -percent 
critical damping. (The difference in the two damping 
capacity results for the Abex rotor is unexplainedi 
both the shaker and hammer methods are expected to 
agree more closely for the nominally identical in
stallations.) 

Battelle attempted to determine the effect of 
rotor damping capacity by filling the interior cool
ing passages of an Abex rotor with lead shot (2_). 

Using the shaker and broadband excitation, the mean 
damping capacity over the four measurement locations 
was 6.4 percent critical damping--about 5 times 
greater damping than the standard rotor. (The in-
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creased rotor mass was not reported.) When the shot
filled rotor was tested, squeal was experienced with 
fewer but more intense peak frequencies. 

When an automotive disc with "four radial slots 
~~t f:~~ t~e ~i~ t~ th~ h~b 8 w~~ o~~r~~~n ;n a 
laboratory test, squeal was reported to be elimi
nated (16). Details of the modification were not 
provided, although it was not considered suitable 
for production. The mechanism of this modification 
apparently was increased damping because the un
slotted rotor had a bell-like ring when struck with 
a hammer, whereas the slotted rotor gave a very dead 
sound. Unfortunately, no other damping information 
was provided. 

Caliper 

In the laser holography experiments of various small 
automotive caliper configurations, the caliper 
structures were seen to participate in vigorous 
vibration. ORE measured lateral vibration on the 
brake pad holder on a UIC-type assembly and found 
high vibration levels. In on-train measurements of 
WMATA cars, a prominent caliper vibration frequency 
peak was observed that compared reasonably with a 
prominent airborne noise peak for the Abex brake 
assembly (20). 

Mass and Stiffness 

The 6 df model of the automotive disc brake as
sembly indicated that the squeal instability region 
is sensitive to both caliper mass and caliper stiff
ness (8). This model predicted three distinct narrow 
ranges-of caliper mass where squeal instability is 
expected, with one range of significantly greater 
propensity [Figure Sa (8)]. With respect to caliper 
stiffness, the model pr~icted the system would tend 
to be stable at low stiffness and unstable with high 
squeal propensity at high stiffness, as shown in 
Figure Sb. Other experience both supports and con
tradicts these findings. Caliper mass modification 
has been effective in eliminating squeal in a 
squeal-prone brake assemblyi at least one automobile 
is currently in production with additional caliper 
mass for this purpose. On the other hand, the same 
manufacturer has found that a stiffer caliper is 
less squeal prone. Apparently, the effect of stiff
ness changes is system specific. 

This caliper stiffness experience correlates with 
findings obtained by using the simplified laboratory 
test rig (12-14). In these experiments beam stiff
ness (the experimental caliper and pad stiffness 
analog) interacted with disc stittness in tne defi
nition of squeal instability regions for a given 
co.r1tact point geometry. For a given relatively nar
row range of disc stiffness, the squeal instability 
was virtually independent of beam stiffness; 
further, for a given relatively narrow range of beam 
stiffness, the squeal instability was virtually 
independent of disc stiffness. This finding is shown 
in Figure 6 (12). (Note that the figure shows the 
pin-disc systein' s theoretical unstable regions for 
e = 3 degrees, \J = 0.4.) 

Damping 

The presence of high vibration levels on the caliper 
structure suggests that the attachment of damping 
devices could dissipate significant squeal energy 
and potentially reduce or eliminate squeal pro
pensity. Surprisingly, relatively little attention 
has been devoted to this approach. The ORE damped 
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pad holder, described previously, was effective. One 
of the experiments performed in conjunction with the 
laser holography studies included the application of 
adhesive damping pads to the caliper surface (18) • 
This treatment was apparently effective in attenuat
ing caliper vibration, although squeal was still 
experienced with that assembly. 

CONCLUSIONS 

Experience has shown that some brake systems are 
prone to squeal while others are not (e.g., WMATA 
versus BART). Further, even for squeal-prone sys
tems, the response of the system to modification is 
system specific (i.e., modifications that are suc
cessful for one system have been unsuccessful for 
others). With these uncertainties in mind, some 
generalizations can be made. 

1. Increasing 
ing sufficiently 
propensity. 

backplate, disc, or caliper damp
is likely to reduce squeal 

2. Increasing or decreasing disc stiffness, 
caliper mass, or caliper stiffness may move the 
brake system response out of the squeal instability 
region. 

3. If a low friction coefficient pad (µ < 0.25) 
can provide acceptable braking performance, n is a 
means to eliminate squeal. 

4. Eliminating pad grooves may reduce squeal 
propensity. 
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Research on a Device for Reducing Noise 

KAZUYOSHI IIDA, YOSHIKAZU KONDOH, and YASUHIRO OKADO 

ABSTRACT 

The purpose of this research study is to 
describe a new device for reducing noise 
based on the principles of sound refraction 
and interference, which can effectively 
reduce noise from highway and railroad traf
fic. This device has a back sound barrier 
panel that effectively reduces sound when 
the system is used on an existing sound 
barrier. In a test at the proving ground of 
the Bridgestone Corporation, the device with 
a back barrier of glass fiber reduced the 
nose emanating from an 11-ton truck by 5 to 
6 dB(A). 

This study is concerned with a new type of device 
for reducing noise based on the principles of sound 
refraction and interference. The device can effec
tively reduce the effect of noise emanating from 
highway and railroad traffic. 

In order to reduce noise, it has been common 
practice to provide a noise barrier between the 
sound source and the receiver for the purpose of 
intercepting the propagation of the sound wave that 
causes the noise or to construct a barrier to com
pletely surround and shield the noise source. How
ever, the former is limited in its effectiveness to 
insulate the sound, whereas the latter requires 
additional devices for heat dissipation or ventila
tion, and hence becomes complex in construction, 
thereby making it difficult to install and make 
effective. 

To overcome such disadvantages, attempts have 
been made to construct a high wall along a railroad 
or a highway. Such a high wall, however, obscures 
sunlight from nearby houses and blocks the pas
senger's field of vision; therefore, the wall has 
its own disadvantages. 

Based on a consideration of these points, this 
study is concerned with the development of a device 
for reducing noise using the principles of sound 
refraction and interference. 

DEVICE 

The interference principle of the sound-reduction 
device is shown in Figure 1. On the right-hand side 
of the figure is the front elevation view from the 
sound source. The sound enters along the upper edge. 
The left-hand side shows a cross-sectional view of 
the device; shown are the hollow rectangular cham
bers located at right angles to each other, which 
are progressively longer from top to bottom. 

The sounil emanating from the source 
through the chambers and is refracted. It 
phase compared with the sound passing over 
of the device. The device interferes with 

passes 
lags in 
the top 
the two 

sounds, thus providing a reg ion where the sound is 
reduced. 

280 
-80-

500 

FIGURE 1 Construction of device. 

PRINCIPLE AND EFFECT 

0 
0 r-
(!J (!) 
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The underlying principle for this patented device is 
described by referring to Figures 2-5. The photo
graphs show the sound distribution produced both in 
the absence and in the presence of the sound-reduc
tion device. These photographs have been taken by 
using a special photographic method. 

Analysis of. Sound Pressure 

In Figures 2 and 3 the brighter area represents the 
area where the sound pressure is higher (i.e., 
louder). 

Figure 2 shows the distribution of a 1/3 octave 
band noise that has a center frequency of 2,000 Hz. 
The noise is emitted from noise a source (1) in the 
absence of the patented sound-reduction device. 

Figure 3 shows the distribution of a 1/3 octave 
band noise that has a center frequency of 2,000 Hz. 
The noise is emitted from noise a source (1) and is 
refracted by the device (2). Area A represents sound 
that has been emitted from the source (1) that has 
passed over the top of the device (2). Area B repre
sents sound that has passed and is delayed in phase 

FIGURE 2 Sound pressure distribution without device. 
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FIGURE 3 Sound pressure distribution with device. 

FIGURE 4 Sound wave without device. 

FIGURE 5 Sound wave with device. 
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baclt 

reduclui noise 

sound barr i er 

glass fiber 
C50 UID thick) 

FIGURE 6 Crose section of sound-reduction system. 

as it passes through the c hambers. Figure 3 shows 
that the device produces a low sound pressure area C 
between the two high sound pressure areas (A and Bl. 

~nal.ysis o f Sound Wave Density 

In Figures 4 and 5 the brighter areas represent 
sound waves of higher density. 

Figure 4 shows the sound wave of a pure tone, 
which has a frequency of 2,000 Hz. The noise is 
emitted from the noise source (l) in the absence of 
the device. [The sound waves spread like ripples 
(concentric rings) in a pond after a stone has been 
thrown.] 

Figure 5 shows the sound wave of a pure tone, 
which has a frequency of 2,000 Hz. The noise is 
emitted from the noise source (l) in the presence of 
the device (2). Figure 4 shows the pure tone emitted 
from the noise source (l) and propagated in a spher
ical wave without phase lag. The presence of the 
device in Figure 5, however, causes a sound wave B', 
which passes through the chambers and is propagated 
in a plane wave, to refract in a downward direction; 
this sound wave is delayed in phase compared with 
sound A' , which has passed over the top of the de
vice and is propagated in a spherical wave. As a 
result, the sound wave in reg ion C' \ J.oca tea oet ween 
sound A' and B') becomes a nonuniform wave, as shown 
in Figure 5. The nonuniform sound ,,:ave in region C' 
represents a destructive interference phenomenon. 
This phenomenon is produced between the direct sound 
wave A' passing over the top of the device and dif
fracted into the sound shadow behind the device, and 
the sound wave B' passing through the chambers of 
the device and refracted and delayed in phase. As a 
result the sound reduced in region C' is produced, 
as shown in Figure 5. The volume of the sound re
duced in region C' due to the interference between 
sound B' and sound A' is determined by the size of 
the device, the difference in length between the 
chambers of the device, and the position of the 
noise source. 

FIELD TESTS 

Tests of this device were carried out at the Bridge-

;; . .. 
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FIGURE 7 Data on frequency analysis at different measurement points. 

stone Corporation proving ground on February 2, 
1982. The tests were conducted under the following 
conditions: 

1. Sound barrier--2.0 m high, coated with 50-mm
thick glass fiber on the front face for the purpose 
of sound absorption (Figure 6), 

2. Test car--11-ton truck (Mitsubishi Fuso), 
3. Speed--100 km/h (63 mph), and 
4. Distance between the device and the noise 

source--3.5 and 7 m (11.S and 23 ft). 

The results of the test indicated that 

1. 
dB(A) 

2. 
corded 
of 500 

3. 

The noise of the truck was reduced 5 to 6 
when the device was applied; 

A similar degree of sound reduction was re
at measurement points Sl to S4 in the range 
Hz to 4 kHz, as shown in Figure 7; and 
A similar effect was recorded when the truck 
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ran along a different lane, as shown in Figure 8; 
thus the device functioned efficiently, even if the 
noise source was distant. (The test setup is shown 
in Figure 9.) FIGURE 9 Test setup. 
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CONCLUSIONS 

Considerable reduction of sound can be expected when 
this device is used on existing sound barriers, 
·..;ithvut a bi~ rnu<lifi(.;a.Liu11 ur i.:.iu::: UarrierH. Ii new 
sound barriers are constructed, then the use of this 
device can contribute to the economical design of 
the sound barrier system by lowering the height and 
reducing the weight of the installation. This de-
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vice, when combined with the back sound barrier 
panel that intercepts the refracted propagated 
noise, can effectively reduce the noise from sources 
such as railroads or highways. 

Publication of this paper sponsored by Committee on 
Transportation-Related Noise and Vibration. 

Review of Federal Noise Emission Standards for 

Interstate Rail Carriers 

ERIC STUSNICK 

ABSTRACT 

The federal noise emission standards for 
interstate rail carriers, the most recent 
portion of which took effect on January 15, 
1984, are reviewed. Some potential problems 
in carrying out various elements of these 
standards are described, and possible solu
tions to these problems are discussed. 

The Noise Control Act of 1972 identified noise as a 
growing danger and declared that the policy of the 
United States was "to promote an environment for all 
Americans free from noise that jeopardizes their 
health and welfare.• Included in the Act was the 
authorization to establish federal noise emission 

the mandate for the u.s. Environmental Protection 
Agency (EPA) to coordinate federal activities in 
noise control. Section l./ of the Act specitically 
required EPA to promulgate standards and the U.S. 
Department of Transportation (COT) to 1'1.vmul~atc 

compliance regulations setting limits on "noise 
emission resulting from operation of the equipment 
and facilities of surface carriers engaged in inter
state commerce by railroad." It further required 
that such regulations include noise emission stan
dards that • reflect the degree of noise reduction 
achievable through the application of the best 
available technology, taking into account the cost 
of compliance.• 

In accordance with Section 17 of the Act, EPA 
issued final railroad noise emission standards on 
December 31, 1975. These standards applied to all 
railroad cars and all locomotives, except steam 
locomotives. On August 23, 1977, FRA published Rail
road Noise Emission Compliance Regulations setting 
forth procedures for enforcing the EPA standards. 

In June 1977 the Association of American Rail
roads (AAR), along with several railroad companies, 

challenged the EPA regulation in the U.S. Court of 
Appeals on the basis that it did not include stan
dards for all railroad equipment and facilities as 
required by the Noise Control Act. The concern of 
the railroad industry was that, lacking federal 
preemption of all railroad noise source regulations, 
there could develop a great variety of differing and 
inconsistent standards in every jurisdiction along 
the railroad's routes. In addition, local com
munities would not necessarily be bound by the pro
tective, requirement in the Noise Control Act for 
use of the "best available technology, taking into 
account the cost of compliance.• 

The judgment of the court was in favor of the 
railroad industry. As a result EPA published pro
posed noise regulations for additional railroad 
equipment and facilities in April 1979. These pro
posed regulations would have established federal 
standards for overall railroad facility and equip
ment noise, as well as spec if ic standards for re
tarders: refrigerator cars: and car-coupling opera
tions. 

After an extended public comment period, EPA 
puoL1sned final rules on January 4, 1980, establish
ing standards for noise from four specific sources, 
namely, switcher lvvvmvt.:.vcQ, retarders, car cou-
plings, and locomotive load cell test stands. These 
new standards took effect on January 15, 1984. 

Although at the time of preparation of this paper 
DOT had not yet promulgated compliance regulations 
for these new standards, draft regulations were in 
the process of being prepared. 

LOCOMOTIVE STANDARDS 

The data in Table 1 summarize the 
noise emission from all locomotives, 
locomotives, operated or controlled 
within the continental United States. 

standards for 
except steam 
by railroads 

The original standards, issued in 1975, differ
entiated among three different operating conditions: 

1. Stationary at idle throttle setting, 
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TABLE 1 Locomotive Noiae Emiasion Standards 

Locomotive Type 

Operating Noise Meter Meos't Non-Switchers All Switchers;• 
Condition Metric Response Location Built On or Before Non--Sw i tchers 

31 Dec 79 Built After 
31 Dec 79 

Stationary, Lrnax Slow IOOFeet 73 dA(A) 70 d13(A) 
Idle 

Stationary, Lmax Slow I 00 Feet 93 dA(A) 87 dB(A) 
Ison-Idle 

Moving Lmox Fost 100 Feet 96 dB(A) 90 dB(A) 

Switchers are in comp li ance if L9o(Fast) <:: 65 dB(A) on receiving property. L90 
meosurernent rnust be validated by showing that L 1o(F ast) - L99(F ast) 4 dB(A). 

2. Stationary at a throttle setting other than 
idle, and 

3. Moving at any throttle setting. 

The standards also differentiated between two 
classes of locomotive: 

1. Those built on or before December 31, 1979, 
and 

2. Those built after December 31, 1979. 

The standards for locomotives built after December 
31, 1979, were from 3 to 6 dB lower than those for 
the older locomotives, depending on the mode of 
operation. All standards specified the maximum A
weighted sound level that could occur at a distance 
of 100 ft from the source. Instrumentation, test 
site clearance, weather condition, and background 
noise criteria for these measurements were also 
defined in the standards. 

The new addition to these standards, which took 
effect on January 15, requires that all switcher 
locomotives meet the lower, more stringent stan
dards, regardless of their year of manufacture. 
Switcher locomotives are those locomotive models 
that are designated as a switcher by the builder or 
reported to the Interstate Commerce Commission (ICC) 
as a switcher by the operating or owning railroad. 
Appendix A of Subpart A of the standard lists those 
locomotive models that are considered to be 
switchers. 

In addition to extending the more stringent 100-
ft sound levels to switcher locomotives of all manu
facture dates, the new standard introduces the con-

cept of a "trigger" level. Recognizing that noise 
from switcher locomotives operating in a railroad 
yard is a community problem only if the sound level 
at the boundary of the yard is excessive, these 
standards deem all switcher locomotives in a yard to 
be in compliance if the L90 sound level on neigh
boring receiving property due to stationary switcher 
locomotives does not exceed 65 dB (A) when measured 
for a period of at least 15 min. If this 65-dB(A) 
trigger level is exceeded on any receiving property, 
then 100-ft maximum sound level measurements must be 
made to determine the compliance of locomotives 
within the yard. 

To ensure that any L90 measurement on receiving 
property is restricted to essentially steady-state 
noise sources (presumably stationary switcher loco
motives in the yard), the new standard defines a 
validation procedure for the L90 measurement, 
which requires that the difference between L10 and 
L99 be 4 dB or less . Meet ing t h is requirement 
indicates that the s ound be i ng measur e d changes only 
slightly with time and thus emanates from steady
state sources. 

RAIL CAR STANDARDS 

The pre-1980 noise emission standards on rail cars 
have not been changed by the promulgation of the new 
standards. As noted by the data in Table 2, these 
standards differentiate between two operating condi
tions: 

1. Speeds less than or equal to 45 mph, and 
2. Speeds exceeding 45 mph. 

TABLE 2 Noise Emission Standards for Railroad Equipment 
Other than Locomotives 

Noise Operating Condition Noise Meter Meos't Standard 
Source Metr ic Response Location dB(A) 

Roil road Speed <:: 45 mph Lrnax rast 100 Feet 88 
Cars Speed > 45 rnph Lmax Fast 100 Feet 93 

Active Any Ladj .ave. Fast 1,ec.Prop. 83 
i<etorders max . 

Car- Any Lodj.ave. Fast f<ec.Prop. 92 
Cour ,g max. 

Locomotive Any L90' Fast l<ec.Prop. 65 
Load Ce ll 

Test Stands (a) Primary L11 1ux Slow 100 Feet 78 
Standard 

or 
(b) If (a) Is L90 ' 1-ast r~ec.Prop. 65 

Not Feasible >400Feet 

• L90 measurement must be validated by showing that L1o(Fast)- L99(rast) ,; /1 rlR1 ' ' 
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The standards specify the maximum fast-response 
A-weighted sound level that can occur 100 ft from 
the centerline of the track as the rail car passes 
by. Instrumentation, track construction and cur-
•.,•.::,!::_::,::, ...... ..._~ ,...: .. ,.. ,..,,..,,. ... ~ .... ,..,., , . 10-0 .. ho ... ,..,......,~"~i,... .... , ~~~ 

background noise criteria for these measurements are 
also defined in the standard. 

RETARDER AND CAR-COUPLING STANDARDS 

Standards on two new railroad noise sources--active 
retarders and rail car couplings--went into effect 
on January 15. The data in Table 2 indicate that the 
metric used to measure sound from these two inter
mittent sources is the adjusted average sound level 
measured on neighboring receiving property . The 
adjusted average sound level is the energy-average 
of the maximum fast-response A-weighted sound levels 
measured for a sequence of events (either retarder 
sounds or car-coupling impacts, but not both) , ad
justed by a factor that takes into account the rate 
at which these events occur. At a rate of one event 
per minute, the adjustment factor is zero: at a rate 
of two events per minute, 3 dB is added to the com
puted energy-average level: at a rate of four events 
per minute, 6 dB is added: and so on. At a rate of 
one event every 2 min, 3 dB is subtracted from the 
calculated energy-average level: at a rate of one 
event every 4 min, 6 dB is subtracted: and so on. 

In measuring the sequence of retarder or car
coupling sound levels, at least 30 consecutive 
events must be included and the measurement period 
must be at least 60 min and not more than 240 min. 
An event is defined as the occurrence of a sound in 
which the maximum fast-response A-weighted sound 
level during the occurrence exceeds the level im
mediately before the occurrence by at least 10 dB. 
Instrumentation, test site clearance, and weather 
condition criteria for the measurements are defined 
in the standard. Correction factors for the use of 
type 2 sound level measurement instrumentatlun are 
also specified. 

LOCOMOTIVE LOAD CELL TEST STAND STANDARDS 

Also taking effect on January 15 were standards on 
the noise emissions from locomotive load cell test 
stands. These test stands are large, fixed banks of 
resistors (usually fan cooled) that are connected to 
the electcic generator of a stationary dieael-elec
t.dc locomotive to provide an electrical load for 
testing the operation of the diesel engine and the 
electrical system. 

Typically, these tests involve operating the 
locomotive for several minutes at each of a series 
of throttle settings. The noise emissions during 
such tests originate from locomotives under test, 
the test stand cooling fans, and possibly the re
sistor bank. Maximum noise levels usually occur when 
the locomotive is operating at the maximum throttle 
setting. 

The data in Table 2 indicate that the standard 
defines the maximum slow-response A-weighted sound 
level as measured at 100 ft from the geometric cen
ter of the locomotive being load tested. As in the 
case of the new switcher locomotive standard, an 
L90 trigger level, as meas ured on neighboring 
receiver property, is defined. If this level is not 
exceeded, all locomotive load cell test stands in 
the railroad facility are deemed to be in compliance 
with the standard. This L90 measurement must be 
validated by showing that L99 minus L10 does not 
exceed 4 dB. 
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Instrumentation, test site clearance, and weather 
condition criteria are also defined in the standard. 
Because the test site clearance requirements are not 
often satisfied around existing load cell test 

ment in terms of the maximum L90 sound level on 
receiving property at least 400 ft away from the 
test stand. This alternate standard may only be 
applied when the clearance requirements for the 
100-ft measurement cannot be met. 

POTENTIAL PROBLEMS 

Several problems may potentially exist in carrying 
out some of the measurements required by the new 
standard. For example, it is required that the mea
surement of the L90 trigger level associated with 
the switcher locomot ive standards and the locomotive 
load cell test stand standards be validated by 
d';!!!V2·!!Strati!!g that Lg; !" i nus r.10 noe s. nnt Pxc~P.d 
4 dB. The purpose of this requirement is to ensure 
that the noise at the receiving property measurement 
site primarily consists of nearly steady-state rail
road noise, presumably from nearby stationary loco
motives or load cell testing. The data on which 
these statistical sound levels are based must be 
measured over a period of at least 15 min or, if 
manual sampling techniques are being used, until 100 
measurements at intervals of 10 sec are made. 

If the measured value of L90 so obtained is not 
validated (i.e., if L99 - L10 > 4 dB), then the stan
dard states that "measurements may be taken over a 
longer period to attempt to improve the certainty of 
the measurement and to validate L90•" No guidance is 
provided as to when to terminate attempts to vali
date the L90 measurement. Because many railroad 
yards are located in or near large cities with heavy 
automobile, truck, and aircraft traffic nearby, it 
may often be the case that the measured noise field 
is not nearly steady-state and validation of L90 
is impossible. 

The intent, of course, is to eliminate sites in 
such heavily trafficked areas from this part of the 
standard, because the switcher locomotives and load 
cell test stands are probably not major sources of 
environmental noise. Without guidance, however, the 
potential exists for many hours of wasted effort as 
inexperienced personnel attempt to validate the 
measurement. 

A second problem may occur in the case in which 
the L90 measurement is validated. In such a case, 
to detecmin the applicability of the standard the 
observer is required to determine "the principal 
direction of nearly steady-state sound at the mea
surement ll)(.;atlvn .• . by lister-,ing to the sound and 
localizing its apparent sources(s) .• In the envi
sioned situation in which nearby stationary locomo
tives or load test stands or both are the only major 
noise sources, there should be no real problem in 
identifying the source. 

In the more common case, however, in which road 
vehicle and aircraft passbys contribute to the mea
surement, it is impossible even for the experienced 
professional to determine the major contributor (s) 
to L90 without a detailed study of a strip chart 
of the continuous sound level on which has been 
annotated the identification of the principal noise 
source at each instant of time. No existing auto
matic equipment can determine the contribution to 
the L90 measurement of only the rai lroad noise. 

Thus, wi thout some de.t ailed guidel ines in this 
area, the potential exists for gross errors in the 
identification of the major source of receiving 
property noise. A need exists for better procedures 
to identify major contributors to statistical sound 
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level measurements where there are several noise 
sources present. 

A third potential problem relates to the way in 
which the trigger level portion of the regulation 
may be applied to switcher locomotives. The standard 
states that all switcher locomotives that operate in 
a particular railroad facility are deemed to be in 
compliance with this standard if the Lgo trigger 
level on nearby receiving property does not exceed 
65 dB. If this trigger level is exceeded, then pre
sumably an inspector may require a 100-ft sound 
level measurement for each switcher locomotive in 
the railroad yard. 

It is not too difficult to envision a situation 
in which one or more locomotives that meet the 100-
ft sound level standard (70 dB at idle throttle 
setting) cause the trigger level of 65 dB to be 
exceeded because they are normally parked close to 
the receiving property measurement site. The obvious 
solution to any community noise problem caused by 
these locomotives is to move them further from the 
edge of the railroad yard, even though they meet the 
100-ft standard. Yet the standard can be interpreted 
to require that all other switcher locomotives in 
the yard be tested at 100 ft and any exceeding the 
specified maximum be modified, even though those 
locomotives are not contributing to the trigger 
level at the receiving property measurement site . 

Clearly, some discretionary judgment should be 
allowed both enforcement officials and railroad 
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personnel in solving a noise problem such as this. A 
solution that reduces the Lgo at the receiving 
property below the trigger level should be accept
able, even if it does not involve making 100-ft 
measurements of all other switcher locomotives in 
the yard. 

CONCLUSIONS 

Because elements of the new railroad noise emission 
regulations attempt to cover many complex situa
tions, they can be implemented in a manner that is 
counterproductive to cost-efficient noise control. 
Proper training of both enforcement and railroad 
personnel will be required, along with the use of 
reasonable judgment on the part of these persons, in 
order that the intents of the noise act be carried 
out in an effective manner. 
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Use of Microcomputers 1n Highway Noise 

Data Acquisition and Analysis 

PHILIP J. GREALY, SIMON SLUTSKY, and WILLIAM R. McSHANE 

ABSTRACT 

A microcomputer-based noise data acquisition 
and analysis system has been designed that 
expands the capabilities currently available 
for monitoring highway traffic noise. The 
system was designed for research activities 
investigating the effects of pavement and 
tire design on highway noise levels, and it 
incorporates the state of the art in micro
computer interfacing equipment design. The 
system is designed to allow the high-speed 
collection and analysis of both A-weighted 
and 1/3 octave noise data for multiple 
microphone configurations. The components of 
the system are described, and a discussion 
of the hardware and software development, as 
well as the specific application the system 
is used for, is included. It is suggested 
that there are other applications that the 
system could be easily adapted to, and some 
insight into the effect that continued ad-

vancements in microelectronics may have on 
such a system is provided. 

Conventional methods of acquiring highway noise data 
have made use of systems consisting of a series of 
microphones, sound level meters, and tape recorders. 
Collected data are then generally brought back to 
the laboratory for playback and analysis [see Figure 
l (.1)). This analysis is usually accomplished by 
using various types of filter systems coupled to
gether with a computer. Although this method pro
vides the necessary capabilities to carry out a 
detailed analysis of data, it requires large capital 
outlays for equipment and tends to be a time-consum
ing, labor-intensive, and thus costly activity. 

With the advancements in the field of microelec
tronics in the past 5 to 10 years, the prospects of 
more compact and even portable equipment have been 
greatly improved. The evolution of the computer from 
vacuum tubes to transistors to integrated circuits 
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FIGURE 1 Typical highway noise data acquisition system (1). 

has created new possibilities in the instrumentation 
and data acquisition fields. The availability of 
microcomputers with 16K, 64K, and now as much as 
256K of rundom access memory (RAM) has mada it pos
sible to modify the method in which noise data are 
collected and analyzed. 

In the following sections the details of a micro
computer-based noise data acquisition system, which 
was designed to incorporate some of these techno
logical advancements, are discussed. 

DATA ACQUISITION REQUIREMENTS OF CURRENT RESEARCH 
ACTIVITY 

The Transportation Training and Research Center of 
the Poly technic Institute of New York (PINY) wa s 
awarded a contract by FHWA to develop and demon
strate a tire-pavement noise assessment procedure. 
From recently completed research (.£), it has oeen 
found that at highway speeds, tire noise is a pre
dominant source of highway noise, thus the type of 
pavement selected can make a significant difference 
[3 to 8 dB(A)l in the resulting highway noise level. 
In some areas such a reduction may in fact negate 
the need to construct extensive and expensive bar
riers. By providing the states with a means of as
sessing these differences in highway noise impacts 
due to variations in pavement designs, the pavement 
design engineer will have the ability to recommend 
the use of a •quieter" pavement in noise-sensitive 
areas. 

As part of the demonstration program, it was 
necessary to develop, implement, and recommend a 
field measurement program that the states could 
exercise easily in collecting their own data. Al
though there are several other activities associated 
with the overall study, the data in this paper deal 

primarily with the approach taken to meet the data
collection needs. 

In the initial development phases of this field 
meusuremcnt procedure, it was datarmined that to 
develop a procedure that could be used both easily 
and cost effectively by the states, efforts should 
be directed toward establishing an on-board data
collection method. Thereby, data collected could be 
incorporated into other agency inventory activities 
such as collection of pavement condition data, skid 
resistance measurements, and photologging--all nec
essary inputs to an effective pavement management 
system. 

To justify the use of such a method, it was 
deemed necessary to conduct simultaneous measure
ments of both on-board and wayside microphones at 
various test sites, and from these measurements 
develop correlations between a vehicle-mounted on
board microphone and a microphone located at the 
roadside at the standard reference distance of 50 ft 
(see Figure 2). 

Consequently, the investigators examined the 
possibility of designing a system capable of high
speed data acquisition from a multimicrophone con
figuration, with the ability of providing the fol
lowing information for a test vehicle as it passes 
through a typical measurement trap: 

l. A-weighted and 1/3 octave time history of the 
on-board microphone, 

2, A-weighted and 1/3 octave time history of the 
microphone located 50 ft from the test vehicle, and 

3. Position sensing and speed tracking of the 
vehicle. 

To obtain this information at sufficient sampling 
rates (i.e., 1,000 samples per second), it was found 
both useful and necessary to have a data-collection 
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FIGURE 2 Equipment configuration used for passhy on-hoard 
and wayside noise measurements. 

system structured around a microcomputer. With this 
in mind, several possible equipment configurations 
were investigated. Due partially to the availability 
of certain in-house equipment, the conceptualization 
of the new system began with an APPLE II+ microcom
puter and an IVIE Electronics IE-30A (3) real-time 
spectrum analyzer as the main components:-

At the time the design of the system began, the 
APPLE II+ was found to be one of the most convenient 
microcomputers on the market, with a fairly broad 
base of hardware and software peripherals readily 
available. Two such peripherals that became integral 
parts of the system were a real-time clock and a 
16-channel analog-to-digital (A/D) interface card. 

Beyond component acquisition, the more complex 
problem of accessing and processing the various 
output signals of the different microphones and 
spectrum analyzers needed to be addressed. The most 
difficult of these tasks was the sampling of the 1/3 
octave outputs of the IVIE IE-30A. To accomplish 
this, a combination of software and hardware devel
opment was necessary. The details of the hardware 
design specifications and software documentation are 
described elsewhere (4,5), but the general prin
ciples applied are desc~£bed herein. 

INTERFACING EQUIPMENT DESIGN 

The IVIE/APPLE noise monitoring interfacing hardware 
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consists of signal-conditioning units that can be 
classified into several groups. The first of these 
units, which is used with the various sound level 
meters and individual microphones systems, has the 
function of converting the wide-band, low-voltage 
audio signal from these systems into a slowly vary
ing direct current (de) voltage of between -5 to +5 
V, which in turn can be input directly to the A/D 
interface card located inside the APPLE. The hard
ware for this purpose includes a voltage amplifier 
and an alternating current (ac) to RMS converter 
with a logarithmic output channel. This system pro
vides a dynamic range of 50 dB, which can be ad
justed to fit incremental ranges of acoustic levels 
from 50 to 140 dB for the individual microphones. 

The second series of signal conditioners is de
signed specifically for the IVIE IE-30A's and is 
somewhat more complex. In general, however, they 
serve to sequentially sample both the 1/3 octave and 
A-weighted outputs from the IVIE and adjust them to 
fit into the appropriate voltage range for the A/D 
board of the APPLE. The output from the IVIE signal 
conditioner consists of a reference pulse followed 
by 29, 1/3 octave band samples that correspond to 
frequencies from 25 Hz to 16 kHz. The dynamic range 
of the third octave output from the system is 40 dB, 
whereas the A-weighted sound pressure level (SPL) 
has a dynamic range of 50 dB(A). This range is vari
able from 30 to 140 dB (A) , depending on the refer
ence setting of the IVIE. 

CURRENT PINY WAYSIDE DATA ACQUISITION SYSTEM 

Figure 2 shows the typical equipment configuration 
used by the research team. In general, the setup 
involves the placement of microphones on board the 
vehicle and at the roadside at 50 ft from the cen
terline of the vehicle's travel path. The instrumen
tation system referred to in this figure is shown in 
more detail in Figure 3, which is a block diagram of 
the equipment configuration. The individual com
ponents of this system are described in the follow
ing paragraphs. 

As discussed previously, the heart of this system 
is an APPLE II+ microcomputer (64K RAM), which is 
used to monitor, store, and analyze several differ
ent channels of noise and speed data. The periph
erals used in conjunction with the APPLE are 

1. Four 5.25-in. disk drives, 
2. One 16-channel A/D interface card, 
3. One real-time clock interface card, and 
4. One 12-in. monitor. 

Note that the system can operate with a minimum 
of two disk drives 1 however, the use of the two 
additional drives allows the collected data to be, 
sorted by vehicle type. Thus drive 1 is reserved to 
run the data-collection program while drives 2, 3, 
and 4 are used to store data collected for the vehi
cle categories of automobile, van, and truck, re
spectively. This in turn enables successive sampling 
of the various types of test vehicles without remov
ing or changing storage disks. 

In addition to these peripherals, there are sev
eral microphones and other components that complete 
the system: 

1. One Bruel & Kjaer 2203 sound level meter; 
2. Two IVIE-30A spectrum analyzers; 
3. Four temporary roadway electronic sensing 

devices (tapeswitches)i 
4. A portable 800-w Honda gasoline-powered ac/dc 

electric generator; 
5. Three short-range wireless FM transmitters; 
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FIGURE 3 Block diagram of passhy data acquisition instrumentation. 

6. One FM receiver with a crystal matched to the 
transmitter; 

7. Three test vehicles, including a passenger 
car, a van, and a truck; and 

8. 'l'hree vehicle-mounted microphone systems 
(GenRad O .5-in. condensor microphone with P-42 pre
amplifier and an 18-V power supply). 

Of these components, those of particular interest 
are the FM telemetering system and the portable 
generator. The latter is noted because of its excel
lent power output, low exhaust noise levels, and 
compactness--factors that are essential for the 
types of measurements involved. 

The telemetry system is also an essential com
ponent of the measurement system. The telemetering 
equipment consists of three short-range wireless FM 
+- r::::t.nc'!n; +-+-.o.w-C! ,...nup1 an w; ~h ::ir. m=i.t,...hon ,...ry~+-::111 FM re-
ceiver. The transmitters are mounted on each of the 
three test vehicles and are used to transmit the 
noise signals sensed directly behind the tire as a 
vehicle passes through the measurement trap. 

The transmitted signal is picked up by the FM 
receiver located at the wayside. The output from the 
receiver is then transferred to the IVIE spectrum 
analyzer. The use of the system enables the on-board 
and wayside measurements to be recorded sequentially 
by the computer located at the roadside. There are, 
however, certain limiting factors associated with 
its use. 

The first factor is the limited transmission 
range of approximately 150 ft. This limitation is 
partly overcome by placing the receiver at the mid
point of the measurement trap, thus expanding the 
effective trap distance to as much as 300 ft, which 
is adequate for these measurements. 

The sound problem is the limited dynamic range of 
the telemetering system, which is on the order of 30 

to 35 dB. The effect of this limited dynamic range 
is mitigated by the nature of the on-board signal, 
which experiences only minor fluctuations in levels 
over the entire measurement trap. Still, because the 
range of noise levels for the three vehicle typei; 
exhibits a greater variation, care must be taken in 
adjusting these levels to obtain a maximum useful 
dynamic range for the system. 

In order to combine and coordinate the equipment 
into an interactive system capable of processing and 
storing the various events occurring during a vehi
cle passby through the measurement trap, an exten
sive software package was designed. The individual 
components of this package are discussed in the next 
section. 

The data acquisition software consists of three main 
routines, including (a) test inventory data, (b) 
data collection and memory storage, and (c) disk 
data storage. The first routine, which is written in 
APPLESOFT BASIC, serves the purpose of inputting 
inventory information to be stored with the data 
collected for each run. This includes general infor
mation such as the vehicle, tire, and pavement types 
being tested, as well as the date, time, and meteo
rological information. 

The second routine is actually the key part of 
the package and is writ ten in APPLE-6502 assembly 
language. This routine serves the purpose of reading 
the starting and ending time of each run and storing 
the individual data samples in the memory of the 
microcomputer. After the data collection is com
pleted, the program returns to a BASIC routine, 
which saves the data to disk for future analysis. 
The data are stored in the format shown in Figure 4. 
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FIGURE 4 Data storage format. 

The tapeswitch (TS-1.A) referred to previously in 
Figure 2 serves to automatically trigger the as
sembly language software used to collect the data 
from the various instruments. Tapeswitches TS-2A and 
TS-2B isolate a smaller trap in the region where the 
peak is expected to occur. The last tapeswitch (TS
lB) terminates the acquisition of samples from the 
various microphones and enables the data to be writ
ten to disk. 

As shown in Figure 4, a complete cycle consists 
of 67 pieces of data. The cycle begins with a refer
ence signal from IVIE no. 1 followed by 29, 1/3 
octave band samples that correspond to frequencies 
from 25 Hz to 16 kHz. This is followed by an A
weighted signal from the wayside nearfield micro
phone and an A-weighted signal from IVIE no. 1. An 
indication of the tapeswitch status follows, with 
the remainder of the cycle consisting of a repeat of 
identical information for the second IVIE. The last 
data value in the cycle is an identification signal 
that marks the end of the cycle. As many as 100 
cycles can be collected and stored in memory during 
a typical run. 

The sampling rate of the measurement system is 
limited by the processing rate of the IVIE IE-30A. 
It takes approximately 11. 5 milliseconds to sample 
the 1/3 octave spectrum and A-weighted outputs from 
a single IVIE. However, when acquiring data from two 
IVIEs, as in the case here, the time to read the 
data from both can range from 23 to 34 milliseconds. 
This is due mainly to the internal clocks of the 
IVIEs, which may or may not be fully synchronized 
with one another. Nonetheless, for a typical trap 
distance of 200 ft, the number of cycles collected 
during a single 55 mph passby run is on the order of 
75 cycles. With a cycle consisting of 67 data 
points, this corresponds to a total of 5,025 pieces 
of data for a single run. 

ON-BOARD DATA ACQUISITION SYSTEM 

The data-collection system previously described is 
for a combination of on-board and wayside noise 
measurements. Variations of this system exist for 
separate collection of either on-board or wayside 

measurements. For wayside-only measurements, the 
change requires no more than elimination of the 
transmitted on-board signal from the process. The 
on-board process is less trivial; it is described in 
detail in the following paragraphs. 

Initially, the on-board measurement procedure 
consisted of a microphone mounted behind the tire, 
as shown in .Figure 5. To reduce the effect of wind 
noise around the microphone, a specially designed 
windscreen was developed. Based on prior work con
ducted by Rosenheck and Hofmann (6), the use of a 
tear-drop-shaped windscreen was investigated. Be-

TEST SURFACE 

FIGURE 5 Typical mounting of on-hoard microphone system. 
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cause this type of windscreen is not commercially 
available, it was necessary to construct one in
house. Figure 6 shows one of these windscreens 
mounted directly behind a test tire. Based on the 
results of a simulated wind tunne l t est. i t was 
found that the use of this windscreen enabled con
sideration of measurements with frequencies as low 
as 200 Hz, which otherwis e would have been submerged 
by the wind noise. 

FIGURE 6 Windscreen used with on-board microphone. 

Care was also taken in mounting the microphone on 
the vehicles to minimize vibrational effects. A 
rigid mounting system that consisted of polyvinal
chloride (PVC) piping was used. In addition to pro
viding support for the microphone and preamplifier, 
the piping was lined with foam rubbe r a nd the micro
phone c abl e was run t h r ough it f o r adde d p rot ection. 

The remainder of the on-board system consists of 
the IVIE/APPLE interface system previously described 
coupled with a speed pick-up device that constantly 
inventories the vehicle speed during measurements 
(see Figure 7). Figure 8 shows the typical on-board 
instrumentation setup in the test van. 

Housing 

FIGURE 7 Placement of speed-sensing device. 

After gaining some experience with the telemeter
ing of noise signals with the FM transmission sys
tem, it became apparent that the possibility of 
testing two vehicles simultaneously was feasible. In 
this configuration, one test vehicle is equipped 
with (a) a microcomputer system, (bl two IVIEs, (c) 
a speed pick-up unit, and (d) two FM receivers with 
different crystals. The data from this first vehicle 
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are fed directly through the IVIE and into the 
microcomputer system. The data from the second vehi
cle are transmitted to the first vehicle by the 
transmitters. One channel transmits the noise data 
~ n n rh o n rh o r rr ~ "~ffl~~ Q rh a Qp aan n ~ r ~ ~n ~ rh o Qor-

ond vehicle. When these data are received by the 
receivers in vehicle one, the speed data are input 
directly to the microcomputer, and the noise data 
are processed through the second IVIE and then 
s tored in the mic rocomputer . 

DESCRIPTION OF DATA ANALYSIS SOFTWARE SYSTEM 

The data analysis software consists of various pro
grams that serve such functions as recalling the raw 
data from disk, performing various statistical com
p utat i ons , a nd p rinting pape r copies of these re
sults. The details of each of these are described in 
the following paragraphs. 

The Recall/Data oroaram simolv recalls the raw 
data from disk according to the format in which it 
was initially stored. The data are read back into 
memory where it can be used in any of a series of 
computations. 

The Data/Analysis program is used in computing 
Leq (L-equivalent) , Lrnax, and average on-board 
and wayside levels for each frequency; it is also 
used i n the preparat i on of time histo r ies for t he 
various microphones. This program has several varia
tions , depending on whether the dat a are fo r way 
side and on-board measurements or simply for on
board measurements. There are also several printing 
options available for printing hard-paper copies of 
these results. Figure 9 is a typical output of the 
available data. The p rinted recor d data i nclude such 
items as the identification number, date, test con
ditions, and data sampling rate. The data outputs 
include a time history of the various microphones 
a nd an i nd i cat i on o f Lmax a nd Leg- The last 
portion of this printou t is a s ummary of t he ma x imum 
and average levels by 1/ 3 octave for each microphone. 

To surnrnar ize and compare the results of several 
individual runs for the same site and vehicle and 
tire combination, there is also an Analysis/Summary 
program that takes the results of these runs and 
computes the mean levels and variances for all runs. 
These results can then be used in further statis
tical analyses and presentation of results. 

FIGURE 8 On-hoard instrumentation system. 
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SUNNARY OF DATA COLLECT ION 
------------------------

N!Cl2 

F!LE ID -) 01-2 TRAPl TRAP 

DATE -) 850:, LHAX 72. 4 70.8 

VEH ! CLE TYPE - ) CAR EL50 69. 6 68. 6 

TIRE TYPE -) T7C 

TRAPl 
PAVEMENT TYPE-) 

DIST IFT) 200 
NO OF CYCLES - ) 74 

TINE !SECI 2. 485 
SAHPLE RATE -) 29. 78 CYCLES/SEC 

SPEED IMPH) 54. 9 

TINE HISTORY FOR HIC 1 ANO 2 

mrnm A-N OB LK 08 A-W MS 
.034 97. 5 BB, 4 57.9 
.067 95. 6 88.1, 56.b 
• LOI 94. 3 86.B 5/i.6 
.m 96. 6 88. 9 59. 2 
, 168 97. 9 89.6 61.7 
.201 98. 5 89.6 62. 7 
,235 98.2 90.4 62 . 4 
,269 95. 9 BU 59.8 
. 302 95 86.8 61.1 
.m 97. 2 88.9 64 
.369 98. 8 89.6 65 
.403 98, 2 90. 2 64 
, 437 97. 2 90. 9 62. 4 
• 47 95. 3 89.4 60. 5 
, 504 96.b 89.6 62.4 
.SH 98. 0 90. 2 64.b 
. 571 99. 5 91. 7 65. 6 
• 604 98. 2 91. 9 64. 6 
, 638 96, 3 89.6 64 
.m 9b. 9 89. 4 64.:I 
• 705 98. 2 90.2 66. 9 

FIGURE9 Sample printout of data analysis results. 

AUTOMATION CONCEPTS 

Although the use of the microcomputer eliminated the 
stage of playing back a recorded tape, it is still a 
somewhat time-consuming process to complete a de
tailed analysis of the raw data. To overcome the 
loss of time and personnel necessary for running the 
analysis, a procedure to automate this stage was 
developed. Considering that it can take up to 25 min 
on the microcomputer to analyze a typical run, and 
that a total of 35 runs are taken for each vehicle 
at each site, it was necessary to structure a pro
gram that would allow multiple runs to be analyzed 
without operator interaction; that is, to succes
sively read and analyze the individual files and 
then save the results on disk. This was accomplished 
through software, with the resulting data processing 
time reduced by between 30 and 50 percent. 

This automated method of reading successive files 
also proved to be useful when printing paper copies 
of the results. The operator only has to load a disk 
into the microcomputer, answer a few questions, and 
then return later with all files printed auto
matically. 

CONCLUSIONS 

By taking advantage of the recent technological 
advancements in microelectronics, a more cost-effec-
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1/3 OCT READINGS FOR TRAPl ________ ,. ________ 
WA YS IDE READ1N6S ONBO RDS TRANSFER FUNCT JONS 

FREQ MAX IAV6 EL50 AVG TF iHAX l TF !IAVGI TF(EL501 

25. 0 HZ bb 67. 6 66. 5 
31.5 HZ 65. 2 b1. 2 6U 
40.0 HZ 63 65. 4 64.7 
50. 0 HZ 6'i i; 

Lo J 63. 4 62. 6 
65.0 HZ 59, 9 61. 5 60. 2 
BO. 0 HZ 59. l 60. 4 59.3 
100 HZ 59.4 59. 8 58. B 
125 HZ 55. 5 54. l 53. 6 
160 HZ 54. 5 54.3 53. 6 
200 HZ 60. l 58. B 58. 3 83.5 -23. 4 -24. 7 -25. 2 
250 HZ 60. l 58.4 58. l 81 -20. 9 -22. 6 -22. 9 
315 HZ 59. 9 SU 56.6 82. l -22. 2 -25.5 -25. 5 
400 HZ 60. 8 56. 9 56. 9 84.6 -23, 8 -27. 7 -27, 7 
500 HZ 59.4 56. 0 56. 5 83.3 -23. 9 -26. 5 -26. 8 
630 HZ 61. 8 59.5 5'1. 5 83. 4 -21. 6 -23. 9 -23. 9 
800 HZ 66. 9 63. 2 63. 3 88. l -21. 2 -24. 9 -24. 8 
l K 67. 9 63. 3 63. 3 90.3 -22. 4 -27 -27 
1.25 K 61.3 60. 7 60. 2 91. 2 -29. 9 -30. 5 -31 
l. 6 K 60. l SU 58. 9 87. 5 -27, 4 -27. 9 -28. 6 
2 K 50.4 57. 5 56. 9 85. 2 -26, 8 -27. 7 -28. 3 
2, 5 K 57. 2 56. 4 55. 9 82. 9 -25. 7 -26, 5 -27 
3.15 K 54. 5 c--,, "1 52. 0 76. 7 -22. 2 -23. 4 -23. 9 J..),j 

4 K 52.3 51. 2 50.8 73 . 8 -21. 5 -22.6 -23 
5 K 50. 6 49. l 48. 8 70. 5 -19.9 -21. 4 -21. 7 
6. 3 r 48. 6 47 .6 47. 2 49. 3 -. 700 -1. 7 -2. 09 
8 K 45. 7 44. 8 44. 4 61. 8 -16, l -17 -17. 4 

M 72.4 69. 7 69.b 97, 6 -25.2 -27. 9 -28 

tive highway noise data acquisition system has been 
designed, tested, and implemented. With such a sys
tem the amount of useful data that can be feasibly 
collected and analyzed by highway engineers is 
greatly expanded. 

Although the system described herein was designed 
specifically for the acquisition of highway noise 
data, it has the potential of being used for other 
applications. Some of these other uses could include 
noise-monitoring systems for airports, subway sys
tems, and industrial applications, where the concern 
for noise levels is a sensitive issue. 

In sununary, the present system is limited by the 
amount of available storage and the number of chan
nels of data that can be handled because it was 
designed around an 8-bit, 64K (RAM) microcomputer. 
However, since the time it was initially designed, 
other 16-bit microcomputers with 256K (RAM) or 
greater and additional A/D channels have become 
conunercially available. By configuring the present 
system around one of these more advanced microcom
puters, the capabilities will be greatly increased. 
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