


FOREWORD P

This report presents the FHWA method for predicting equivalent sound
levels generated by constant speed highway traffic and will be of
interest to highway traffic noise specialists involved in the prediction
and assessment of noise impacts due to traffic,

Research in highway noise and vibrations is included in the Federally
Coordinated Program of Highway Research and Development as Task 5 of
Project 3F, "Pollution Reduction and Environmental Enhancement."

Dr. Howard Jongedyk is Project Manager and Dr. Timothy M. Barry is the

Task Manager.

This report is the result of a joint effort between the Federal Highway
Administratien's 0ffices of Research and Environmental Policy. The
prediction model presented in this report is developed in a straight-
forward manner with numerous example problems designed to emphasize the
model's important features. The medel was calibrated using data
collected in 1975 by the Transportation Systems Center, U.5.D.0.T.

Sufficient copies of the report are being distributed to provide a
minimum of one copy to each FHWA regional office, division office, and
State highway agency. Direct distribution is being made to the division

offices,

. Scheffay
Director, Office of Research
Federal Highway Administration

NOTICE

This document is disseminated under the sponsorship
of the Department of Transportation in the interest
of information exchange. The United States
Government assumes no 1iability for its contents or
use thereof.

The contents of this report reflect the views of
the Office of Research of the Federal Highway
Administration, which is responsible for the facts
and the accuracy of the data presented herein. The
contents do not necessarily reflect the officia)
views or policy of the Department of Transportation.

This report does not constitute a standard,
specification, or regulation,
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PREFACE

This manual is the result of a one yeuar joint project between the Offices of Resenrch and
Environmental Policy of the Federal Highway Administeation, The objective of the project was
to develop a logical, easy to use traffic noise prediction model for the highway trafTic noise specialist,
Reviews of past experiences with earlier prediction models show that the models have often been
inadvertently misused, most often as a direct result of an incomplete understanding of the hasic
assumptions and limitations inherent in the meodels. Cookhbook procedurss are valuable only when
the user has a clear understanding of the assumptions and limitations of the procedure. Without an
understanding of these working bounds, cookbook procedures become inflexible tools,

In developing the FHWA Highway Tralfic Noise Prediction Model, our objeclive was to syn-
thesize a prediction procedure based on best available techniques and data, and to present the
model in a logical, step by step format, clearly identifying our assumptions and pointing out the
resulting limitations. Our basic approach was to separate the problem of traffic noise prediction
into a series of adjustments, each of which has physical significance to the highway noise speeialist,
The approach allows the user to see the effects of vehicle noise emission levels, traffic volumes,
distances, ground effects, ete., as individual effects related to the overall problem. At the same
time, our approach allows the user to modify the basic model Lo meet the special requirements of
highway sites or conditions not taken inte account in the basic model,

The authors wish to express their sincere appreciation for the contributions of the many
people who provided technical advice and assistance during the development of the model and
during preparation of the manuscript. Special thanks are due Jim Kirschensteiner of the Office of
Environmental Policy (FHWA) who developed the computer vorsions of the model appearing in
Appendix D, Lynn Runt of the Office of Development (FHWA) who performed the numerical
integrations, and Ms, Beverly Williams of the Office of Environmental Policy whe typed the
manuscript,

Timothy M, Barry, Sc.D,
Jerry A, Reagan, P.E,
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THE FHWA HIGHWAY TRAFFIC NOISE PREDICTION MODEL

1.0 INTRODUCTION
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! The FHWA Highway Traffic Noise Predietion Model (hercalter referred to as the FHWA
model), like several other prediclion models, arrives at a predicted noise level through a series of
adjustments to a reference sound level, In the FHWA model, the reference level is the energy mean
emission level. Adjustments are then made to the reference energy mean emission Jevel to aceount
for traffic flows, for varying distances from the roadway, for finite length roadways, and for shield-
ing. All of these variables are related by the following equation:

Leq(h)i = (J:J)E'

reference energy mean emission level

NmD
. D) traffic flow adjustment

+10 log (—9,1—,"
S;

1+
+10 log (-ﬁ) distance adjustment

/ oy
+1010g (va(sﬁ;. m)

+A shielding adjustment (1)

§

finite roadway adjustment

is the hourly equivalent sound level of the ith class of vehicles,
is the reference energy mean emission level of the ith class of vehicles,

is the number of vehicles in the ith class passing o specified point during some
specified time period (1 hour).

is the perpendicular distance, in metres, ftom the centerline of the traffic lane to
the observer.

is the reference distance at which the emission levels are measured. In the FHWA
model, D, is 15 metres. 1), is a special case of D,

is the average speed of the fth class of vehicles and is measured in kilometres per
hour (km/h).

is the time period over which the equivalent sound level is computed (1 hour).

is a site parameter whose values depend upon site conditions,

is & symbol representing a [unetion used for segment adjustments, i.e., an adjust-
ment for finite length roadways.

is the attenuation, in dB, provided by some type of shielding such as barriers, rows
of houses, densely wooded areas, etc.
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The [irst two lines of Equation 1 predict the equivalent sound level generated by a flow of vehicles
of a sinple class traveling at 4 constant speed on an effectively infinite, (lat rondway al a reference
distance of 15 metres, The last three lines of Bquation (1) represent adjustments that deal wilh the
site conditions between the observer and the roadway,

Once computation of the ch(h),-'s is complete, the total hourly equivalent sound level, ch(h)
can be determined. The L, () is the sum of the acoustic contributions of the various elasses of
vehicles using therondway, {in the FHWA model, there are three classes of vehicles: automobiles{A),
medium trueks (MT), and heavy trucks (HT), The three elasses of vehicles will be defined in the
next section. The total hourly equivalent sound level is computed as:

Lcu“’ ,f\ Luq(h)M'I' !‘uq(h)ll’r)

Leq(h)=1010g(10 © + 107 1 +10 10 (2)

When the hourly sound level exceeded 10% of the time, Ly4{h), is desired, an adjustment is used to
convert the Leq(h),- to Lyglh);. The total Lyo(h) is also computed by logarithmically summinyg the
contribution from each class:

Lyglhla TGN Lm”‘)m')

Lig(h) = 10 log (10 16+ 10 10 +10 10 (3}

A complete discussion of the mathematical development of this model can be found in Appendices
A and B.

Figure 1isaflow disgram that shows the computational sequence followed in the FHWA
manual method in arriving at a predicted sound level,

Reference Predicted
Energy Fl Di 5 Shieldi toulrl Sound
aw stance | _ | Seament ielding to Lovel
EM““ 7 badustment | 77 Adjustment| 7 | Adjustmene| = | Adjustment| T gty | TP, {hi or
misslon Conversion tq {h)
Luoval 10

Figure 1. Flow Diagram of the Computational Seguence Used in the FHWA Modal

The compulational procedure shown in Figure 1 is followed in Chapter 2 where each of the
variables is discussed in detail, Each variable will be discussed sepuarately and presented in graphical
form for ease of calculations. Sample problems are included to illustrate the use of each chart or
charts as they are developed. Finally, a summary is included at the end of each discussion to aid the
user in following the computational sequence shown in Figure 1.

Chapter 3 examines equivalent lane distances with and without barriers present at the sites.
Chapter 4 presents some nomographs which can be used to quickly estimate traffic noise levels.
Chapter 4 also deals with the developmenl of a computer program for a handheld calculator.
Chapter b briefly discusses the accuracy of the FHWA model for those situations where D is equal
to or greater than 15 metres, Chapter 6 discusses noise prediction when the observer is close to the
highway (D is less than 15 mettes), Chapter 7 presents some problems involving multilane highways.

~,
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2.0 FHWA MODEL — MANUAL METHOD (D = 15 Metres)

4. Introduction

As diseussed in Chapter 1, the FHWA model arvives at a predicted sound level through a series
of adiustments to the reference energy mean emission level, The actual value of these adjustments
depends on input dota concerning traffic characteristics, topography, and roadway characteristics.
In the FHWA manual method presented in this chapter, these adjustments are read from figures and
tables, Thus, the pracedure used in arriving at a predicted noise level using the manual method de.
veloped for the FHWA model is very similar to the manual method used in the NCHRF 117/144
model. The figures have been chunged, and the basic model is drastically different, but the compu-
tational procedure is very similar,

Table 1 has been prepared to assist the user in keeping track of these adjustments. The nota-
tion in Table 1 is slightly dilferent from that used in Equation (1), The reason for this will become
apporent as each teym in Equation 1 is discussed.

NAME PROJECT DESCAIPTION
DATE

1. | LANE NO/JROAD $EGMENT

i} VEHICLE CLAS. Q‘ MT | HT A MT | BT A MT | HT A MY | MT A MT | HT A MT | HT
3 [ Niviht '"'

4. | Sikith}

5. |Dim)

0, | &) idegraasl Fig. 6 .

7, [P idegrom| Fig. b o

B, [Walt; WAl Fot] | -1 i 1 I
0. |16 10G WD,/5) (18] Fo 3 L AT I‘_I'“'"“_'l | 1 171
T0a, | 10 LOG (D75 IWDAT Fig 4

10, | 15 LOG {8, /01 [BA) Fig 4 T —

Tia, | 10 LOG iV (9), Gam WA _ Fig.B T o T

116, { 10 T0G (V177 8. 671/ 1A} Fig. 7 ST

12, |8 [dogrenst Fig. 10 S

13, 1¢gidogrees] Flg. 10

14, | & imatres) Flg.0

16. | N, [ 13 P ] I R .

16, | AplabAl Anpendin § .

17, | CONSTANT (uB) AR AR I A E AR AR A A ED
18, | Lay (] [dBA) o1

190, | Lug Ih} {6RA) . o

20. | &, (dRAY Fig. B o ’

21. | Laglnl (dBA}

22. ] Lo ih] DA} R

23, |NOS fminm] |

24, | W 1g-iagl; 1081 Fig, 16 N i ___

25. | Luoiny (dBA) BN

28, [ Lyolni (dAA) . R -

37, | Lint (dGAT 177" r

Table 1, Noise Prediction Worksheat

b. Reference Energy Mean Emission Level

Figure 1 indicated that the [irst step in the prediction procedure was to determine the refer-
ence energy mean emission level lor each class of vehicles that uses the highway. This requires a

3




knowledge of the emission levels of the individual vehicles traveling on the highway. The emission
level, L., is defined as the A-weighted peak pass-hy noise level generated by « vehicle as measured
by a microphone at a specilied location, In the FHWA model, the mieraphone is located on & line
perpendicular to Lhe centerline of the traffic lane ol a distance of 15 metres [rom the centerline of
the traffic lane. Microphone height is 1.5 metres. The intervening terrain between the traffic lane
and the microphone should he (lat and free of reflective surfaces, When the measurement is made,
the vehicles should he operating on & steaight, flat roadway under constant speed conditions and in
cruise mode in the near lane. Care must he taken to insure that the measured emission levels are
froe (rom extraneous sounds, Detailed procedures for measuring noise emission levels are given in
a manual under preparation by FHWA [1,12].

Unfortunately, the vehicles that use the highways do not huve identical emission levels. Emis
sion levels depend on several factors, such as the type of vehicle, engine size, speed, Lire type, ete,
Sinee it is not practical to determine the emissian levels for all vehicles in each class, it becomes
necessary to measure the emission levels of a Jarge number of different types of vehicles at various
speeds and statistically determine the reference energy mean emission levels, This is usually done
on a computer using standard curve litting and statistical techniques. This type of analysis has been
done [ 2] using the data acquired in the Four-State Noise Inventory {3]). Based on this analysis and
other data [ 2-68], vehicles can bo placed in three acoustic source groups:

(1) Automaobiles (A) — all vehicles with two axles and four wheels designed primarily for
transporiation of nine or fewer passengers (automobiles), or transportation of cargo {light trucks),
Generally, the gross vehicle weight is less than 4,500 kilograms.

(2) Medium truchs (MT) — all vehicles having two axles and six wheels designed for the trans-
portation of eargo, Generally, the pross vehicle weight is preater than 4,500 kilogrums but less than
12,000 kilograms,

(3) IHeavy truchs (HT) — ull vehicles having three or more axles and designed for the transpor-
tation of cargo. Generally, the gross weight is greater than 12,000 kilograms.

The FHWA model uses the following A-weighted national reference energy mean emission
levels:

(L), = 381log(S) - 2.4 (4)
(Z:)Em = 33.9log(S) + 164 (5)
(Zo)g,, = 246 log(S) + 385 (6)

where S is the average vehicle speed of the vehiele ¢lass in km/h.

Equation (4) is from FHWA Research Report No, FIIWA-RD.77-19 [4], Equations(5)and (6) are from
FHWA Research Report FHWA-RD-78-64 [ 2].

The reference energy mean emission levels shown here are plotted in Figure 2, ILisemphasized
that the truck levels are nalional averages bused on the iruek data acquired in the Four-State Noise
Inventory [3].

The Four-State Noise Inventory indicated that there are regional trends in vehicle types. For
example, the majorily of large trucks in Florida had four axles. Consequently, the reference energy
mean emission level given in Equation{8) may result in overprediction of the noise levels on Florida
highways, Users of this manual may develop their own reference levels using the FHWA preseribed
measurement procedures [12].

" The three vehicle categories disenssed here are identical to those reported in NCHRI® Report
173. Although the vehicle catepories are the same, the emission levels are not. The reason for this
is unclear. One possible explanation is thet the measurements were made at different times. The
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vehicle measurements shown in NCHRYP Report 173 were made before 1974, The vehicle measure-
ments in Lhe Four-State Noise Inventory were made in 1975,

One interesting point is the distinction made in NCHRP Report 173 hetween emission levels
and source levels. NCHRP Report 173 reported a 4 dB error between measured sound levels and
predicted sound levels. This 4 dB3 error was subtracted from theemission levels, and these quantities
were defined as source levels, The source levels given in NCHRP Report 173 and the emission levels
given here have approximately the sume numerical values lor the emission levels of Lhe aulo-
mohiles and medium teucks, The levels for the heavy trucks are approximately the sume al high
speed but not al low speed. 'T'his is hecause the source level for heavy Lrucks in NCHRI' 173 is

independent of speed.




One word of caution. The reference mean emission levels shown in Figure 2 ropresent cruise
conditions on & flat roadway between 80 km/h and 100 kim/h, Below 50 km/h, heavy Lrucks' emis.
sions increase because these vehicles cannot operate in a evuise mode at speeds less than 50 km/h.

PROBLEM 1

What are the reference encrgy mean emission levels for automobiles (A ), medium trucks
(MT), and heavy trucks (HT) at 75 km/h?

SOLUTION

Step 1. Complete Line 4, Table 1-1,

Step 2, The reference energy mean emission levels can be computed using Equations
(4), (5}, and (8) ar rend direetly from Figure 1-1, Hecord the values on Line 8, Table
1.1 (the values shown here are based on Figure 1-1),
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PROBLEM 1 {Continuad)

NAME PROJECT DESCAIPTIGN PROBLEM 1
DATE
1. |LANE NO./JADAD SEGMENT
2. |VEHICLE CLAS. A [ MY [HT [ A | MT [ HTY | A | MT | HT MY ] HT | A | MY | HT MT | HT
3. {Nivph)
Sikmm) -6 ] =
5. [Dim)
6. | &y (degroes) Fig. 6
7. | Pzidegred) Fig. 6
8, [{lale; ldBA) Fl, 2| 8. | 80. [M.6 | 1 T 1 | ] 1
3|10 LOG (ADa/RT 18T Fal | I 1 1 1 i
10a. [ 10 LOG (& /D) (aBA) Fip.4
100, [ 16 LOG (3, /D) (dBA) Fig. 4
112,710 LOG 1§, 184, &53/%1 (dBA} Fh. 6
115, ] 10 LOG (47 (g, $2)im) (ABAY Fig. 7
12, [ ¢, (droren Fig. 10 N
13, |da (degreesh Flg. 10
14, | & (metrar Flg. 8
15, | Mo Eq. 18
16. |AgidBAl Aspandin B -
17, |CONSTANT (dB) 428 | 25 | 26 | .28 | 25 | .25 | -3t | .26 | 28 26 |26 |38 |26 [ .8 -3 | -4
1B, LaglA) (AL
0. | Loy th {0BA)
20, | A, [dDA} Fia. 8
21, Lﬂh‘lHdAl
32| Ly} {dBAT
23, [NDA tm/km) .
L N'.m-l.._.!h [LT]] Fig. 15
25. |Liglhl (dBA}
(26, |L1alhl (dBA]
27, | L1gih] (BAT

Tabfa 1.1, Naise Prudiction Workshoot
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Summary

ny = (), reference energy mean emission level
Leg(h) = (o), {Figure 2 and line 8 of Tahle 1)

+ traffie flow adjustmeni

+ distance adjustment

+ finite roadway adjustment
+ shielding adjustment

The procedures in Section 2(b) can beused to predict the reference energy mean emission level,
This is the predicted equivalent peak sound level produced by the passuge of a single representative
vehicle traveling at constant speed at the reference distance of 15 metres from a flat, infinitely long
highway. This is not a very useful value. In Section 2(c), traffic flow adjustmentswill be introduced,

¢. Traffic Flow Adjustments to the Reference Levels

Figure 2 is used Lo determine the reference energy mean emission level for asingle vehicle
tepresentative of a particular class. This value must then be adjusted for teaffic flows by use of
the term

10 log (N; 7D, /1S, . (7)

This expression is valid for any consistent set of units. The units used by highways engineers are
not consistent, N is the number of vehicles in the ith class passing a given point over a 1-hour
period; Dy is equal to 15 metres; ' is equal Lo L-hour; and S; is measured in kilometres per hour,
Consequently, for ease of use, the expression 10 log (N; nl, /TS;) is simplified to 10log (N;D,/8,) -25
{Note: —25=10log 7 — 10 log 1000). Consequently, the adjustment for traffic flow reduces to

N;D,
1mm(a)—%. (8)

Note that in Tahle 1, Line 17, the =25 is treated as an equation constant. The units are the same as
defined abave.

D, is kept in Equation (8) for two reasons:

(1} It emphasizes that the erission levels used in the FHWA model were measured at a
distance of 15 metres.

(2) It serves as an alert mechanism, When D is less than 15 metres, noise pred ictions must
be nade in accordance with the procedures in Chapter 6.

Since Dy is a constant in the term 10 log {N; Do/8;), the traffic flow adjustment factor varies
as the logarithm of N/S;. If N, is held constant, the ndjustment factor decreases with increasing
speed at the rate of 3 dBA per doubling of speed. If 8; is held constant and the volune increases,
the adjustment factor inereases by 3 dBA for each doubling of volume.

The name given to the adjustment in this section—the traffic flow adjustment—is somewhat of
amisnomer hecause Equation (7) has one other important funetion. Recall that T s the time period
over which the equivalent sound level is computed, By making 7' equal to one hour, the reference
energy mean emission level (a peak value) is converted to an hourly equivalent sound level,

The adjustment for traffic flows can be read directly from Figure 3.
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PROBLEM 2

A two-lane, enst-woest highway carries the following hourly tralfic;

Vehicle Basthound  Westheund

Cluss Lane Lane
A 317 281

MT 24 12

HT 22 25

The lane width is 3,66 m and the operating speed is 75 km/h. Determine the reference
energy mean emission levels and the iraffic flow adjustment factors for each class of
vehicles,

SOLUTION

Step 1. Enter the lane designations on Line 1, Tahle 2.1,

Step 2, Enter the number of vehicles in each class in the proper columns in Line 3,
Table 2.1,

Step 3. Enter the specd for each vehicle group in Line 4, Table 2.1,

Step 4. Determine the reference energy mean emission levels for each class of vehicles
and enter these values on Line 8, Table 2-1 (values shown were read [rom Figure 1-1).

Step 5. Since there are three classes of vehicles in each lane, and the number of vehicles
vary between elassos, six traffic flow adjustment factors must be determined, Compute
N;D,18; for cach vehicle group for cach lane and enter Figure 2-1 with these values,
The adjustment can then be read dircetly on the vertical scale, Alternately, the ndjust-
ments could he obtained directly from solving Equation (8) (note that Equation (8)
includes a constant of -25)., Record these values on Line 9, Tahle 2.1,

{Continued}

10

€}




S T

. 2 = @ 2
1] ‘___._._.11_._;._J._.___J._._._._._._._:._...wW 35
3~ 2
Iy 2
--a ‘=
1 S
dn L]
e
-
) "
- a
Ja 2
Ia
s
—a
Ha
EE
4a
-
afee z
2
i
- = =
TS - =
e -
1° = =
1o 3 2
- w -
om w” 2
[ -
[=Y =
E Nl m
g
2
] = T
- Ja 2 <
13 '
[ 1= -
3 = s
« N 2
4. =
Jeo
r
..W. 2 k)
3, 2
= Ll
= I~
£ 1%
= “<a
nnuu de
— -“qn
o
= B
w
-
4] b -
o oldalstotebobpotodaby loty dad o Velilobedot sl dyly s
< ] g ] 2 s e 2
o g *
1891 —2—= toi0f -
7a"

11

TRREY - TN S = TR

T = e e



PROBLEM 2 (Continued)

NAME PROJECT DESCRIPTION PAOBLEM 2
DATE

1. | LANE NO.MDAD SEGMENT EA wn

2. | VEHICLE CLAS. A TMY THT [ & Jar [Hr | a lwmr [ a | mr|wr MY | Hr MT | BT
3. | Nivphy N7l a nfmf12(26

4. [stmmi ~ | =T=T1T3] ~

6 | Blmk

8. | dridagreni Fig. &

7. | daidegraus) Flg.b

B, [ (To 7 W@BA} Fig. 2] 6. | 80. [B46[a9. [ B0 [848] [ T T 1 | |
6. | 10L0G NG,/ (4R Fig.3[10.] 7.1 86[178] & 7. || 1 ] 1
10e. |10 LOG (0,/0) {dBA] Fig. 4

100, | 15 LOG i0,/0) (dBA) Fig.4

2. [10LOG Vo (@, dalim (dBA]  Fig.0

11k | 10 LOG {rypz Ign . #2149 [4BA) - Fig. 7

12. [, Tawgranl Fig. 10

13, | duidegrani] Fig. 10

14, | Limatim) Fig. 8

U EA Eq. 18

10, | AptaBA) Appendin

$7. | CONSTANT {da} 5 | 26 |28 | 8 | 38 ) 26 )6 |28 | .25 .26 |28 {78 |26 [ 96 |25 |26 [ 25 )18
th, | Lo th} [4BAY

19, | Log %) (dBA]

[0 |3, idBA} Fig.

71, | Laglh] (ADA]

22, [ Lyin) (UBA)

23, [ND/F tmixm)

24, | TLyg-tegl, Idb} Fig. 15

26 [ Liplhk (WBA)

26. | Lgls] [BA)

27. [ Lypih) {dDA}

Table 2-1. Noise Prediction Worksheet

Log(h); = (H)E,

+101og

-+

+

—25

At this point in the development of the FHWA munual method, the user can predict the equiv-

Summary

reference energy mean emission level
(Figure 2 and line 8 of Table 1)

N.D
( .JS' D) traffic flow adjustment
{

distance sdjustment

finite roadway adjustment

shielding

constant
(line 17 of Table 1)

(Figure 3 and line 9 of Table 1)

alent sound level at the reference distance of 15 metres from a flat, infinitely long highway pro-
duced by the passage of a group of vehicles of a particular ciass, In Section 2(d} distance adjust-

ments will be inlroduced.
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d. Distance Adjustment to the Reference Levels

The relerence energy mean emission levels are equivalent sound levels based on single vehicle,
peak pass-by noise level measurements made at a distance of 15 metres from the roadway. Predicting
the noise level at distances greater than 15 metres requires that the reference energy mean emission
levels be adjusted for the new distances. The distances adjustinent is generally referred to as the
drop-off rale and is expressed in terms of decibels per doubling of distance (dB/DD), Since the
reference energy mean emission levels are equivalent sound levels, the distance adjustment laetnr
can be expressed as

10log (T;—)] - {9

where
D is the perpendicular distance between the centerline of the travel lane and the ohserver.

Do i the relerence distance at which the reference energy mean emission level was measured
and equals 15 metres, Note that D, is a special case of D,

o s a site parameter whose value depends upon site conditions.

Theorctically, it can be shown that when the ground between the rondway and observer is
acoustieally hard, the site isreflective (e = 0). Consequently, the distance adjustment factor reduces
to

D
10 log (T) (10)

and the drop-off rate is 3 dB per doubling of distance (3 dBA/DD). Values close to this theoretical
vilue have heen measured in the field { 3].

Field studies [ 3,5] have also shown that when the intervening ground is acoustically soft the
site is absorptive (@ = 1/2), In this situation, the distance adjustment factor reduces to

15 log (—%‘-’—) (i

and the drop-off rate is 4.5 dBA per doubling of distance (4.5 dBA/DD). In this case, it appears
that the 4,5 dBA/DD attenuation is made up of two components—the 3.0 dBA/DD due to geo-
metric spreading and an excess attenuation of 1.5 dBA/DD due to ground effects.

It is important that the users of this manual understand what the values given by Equations 10
and 11 represent. Consider the situation where iwo sound level meters {SLM’s) are located adjacent
to a highway. One SLM is located at distance D and the other SLM is located at distance 20, Asa
vehicle approaches and passes the SLM's, the noise level increases up to a peak level and then de-
creases. If simultaneous readings of the peak levels were recorded, the difference in levels between
the two SLM's would be 6 or 7.5 (BA (6.0 dBA due to divergence and 1.5 dBA duc to excess
atlenuation if the site is absorptive). However, if comparisons were made between the equivalent
sound levels computed from the pass-hy envelopes, the difference in the equivalent sound levels be-
tween the SLM's would range from 3 1o 4.5 dBA. Equations (10} and {11) are based on equivalent
sound levels.

In the FHWA model, the user must decide the proper drop-off rate to use. Table 2 has been
prepared to help the user make this decision.

As shown eatlier, the 3 dBA/DD takes the form of 10 (log D, /D) and the 4.5 dBA/DD takes
the form of 15 log (D,,/D). These functions are shown graphically in Figure 4,
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Table 2. Criteria for Selection of Drop-Off Rate Per Doubling of

Distance

Situation Drop-Orf Rate
1, All situntions in which the source or the receiver are lo- 3 dBA
cated 3 metres ahove the ground or whenever the line-of- (=10}
sight* averages more than 3 metres above the ground,
2. All stluations involving propagation over the lop of a 3 dBA
barrier 3 metres or more in height, (a=10)
3. Where the height of the line-of-sight is less than 3

metres and

(a) 'There is a clear (unohstructed) view of the high- 3 dBA
way, the ground is hard and there are no inter- (v=10)
vening structures.

(b) The view of the roadway Is interrupted by iso- 4,5 dBA
Inted buildings, clumps of bushes, scattered trees, {e=1/2)
or the intervening ground is soft ar covered with
vegetation,

*The line-of-sight (L./8) is a direet line between the noise source und the observer.

DISTANCE (m)

Figure 4. Adjustments for Distances Other than 15 Metres
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PROBLEM 3
(a) InProblem 2, what would be the distunce adjustment factors at an ehserver located
60 metres south of the centerline of the ensthound lane if the line-of-sight (L/S)
was less 8 metres above the ground and the intervening ground was paved?

(b) What would be the distance adjustinent factors if the intervening ground was
covered with grass?

The lane width is 3.66 m,

3.66m
EQ = — ?
Gom
v}

Figure 3-1. Highway Site Geaomutry for Problem 3

SOLUTION
Refer to Table 3-1,
Step 1. Since there are two problems, identify them in Line 1, Table 3-1,

Step 2, Determine the perpendicular distance, D, rom the observer to the centerline
of the EB and WB lanes. Record Lhese values on Line 5, Table 3-1.

Step 3. Consider the problem where the L/S is less than 3 metres and the intervening
ground is paved. Table 2 indicates that a drop-off rate of 3 dBA/DD is appropriate,
Use Figure 3-2 and locate the line that represents a drop-off rate of 3 dBA/DD (10 log
(15/D)). Using the distanees, 13, determined in Step 2, read the distance adjustment
factors directly from the graph and record them on Line 10{n), Table 3-1. Alternately,
the adjustments could be obtained directly from Equation (10).

Step 4. Consider the problem whoere the L/S is Jess thun 3 metres and the intervening
ground is covered with grass. Table 2 indicates that u drop-off rute of 4.5 ABA/ND is
appropriate. Use Figure 3-2 und locate the line that represents 4.5 dBA/DD (15 log
(15/D)). Using the distances, D, determined in Step 2, read the distance adjustments
directly from the graph and record them on Line 10(b), Table 3-1. Alternately, the
adjustments could have been obtained directly from Equation (11).

{Continued}
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PROBLEM 3 (Continued) vt
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PROBLEM 3 {Continuad}
NAME PAOJECT DESCRIPTION FROBLEMI
DATE
{23 Hasd Site i) Sot1 Slig
1. | LANE NU./ROAD SEGMENT we EB wa
2 VEHICLE CLAS, A NI[H!‘ A MT | HT A MT | HT A MT | HY MT | HT A | MT | HT
3. | Nivpal ]
4. | Sikmih) }
b._|Dim) 80 [ 60 B4
6. | ¢y idegres) Fig. b
7. | gnidwgraes) Fig. &
8. NMEE 1dBA) Fip- 2 | | 1 I ] T 1
0. |10 LOA (MDa/S) [d8] Fig. 3 71 | | [ I —1
0a, | T6°COG 10, 751 [dhAT Fig- 4 -8, -65
[ 108 | 16 1:0G (Do/D} WBAT Fig. 4 D 8.6
11, | 100G (W If1, $7)/8) 1BA_Fig. 6
[116.770 LOG (Va2 iy, 620/M [BA] Fig. 7
12, 1¢y (degress) Flg. 10
13. g [degaes) Fig. 10
4, | & fatres) Fig. B
16, [N Eq. 18
18, | ApidBAI ix D ]
17, | CONSTANT (dR| 25 | 25|36 | -3 7 -8 | -9 26 | 8 | 26 | <08 | 226 |25 -2% | -5 | 26 | -26 tid
18, 1h) 1UBA)
1. [ iey 1) [9BA)
20._[ A, (diAl Fig. B
21, [tagthl (dBA)
22, | Lay il (dBA)
20, |ND/S tmfkm)
34, [T yp-Legh (4B) Fig. 15
26. | € alnk ([ABAL
26, |Lyatn] [RAT
27, [ L1oth] IOBA)

Table 3-1. Noise Prediction Werkshoat

ch(h) = (—L_O)Er

N:D
+10 log ( "S

Summary

reference energy mean emission level

(Figure 2 and line 8 of Table 1)

i
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o) traffie flow adjustment
(Figure 3 and line 9 of Table 1}




\ distance adjustment factor, hard site
10lou (D,/D) {Figure 4 and line 10(a) of Table 1) ! 3:

+ . . .
Slon(o,0) e et o et
+ finite roadways adjustiment
shielding
=25 consiant

At this point in the development of the FHWA manual method, the user ean predict the hourly
equivalent sound level, at any point located 15 metres or greater from a flat, infinitely long highway
produced by the passage of a group of vehicles from a particular class. In Section 2(e) finite road.

way adjustment will be discussed,

¢, Finite Length Roadway Adjustments to the Relerence Levels

Up to this point, it has been assumed that the roadway is infinitely long in both directions in
relation to the observer. In many cases, this is not true, and it becomos necessary to adjust the ‘
reference level to account only for the energy contribution of the roadway that is visible to the .
observer. Additionally, it is often necessary to separate a rendway inte sections to account for ‘
changes in topography, traffic flows, shielding, etc. In these situations, the road way will he divided
into segments of finite length [6], The Cinite length roadway adjustment dependson the orienlation
of these highway segments relative to the observer and on ground effects,

1. Orientation of Highway Segement
The following procedure will be used to determine the angular relationship between the road-
way segment and an observer [ncing the highway segment. (Refer to Figure 5)
Step 1. Draw a perpendiculay line from the roadway, or the roadway extension to the
observer. Al anples are measured from this perpendieular.

Step 2. Draw a line from the observer to the left most ond of the highway segment, The
angle measured from the perpendicular drawn in Step 1 lo the line connecting the
ohserver and the left most end of the roadway segment is ¢,. 1f ¢, is measured to
the left of the perpendicular it is negative, If ¢ is measured to the right of the
perpendicular it is positive.

Step 8. Draw a line from the observer to the right most end of the highway segment. The
angle measured from the perpendicular drawn in Step 1 to the line connecting the
observer and the right most end of the highway sepment is ¢g. If ¢, is measured
to the left of the perpendicular, it is negative, if ¢, is measured to the right of the

perpendicular it is positive,

Step 4. Check the angles ¢, and ¢, by use of the equation
Ap = gy — ¢y (12)

where
¢, and ¢, are the angles in degrees identified in Steps 1-3 ahave.
In all cases Ag will be positive and will be numerically equal to the included angle \ :
subtended by the roadway relative to the receiver,
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Based on this procedure, only three cases are possible:

Case A — ¢, Is negative, ¢, is posilive.
Case B — ¢ is negative, ¢ is negative.
Cnse C — ¢, is positive, ¢, is positive,
These three cases are illustrated in Figure b,

A ROADWAY SEGMENT 8
g | e
&y thy
OBSEAVER
{1) CASE A

A AQADWAY SEGMENT B
- i |

OBSERVER
[2) CASE B

A ROADWAY SEGMENT

pinbanheniasasiusininng
#
@y
DBSERVER
{3) CASE ¢

Figure 5. Anpgle ldentification of Roadway Segments

19




PROBLEM 4

Determine ¢ and ¢y Tor the segments shown in Figure 4-1, Use Ag to cheel the
ANSWENs,

Figure 4-1. Highway Site Geometry for Problem 4

SOLUTION

Refer to Figure § and Table 4-1.

Step 1, The procedure established for the FIIWA madel requires that all angles be
measured from the perpendicular line connecting the roadway and the ohserver, Draw
n perpendicular line and remeasure the angles, as shown in Figure 4-2.

Figura 4.2, Idontification of Angles for Protdem 4

{Continued)
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PROBLEM 4 (Cantinued)

Step 2. Using Figure 4-2 and the procedures [or angle arientation, determine the nngles
and their signs,
1. Segment A: ¢, = ~90° ¢y = ~57°
Check Ag = ¢y — ¢y = =57° = (—=90°) = +33°
(Ag is the included angle for segment A, Figure 4-2},
2. Segment B: ¢y = —-57°, @y = ~22°
Check A¢ = ¢g ~ ¢ = ~22° - (-57°) = +35°
{A¢ is the included angle for segment B).
3, Segment C: $; = —-22° ¢, = +55°

Check Ap = §g — ¢ = BE® - (-22°) = +77°
(A¢ is the included angle for segment C).
4. SegmentD: ¢; = 56° ¢ = 90°
Check A¢ = ¢y — ¢7 = 90° ~ 55° = +35°

(A¢ is the included angle for segment D),
Step 3. Record the angles ¢, and ¢4 on Lines 6 and 7, Table 4-1,

NAME . PROJECT DESCAIPTION FAOBLEM 4

DATE

1, | LANE NOJROAD SEGMENT Segmant A 5 B gmmt © Segmant O

3. | VEHICLE CLAS. AJMIHT [ A Tmr[ur [ aTwr][wrla [ urur| a [wr][sr| a[wrnr
3._|Nivphl I
4 |Sikm/hi [
5, | Diml

8. ¢ [depiem] Fip. 6 90 67 57 +66

7. | erldegron] Fin. 5 87 32 +55 50

0. | 150F) [9BA] Fig. 2 T [ 1 1 | 1 1
., [ T4 TG (W,0,75] (901 Fig. 3 —1 T 1 I l 1 1
109, [ 10 LOG (£, /0] WRA] Fig A

106, | 15 LOG (8,/0) (dBA] Fin.4

s, [ 10LOG (v, 197, $)/M (9BA]  Flo. 6

11b, | 0 LOG |72 (h. $20/R) {dBAY Fig. 7

T2, | o hagen Fig. 10

13, |dgidegeen) Fig. 10

14, [ & imatrey) Fig. 9

15. (M Eq. 1B

16. [ApldBA) Appendix B

17. JCONSTANT {dBI IR I I I E A NI I A N N E O I E I EDED
10, | Le i) (dBA}

10, [ e IA) iBA]

[70,_| A, UBAF Fig 8

[21, [tagh) (A -

22, a0 (dDA]

23, | ND/S (mAami

|24, (L 1p=dog}; {dB) Fig. 16

(26, [ L10i#L {46AT

6. [ LW} dAA]

27. | Lyolh) UBAT

Talie 4-1, Noiw Prediction Workshoet
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2, Ground Effects

The prollem of finite length roadways is complicated by the facd that ground effecls must
be taken into accounl. In the section on distance adjustments, it was indicated that the drop-
off rate was a function of the height of the line-of-sight and the nature of the terrain between the
ohserver and the roadway, The finite length roadwuy adjustment is also alfected by these factors,
Consequently, the finite length rondway adjustment fnetor takes the form of

10 log (__%m;. $2)) (13)

where
Val1, ®2) s a factor that takes finite length roadways into account,
#y, g are the angles defined in Figure 5.
o is the site parameter,

When o = 0, thesite isreflective (i.e., the drop-off rate is 3 dBA/DD) and the term 10log{ oty ,cha )/
reduces to 10 log ( Ag/m) where Ag is defined in Equation (12),

This implies that roadways sublending equal angles contribute equal energy regardless of their
position relative to the ohserver when the site isreflective. The function (Equation {13} is itlus-
teated graphically in Figure 6,

177 T | 1"TTrrTTrmy 1 T 1 T I LI N
< o —— -0
.k — B
o E
2| 1f —— 30
E)
=4 o =" -
= F B ]
o] F —— 3
- :‘ -
0 20 [ -20
1 H 1 | L 1 Ll 1 1 | 1 1 1 110k
0l 0z 03 o1 .05 06 .07.0809.1 2 K] 4 & 6 . B 8L
AN
180

Figure 6. Adjustraent Factor for Finite Longth Roadways for Hard Sites (& = 0}

When « = 1/2, the site is absorptive (i.e., the drop-off rute is 4.5 dBA/DD)., Af absorbing sites,
the correetion 10 log (¢ ,0{¢), $2)/7) reduces to zn integration of /cos ¢ over the angular limits of
the roadway. This integration has been performed for e = 1/2 and the results plotted as a family of
curves shown in Figure 7. One extremely important consequence of absorption at a highway site is
that roadways subtending equal angles will not necessarily cantribute equal energies. The amount
of energy contributed will depend on the position of the observer relative to the roadway segment,
Figure 7 also indicates that the adjustment for an infinitely lang roadway is a 1.2 dBA. This re-
sults from the assumption that there tre no differences in emission levels (mensured at 15 metres)
over hard and soft sites. (See Appendices A and € for further details.)
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' Although the distance adjustment and the finite length roadway adjustment were discussed
: f ) separately, both values depend on the site parameter o Under free field conditions (the observer
has a unohstrueted view of the highway or highway section), the same site parameter should be used
to make both adjustments on the same highway or highway segment. Thus if a=1/2 is used for the
distance adjustiment, it should also be used for the finite length roadway adjustment,
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\/ Figura 7, Adjustmant Factor for Finite Length Roadways for Absarbing Sites (e = 1/2)
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PROBLEM 5

{a) Using the angles ¢, and ¢o from Problem 4 determine the finite length roadway
adjustments assuming that the site is hard {o = 0),

(b) Redo Problem 5(a) assuming that the site is soft (w = 1/2),

SOLUTION
Problem 5(n);

Step 1. Obtain ¢, and ¢o from Problem 4 and record these values in Table 6-1, Figure
5-1 will be used to determine the adjustment.

1, Scgment A: ¢y = —90°, ¢y = -B7°, A¢ = 3¥°

Adjustment (Figure 5-1) = =7.6 dBA

[ s

2. Segment B: ¢y = -57°, ¢, = -22°, Ag = 35°

Adjustment (Figure 5-1) = ~7. dBA

P i1

3. Segment C: ¢y = -22° ¢y = +55°, A = 7"

Adjustment (Figure 5.1} = ~3.5 dBA
4. Segment D: ¢y = +58°, ¢y = +00, Ag = 35°

¢ _ 85 _ 49

B¢ _
180 = 180

—

Adjustment (Figure 5-1) = :'Lgl_!?sé

Step 2. Record the adjustments on Line 11a, Table 5-1.

SOLUTION

Problem 5(b):

Step 1. Obtain ¢, and ¢o from Problem 4 and record these values on Table 5-2, Fig.

ure 5-2 will be used to determine the adjustment.
{Continued)
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PROBLEM b {Continued)
1. SBegment A: ¢; = -90°, ¢q = -57°
Adjustment (Figure 5:2) = =10.5 dBA

Segment By ¢y = —-57°, ¢ = -22°

19

Adjustment (Figure 5-2) = 7.0 dBA
3. Segment C: ¢; = -22° ¢y = +55°
Adjustment (Figure 5-2) = -4.0dBA_
4, SegmentD: ¢; = +55°, @y = +90°
Adjustment (Figure 5.2) = ?
This particular value is hard to read an Figure 5-2, However,

V1/2(66°, 90°) _ ¥y,2(~90°, ~56°)
T " i

(See Figure 5-3)
- Adjustment (Figure 5-2} = -10 dBA

Record the adjustments on Line 11b, Table §-2. Note that Segment B and Segment D
have the same included angle but their adjustments are different,

T T T | TITJITTIT T T T 1 TTIT T
o
% e - bty
s I —] p
L = d
o - — = .
& ok —— :
5y - 1 E
e b I -
'D_ = =
Ul o ——_ ‘
9 2 —
SEGMENT A
[l 1 1 1 N E RN 1 1 [ ! p gt
01 02 03 4 .05 .08 .07.08.09 ] 3 4 6 6 v 881,

A
a0
Figure 5-1. Adjusimont Factor for Finite Length Roadways for Hard Sites {0 = 0}

{Continued)
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PROBLEM & (Continued)

PROJECT DESCRIPTION . PROBLEM Sa (Hard Sita)

1. | LANE NOJROAD SEGMENT A B [+] b

2. | VEHICLE CLAS, AJMY [HY | A [MFHT | A [ M7 [ MY [ A | MT]HT | A | MT[HT | A [ NP | HT
3. | Niveht
[ 4, ]stkm)

5. [Dim)

6, | (degraas) Fig. b -0 <57 =22 455

1B e G ] s S s e ey
B, [ika )& {dBA) Fig. 2

10 L0G PR/ 18T Fas] 1 ] 1 i —1 1 1
Eﬁo LOG {0,/01 (dBA) " Fip. 4

06, [15 LOG {0,/D] {dBA} Fig. 4
[ 112, JI0LOG (Y161, $2hiN] aBAI__Fis. 6 -1.5 ) +3.6 -2,

1ib. | 10 LOG {7 (dy, d2)/m) [dDBA)  Fig. 7

TE. | $c (ovgren] Fig. 10

13, | daidegran) Flg. 10

14, [dimatros Fig. @

[ £q. 18

8, [BpldiA) Appandin B

7. | CONSTANT idB o8 [ab |-as [ .8 a0 | as | ot Jan |26 |36 |28 |28 [ 38 |26 | <1 |1 | 20 | am
18, | lelh] (dBA)

10| Loy (1) {dBA}

20, |4 [dBA) Fig. 8

. fiwlhd (DAL

22, Tiagih) (dBA]

23, |NO/S fmkm)
_g. ILm-(!n (1] Fig. 15

26 [ Lotk (dDA)

20, [L1ald) (dBA)

21 [L1plh) (dBA)

Tabla 6-1. Noise Prediction Workshout

{Continued)
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o PROBLEM B {Continued)
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Figura 5-2, Adjustment Factor for Finite Langth Roadways for Absarbing Sites fox = 1/2)

(Cantinued)
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PROBLEM 5 {Continued}

SEGMENT D
TRANSPOSED "I

’..

SEGMENT D

4’1 /2 I-Sﬂo, —550)
m

~

Eb”;r f55°. ﬁﬂu’
Ed

Figura 6-1
NAME PROJECT DESCRIFTION P POOLEM Bb (Soh Biu)
DATE
1. [LANE NO/ROAD SEGMENT A B [+ o
2. | YEHICLE CLAS. A |MT [ Hr | A (WY | Hr MTIHT | A T mrfur| a [ mr|{nr | o |mrnr
3, [Nivph)
A, [Gikmh}
B |Bm)
8| ¢yldegren Fig. B -0 <87 -22 158
7, | gulclegrans) Fip. 6 -7 =22 +il} g
8. |{Ladr; {ARA] Fig, 2 1 | I T 1 1
8, T10LOG (N0, /%] T08) Fig. 3 [ 1 1 I [ 1 1T
10a. |70 LOG [G,/0F 1GBAT Fig.4
[106. |16 LOG 85/0] (dBA) Fig. 4
(172 |10 LOG (s t1. 21/m [WBA] _ Fla. 6
VB [10LOG (W pigh . 1721 (dBA) Fig.7 =1{.5 «7.5 -4, =10
12, [ (degram} Fig, 10
1. [dnideygrues) Fig. 10
14, & imsren) Fip. 0
16, |Ma Eq. 18
18, | ApldBA} Appendix B
17.” [CONSTANT idBl EREAEOEIEIED \26 | 75 | a8 |36 | -#6 | -7k | 2b | 36 | -ob | -2 | 96
18, | Logth] {BA)
19. [ Lgq 1) (dPA]
[20.7T4, idBa) Fig B
. [t [aBA)
(22 [ lh} idBAT
23, |¥D/S Imskm}
. |t a-Lag); [dBI Fig. 16
35._[Lyolhk (dBA]
26, [Lnth) (dBA]
T7. {110l [BA)

Tably 62, Nolss Pretictlon Worksheot

{Continued)

28

athese,

-




PR e ST

I

emeavettrTE

FAPI—

&

e

PROBLEM &

Refer to Figure 6-1 below. Using the traffic data given in Problem 2, compare the
sound lovels that reach the observer from Segment A and Segment B, The L/S is less
than 3 metres above the ground and the intervening ground from Segment A has been
paved gver, The intervening ground from Segment B is covered with grass. The high-
way is infinitely long, Lane width is 3,66 metres. Use Table 1 and the Figures to solve

this problem,
SEGMENT A SEGMENT &

© WB + 3.66m
ER -
HARD SITE {cx = 0) b= &0m SOFT SITE (@ = 1/2)
o0° a0°
Figure 6-1

TRAFFIC DATA

Eastbound  Westbound

Vehicle Lane Lane

Class Vil ViH

A 317 281

MT 24 12

HT 22 25
S = 75 km/h

SOLUTION
This problem will be solved by using Figure 1 and Table 1 as a compuiational guide.
Step 1, Refer to Table 6-1, Complete Lines 1-4 from the data given in the problem
statement.

Step 2, Determine the perpendicular distance from the observer to the centerline of
the EB Lane (60 m) and the WB Lane (64 m). Record these values on Line 5, Table 6-1.

{Continued}

29




Problem 6 {Continued)
Step 3. Refer to Figure 5 and Figure 6-1 and determine ¢y and ¢,.
Segment A: ¢; = -90° ¢y = O

Check A¢ = ¢o ~ ¢

0~ (-90) = +90° OK

90°

Segment B: ¢; = 0° ¢y

Check Ag = ¢ - ¢; = 90° - 0" = +00° QK
Record the values for ¢; and ¢5 on Lines 6 and 7, Table 6-1.

Step 4. Refer to Figure 2 and determine the reference energy emission levels, Record
these values on Line 8, Table 6-1,

Step 5. Refer to Figure 3 and determine the traffic flow adjustments to the Reference
levels. Six different adjustments must be computed for each segment.

Note D, = 15 metres, § = 75 km/h
Record these values on Line 9, Table 6-1.

Step 6. Refer to Table 2 and Figure 4 and compute the adjustments for distances. The
adjustments for Segment A are based on 10 log (D, /D).

Record these values on Line 10(a}, Table 6-1. The adjustments for Segment B are based
on 15 log (D, /D).

Record these values on Line 10(b), Table 6-1.

Step 7. Refer to Figure 6 and compute the finite length roadway adjustment for
Segment A. Record these velues on Line 11(a), Table 6-1. Refer to Figure 7, and
corpute the finite length rondway adjustment for Segment B. Record these values on
Line 11(b), Table 8-1,

Step 8. Since there are no barriers in this problem Lines 12-16 are not applicable, Re-
fer to Figure 1 and compute the L. (h); for each class of vehicles and enter these values
in Line 18, Table -1,

Example: Segment A, E.B.

Leq(h)A =69 + 18 - 6 - 3 - 26 = 53dBA

It

L'—"I(h)MT 80 +7-6~3~- 256 = 53dBA

Leq(h)”T = 845 + 65 -~ 6- 3 - 25 = 57dBA

{Continued)
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PROBLEM & {Continuad)

Example: Segment B, W.B.
ch(”)A =69 + 1756 - 85 -4 - 26 = 48dBA

Lpg(Mhygp = B0 + 4, = 95 = 4 - 25 = 45,5 dBA
Log(Myyp = 846 + 7 = 95 = 4 ~ 25 = 53dBA

Step 9. Use Equation (2) Lo compute the I,‘,q(h) for each lane and entor these values on

Line 18, Table 6-1.

Example: Segment A, W.B.

Loy () = 10 log {1052 + 10495 + 105.7] = 58,7dBA

Step 10, Compute L, (h) for cach segment and record values on Line 22, Table 6-1.
In this particular problem, the acoustics conLribution of Segment A (62 dBA) is 4 dBA
mare than the contribution lrom Segment B, The total noise level heard by the observer

152

Loy (h) = 101log {106-21 + 105.81) = §3.6 dBA

Note: Throughout this manual, values from the various ligures will be read to the
nearest 0.6 dB, The dB addition was dene on a caleulator and it will be reported
to the nearest 0.1 dB.

NAME PROJECT DESCHIPTION PROBLEM &
DATE ant A Segmant B

. ENT wh En wo
;: t::fctgé’:g:nsm" A | MT | HT L MT | WT A MT | HY A MY | HT A MT | HT A | MT | HT
3. [Niven? NT| 24 |52 [a81| 12 |26 |97} 24 |24 (28| 12 | A
4. |Sikmin) | 6 | = { = || -1 -8 | - | 75]«
[T [ o4 00 [
6. | ¢ degren} Fig. 6 0 T [ o
7. | Prldegreush Fig. b a 1] [ 0
B, |tLole; GIRAT Fig. 2] a, | o0, Te4,6]69, | 80, [ 64.6[ 80.] Bo.[84.6 |80 | 80. [84.5 1 ||
0. [1010G WDa/s] (9Bl Fedl1a | 7. | a.qusl_ 4| 7 118 7| 66[ 76| & | 7. 1 1
0%, |10 LOG (/0 [dBA] Fig. 4 i BE
100, {15 LOG (R, /D) [dDA) Fig. 4 .0 0.5
110,10 LG [V (¢4, &)/0 IdBA]  Flg. 8 -3 -3
116, | 10 LOG (¥/17 61, $at® [4BAT_Fig, 7 _4 4,
77, 9L [Dagran)_ Fig. 10
13, [dnidegrom] Flg. 10 -
4. [Limatres) Fig. &
16, [N, Eq. 10 :

rdIn 8 L.

u%“%f‘:&i‘;ﬂ"ldﬂ] 2 28 | 3 | 35|28 | 26 | B | 3678 | M| 26 | 428 (28 | G268 | B 2% | -8 | -8 28
[P 63, | 53, | 87.] B2, |4B.5] 67, | A9, | 40.| 63, | 4. 466 | B3,
10, | Ly ) (dBAY 5.5 58,7 566 [7%]
(2014, A} Fig.8
21, [Lgth) IdDA}
2%, [Lwyih} DA qJ Leg I} =938 58,1
(23, [ND/S tmAm)
.| 1o-Lagh (9D Fip. 16
26, |LagWy (dBA]
20, [Lialh) (dBA) ]
7. {L1o0) 9BAY

Tablo .1, Noisa Pradiction Workaheet
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Summary

Log(h); = (1_0)3‘ reference energy mean emission level
(Fimure 2 and line 8 of Table 1)
N:D
+10 log ( ".3 o) traffic flow adjustment
f (Figure 3 and line 9 of Table 1)
D
10 log (—Dﬁ) distance adjustment factor, hard site
N (Figure 4 and line 10(a) or Table 1)
D
15]og (—DE) distance adjustment Factor, soft site
(Figure 4 and line 10(b) of Tahle 1)
fa
10 log ('—frg) finite roadway adjustment, hard site
. (Figure 6 and line 11(a) of Table 1)

10log (Mﬁ) finite rondway adjustment, soft site
(Figure 7 and line 11{b} of Table 1)

+, shielding

-25 constant

Users of this manual can now predict the equivalent sound level produced by a cluss of vehicle
traveling at constant speed on a flat highway.

. Shielding Adjustments to the Reference Levels

So far it has been shown that, as 2 minimum, the equivalent sound [evels generated by a stream
of traffic decrease at the rate of 3 dBA/DD. This atlenuation is aceounted for explicitly in the
IFHWA model when the site parameter is zero («=0), This phenomenon is illustrated in Figure 8(a).

It has also been discussed that in many situations ground effects can lead Lo an additional at-
tenuation of up to 1.5 dBA/DD. This only aceurs when both the source and receiver are close Lo
the ground and the terrain between the observer and the roadway is relatively flat and soft [6,8].
As aresult of this additional attenuation, the equivalent sound levels decrease at a rale of approxi-
mately 4.5 dBA/DD at soft sites. Exeess attenuation is accounted for explicitly in the FHWA model
when the site parameter is one-half (= 1/2). This is illustrated in Figure 8(b). Note that the atten-
uation rates shown in Figure 8(n) and Figure 8(b) are not additive--Lhe user can only choose ane,
based upon site conditions.

Attenuation due to temperature pradients, winds, and atmospheric ahsorptinn also oceur but
these phenomenon are ignored in the FHWA method. Attenuation due to wind and lemperature
graclients is ignored for two reasons—(1) atmospheric conditions vary widely from hour to hour and
from site to site and the (2) attennation they provide is not permanentl, Almospheric absorption,
caused by water vapor, is not important in highway work because of Lthe long distances sound must
travel before the attenuation from this mechanism becomes significant. Although atmospheric effeets
are not important in prediction, they can be very important when making measurements,

Attenuation due to shielding is also an important mechunism by which highway sound levels
are lowered. Shielding accurs when the observer’s view ol a hiphway is obstructed or partially ob-
structed by an object or objects which significantly inlerfere wilh the propagation of the sound
waves. Shielding can be provided by dense woods, rows of buildings, and/or barriers.
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Figura 8. Attenuation of Highway Traffic Noise

1. Dense Woods and Rows of Buildings [6,11]

Enough information is known shout dense woods and rows of buildings to account for the at-
tenuation they provide by simple rules of thumb, If the woods are very dense, i.c., there is no clear
line of sight belween the observer and the source, and if the height of the trees extends pt least 5 metres
above the line of sight, then 5 dBA attenuation is allowed if the woods have a depth of 30 metres.
An additional 5 dBA may be obtained if the depth of the woods extends for another 30 metres.

10 dBA is the maximum attenuation dense woods can provide. This is llustrated in Figure 8(c).
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The amount of attenuation provided by rows of huildings depends upon the actual length of
the row occupied by the buildings. 3 dBA is provided by the first row when the buildings occupy
40 to 65 percent of the length of the row and 5 dBA when the buildings oceupy 65 to 90 percent
of the length of the row. No attenuation is allowed for rows of houses that occupy less than 40 per-
cent of the length of the row. 1.5 dBA additional allenuation is provided by each suecessive row
until a total attenuation of 10 dBA for all rows is obtained. This is the maximum atienuation that
this mechanism provides. This is illusteated in Figure 8(d).

The excess attenuation provided by ground effects is assumed to end when the sound waves
reach the dense woods or the first row of buildings. Thus the attenuation provided by dense woods
and rows of buildings is only additive to the attenuation provided by peometric spreading
(3 dBA/DD). In addition, the combined effects of dense woods and rows of buildings are only
additive until a maximum of 10 dBA attenuation is achieved. Thereulter the effects of additional
woods and rows of buildings is ignored [6].

2,  Barriers

Barriers include such ilems as berms, walls, large buildings, hills, ete., that affect sound propaga-
tion by interrupting its propagation and creating an “aeoustic shadow zone.” The sound level is
tower in the shadow zone than in the respective free field. This is illustrated in Figure 8(e). Inrecent
years, the construction of noise barriers has become a fairly common method of abating highway
traffic noise, Although this section only addresses manmade barriers constructed specifically for
highway nolse abatement, the principles are applicable to large buildings, hills, depressed sec-
tions, etc.

Barriers have been constructed of a variety of materials and in three hasic shapes—earth
berms, freestanding walls, and combinations berm-walls. A fow of the early barriers did not provide
the attenuation for which they were dosigned, Evaluation of these barriers has pointed out several
crucial features of noise barriers [ 7-9]:

(1) The transmitted noise must be 10 dBA less than the diffracted noise.

{2) The barriers cannot have eracks in them.

(3) The barriers must be high enough to break the line-of-sight between the observer and

source and long enough to prevent noise leaks around the ends,

These problems may now be satisfactorily addressed by engineers, Two additional considera-
tions have recently emerged that must be addressed to ensure satisfactory barrier design [8]. 1t
appears that the shape of the barrier affects the amount of attenvation, Recent dala suggests that
earth herms provide ahout 3 dBA more attenuation than freestanding walls. Although it is not clear
at this time why this is true, it probably has something to do with absorption or edpe effects. The
second eonsideration requires the introduction of un expression familiar to acoustical engineers but
alien to highway engineers—rield insertion loss (I.L.), Fleld insertion loss is simply the difference
in the noise levels at the same location hefore and after the barrier is constructed.

Field Insertion Loss (I,L.) = L (Before) — L (Aflter) (14)
where
L represents L, (1) or Lyo(f).

Thus three elements must be iecounted for in barrier designs:  barrier attenuation, barrier shape,
and field insertion loss,

(a} Barrier A t{enualion and Barrier Shape

The attenuation provided by a freestanding wall ean be expressed asa function of the I'resnel
number, the barrier shape, and the barrier length in the following form {see Appendix B),
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dr Y
An = 10 oy |— 1070 g (16)
B, ¢~ PL Uy

f.

where
Ap s the attenuation provided by the barrier for the ith class of vehicles.

®p. ¢y, are angles that establish the relationship (position) between the barrier and the

observer.
(0 N, < -0.1916 - 0.0635¢
V2n|Ngl cos¢
5(1+0.6¢) + 20log - (~0.1916 - 0.0635¢) < N; < 0
tan +/ 21r|Nall, cos ¢
A; =

i
V23N, ii cos ¢
5(1+40.6¢) + 201
( €) o8 tanh +/27(N, i;‘ cos ¢

20(1+0.15¢)

is the point source attenuation far the jth class of vehicles.

0< N, < 503

N, > 5.08

where 4,

Ny = (N,),cos ¢
is a barrier shape parameter, O for a freestanding wall and 1 for an earth berm.
is the Fresnel nunber determined along the perpendicular line between the source

and receiver.
N,  isthe Fresnel number of the ith class of vehicles determined along the perpendicular

line between the source and receiver.

3

N

[2]

Mathematically the Fresnel number, N,,, is delined as
5
(%)

8, is the pathlength differsnce measured along the perpendicular line between the source
and receiver,
) is the wavelength of the sound radialed by the source.
The pathlength difference, 8, is the difference hetween a perpendicular ray traveling directly to the
observer and a ray diffracted over the top of the barrier,

3, = Ag + By — C,

where

(17

where the distunces 45, B, and C,, are the distances shown in Figure 9. Note that if the height of
the noise source or the observer changes, the pathlength difference will also change.

Highway traffie noise is broadband, i.e,, contains energy in the frequency bands throughout
the audible range and the Fresnel number will vary according to the frequency chosen, However it
has been shown that the attenuation of the A-weighied sound pressure level of a typical car is almost
identical to the sound attenuation of the 550 Hertz band [ 10]. Based on this, it is generally assumed
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SOURCE BARRIER OBSERVER

Figure 8. Pathlength Differanco, &,

that the effective radiating frequency of highway traffic noise for al] elasses of vehieles is 550 Iz,
Therefore, Equation {15) reduces to;

5o 6 5504
N, = 2(1“) =2 ( c") =2 (?ﬁ) = 3.21(8,) metres. (18)

For barrier calculations only, the vehicle noise sources are assumed to be located at the follow-
ing positions;

(1} Automobiles — 0 metres above the centerline of the lane.

(2) Medium Trucks — 0.7 metres above the centerline of the lane.

' (3) Heavy Trucks — 2.44 metres above the centerline of the lane.

The above positions attempt to take into account and centralize the locationsof the many individual
sources cohtributing to the overall noise radiated by medium and heavy trucks, i.e,, tire, engine,
exhaust, ete,

IFor barriers of finite length, the attenuation provided by a barrier depends on how much of
the roadway is shielded from the observer, Thus, it is necessiry to establish the angular relationship
between the roadway and the observer and between the barrier and the observer. The anpular relu-
tionship between the rondway and the observer was discussed in Section 2(e) and llustrated in
Figure 5. The same proeedure Is used to establish the angular relationship hetween the barrier and
the observer, except thai the angles which establish the end points of the barrier ure identified as
¢y, and ¢y, This orientation assumes that the ohserver is facing the barrier. The angle measured
trom the perpendicular to the left most end of the barrier is ¢ . The angle measured from the
perpenducular to the right most end of the barrier is ¢5. Angles measured to the left of the perpen-
dicular are negative and angles measured to the right of the perpendicular are positive. Only three
cases are possible and they are shown in Figure 10, The advantage of this procedure is that the ob-
server can now he located at any point and the attenuation provided by the barrier ean be computed,

With knowledge of N, ¢y, 6o the integral in Equation (15) can be solved. This integral has
been numerically integrated for a range of values of Np =—0,2 to N, = 100, and is presented in ten
degree increments in Appendix B. The barrder atlenuation values given in these tables are for free-
standing walls, When using the tables to determine the atlenuation due to earth berms, add 3 dBA
to the values shown in the tables [8],

For infinitely long burriers, i.e., ¢; =-90° and ¢p = +90°, the attenuation provided by the
barrier can be read from Figure 11 for positive values of N,. For negative valuesof Vg, see Figure 12,
Figures 11 and 12 are based on the tables in Appendix B using ¢ =—90° and ¢, = +90°,
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PROBLEM 7

Refer to Figure 7-1. Compute the sound level at the observer under the following

conditions:

(a) No barrier (i.e,, {ree ficld).

{b} Infinilely long concrete barrier.
(c) Infinitely long earth berm,

The barrier is 4 metres high and the terrain between the roadway and the observer is

paved (a = 0),
The ohserver height is 1.5 m.

INFINITELY LONG HIGHWAY

wB .86 m
x £d ™y 366m_

:[ 10m

60m

Y
QBSERVER
Figura 7-1. Highway Site Geomntry for Probtem 7

TRAFFIC DATA

Vehicle EB WB
Class Lane Lane
A 317 281
MT 24 12
HT 22 26

SOLUTION

BARRIER

This problem will be solved by using Table 1 as a computational guide.

PROBLEM 7 (a}

Step 1, Refer to Table 7-1. Complete lines 1-4 from the data given in the problem

statement.,

Step 2. Determine the perpendicular distances from the ohserver to the centerline of
the EB Lane (60 m) and the centerline of the WB Lane (64 m). Record these values on

Line 5, Tahle 7-1.

{Continued)
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PROBLEM 7 {Cantinued)

Step 3. Refer to Figure 5 and Figure 7-1 of the problem. ¢, = —-90°, ¢, = +90°,
Check A = ¢ — ¢y = 90° -~ (=90%) = 180° OK

Record the values for ¢; and ¢4 on Lines 6 and 7, Table 7-1.

Step 4. Refer to Migure 2 and determine the reference energy mean emission levels.
Record values oy Line 8, Table 7-1.

Step 6. Refer to Figure 3 and determine the traffic flow adjustments to the reference
levels, Note D, = 16 m, § = 76 km/h, Record these values on Line 9, Table 7-1,

Step 6, Refer to Table 2 and Figure 4 and compute the adjustments for distance. The
ndjustments for distance are based on 10 log Dy /D{a = 0), Record these values on
Line 10(a}, Table 7-1.

Step 7. Refer to Figure 6 and compute the finite length roadway adjustments. Since
a=0,¢; =~90° and $y = +90°, the adjustment is 0,

Step 8, Since there aro no barriers in Problem 7 (a}, Lines 12-16 are not applicable,
Compute Leq (h)i for each class of vehicles and enter these values in Line 18, Table 7-1.

Example: EB Lane

]

LA
m
=3
=
-

Log(h), = 69 +18 - 6 - 26

!
=\
=]
o
o]
-

Lyg(h)yp = 80 +7 - 6 - 25
Leg{h)yp = 846 + 65 - 6 ~ 25 = 60 dBA.

Step 9. Use Equation (2), page 2 and compute Ly, () for each lane and enler these
values on Line 19, Table 1,

Example: EB Lane

Leg(h) = 10 log [108.8 + 106.6 + 106.0) = 62.56 dBA
Step 10, Compute L, (A) and enter on Line 22, Table 1.

Log(h) = 10log (10645 +106.17] = §5.1dBA.

PROBLEM 7 {b)
Step 1. Refer to Probiem 7(a). The values shown in Table 7-1, Lines 1-11 are un-
changed.

Step 2. Refer to Figure 10, Since the problem statement indicated that the concrete
barrier was infinitely long ¢, = —90° and ¢ = +90°,

Record these values on Lines 12 and 13, Table 7-1,

(Continued)
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PROBLEM 7 {Continued)

Step 3. Since there are 3 classes of vehicles and 2 lanes, it is necessary to caleulate
6 pathlength differences, 8,. These distances must be computed to the nearest 1/100
of a metre. See Figure 7-2 and Figure 7-3.

EASTBOUND
OF EB
ELANE
HT l 2.44m
mMT i 70 4 *
.76m K -+
AI[ 1.5m
) 11.83m | 48,17
- an
- — »
Figure 7-2. Barrier Geomaetty Usad to Calculate Pathlength Diffaronces
|Eastbaund Lanosh
5, = V(11.83)° + (4 + V(415)° + (48178 - VI60)F + (1.5)°
= 070m
Sur = VI(11.83)% + (477 + J415)° + (48.17)° - VI(60)® + (1.5.7)°
= ,51m

Gyr = V(11.83)2 + (4-2.44)° + V(4-1.5)" + (48.17)% - (60)% + (2.44-1.5)°

= 16m.

{Cantinued}
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PROBLEM 7 {Continued)

WESTBOUND

£ OF WB
LANE

HT X 244m
4m.

MT I 7m a Tl.sm

A f
|

15.48m A48.17m

Y
3
X

_ 63.66m

Figura 7-3, Barrier Geamatry Used to Caleulate Pathlangth Differancas
|Westhound Lanos)

V(15.49)% + ()% + V(4817)* + (41.5)° - (63.66)° + (1.5)°

'SA

56 m

Syr = VI15.49)% + (4-T)° + V(48172 + (4-1.5)% ~ V/(63.66)* + (1.6.7)°

i

41 m

V(15.49) & (4-244)F + J(481T)F + (4-1.5)° ~ /(63.66)° + (2.44-1.5)%

iy

Jd4m

Record the pathlength difference on Line 14, Table 7-1.

Step 4. Use Equation (18) and compute the Fresnel Number, Ny, for each pathlength
difference, Record these values on Line 15, Table 7-1.

EB WB

(No), = 821(.70) = 2.25 (M), = 3.21(.56) = 1.80
(Nolyy = 8.21(.51) = 1.6d (Ng)yp = 321(41) = 132
(Nolyp = 8:21(.16) = .51 (Nodyp = 321(14) = 45

Step 6. Using the data shown in Lines 12-15, Table 7-1, turn to the barrier tables in
Appendix B, Use N, to select the proper table, Locate ¢y in the left hand column and
rvead horizontally to the right to the proper ¢, column. The velue shown in the ¢p
column is the barrier attenuation, 4. 1L N, [alls between two tables, the correct Ay
ean he obtained by linear interpretation.

(Continued)
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PROBLEM 7 {Continuect}
EXAMPLE
q'}L = “90” ¢R = _‘_900 NO (EB) = 2.25 A“ = 7

No 2u,
2.0 -12.3
25 x
1,0< 2.25 -1.3 |::]
3.0 -13.8
256 x _
0= 13 *° -8

therefore Ag{Ng = 2.28) = 124 + (-.3) = -12.7UB

N, Ap
2.25 -12.6
1.64 -11.6
a1 -8.6
1.80 ~11.%
1.32 -11.
A5 -8.2

Record these values on Line 16, Table 1.

Step 6. Compute the Lﬂq(h },. for each class of vehicles, and enter Lthese values on Line
18, Table 7-1.

EXAMPLE: EB LANE

Lt'q(h);\ = 69 + 18 - 6 - 12.6 - 26 = 43.4dBA

Step 7, Use Equation {2) and compute L,, (k) for each lane and enter these valucs on
Line 19, Table 7-1,

EXAMPLE: EB LANE

Lgg(h) = 10 log [10+34 + 10441 + 105-15] = 52,8 dBA
Step 8. Compute the noise level at the observer and enter thisvalue on Line 22, Table 1,

Loy (h) = 10 log [105-28 + 105.28] = 55.7 dBA

{Continued)
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PROBLEM 7 {Continued)
PROBLEM 7 {c}

Step 1. Prablem 7(c) is identical to Problem 7 (b) with the exception that the barrier is
now an earth berm rather than a concreie wall. Consequently 3 dB additionsal atlenua-
tion must be added to the values given in the burrier tables in Appendix B, The noise
level ut the observer is given in Table 7-1.

NAME PROJECT DESCRIPTION . PROGLEM?
DATE
{a} Free Ficld {b) Concrere Barrier {¢) Eatth Berm
LANE N(./ROAD SEGMENT EB Wi EB W EB WB
VEHICLE CLAS. A | ME I HY | A [ MY [HT | A [ MY iU [ A [ MY HT| & [ Mr{nr | a |[wr | ur
Nivith) M7 aa Ja2 2] 02 |26 (31720 | 22 ]2m | 12 |26 [377 ]| 24 [ 22 [2@1| 12 | 25 |
S{km/h) -] |- -Tw] T -Jw| -f~]mw]|-T-Tmw[-T-]%mw]-
Dim) 80 54 &0 B4 80 4
Gy {cdayron| Fig- & -3 <80 -0 «50 . -} -00
Poldugreai) Fig. & +80 190 +00 +80 +80 +50
(LgiE, (dnA) Fio 7| 69.] 80, [84:5]60. | B0. [ B84.5| G& ] BO. |84.6 |5, | B0, |B4.5) 60. | GO, [64.5 |8g, | B0, | BAS
. | 10 LOG iN.0,/5) i) Flo 3] 18| 7.]66[078] & [ 7 [wa[ 7|65 [17s[ 4 [ 77118 7.1 86| 178] 4. | 7
[0 LGG /0 TdEAT Fiu 4 -8, ) -6, ) 1) 5
|16 LOG (5, /0 [dBA] Fip.4
- 10 LOG Wy {9y, $p) /] {dBAl Fig. & [ 0 ) [ [ [
J10LGG i igh, &p)iml DAY Fig 7
7. | 9 (ogrenst Fig. 10 -§0 -60 -50 =00
a4 (dagrees] Fig. 10 +0 +50 +20 +00
& Tmatrenl Fig 0] 61 8| B8] 1[04 | 70 LEI].08 | 64] 41 ] 04
N Eqg 1B 2,26]1.84 | 51 [1.60] 132 46 |226 |1.64 | B1 |1.60]1.32 | 4%
Ag Al Appendiv B 1 | _b2sl1e|-85]00f - 11.[ 8] 166146116140, 14. [-11.3
CONSTANT {uH) a6 [ 36 [ 26 [ - )76 | 96 [0 )25 |26 ]2 |26 |26 (36§26 |26 {26 {76 |28
Loy th) WDAI EG. | 5A. | GD.] 55| 62.5| 60. |434[484 51.6] 43.1[41.5|51.7|40.4] 41.4] 48.5[ 401385 | aB.7

Loq 1) [2BAY 625 6.7 |7 hza 528 40.8 396
3, wBAl Fiu i
Lpg U [BA)
Lag 10 100AY 85.1 55.7 527
ND/S jm/km)
(Cy-Legh 1982 Fig, 16
Lotk A}
Daln) aBAY
27| £yl (0BAY

N

Tabla 7-1, Naiss Pradiction Worksheot

Users of this manual may have noted what appears to be a paradox in the attenuation values
shown in the tables in Appendix B. For example, for N = 2,00, ¢;, =—90° and #;; = 90°, the
attenuution is shown as —13.7 dB, Il the barrier is shortened to ¢; =-50° and ¢ = 40°, the
attenuation is shown as —17.2 dB. It appears that the shorter barrier provides 3.5 dB more attenua-
tion than the longer barrier. Clearly this is impossible! The explanation for this lies in the way these
tables were prepared. The ettenuation values shown in the tables are only applied to the portion of
the roadway shielded by the barrier. This means thut all roadways involving barriers of finite length
must be broken down into segments, One of these segments must be shielded by the barrier, Account
must then be laken of the trafTic noise that comes around the ends of the barrier. This is illustrated
in problem 8,
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PROBLEM 8

Refer to Preblem 7 and Figure 8-1. What is the sound level at the observer if the con-
crete barrier of Prohlem 7 extended from ¢, = -20° lo gp = +70°?

SEGMENT A + SEGMENT B 4—’—>SEGMENT c

— - ER

o
20
e 70°
NOT TO SCALE
OBSEAVER

Figura 8.1, Highway Site Guomatry for Probiom B

SOLUTION

The solution of this problem requires that the highway be broken down into three
segments:

Segment A ¢,
Segment B ¢
Segment C ¢

-90°, ¢, = -20°
-20°,  ¢g = +70°
+70°, ¢, = +90°.

It

Step 1. Identify the road segment on Line 1, Table 8-1, and complete Lines 6 and 7
based on Figure 8.1,

Step 2. Lines 2, 3, 4, 6, 8, 9, and 10(a) are identical to these shown in Prablem 7(a),
Complete these lines.

SEGMENT A
Step 1. Compute the finite length roadway adjustment for Segment A.

10 log (Ap/180°) = 10 log (70°/180°) = -4 dB. Enter this value on Line 11(a),
Table 8-1.

Step 2, Complete the remainder of Table 8-1 for Segment A.

{Continued)
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PROBLEM B {Continued)

SEGMENT B

Step 1. Compute the finite length roadway adjustment for Segment B, 10 log
{A$/180°) = 10 log (90°/180°) = —~3 dB. Enter this value on Line 11(a), Table 8-1.

Step 2. The problem indicates that a barrier extended from ¢, = —20° to ¢p = +70°

Enter these values on Lines 12 and 13, Table 8-1.

Step 3. The pathlength differences and the Fresnel numbers are identical to those
computed in Problem 7(b), Record these values.

Step 4, Refer to Appendix B and determine the barrier aitenuations. ¢;, = —20°
(bn = +70°,
EXAMPLE
No Ay
2.00 ~14.8
26 x
2,25 1 -1.7
3.00 -16.5
25 > = -
T g7 =4

Au(Np = 2.28) = ~14.8 + (-.4) = -15.2dB.

Record the barrier attenuations on Line 16, Table 8-1,

Step 5, Complete the remaining applicable items under Segment B and calculate the
energy contribution (rom Segment B.

SEGMENT C

Step 1. Cotnpute the finite length rondway adjustment: 10 log (20%180°) = - 9.5 dB,

Step 2, Complete the remainding applicable items under Segment C.
Step 3. Compute the hourly equivalent sound level ot the observer,
Lggth) = 10log (10611 + 105.14 + 10566} = 62,5 dBA.

The shove result is not surprising, The batrier shielded 1/2 of the roadway. Conse-
guently, if the barrier had eliminated all of the energy coming from Segment B, the

traffic noise from the highway would have been reduced by 3 dB. Theactual reduction

was 65.1 - 62,5 = 2.6 dBA.

{Continued}
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PROBLEM 8 {Continued)

One might ask could this problem have been solved by computing the sound level from
the infinite rondway {¢; = -90°, ¢y = +90°) and subtracting from it the barrier redue-
tion provided by the finite barrier (¢; = -20°, ¢ = +70°). The answer isno. The
barrier reductions shown in the tables in Appendix B are to be applied to the sound level
from the shielded highway segment,

NAME ¥ROJECT DESCAIPTION PROOLEM &
DATE
SEGMENT A SEGMENT 4 GEGMENT C

1. LANE NO./ROAD SEGMENT 1) L[] 1] W Ep wa

2, [ VEHICLE CLAS, A JMY [HT | A [ MT [HT | A [ MY| HT | A | MT [ HT [ A | MT [ HT | A [ MT [ HT
. [Nivph mlalnmim] gl (miaaTe [V w]ar] s EXIRERIED
4, |Stkmhi - [ % ]| =] =] ]| =]=-|m™|=-0=]mw|-[~]W[~-]-]m]-=
B. [Dim} 0 -, [ ad, [ 84.

§. | &, {dsgrema} Flg. B -0 ) -20 .20 +70 +70

7. | @atderan) Fig. & -20 -0 +70 +10 G 90

8. i15o)E, (03A] Fig. 2] o4, | o0 fAan]ee. | oo [o4s] 69.[ 80 646 (oo [ po, Jpas] o2 | 8o Jaen[tw | 83 [ean
.| 10106 (WBa/5] i48F Fig2| [ 2 es{tra] ] 7 (08| 7[66[178] & | 7 (18 n{as]vas] &7
104, [10C0G (5/D] {dBA Fig. 4 .8, 0.5 8. NTY 8. 8.5
[106. | 76 LOG {0e /0] (W0A| Fig. 4 ]
118, TVO'LOG {Ji {87, 421/M (dBAY  Fig. 6 —d -4 .3, .3, o8 04
11, [ 10 LOG (F12 (%1, 11/0) IdBAI Fig. 7

12. [, (degram] Fig. 10

13, | Pwidegren) Fig. 10

14, [& {metres) Fig. & 0] | am | sal as] 1a

15 [N Eq 18 230[ve4] 01 J180]133 ] 48

18, | AgldsA) Appendix B <15.2|-138) -@8 [-1411-129 | -03

17. | CONSTANT {d8) . ) s ||| -] ak]-m - [ ]-m]om]as s
18. | Leg 1) {dDA) 61 | 62, { b8 | 61, |«ae| 56 [a7y[ 02| 474 an[ a6 47| 485} 4ns]| 6oa ] 4ut| 42 [ BaB
10. | iug thi {0BAI 884 52.7 'Y 484 B3, 827

20. |4, {doAl Fig.8

21 l.s_(ﬂHdBAl

22. | Laglhl (dBA Fig. 4 81.1 614 1Y)

Z0__| MDA [mxm] I |
[ad, | 1L 1o-Logls (B} Fig. 16 | 11

26._|Lyplhy (dBA) TOFAL Lyolnl =826

28, | £1oih} (dBAI

21, |Lqolhl [dBA)

Tablo 8.1. Naise Prediction Worksheet

(b) Field Insertion Loss

As indicated in the previous section, our real interest lies in what happens to the noise levels
when a barrier is constructed between the highway and an observer. As with the distance adjustment
and the finite length adjustment, ground effects must be taken into account[9].

Consider the situation where the ground between the highway and the observer is reflective,
i.e., 0= 0. This situation is illustrated in Figure 13(n), Table 2 indicates that under these peneral

HT

AT

A >

—r—
a=0
{a) Without the Barrier

HT -
MT

a=0
(b} With the Barrier
Figure 13. Effect of Constructing a Barrier When ot = 0
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circumstances the drop-off rate is 3 dB/DD (Rule 3(x)}. When a barrier is consiructed between the
highway and the observer, the top of the barrier “appears” Lo be the noise source 1o the observer.
"This situation is shown in Figure 13(h), Again Table 2 indicates that the drop-off rate is 3 dB/DD
(Rule 2),

The situation deseribed ahove oceurred in problems 7 and 8. Partial results of these problems
are shown in Table 3,

Table 3. Before and Aftar Sound Levels from
Problems 7 and 8 {x = 0}

. Problem 7 Problem 8
Situation Infinite Barrier | Finite Bartier

L1 (11}, Before Barrier 65.1 dBA 65.1 dBA

Loy (1), After Barrier 55.7 dBA 62.5 dBA

Net Reduction (1.1.) 9.4 dBA 2.6 dBA

These values indicate that the net reduction in sound level of building the infinite harrier is
9.4 dBA (65.1-55.7) and the net reduction in sound level of building the finite barrier is 2.6 dBA
(65.1-62.5), This net reduction is often erroneously called barrier attenuation, Ils proper name is
field insertion loss (I.L.).

LL. = L (Before) — L (After) dB. (19)

In the past it was assumed that the difference hetween the before and after conditions could
be attributed solely to barrier atlenuation. Tt has recently been pointed out Lthat thisis only true
for hard sites [8].

It was shown earlier that when the ground between the highway and the observer is absorptive,
a = 1/2, ground effects can provide an additional attenuation of 1.5 dBA/DD when both the source
and receiver are close to the ground. In this situation the drop-off rate in Figure 14(a) would be
4.5 dB/DD. When a barrier is constructed between the highway and the observer, the top of the
barrier again “appears” to be the noise source to the observer, This is illustrated in Figure 14(b).

W*

— 17

o= /2

{a) Without the Barrier

)

MT

o=0
{b) With the Barrior
Figure 14. Effect of Constructing a Barrior Whena = 1/2
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Again Tahle 2 indicates that the drop-off rate is 3 dB/DD (Rule 2). The 1.5 dB/DD excess attenupa

'/”‘*.J tion has been lost, Thus a 60 metre band of grass eould provide an excess attenuation of 3 dBA
R §5 log (15/60)). Constructing the barrier effectively raises the source height and the ground effect

‘ is lost. Consequently, if the barrier attenuation was 9 dBA, the observer at 60 metres would mensure
. a field insertion loss of only 6 dBA (9-3),
: Intuitively one would expect this phenomenan to cceur only when the observer was relatively
close to the barrier. As the observer moves away from the harrier, it would appear that ground
: effects would occur at some point. Unfortunately there js no measured data which can be used to
> locate thispoint. Consequently, itisrecommended at this time that users assume that the 1.5 dBA/DD
‘ is lost for all observer locations.
PROBLEM 9 |
; !
‘ Refer to Problems 7(a) and 7(b). Compute the field insertion loss (1.L.} provided by i
: the concrete barrier assuming that the terrain between the highway and the observer is !
: covered with grass, i.e, = 1/2, i
|
’é FREE FIELD :
4
'}:: SOLUTION
% Step 1. The values shown in Lines 1 through 9, Table 7-1, for Problem 7 (a) will remuin
i unchanged for this problem. Enter these values onto Table 9-1.
b,
K Step 2. 8Since the drop-ofl rate is now based on 16 log (15/02), compute the distance
| e adjustment factors and enter these values on Line 10(b), Table 91,

Step 3, Refer to Figure 7, When ¢, = -90°, ¢ = +90°, there is an adjustment of
-1.2 dB for infinitely long roadways. Record this value on Line 11{b), Tahle 8-1.

Step 4. Complete the remainder of Table 9-1 for the Free Field situation and compule
the sound level at the obscrver.

CONCRETE BARRIER

Step 1, Since the “apparent” noise source is now at a height of 4 metres, the site should
; be treated as a hard site (Table 2), The values shown for Problem 7 (1), Table 7-1 re-
2 main unchanged,

; Step 2. The field insertion loss is given by Equation (19).

LL. = Ly, (h) Before — L., (h) After :
! IL = 611 ~ 55.7 = 5.4 dBA. :

o {Continued)
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PROBLEM 9 {Continued)

NAME PHOJECT DESCAIPTION PROBLEM Y
DATE
(a3 FHEE FIELD Ib) CONCHETE DARRIER

1. | LANE NO./AOAD SEGMENT ) ] wa 1] WE

2. | VEHICLE CLAS. A (MY | HT | A | M7 [HY | A | MY | WT | A | ST [ HT MT | HT MT | HY
3. | Nixphy FHETAEAETIN Nyl nja| 12

4. 15lkmmM) - i - | = b ] -l =] - - m.| -

B, |Om) [ ] [ 80 04

6. [ ¢, tdegrems) Flg. 5 0 ] B0 -0 -00

7. | daidmareas) Fig. b +9G 440 +00

8. Tik)E) (aBAl Fig. 2] e [ sa.] 09, | BO. | 848 00 | 80. | G4s]ow. | B0 [ 845 || T
0. [10 LOG (MDu/S)) (0B) Fla. 3] 1. [ o] ssiara| 4| 2. [ | 7] a6[7E| 4] . 1 .
10w, [10 LOG {£,/0) {aBA] Fig. 4 -8, -6 B

100, [ 16 LOG (8,/0) (dBA) Flg. 4 ) A6

110 TR LOG (J ($y, )/ {4BA] ™ Fig. 6 0. o

110,110 LOG (§ya (4. 92)/%) [9BA] Fig. 7 -1, -1

T2, | $1 (dogeny) Fig. 10

1. g ldwgrest) Fig, 10

14. [k inatra) Fig. 8 ol s oa] ea] 4] a4

15, [Ap Eq. 18 AR AGEEIRD

., [ AgidBA} Appendix B -12,7(-11.4] -gs|-11.8] -10.] -83

CONSTANT {dB} AR IR EA DN ERERED EEREAEINED

. th) tdRA) 62. | 6. d8. | s1.[485 ) w0 | 423 4a.4] B1s] 42 ] 416 602

[ 3 (1} idBA) 713 Xl 628 516

20| 4, (dBA) Fig. 8

. |1, rh {dBA)

22, | Lot} [aBA] 11 16,7

2). [ ND/S {m/um)

24, [ iLyo=Legly (0B) Fig. 15

26, [ oth), (dBAI

26, L pth) {dBA)

a1 [ Lyoth) {dBA)

Tahls 8:1, Noise Prodiction Warkshuent
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Y PROBLEM 10

Refer to Problem 8. What is the sound level at the observer if the site is soft (o= 1/2}?
What is the field insertion loss?

SOLUTION

Computation of the field insertion loss requires knowledge of the sound levels before
and after the barrier is built, The free field sound level at the observer hefare the
barrier is built is 61.1 dBA (Problem 9).

Determination of the sound level after the barrier is built requires that the roadway he
brolken down into three segments.

Segment A ¢; = -90°, o, = -20°

+70°

SegmentB ¢ = -20°, ¢y

Segment C @) = +70°, ¢, = +007,

The values shown in Lines 1-9, Table 10-1 are identical to the values shown in Lines
1-8, Table 8-1.

SEGMENT A

o NGE Step 1, Since Segment A is unshielded, the site parameter (o = 1/2) remains unchanged
' when the barrier Is erected, Use Figure 4 to determine the distance adjustment and
record it on Line 10(b), Table 10-1,

Step 2, Use Figure 7 to compute the finite length roadway adjustment. Rocord this
value on Line 11(b}, Table 10-1,

Step 3. Completo the remainder of Table 10-1 for Segment A.

i SEGMENT B
The harrier changes the site parameter from that of a solt site {a = 1/2) to that ol a
o hard site. Consequently, the velues shown in Table 10-1 for Segment B are identical
A to those shown in Table 8.1,
SEGMENT C
Step 1. Since Segment C is unshielded, the site parameter (o = 1/2) remains unchanged

when the barrier is constructed. Use Figure 4 lo determine the distance adjusiment,
Record this value in Line 10(b), Table 10-1,

{Continued)
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PROBLEM 10 (Co

ntinued}

Stepr 2. Use Figure 7 to determine the finite length roadway adjustment. Recard this

vilue on Li

Step 8. Co

ne 11{k), Table 10.1,

mplete the remainder of Table 101 for Segment C,

Step 4. Use Equation (2} to compute the total equivalent sound loval,

Step B,

Leg(h) = 101og [105-88 + 10514 + 1p18.6) = 58,2 dBA.

LL. = L, (h) Before — L, (h) After

= 61,1 - 58.2 = 2,9dBA.

NAME PROJECT DESCRIPTION FACNLEM 10
DATE
SEGMENT & SEGMENT 8 BEGMENTC

1. | LAME NOLJROAD SEGMERT » [T w e e

2. | VEHICLE CLAS, ALMT MY | A T [T | A Jar|[we| A [ me[HT| & [MYIHT | & | MT [HT
3__[Niwpht I N E e RN ENERER N RN E NN A E N
4 |Stkmml P T O Y L S N L D S A S L
5. | Dim} - " ] " = [

8. |8 (dewen) Fe.B| - = ; 30 R [
7. | $aicegress) Fla, & -0 R b ] 0 10

8. |ils)e, dBAY Fig. 2] ow. | w [saa] o0 [ w0 [eab| ov ] m [645] 60, | 86 [sas] 9. ] w0 [oi2] 0. [0, Toas
B, 110 LOG {NDp /) (dB) Flodl 1] a{asfvia[ & | %[ [ %] es]178] « | AN DN S Y XY S
¥0u. [ 10 LD (D,/0) (9BA] Flg 4 -8. 0.6

100,15 LOG (D1,/0) [dBA] Fig. 4 -8, 9.6 -4 T
[11s. [10L0G u’;!ﬁ.‘zllﬂ [dBA}  Flg. & -3. -1

110, [ 10 L0G {13 1fy, ) /0l (BA] Fig. 7 88 -8.8 T 138
12, 1¢; (degrem) Flg. 10 - 30

13, | ¢a (degree} Fig. 10 %0 +7

. [5imenn} Flg.@ IR I EN

15. |~y Eq, 18 an| 1] o[l e

18, |SgtaBAl Appenidix B -18.31-124] -85]-143/.120[ -p3

17. [CONSTANT idil) wywlan] x| mwy-m| 2] 2] 95 26 |am |28 | |28 | a8 |36 | 28
18. | ey 4] {dBA A76)| 476 E18F 408 | &4, [ 8] 0] 302 ara[ 377 [ 30n | a7 3es[ 298| OB | 385 o 426
19. | Ly th) (HBA) [} [XE] 4 X a [T

0. [ 4, [abAl Fig. 8

1. JigtntidBA)

22, | Lglh) idBA) X} [1K} 40.5

23, | wDss imicm)

24, |ILyy-Lugh l08) Fig. 16

16, |LiplAk dBA)

8. 1Lalnl (dBA} TOTAL Luglh) = 64.2

27 [t yaln) fABAT

Table 10-1. Noiso Prediction Workshaet
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Partial results of Problems 9 and 10 are shown in Table 4,

Table 4. Before and After Sound Levels from

Problems 9 and 10 {& = 1/2)

(’\

Situation Problem & Problem 10
Infinite Barrier | Finite Barrier
L gq(h), Before Barrier 61.1dBA 61,1 dBA
L .4(h), After Barrier 55,7dBA 58.2 dBA
Net Reduetion {L.L.) 5.4 dBA 2.9 dBA

Table 3 and Tuble 4 show the sound levels that would result in similar situztions where only
the site parameter varied, The values in Table 4 indicate that the LL. provided by the infinite barrier
was 5.4 dBA (61,1-55.7) when o = 1/2. Table 3 indijcated that the LL, provided hy the infinite
barrier was 9.4 dBA when o = 0. The loss of ground effects accounts for a difference 4 dBA
(9.4-54).

Summary

reference energy mean emission level

L (h); = (Lol
s ‘ (Figure 2 and line 8 of Table 1)

traffic tlow adjustment
{Figure 3 and line 9 of Table 1)

—

N:D
+10 lag( :9.0

D
10 log (FD) distance adjustment factor, hard site
+ (Figure 4 and line 10(a)} of T'able 1)
D
15 log TD!L) distance adjustment fuctar, soft site
{Figure 4 and line 10(h) of Table 1}
A

101og (—ﬁ-) finite roadway adjustment, hard site
(Figure 6 and line 11(a) of Table 1)

A
1ol da
110 log (E-]B(%-Gb—“)) finite roadway adjustment, soft site
(Figure 7 and Iine 11{b) of Table 1)
Ay shielding
—2h constant
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Users of this manual can now predict the equivalent sound level produced by a cluss of vehicles
traveling at constant speed at a shielded or unshielded observer.

g Leq(h) to Ly (1) Conversion

Figure 15 is used to convert the L, (A); to L,g(4); for each vehicle group (A, MT, and HT}),
Aflter the conversion is made, the soundqleve] for each class is added {on an energy busis) to oblain
the L, 4(h) (see Equation (3)).

The mathematical development of the equations on which Figure 15 is based is contained in
Appendix F, NCHRP Report 173 [5]. As with other predictive models, the L, (h); = Lyo(h); con-
version is based on the ND/S ratio (Parameter A in the NCHRP Reports 117 and 173), Figure 15 is
based on the assumption that the sources—i.e., the vehicles in a particular group—have equal power
and are equally spaced. These conditions lead to conservative values for L 5(h).

The question immediately arises on the aceuracy of Figure 15, To answer this question it is
necessary to break the figure down into two parts and talk about low volume rondways and high
volume roadways.

5
) | EIre—
°r
@ o= 0.0
. i K
£ ¢
o o -
_r I-.
-5|- .
l L o
= t Y
= .
2 Lo
- E
=10 =
-5 P I} Lt 4l .t 1 L1 1.1 Jtl L Joml L L t L] i it 1 41t 1 1 t ]}
R L REL T A ve i P I T T £ R T FR I W T
1o 0! 102 107 10 108

(SOUNCE: NCHRPAEPOAT NO. 173}

Flguro 15, Adjustment Factor far Converting L,,1A), to Lypihl,

1. Low Volumes Roadways

Low volume roadways pose special problems, Past experience has shown that the difference
between the measured level and the predicted level is often quite large on low volumes roadways.
There are several rgasons for this:

(1) The noise emission levels used in the predictive modeis are based on large sample
populations—i.e., the reference energy mean emission levels are average values. On
low volume roadways, where there are only a few vehicles of a particular group,
large deviations may exist between the average values used in the model und the
actual levels of the vehicles using the roadway. The FHWA model will not solve this
problem, One way to know that problem 1 exists is to monitor the noise emission
levels of the vehicles during the measurements to see if they conform Lo the average.
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SOMINUTE LEQ — AVERAGE 10 MINUTE LEQ ldB}

(2)

(3)

-1.21

=18

Predictive methods, such as the NCHRP 117/144 method, which predict the noise
levels in terms of a statistical descriptor, assume that the vehicles are evenly spaced
on the roadway. The FHWA model solves this problem aslong as the L, (/) is the
noise descriptor. The Leq(h) is & measure of the average energy and depends only on
the number of vehicles passing the observer—not on the vehicle spacing,

There is no assurance that the measured sound levels on low volume roadways are
representative of the aversge condition on which the predictions are made. Figures 16
and 17 provide some insights into this area. During the 4-State Noise Inventory,
continuous 5G-minute noise levels were recorded on magnetic tape. In subsequent
analyses of this data, the 50-minute samples were divided into five 10-minute sam-
ples, The average of the 10-minute samples were then compared with the 50-minute
sample. The results of this analyses are shown in Figures 16 and 17,

Each point on these figures represents an average difference between one 50-minute
sample and the averaging of the five 10-minute samples. Thus, it is quite clear that
when ND/S is less than 40 m/km, the variability between the 10-minute samples and
the 50-minute sample increases. The graph also suggests that the dividing line be-
twaen low volume ropdways and high volume roads occurs at a ND/S value between
40 and 80 m/km.

In terms of an L, (h) to L,q(ht) conversion factor, the conversion factor would
change for each 10-minute sample, Indeed there would be a separate value for each
class of vehicles, To avoid all of these difficulties, it is recommended that when the
ND/S ratio is Jess than 40 m/km, noise predictions be made in terms of the L, ().
If this is not possible, Figure 15 can be used with the assurance that the L, o(h) will

be conservative [5],
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Figura 16. Data Sampling Comparison L,q
{Compasite all sites, all states)
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Compasite all sites, all states)

2, High Volumes Roadways

Once the ND/S ratia is greater than 40 m/km the three problems discussed under low volume
roadways are greatly reduced, Since there are now larger numbers of vehicles during the measure-
. ment period, the individual noise emission level becomes less eritical and the overall effect is that
; the average values are approximated. The spacing of vehicles tends to become even, and the 10-
| minute measurement times become representative of the hourly volumes, Thus that partion of
! Figure 15 above ND/S of 40 m/km should be quite rensonable, The figure also suggests that as
ND/5 increnses the difference between the L, (1) and Lyo(h) approaches zero,
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PROBLEM 11

The data from Problem 7 (a) is repreduced on Table 11-1. Compute the Lyg{h),

SOLUTION
Step 1. Compute ND/S for each vehicle class on the EB and WB Lanes. I} in this
equation is the perpendicular distance from the ohserver to the centerline of the EB
or WB Lane (Line 5). Record these values on Line 23, Table 11.-1,

Step 2. Using the values obtained, shown on Line 23, use Figure 15 to determine the
{L1g — Leg)adjustment factors (o« = 0). Record these values on Line 24, Table 11-1,

Step 3. Compute the L1g(h); for each vehicle group. {Line 18 plus Line 24).
Step 4. Use Equation (8) and compute the Lio(h) for each lane.

Step 6. Use Equation (3) and compute the L 4{A) heard by the obsarver.

NAME PROJECT RESCRIPTION PRABLEM 1)

DATE

1. | LANE NO./JROAD SEGMENT [{] ws

2. | VEHICLE CLAS. ATmMr]ur] A [Tt ur [ a [ wx][wr] a Tar[ur A T ur[ur [ a [wr [nr
3. _IKivphi M|l mn|im]| 2

4. | Stkmi = | ®{ =] |w] -

E. iDim) 0. .

8. | ¢ idegroet Fig. B

7. | daidegiens) Fig.5

8. | {Lo15idBA]l Fig. 2 7T || || | 1 |
B, | 10 LOG [M5,75] 1487 Figd] 1| ] 11 1 1 T
10a. [ 10°LOG {0, /D) [dBA) Fig. 4

100, | 16 LOG [0, 701 WBAI Fig. 4

T1s, [ 10 LOG {5, (99, $2im (00A] Flo. 6

116, | 10 LOG ({72 (¢, @71/ (DAY Fig, 7

12. [ ¢, (doqroes) Fig. 10

13, | ¢aidegrees) Fig. 10

14, 15, (mauest Fig. 8

15, |Na Eq, 1B

18, | AxlaBal Appandix B

17. ;CONSTANT {dB) a6 | -25 |26 [ -2 | 2% | 28 [ 26 (-2 26 (-26 |26 |26 |26 |28 |2 (2810 {28
18. | Ly ih}(dBA) | 66| 60| os | E36l 60

19. | teq (1) IBA}

20, [ A, (dBA Fig. 8

21. | Laginrh [dBA)

22| Log 01 aBA)

23. | ¥G/S imjkm) Ml w[ gl oln

24. | trg-teg)y 14B) Fip 16] _30] 2] 24] ap[r10] 24

26, |Lyoih) (dBA) s | sas 028! sa] man| s

8, [Liath] {dBA) 6.3 04.2

7. | £ gl (dBA) o1.1

Toble 11-1, Mol Prediction Workshoot
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Leg); = (Bol,

Summary

10 log (wll‘2($1’ ‘1’2])

N.D
+101 ! c)
og( §;
D,
10 log (-'D—)
+
D
15 log (—Di)
A
10 log -;f’—)
+
+AS
-25

Usets of this manual can now predici the ch(h) or the L 4(h) produced by a class of vehicles

traveling at constant speed.
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reference energy mean emission level
{Figure 2 and line 8 of Table 1)

tralfic flow adjustment
{Fipure 3 and line 9 of Table 1}

distance adjustment factor, hard site
{Figure 4 and line 10(a) of Table 1)

distance adjustment fuctor, soft site
{Figure 4 and line 10(b) of Table 1}

finite roadway adjustment, hard site
{Figure 6 nnd line 11(a) of Table 1)

finite roadway adjustment, soft site
{Figure 7 and line 11(h) of Table 1}
shielding
constant
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3.0 EQUIVALENT—LANE DISTANCE

a, Introduction

D was defined on page 1 as the perpendiculnr distance from the observer to the centerline of a
tralfic lane. The sample problems given so far have all dealt with two-lane highways. D, in these
problems, has represented the distance from the abserver to the centetline of the eastbound or nenr
lane. D has also represented the distanee [rom the observer to the centerline of the westbound or
far lane. As the number of traffic lanes increases, computation of the noise levels an a lane-by-lane
hasis hecomes very tedious. It has hecome a lairly common practice to lump the traffic without
change in speed or operations on an imaginary single lane which will provide approximately the same
acoustical results as an analysis done on a lane-hy-lane basis [5 .

This imaginary single lane is located ol a distance from the observer called the single-lane
equivalent distance, D,

b, Computation of the Single-Lane Equivalent Distance
In the free field the single-lane equivalent distance is ecomputed as

Dy = V(D) Dg) (20)
where
Dy is the perpendicular distance from the observer to the centerline of the near lane.
Dy is Lthe perpendicular distance from the observer to the centetline of the far lane,

These distances are illustrated in Figure 18(a).
When a harrier is present, the single-lane equivalent distance is computed as

Dp = VDyDp + X (21)
where
Dy is the perpendicular distance rom the barrier to the centerline of the near lane,

Dy is the perpendicular distance from the barrier to the centerline of the far lane,
A is the perpendicular distance from the observer to the barrier,
These distances are illustented in Figure 18(h),

Care should be used when using equivalent lune distance, particularly in situations where;
(1) Barriers are involved.
(2) Wide medians are present.
(3} The directional distribution is not 50-50,
(4) When the observer is located within 15 metres of the centerline of the near lane.
In problems involving more than 2 lanes, the use of a equivalent lane for ench directional traffic
flow will eliminate any appreciahle error introduced by wide medians or directional unbalance of
flow,
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Figure 18. Equivalent Lene Distances
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PROBLEM 12

A typical highway scenario is shown in the sketch below. Compute the equivalent lane
distances with and without the barrier,

1 T I I T o
4@ 3,66m o~
Figure 121

20m

k]

(1} Dg (The barrier is not present)
Dp = +/(21.83)(32.81) = 26.76 m
(2} Dg (The barrier is present)

V(6.83)(17.81) + 15

11.03 + 15

Dg

2603 m
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4.0 NOMOGRAPHS AND PROGRAMMAILLE HAND-HELD CALCULATORS

a. Introduction
Basically the FHWA Highway Traific Noise Prediclion Model--Manual Method consists of iwo
equations—Equation (1) and Equation (15). In Chapter 2 these equations were reduced to a series
of charts and tukles which were then used to solve several example problems. These equations can
also be solved by several other means. Two methods of solving these equations, nomographs and
programmable hand-held calculators, are of particular value.

b, Nomographs
Although nomographs provide the least accurate noise estimates, they have many valuable
uses, particularly when only a quick estimate of the noise level is needed, when the sites are relatively
small, or when a quick estimate of the effects of n noise barrier is desired. Three nomographs are
provided, Fipures 19 and 20 are used to determine the unattenuated sound levels. Figure 21 is used
to determine the attenuation provided by a barrier.

1, The FHWA Highway Traffic Noise Prediction Nomagraph (Hard Site)

This nomograph should be used when estimating the noise level at an observer when the site is
hard (o = 0). Equation (1) for a hard site can be written as

D g =
)+ 1010p (52) + 1010 (25) - 5. (2

Lo (k) = (La)p + 101 (
cq( )| (O)EJ og ; D

If D, = 16m, ¢; = —80°, $5 = +90°, Equation {22) reduces Lo

Lgth); = (L), + 101ugN; ~ 10log §; = 10log D - 15. (23)

Recall that Equations (4), {8), and (8) are the reference cnergy mean emission levels

(L:)EA =181logS — 24 (24)
(E;)EM,r = 339logS + 16,4 (25)
(o), = 246logS + 885, (26)
Substitution of these values into Equation (23) results in the lfollowing equations:
L)y = 2811logS, + 10log Ny — 10logD —~ 3.9 (27}
ch(h)MT = 239 IOESMT + lﬂlogNM-p - ID]ogD + 14,9 (28)
ch(’l)”rr = 14,6 IOES”T + 10|ogN|!rP - IOIOgD + 37.0, (29)

Figure 12 is based upon solution of the ahove three equations. This nomagraph assumes that:
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{1) The site is hard (x = 0),
(2) The highway is infinitely long.

{3} The observer is unshielded. k
{4) The vehicles travel a constant speed,

)

e
— 10,000 |
A Lagtm E 8,000 i
A o,
— 100 & = 6000 ;
g 10—y - 6,000 i
3 4o f
_. o0 1 [ e i
_ W= = 20 ‘
+ -—- 80 10 -: B :
.o : e |
N ! g s = {
. RS N ,
v, ) - 50 = :_ 409 1
LT e L wd F oo e
§YAATING + - !
RQINT B ir 200 ;
. i;ﬂ kmth E—- 50 00— E
4 a‘u " ? : 0 E
+ ﬂ’n e '5- e — : 6% :
50 . 40 - i
AUTOMOBILES w=-r = &0 !
- [ 40 f"““
ASSUMPTIONS: 11) HARD SITE fa= () o o o0 " b \. 1 :
20 INFINITE ADAGWAY 1) = -00%, dg = +90°) 4 |- !
i2) CONSTANT SPFEED 8O0 —f b— Fl) .
(4] NOSHIELDING ]
16F IEghe o = 36,7 LOGIS) 2.4 1.0000ed— |
18} (Colgpyy = 33.8 LOGIS) + 184
i Qi = 246 LOGIS) + 305 A .
Figure 19. FHWA Highway Traffic Nolse Prediction Nemograph {Hard Site)
2. The FHWA Highway Troffic Noise Prediction Nomograph (Soft Site)
Ife=1/2, 0, =15m, ¢; =-90° ¢, = +90°, Equation (1) reduces to
Loglh); = (L:)E, + 10logN; — 10log8; - 15 logD + 3.2. (30)
Substitution of Equations (24), (25), and (26) into Equation (30} results in
L,_.q(h)A = 28.1logS, + 10logN, ~ 1hlog D + 0.8 (31)
Lm(h)MT = 23.9log Sy + 10logNyp — 15logD + 19.6 (32)
= 14.8logSyp + 10logNyp — 15log D + 41,7, (33)

Leq(h]H'I‘

Figure 20 is based upon the solutions of these three equations. This nomograph assumes:

{1)
(2)
(3)
(4

The site is soft {e = 1/2).

The highway is infinitely long.

The observer is unshielded.

The vehicles trave] at constant speed.
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Figure 20, FHWA Highway Traftic Noise Prediction Nomograph [Soft Site!

One word should be said about the format of Figures 19 and 20. This layout was chosen be-
cause it has heen widely used by noise specialists in the past. The doisshown on turn line A really
represents the starting points. The purpose of the “+'s" is to lacate the appropriate speed dot.
Users may want to relable scale A and use turn line A as the starting point, This is slightly more
accurate because the speed dots represent a logarithmic scale, and it is easier to interpolate between
the dots on Line A than jt is between the “‘+'s.”
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PROBLEM 13

Refer to Figure 13-1 below. Using the traffic duta given in Problem 2, compare the
sound levels that reach the observer from Segment A and Segment B. The L/S is less
thun 3 metres above the ground and the intervening ground from Segment A has been
paved over, The intervening ground [rom Segment B is covered with grass. The high-
way is infinitely long. Lane width is 3,68 m, Usc the nomographs to solve this problem.

SEGMENT A SEGMENT B

wa__§ 366

en
A

—_——

HARD SITE (o= O} SOFT SITE lov= 1/2)

D = &0m

a0° / a0°

Figure 131

TRAFFIC DATA

Easthound Westbound
Vehicle Lane Lane
Class V/iH v
A 317 281
MT 24 12
HT 292 25
8 = 75 km/h

Table 1 will again be used as a computation guide.

SEGMENT A
Step 1. Complele Lines 1 through 4, Tuble 13-1,

Step 2. Compute the single-lnne equivalent distance, Dy,

Dy = /(60)(63.66) = 618.

Step 3, ¢, = —90, ¢y = 0.

Step 4. Use Figure 13-2 to determine Loy (h ); for each vehicle group, Example;

EB Lane — automobiles.
{Continued)
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PROBLEM 13 {Continued}

1. Refer to Figure 13-2. Draw a straight line from the starling point through the
75 km/h point on the automebile speed scale, Bxtend the straight line to turn
Line A, Noto the “4's” are used to locate the dots on Line A.

2. Draw a sccond straight line from the interseclion peint A-1 to 598 vph point on
the volume scale, Mark the intersection of this line with turn Line B as B-1,

d. Draw a third straight line from point B-1 to the 62 metre point on the Dy scale.
The intersection of the third line with the Lyy (h) scale gives the predieted qu(h)ﬂ.

Step 5. Repent Step 4 for each of the vehicle classes
Loy (h)y = 59 dBA
Log(Mhyyp = BTABA > L(h) = 65.2dBA.

Log(R)yyp = 63dBA

Stap 6. The values shown above are for an infinitely long highway where the site is
hard, Therefore, reduce each value by 10 log (30/180) = ~3 dBA and enter this value

on Line 18, Table 13-1,
Slep 7. Compute the L‘,q(h) from Segment A,

Lyg(h) = 10 log [10-6 + 1054 + 108.0] = 62,24dBA,

(From Problem 6, Lyg(h) = 62,1 dBA.)

SEGMENT B
Step 1. Repeat Steps 1-4 from Segment A except that Figure 13-3 must be used,
Ly, = 84.5dBA
Lgy(Mpyp = B3, dBA L, (h) = GO.BdBA.
Ligg(M)yyp = 585 dBA

Step 2, The values shown in Siep 1 above are for an infinitely long highway where the
site is soft, Use Figure 7 to adjust these values for a finite length roadway,

1, ¢y =-90, ¢ = +90, Adjusiment = —1.2 dBA, (Built into nomegraph,)
2, ¢y =0, g = +90, Adjustment = —4.2 dBA.

3. (-4.2) - {(-1.2) = ~3.0dBA,

Reduce the values shown in Step 1 by 3. dBA,

{Continuad)
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PROBLEM 13 {Continued)

Step 3. Compule the Ly {h) from Segment B.

Lgg(h) = 101og [105:16 + 105.00 + 105.56] = 57.8 ABA,

(1"'rom Prohlem G, ch(h)ﬂ = 58.1 dBA.)

COMPUTE L, (h) FROM ROADWAY

Step 1. Compute the Loy (h) heard by the observer.
Leg (M) = 10 log (10622 + 105.78] = 3.6 dBA.

(From Problem 6, ch(h) = 63.6dBA.)

{Continued)
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HEAVY TRUCKS
+
+
+
+ +
+ +
+ +
+
- MEDIUM

TRUCKS

STARTING
POINT

AUTOMOBILES

ASSUMPTICONS: (1] HARDSITE {a=0)

{2} INFINITE ROADWAY (¢ = 00°, ¢, = +90%)

[3) CONSTANT SPEED
{4 NO SHIELDING

t6) {Lolg, » 389 LOGIS) - 2,4
(6 (Coleyp = 339 LOGSE + 164
7 IGolEyy = 24.6 LOGIS) + 085

Figure 13.2, FHWA Highway Traffic Noiso Pradiction Nomaograph [Hard Site)
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Figure 13-3. FHWA Highway Traffic Noise Pradiction Nomograph (Soft Sita}
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: PROBLEM 13 (Continuod)

B T U U

By

PRSP SN

NAME PROJECT DESGAIPTION _ TROBLEN1S
DATE
BEGMENT A BEGMENT 8

: 1. |LANE NQ.JROAD SEGMENT
.\ 2. | VEHIGLE CLAS. Afmrfur{ a [Mr[ur | a [Mrur | a [ wr]nr
L 4. {Nivpht 98 | o0 | 4) |08 | 38 | 47

2| Sikmmi - - |®]~

5. [Dim) 81.8 (1% ]

8. 1, (dagrans} Fig. & ~00 a
i 1. | daidegrosi] Fig. 8 [ a1
) 8. [{L5iE (dBA] (] | [T || [
: 9, |10 LOG (MD./5 1281 Fied] || 1] 1 T
o) 10a, {10 L0G [,/0] (4BA) Fia- 4
iy 106. | 16 LOG [£,/0) JdDA] X
192, | 1GLOG [V (07, %210 (dBA]__ Fip.8 <

116, [ 10 LOG (Vg i, dp1 /0 [dBAT Fig. 7 -3

12, | dc_(daprens] Fig. 10

13, |[¢aldegrani) Fig. 10

14.” [ &, {metras) Fip.

15. ¥, Eq, 10

16. | Ag[dBA} Appendix 8

7.

18. | Lagihl tdBA Nomograph | 86 | 87 | 83| 54.8] 83 | sas

m_gwltdanl 6 | 64 | 80| 516| #0 | 666

20. | A, idBA} Fig. 0

21. [ingin) dRA} 41.2 [1X}

22, |Lagih) [4BA) 818

23, | ND/S [m/km] N

24, | lL1g-Legl; (cIB) Fig. 16 1.

26, fiLigihk [dBA]

26, [ Ligthl [dBA)

27, | Lyoln) {dBA]

Table 131, Noise Prediction Workshost
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3. Barrier Nomograph

The Barrier Nomograph (Figure 21) is identical, excepl for the metric seales, to the Barrier
Nomographs contained in References 6 and 8. Both the Barrior Nomograph (Pigure 21) and the
FHWA manual method start with the same basic expression—an inlegration of the point source
attenuation function for an infinitely long barrier.

~1f

2
Atlenuation = 10 log «( %J 10-4710 gy } . (34)
-2

The major difference between the barrier nomograph and the FHWA method is in the treatment of
finite barriers,

The manual method is applicable to a straight roadway of any length protected by a parallel,
constant-height barrier. The FHWA method lacates the barrier end points by the angles
¢, ©5 relative to the position of the observer (see Figure 10). Spreading losses over the top of the
barrier are purely geometric, i.e., 3 dBA/DD. Spreading losses around the ends of the barrier may
include ground effects—i.e., 3 dBA/DD or 4.5 dBA/DD is used, depending on site eonditions. The
barrier attenuation values shown in the tables in Appendix B are to be applied to the noise levels
emanating from the shielded highway seetion—i.e., the roadway must be broken down into seg-
ments, one of which is shielded by the barrier.

The batrier nomograph assumes a straight and infinitely long highway with a paraliel and
constant-height barrier. The barricr nomograph translates all finite barriers, regardless of actual posi-
tion to ¢y =—90° ¢y = A¢ — 00", Thismeans that a barrier located by Lhe angles ¢y, ¢ would
be treated 15 a barrier located ot —90°, Agp — 90° where A¢ =¢; — . For example, a barrier
located hy the angles ¢y, = —25°, g = 40° would be treated s if it were located at ¢y = -90°,
$p =—25° A barrier located by the angles ¢, =—45, ¢;, = +45°, or a barrier located at ¢, = 0°,
¢p = 90° would both be treated as if they were localed at ¢y =~90° ¢p = 0°, The barrier nomo-
graph also assumes that the spreading losses over the top of the barrier are the rate of 3dBA/DD and
the spreading losses around the ends are at the rute of 4,5 dBA/DD. Since the nomograph assumes
an jnfinitely long highway and the relation of the observer to the barrier is fixed, the altenuation
provided by the barrier is applied to the noise levels coming from the infinitely long highway. The
highway does not have to be broken down into sections, The nomograph only provides an estimate
of the attenuation,
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PROBLEM 14

Refer to Figure 14-1, Compute the sound level at the observer under the following
conditions;

a.  No barrier (i.e., freo field).
b, Infinitely long concrete barrier,
e, Finite concrete burrier when ¢y, = ~20°, ¢, = 70°,

The barrier is 4 metres high and the terrain between the roadway and the cbserver
is covered wilh grass, (@= 1/2). Use equivalent lane distance, and the nomographs
{o solva this problem,

The observer height is 1.5 m. I
INFINITELY LONG HIGHWAY -« WB 3.66
1 -» EB t
1om }
BARRIER
w12 G0m
OBSERVER
Figure 141
TRAFFIC DATA
Vehicle

Class E WB

A 317 281

MT 24 12

HT 22 25

8 = T km/h.

a, Compute the free field sound levels.

Step 1. Use Figure 20—"“FHWA Highway Traffic Noise 'rediction Nomagraph (Soft
Site),” to compuie the sound level at the abserver without the barrier,

Dy = /(60)(63.7) = 682m,
Step 2. Leq (h) = 60.8 dBA. (From Prablem 9, Leq(h) = 61.1 dBA.)
b, Compute the sound levels with the infinitely long concrete barrier.

Step 1, Prepare a cross-sectional view of the highway of the highway and compute Dy,

{Continusd}
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PROBLEM 14 {Continued)

11.64m
244m
am
Jmt * 1.56m
| o -
| 10m | ag.1m
) g e 2l

Figuro 14-2

Dp = +/(11.83){16.49) + 18.17 = 61.71m.

SOLUTION

Step 1. Determine the perpendiculur break in the L/S,

312m

1%

x 15 - o e
By = 4 (13'54 n 61.7) > 4~ 33 = 3.67Tm
B
61,7

)

e fx . 94
Bup = 25 (48.17 : 31.7)

Step 2, Use Figure 14-3 and determine the attenuation provided by the barrier, The
values nre shown in Table 14-1,

.SMT = 3.4 - (13‘54 "

177 m,

w

1, Starting at the bottom, draw a line from the L/S scale (62 m) through the barrier
position secale (13.5 m) to Turn A. The interscclion at the line with Turn A is
marked A-1, From point A-1, project a line vertically upward.

2. Starting at the lelt, dvaw a line [rom the L/8 seale (62 m) through the harrier hreak
in LS (8.67 m) to Turn B, The intersection of this line with Turm B is marked B-1.
From point B-1, project a line horizontally to the righl.

3. The intersection of the line from A-1 and the line from B-1 locate the top of the
barrier on an atienuation curve. Follow the atienuation eurve an which the lop of
the barriers liec upward and to the right to Turn C. The intersection of thisline with
Turn C is marked C-1.

4, From C-1 draw a line to the L{S scale (62 m). The intersection of this line with the
pivot line is marked V1, From P-1, project a line horizontally to the right until it
intersects with the curve corresponding to the proper Angle Subtended,

5. At the intersection with the Angle Subtended curve, projeet upward Lo the Bayrier
Attenuation Scale.

Ay (Automohiles) = -13.5 dB.

[Continuud}
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PROBLEM 74 {Continued)
Repeat Step 1 for medium trucks and heavy trucks,
Ay (Medium Trucks) = 11,8 dB

Ap (Heavy Trucks) = 9.3dB,

e r—

Step 3. Determine the sound level at the observer,

Note: Since the site is soft, ground effects (o = 1/2) have to he taken into nccount. (Use
Pigure 19.)

Legth)y = 59 - 13.5 = 45.5dBA

LiggiMhyyp = B7 ~ 11.8 = 45.2dBA

Lc‘q(h)”'p = 63 - 9.3 = (3.TdBA

Leq(h) = 54.8dBA (From Problem 9, L., (h) = 55.7dBA).
c. Compute the sound levels with the finite barrier.
Step 1. Since ¢;, = ~20° and ¢y = 70 the angle subtended is 90°.

Step 2. Uso Figure 21 and determine the barrier attenuation using A¢ = 90°,
An = BdB.

Step 3. Determine the sound leve] ut the ohserver, This problem is fairly complicated
because the site was initially soft (& = 1/2). The roadway must now be broken down
into three segments as was the case with Problem 10. Figure 20 jsused to caleulate the
sound levels from Segments A and C, Figure 19 is used to caleulate the sound level
from Segment B, Since the barrier atienuation values shown in the barrier nomograph
are applied to the infinite roadway values, the sound levels from the three segments
must be added hefore the barrier atlenuation is subtracted.

Segment A L, (h) = 56.5dBA  (Figure 20)

62.2 dBA (Figure 19)

Segment B L‘.q (h)

48.6 dBA  (Figure 20)

i

Segment € L, (h)
Lyg (i) = 10 loy [105.85 + 10622 4 104.80] = 3.4 dBA,
Therefore, the sound level at the observer is
I.(.q(h) = 63.4 - 3 = 60.4 dBA.

{From Problem 10, Leq(h) = 58.6 dBA.)
{Cantinued)
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RROBLEM 14 {Continued)
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PROBLEM 14 {Continued}

NAME PROJECT DESCRIPTION PROBLEM 14
DATE
IV FREE 1ol INFINITE i FINITE
1. | LANE NO./ROAD SEGMENT FIELD BARRIEA BARRIER
2, |VEHICLECLAS, AJMEIur ]l A T Tur [ A [ wr | wr MIIWr| A JMrTur [ & [wr [nr
3. Thiwphl 2000 [ ar o [ 36 | ar [oom| 30 [ 47 |
4. [Skmg B S T S T I
8. |Dimy 62 &z az :
8. | ¢y (cegrosif Fig. & -0 -00 -
7. | ldegren) Flo & 0 + +
B {alz TABAT N Y Y A A 1 T - I
0, [0 000 Wite/s) ol Fed3] | | ™ I ] |
100 N\OLOG {8,701 ([dBA] Fig. 4
V0o, [ 16 LOG (&,700 [aBA} Fir. 4
11 [10LOG (V18 f21/m WBA]  Fip. @
N6, | 1OLOG T3 igh, Gg1/m (9DA] Fig. 7
12, 14 (depruust Fig. 10 )
1. [ idegreas) Fig. 10 +10
14, B imatrosd Flg. 0 I [
[N Eq. I8 | |
18, | AyidBA) Appandiz B <1sl-nal -e3| 3] 3 [ INOMOGRAPH VALUES)
17. | CONSTANT jah}
18, | Lagln} [dBA 5] B3 | 205 458f a5 637|095 |03 |5 {
19, | Leg 1) (0B1A] 803 [27] (]
20, |4, (dRA) Fig.8
21, | Lagth} [MBA)
(22, | L br) (36A) y
23, | ND/S imfkm)
M, [ ) (eD) Fig. 16
35, T pirk [40A]
26, | Lol iBA)
27, | Lyolk) (dBAJ

Tabfe 14.1, Nalse Prediction Workshest
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'ﬁ .¢. Proprammahle Hand-Held Calculators
F

The use of programmable hand-held caleulators to solve Equations (1) and (15) has several
distinct advantages, The calculatars can be used to solve the equation directly to 0.1 of a decibel.
Thus, they are more aceurate. The use of the calculators eliminates the need to obtain values from
several charts and tables. This veduces the potential for making an error, Finally, hand-held calcuia-
tors are very quick, and make it possible to alter some variables without changing all of the ather
input datn, Thus the time required to get an answer is further reduced. Figures 22 and 23 are Flow
diagrams that can be used as a guide in writing a program.

Appendix D contains a listing of a program for one such programmable hand-held caleulator.
Equipment manufacturers are continually improving the capability and efficieney of these calcula.
tors. The program shown in Appendix D could be impraved considerably by using a calculator with
more storage capacity, Such caleulators are availuble for less than $400.

"3
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DEFINE ALL INPUT VARIABLES IND. OF AUTOS, NO. OF
MED. TRUCKS, NO, OF HEAVY TRUCKS, DISTANCE, SPEED, |-———
SITE DESCRIPTOR (b, LEFT ANGLE, RIGHT ANG LE)

NEFINE LADBEL
FOR AUTOS

T

|

DEFINE LABEL
FOR
MEDILM TRULCKS

|

DEFINE LABEL
FOR
HEAVY TRUCKS |

e

CALC.ENERGY MCAN
EMISSION LEVEL & STORE
{381L0GS - 24

CALLC.ENERGY MEAN
EMISSION LEVEL & STORE
{139 106G S + 16.4)

CALL, ENERGY MEAN
EMISSION LEVEL & STORE
(24.6L0G S + 38.5)

|

|

CALC. TRAFFIC FLOW
ADJUSTMENT AND ADD
TO EMISSION LEVEL

N,
10L06G (—5") - 25

l

CALC. TRAFFIC FLOW
ADJUSTMENT AND ADD
TO CMISSION LEVEL

NpqrD
(IO Lnu(-ﬂ;——'f)— 25)

]

CALC. TRAFFIC FLOW
ADJUSTMENT AND ADD
TQ EMISSION LEVEL

N, ¢,
10 Lur;(%)A 25 r

CALE HARD SITE
FINITE NDADWAY
ADJUSTMENT & ADD
TO EACH VEHICLE's
EMISSION LEVEL

fous(2)

l CALC. DISTANCE ADJUSTMENT
AND ADD TO EACH VEHICLE's

EMISSION LEVEL

el ™)

15 SITE HARD?
(=0

/S

CALC. SOFT SITE FINITE
ROADWAY ADJUSTMENT AND
ADD TO EACH VEHICLE'S
EMISSION LEVEL

(m LOG I'pz Nom da) - 1nLac n)
A,

USE SIMPSON'S APPROXIMATION

DISPLAY TOTAL Lgq

FOR AUTOS

l

DISPLAY TOTAL Ly
FOR MEDIUM TRUCKS

!

DISPLAY TOTAL Ly
FOR HEAVY TRUCKS

|

ADD Lgq FOR ALL
VEHICLE TYPES
AND DISPLAY

80

Figure 22, Flaw Chart for Free Field Calculations




TO DARRIER IC,), DISTANCE FROM BARRIERTD AECEPTOR

m DEFINE ALL INPUT VARIABLES {DISTANCE FROM SOURCE }

~———-—~1 {l}, SOUAELE HEIGHT ABDVE ROADWAY i5), RE
’ HEIGHT WITH AESPECT TO ROARNWAY (R), LEFT

[C,), HEIGHT OF BARAIGR ABOVE NDADWAY ELEVATION

CEFTOR
ANGLE

SUBTENDED DY BARRBIER (o, ), RIGHT ANGLE SUBTENDED

[ BY BARRIER toy,)

r CALCULATE PATHLENGTH
DIFFERENCE (5, FOR
EACH VEHICLE TYPE

<A+ B - O _J EALCULATE FRESNEL HO. u .
(A, = V’E’—,’W L Ny =321 5] I X+
(o= \m

(6 = ViC, + G + (A -5,)

X +5) — By = >[+)} FRESNEL NUMBER)

(X +t) ~ Ry = (-] FRESNEL NUMBER)

CHELK FOR NEGATIVE FRESNEL
= 1h - §)CyiCy)

<ith -5 LafCyt + 1

~ 15 FRESNEL ND.
NEGATIVE?

f

;
i

M .
X

te

1

k
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i

¥

L
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o
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ATTENUATION

A5 =0

DISPLAY I

PRt

A
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Figure 23, Flow Chart for Barrier Attenuation Calculations




PROBLEM 15

Redo Problems 9 and 10 using the equations developed in Chapter 2.

SOLUTION

Figures 22 and 23 show theeguations us used in the development of the program shown
in Appendix D.

The values shown in Tables 16-1 and 15-2 are accurate to 0.1 of a decihel.
Problem 9 (reworked using hand-held caleulator).

Step 1. Free Field: L‘,q(h) = §1,0 dBA.

Step 2. Infinite Barrier: L, (h) = 55.8 dBA.

Step 3. Insertion Loss: LL. = 61, - 55.8 = 9.2 dBA.

Problem 10 (reworked using hand-held calculator).

Step 4, Finite Barrier: Lm(h) = H8.2dBA.

Step 5, Insertion Loss: (I, = 61,0 - 58.2 = 2,8 dBA,

NAME : PROJECT GESCRIPTION FROSLEM 18
DATE
1a) FAEE FIELD 10) NFINITE BARRIER,
I | LANE NO./ROAD SEGMENT 1} n [{] wi
2. | VEHICLE CLAS. A furfurla [Mrfor | afwr|[wr| a [mr[wr[a [mr]wr] a|mr[ur
3. _{Nivph) Nyl 9 [ 73 /7810 2 | 28 \aip | 24 | 33 (201 § 121 2
4. | Sikm) N W I I N A Y I Y
5. jDim} &« (7] [} [*F.)
0. | ¢ (degrens} Fig. 5 -850 0 ] 90
1. [ daidegreni) Fig.6 i 30 +0 90
B, | lo)E, i9AA] Fie. 7] ap ] 80, smy._l b0 | 46] ap | Bo. |84a|09 | 6o JBie | |
. | 10 LOG T¥,Dp/57 (aB] Flg. 3] 1o | e8] as]i78 :u' 7. m‘] 0a] g4 128] 24| 7o 1 |
10a, | 10 LEG {&:/0] {dBA} Fig. 4 -840 5.3
106, | 16 LOG (£ (D) (aBA] Fig. 4 .0, -4
118, 110 LOG {wa (@1, @70/0 (0BA}  Flg. 6 0.0 0.0
110, | 1D LOG (¥ 1771, $21i0 (ADA) Fig. 7 Ry} 1.2
12 T (degrans] Fig, 10 -5 -
14, | ¢ ldegrens) Fig. 10 +90 +80
14, | Gy imatres} Fig. 9 Jo| g el M) e 14
16. My £q. 18 2mjvee| S 170 ] 1] 4
18. | ApldeAl Appendix B -1208(-1.0| -p.8|-1108f-110]-B2
17. | CONSTANT ida) <26 | |26 )| 26 | .26 | .26 |26 .26 | .75 )25 | .36 |26 |26 |20 <26 {79 | -76 [ .36
10, | Loy 1] taBA} 69.8 | 616 68.6f 0w 0.2 ea0 [ dna| 2] pra a3a] ara[ s
10, | Lo 1] [dBA} B 611 $1.7 $1.0
70, | &, (9BA) Fig. 8
21| Luginl (dBA)
22, | Luglh) ([dBAY 61.0 [11]
23, | NOA immi -
24, “—io-l_.;h dB} Fig. 16
25, | &ynlak (0BA)
26, | £qolh) aBA)
27, |Lq1nlnl [dBA)

Table 15-1. Noisa Pradiction Worksheat

(Cantinued)
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PROBLEM 16 {Continued)

NAME FAQJECT DESCRIPTION YADRLEM 15
DATE
SEGMENT A SEGMENT B SEGMENT C
1. | LANE NO./ROAD SEGMENT (] i 1] wi L1 wh
2. VEHICLE CLAS, A MT | HT A MT | HT A MT [ HT A M7 | HT A MT | HT A M | HT
3. _[Nivpht 317] 24 {22 [3m [ 12 | 28 (a2 ]| o[ 2 wfan]| |12} m
4. | Stkm) - ] -] ] -] -]} ||| - [W]-[=]T]-
B, | Dim} ) 2305 1] [=F.] ] arm
8, . [, (degram) Fig. & 30 -0 -20 -3 170 +70
7. |¢sidegreas) Fig. B ~J0 -0 +H +H «J0 +00
8, {il)E dBAI Fin. 2| ev. | bo. [6a8| 8e. [ 60. [B48| 89, |B0. | 648 |0a. | 0. JB48) 69. | B0 [ad8 9. | B0, |B4g
8. {10 LOG W0,/ (aBI Fig. | 18, | o6 o4 28] 3a 3. [wno| s8] aa[176] aaj 7 [ [ e8[ es[17a]| 38] 7
T0a. [ 10 LOG {O,/0) (4BA) Fig. 4 .4, 1
100, [ 18 LOG (&, /D) (dBA) Fig. 4 -8 -p4 -0 -0
110, {10 LOG {¥pi¢1, @21/} (ABA)  Fip. 8 -1, -4
110,110 LOG ﬂumlo,.mlm [dBA] Fig. 7 ) 57 =134 -138
T2, [§y [tgan] Fig, 19 =) =
13, [ ¢nlideginy) Fig. 10 70 +10
14. [ Fgimairen) Fig. B o] s e ] a1 g
16. [N, Eq. 18 EEIIII RN
18. | AgtdBA} A ix B -153] -14, | -0.7|-14.3]-13.1 ] -0.2
17. | CONSTANT (dB) 26 | ab |26 | 28 [ -2 [ -7 | #h | <28 | -a8 | 28 |26 |om .28 )28 | s [-a | a8 [-m
18, | Leglh] {dBA) 740 47.1|59.4) 484 427 51.6120.7] 288|473 | 370 | 20.4] 401} 294( 391|434 [IAE ) IBT | 438
19. [ Lay ¥ [dBA} (=X 5.2 X [ L) 453
20. | A, (abA) Fig. &
21, |Laythi{dBA} .
22. | Ly lnhidBAY LX) LI} 488
23. | ND/S Imfkm}
4, | [Lyo-de); 10} Fig. 16
26, | Lipthl (BA)
26, [ Lqpih) (dBA) TOTAL Lygihl = B4.2
37, | Liol] ([dBA)

‘Tabla 15-2, Noiso Prediction Warksheet
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d. Summary

Three different computational procedures have heen presented for arriving at a predicted sound
level using the FHWA Highway Traffic Noise Prediction Model—a manual method, nomographs, and
a program for a hand-held calculator, Tables 5 and 6 are summaries of the sound levels predicted by
the computational procedures in Problems 9 through 15. Comparisons of the values shown in
Tables 5 and 6 indicate that the three methods provide almost identical answers. Although the prob-
lems used here are simple examples, the manual method and the use of programmable hand-held
calculators should always provide the same answers. This is true because the program [or the hand-
held caleulators is based on the manual method and contains the same assumptions.

"'he nomographs for predicting the sound level in the absence of barriers are also accurate,
However, the barrier nomograph (Figure 21) has assumptions in it that are not consistent with the
barrier procedure used in the manual method. Although the differences shown in Tables § and 6 are
insignificant, there may be situations where the barrier nomograph would introduce significant
error, The barrier nomograph should never be used for final design.

Table 5. Comparison of Predicted Sound Levels for Problems 9, 14, and 15
(Infinite Barrier}, dBA Based on Different Computational Procedures

MANUAL METHOD NOMOGRAPHS CALCULATOR

Problem 9 (o« = 1/2) Prablem 14 (e = 1/2) | Problem 15 (a = 1/2)
Free Infinite Free Infinite Free Infinite
Field Barrier Field Barrier Pield Barrier
61.1 58,7 60.8 54.8 61.0 55,8

Table 6. Comparison of Predicted Sound Levels for Problems 10, 14, and 15
{Finita Barrier), dBA Based on Different Computational Proceduras

MANUAL METHGD NOMOGRAPHS CALCULATOR
Problem 10 (&= 1/2) | Problem 14 (o = 1/2) | Problem 15 (« = 1/2}
Free Finite Free Finite Free Finite
Field Barrier Field Barrier Field Barrier
61.1 58.2 60.8 60.4 61.0 58.2
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5.0 ACCURACY OF THE FHWA METHOD

a. Introduction

The final test of any noise prediction method is accuracy, How well do the predicted noise
levels for a particular location compare with Lhe measured noise levels for that location? [T the pre-
dicted noise levels were equal to the measured noise levels, the predicted values would correlate
perfectly with the measured data—i.e., the correlation coefficient {r) would equal one (r = 1). The
mean difference between measured sound levels and predicted sound levels (x) would equal zero
(¥ = 0). The standard deviation (s) of the differences between measured sound levels and predicted
sound levels (x's) would equal zero (s = 0), At thatlocatian, it eould be concluded that the predic.
tion method performed porfeetly, If the location were changed, or if any condition at the location
changed that would affect the varinbles used in the prediction method, the accuracy of the predic-
tion method could also he affected,

Consequently, before any positive statement is made about the accuracy of the method, it must
be tested under a wide variety of conditions at a large number of locitions, The FHHWA noise predie-
tion model has undergone only limited evaluation. The following sections discuss the evaluation
which has been done,

h. Acecuracy Based on Dats Collected in Four State Noise Inventory [3]

Figures 24 and 25 are plots of the measured sound levels versus predicted sound levels at Site #2
in Florida. This data was collected over o 24-hour period in which traffic specds remained fairly
constant but traffic velumes and truck percentages varied considerably,

Noisa level measurements were made over a 24-hour period at a distanee of 15m, 30m, and
60 m from the centerline of the near traffic lune. Data was also collected on noise emission levels
of the automobiles, medium trucks, and heavy trucks,

The predicted values shown in Figure 24 are based upan national noise emission levels, The
predicted values shown In Figure 25 are based on the noise emission levels of vehicle, measured af
5 sites in Florida, one of which included Site #2,

Table 7 shaws the results of the evaluation using the national emission levels, Table 8 shows
the results of the evaluation using the Florida emission levels in the FHWA method.,

The data in Tables 7 and 8 illustrale three points that one could have intuitively suspected:

1. The FHWA model is not perfect,
2. The I'HWA model is slightly more accurate in Florida using Florida’s noise emission
levels.
3. The accuracy of the FHWA model decreases with increasing distance frrom the roadway,
However the overall accuracy is quite good at this site,

¢. Accuracy Based on Data Contained in Research Report FHWA-RD-76-54
“Noise Experience Attenuation: Field Experiences"

Because of the large amount of measured data contained in this report, only a partial evalua-
tion of this data has been done to date. The data analysis shown in Research Report FHWA-RD-
76-54 is based on the NCHRP 174 procedure. This procedure and the one contained in the FHWA
model are almost identical. Consequently, the results should be the sume. The problems in Chapter 7
are based on the data contnined in Research Report FHWA-RD-76-54.
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Table 7. Evaluation of FHWA Prediction Method at
Site 2, Florida Using Nationat Noise Emission Levels

Lacation Saéniy;le r X s
16m 2 .94 —05 1.64
30m 22 .93 -.95 1.82
60m 22 .86 ~-1.3 2.39

All locations 66 .03 =78 2.02

Table 8. Evaluation of FHWA Prediction Mathod at
Site 2, Florida Using FloridaNoise Emission Levels

Location Susni:’:le r X 5
15m 22 95 +58 1.39
30m 22 .93 -23 1.63
60m 22 .B6 ~5%7 2.31

All lacations 66 94 -09 § 1.86
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6.0 FHWA MODEL—MANUAL METHOD (D < 15 Metres)

a. Introduction

The diseussion of the FHWA model up to this point has been limited Lo situations where D is
eqqual to or greater than 158 metres, Over the past several years, questions have been raised concern-
ing situntions where [ is less than 15 metres, Appendix A trents one general case where this oceurs,
In this case, the observer is located along the extonsion of the roadway. 22 can range from 15 metres
down to 0 metres, but the observer must be located far enough from the roadway to insure that the
vehicles still act as moving point sources, This oecurs whenever the distance from the ohserver to the
closest approach point of the vehicies is greater than 15 metres, (In NCHRP Report 174, this situa-
tion occurs when the angle between the observer and roadway extension is less than 5.0°,) Two
situations where this occurs are shown in Figure 26.

OBSERVER

ROAD SEGMENT

L LNDER STUDY
T pD<t6m

7/
D185
/&. "

OBSERVER

Figure 26, Situations were 2 < 15 Maters but the Vehicles are Still Treated as Point Sources

h. When D is Less Than 15 Metres and when Observer is Not Immediately Adjacent to the High-
way or Highway Section

Although D can vary from 15 metres Lo 0 metres (the observer is on the extended centerline),
the observer is often quite removed from the roadway. The sound level in this siteation is com-
puted using the following general equation:

ND
Lok = (Lo, + 10log (T)

1+a lvro
+10 log {-1-—,%—& [(g—:) - (%—f’) “ - 30 (35)

R, s the distanee in metres between the centerline of the near end of the rondway segment
and the observer,

where
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R, is the distance in metres between the centerline of the far end of the roadway segment
and the obseryver,
When & = 0, Equation (21) reduces to

— ND D,\ (D
Leg(h); = (L3)g, + 1010,;( - o) + 10log [(72’,:') - (ﬁ‘;—)} - 80 (36)

for a reflective site,
When « = 1/2, Equation (21) reduces to

— N,D
Log(h); = (Zo)g, + 101og (‘T‘i)

t

32 3/2
2 DO Da
+10 log < & (——-) - (——-) - 30 37
{ 3 [ R, RJ’ (37)
for an absorptive site,

The total L, (h) from all sources is then comptited by decibel addition,

¢, Accuracy
The accuracy of Equations (36) and (37) has not been established, There is a good possibility
that a calibration constant will be needed to account for vehicle shielding, This is particularly true
when D approaches 0. In this case the leading vehicle may significantly shield the noise generated
by the vehicles behind it. It is expeeted that Equations (36) and (37} are conservative, perhaps

averly so,
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PROBLEM 16

What is the noise lovel generated by the traffic on the seetion of onc lane ramp shown
in Figure 16-1 at the observer. S = 50 km/h. Hourly volumes are 400 automohiles,
A0 medium trucks, and 20 heavy trucks, The site is ncoustically hard,

RAMP A

gm T B0 m | jm+ 4
4

SECTION LIMITS

a00m_

Figure 16-1

SOLUTION

Refer to Table 16-1.
Step 1. Complete Lines 1 through 4, Table 16-1.
Step 2, I = 5 metres. Record on Line 4, Table 16:1,

Step 3. Since D is less thun 15 metres, the position of the ramp will be specified s B,
and R Ry, = 50 m and R, = 400 m. Record these values on Lines6and 7, Table16-1.

Step 4, Use Figure 2 and § = 60 km/h to determine the reference energy mean emis-
sion level. Enter this value on Line 8, Table 16-1,

Step 5. Use Figure 3 to determine the traffic low adjustment factors; record these
values on Line 9, Table 11-1.

Step 6. The distunce adjustment factor and the finite length segment adjustment are
included in the expression:
Do Do
o[ (22)- (2]
b[ &y Ry
therefore adjustment factor
. ({1} _ (1B
= 101os [(50) (400)}

= 10 log (.26)
= -5.8dB.

Record this value on Line 10{a}, Tahle 16.1.
Step 7. Add up the values in each column and complete the L,_,q(h) at the observor,

Leq(h) = 1010g [10473 + 10490 4+ 105.23] = 54.8 dBA.

{Cantinued)
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PROBLEM 18 (Continuad)

NAME PROUECT DESCRIPTION PROSLEM 18

DATE .

1. | LANE NOJRDAD SEGMENT Renp N -
2. | VEHICLE CLAS, A M K| & MY | HT A | Mt | HY MT | HT MT | HT
3. FMivh) aln

4. | Stkmm} - —

(5. |0im) s

8, |A, Fig.B|. w .

1. |Ry Fig.B) . - 3

(A ALY F""Er’jﬂm 1111 T 1 11
E2 LIS i o3[ me|oa7s| 1 1 —1 1 11
08, | 10108 (/D] (DA} Fig.4]) =8

106, | 16 L0G (R/0] (dBA) Fla. 4]}

T4 [ 10L0G (Yo #1, #2171 [GBAI__ Flg.8])

116, [ 10 L0G [¥1[$ . #1/% (0BA) Fig. 7

12, [ é1 [egml Fia. 10

13, | $aidegrets) Fig. 10

4. | Relmetoait Fin. ¥

1B [N, Eq, 18

|10, | Ap(aBAl Appendix 8

7| CONSTANT [d) E D)

8. | fay 4] 10BA) 413 | 400|823

(19 [ Fag Y (9BAT [T

20. [ Ay (DAL Fig.8

21, | Ly (4B

7| Loy} (dBA

23, | NDA (mAm|

34, [ (Lyo-Laght (4B Fig, 18

28 L1gihl {aBAT

(76, [ 4100 19BAY

27, [ Dottt WBAT

Tabls 18-1, Nolse Pradiction Worksheat
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7.0 PROBLEMS
Most of the problems in this section are hased on sitnations where actual measurements have
been made, Table 1 isused in each problem as a computational guide.
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PROBLEM 17

Refer to Research Report FHWA-RD-76-64, “Noise Barrier Attenuation: Field
Experience,” Computa the noise level at (1) the reference station and (2) Station 1,
height equal 10 feet, for run no, 4 at site 01, See Figure 17-1. Use one equivalent
lane. Please note that in the metric conversion there js sonte rounding error in the

distances.
Scale
Site01: SR 7 ~ SM 395 1" = 16m
STA, 1
REF.5TA.
------ 1
]
{
|
NB 50 |'
2195m Jaggin] 18.29m _ | )
6@ 3.66m C B aws@36m | 671m |  siwom | E
I 1347 m |
Figura 17-1
TRAFFIC DATA
(Page C-2, Report FHWA-RD-76-4)
Run No, 4
NB 5B
Va4 = 3241 vph V4 = 3262 vph
Virp = 306 vph Vip = 878 vph
Speed = B3 km/h
Vi (Tola)) = 6493 vph
Vi (Total) = 683 vph
SOLUTION

Compute the noise level at the reference stution, Refer to Table 1,

Siep 1. Complete Lines 1 through 4, Table 1,

Stiep 2. Since the reference station is beyond the limits of the barrier, Equation (20) is
to compute the cquivalent lane distance, Although it is not discussed in the report, it
is nssumed that the western most lane is an acceleration or deacceleration lane, and it

is ignored,

D = VIDRDFT

V(1311 + 6.71 + 1.83){13.11 + 6.71 + 18.29 + 4,88 + 18,29 - 1.83)

v (21.66){69.45) = 35.88m,

{Continued}
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PROBLEM 17 {Cantinued}

Note: The author of Report FHWA-RD-76-4 did not use centerline distances for the
computation of Dy. Thercfore, there will be some discrepancies between the computed
values shown here and those in the report.

Step 3. Refer to Figure 5. Infinite highway ¢y = ~80°, By = +00°,

Step 4. Refer to Figure 2, and determine the reference meusn noise emission level ot
85 km/h.

Step b, Refer to Figure 3 and compute the traffic flow adjustment fuctor (Dg = 16 m,
S, = 85 km/h).

Step 6, Refer to Figure 4 and compute the distance adjustment factor using 15 log
(Dy/D).

Step 7. Refer to Figure 7 for the finite length adjustment factor for soft sites,
Step 8,

LL.q(h) = 76.2dBA calculated

Ly, h) = 769 dBA  measured (Puge D-2)

Lig{h) = 789 dBA culculated

Lyg(h) = 78.8dBA measured (Page D-2),

Compute the field insertion loss at Station 1, height = 3.05 m, using traffic data from
Run 04,

SOLUTION

Computation of the I L. requires two computations: the noise level al Station 1 hofore
the barrier is huilt and the noise level afier the barrier is built,

Before the Barrler
Step 1. Refer to Table 1. Complate Lines 1 through 4, Table 1,

Step 2. Computation of D here assumes that the harrier is not present.

V(610 + 6.71 + 1.83)(6.10 + 6.71 +18.29 + 4.88 + (18.29 - 1.83)}

V(14.84)(62.44) = 27.71 m.

Step 3. The distance adjustment factor is based on 4.6 dB/DD gince it is assumed that
(1) the barrier hus not been built and (2) the report indicates that the sile is soft.
{Cantinued}

g
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PROBLEM 17 (Continued)
Step 4.
Logih) = 77.2 dBA calculated

Log(h) = 769 ~ 16 log (o)

(Sec Page 18, Report FHWA-RD-76.54)

77.7 dBA measured

]

Lyg(h) = 79.6 dBA  calculated

Lyolh) = 788 - 15 log (32} = 80.64BA  mensured.

After the Barrier is Built

Step 1. Construction of the harrier now requires that the equivalent lane be based on
the barrier’s location

Dy = +/(6.71 + 1.83)(6.71 + 18,29 + 4.88 + 16.46) + 6.10m

Vv (8.54)(46.36) + 6.10

19.89 + 6,10 = 25.99m.

it

I

Step 2. Construction of the barrier has effectively raised the height of the noise source,
The distance adjustment factor is now based on 10 log (Dg/D}.

Step 3. The finite length adjustment factor is now based on 10 log (A¢/m) = 0.
Step 4, Since the barrier is infinitely long, ¢f, = —90° and ¢ = +00°.

Step 5. Compute the pathlength differences.

5y = +/19.89)° + (3.66)° + /(3.66~2.13)% + (6.10)°
~V(2.13)% + (25.99)% = 44 m
Suyp = VI(19.89)% + (3.66 ~ 2.44)° + /(3.66 - 2.13)* + (6.10)*

~/(244~2.13)% + (2599 = 22 m.

{Continued)
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PROBLEM 17 (Cantinuad)

Step 6. Compute the Fresnel numbers

Ny = 3.218
At Ny = 3.21(44) = 141
HF: Ny = 8.21(22) = .71

Step 7. Compute the barrier attenuation, Ap (auto)

1.0 } - -10.3 {x
41 2.0  Apg(Auio)

1. 4141 = -11.1dBA
20  ~ -12.3
Ap(HT) = -9.3_dBA.

Step 8,
Lpg{h) = 70.9  caleulated

Log(h) = 87.6 measured

The calceulated value is 3.3 dBA higher than the measured value. Two passible causes
are now under investigntion,

(1) The source height for trucks — 2.44 metres ~ may be too high.
(2} The barrier attenuation in the table is based on a thin screen barrier. The wall-

berm comhination may act more like a bherm in which Case 3 dBA should have
‘heen added to the attenuation given in the barrier aitenuation tables,

LL = 779 - 70.7 = 1.2dBA  predicted
LL = 75.9 - 15 log (19107.'8666) - 876 = 10dBA  measured

{Continued}
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PROBLEM 17 {Continued)

PROJECT DESCRIPTION PROBLEM T

NAME
BATE
NEF.STA, W/ BARRIER WIBARAIER
LANE NO/ROAD SEGMENT STA HUN 4 STATION 1 RUN 4
VEHICLE CLAS, AJMITHT ] A TMI I HE ] & JMTTHr [ a TMrIHY | a7 Mr|ny | & | MT[HT

3. _ | Nivght )

4. | Stkmm) - |85 ] -

B [Oimi 16.53 wnn 008

8. | gy (dagraes Fig. 5 0

7. | daidegraas) Fig. 5 e

8.1 (T5)E; [oBA] Flo 2l 710 Jes || i [ea ] ni] o ||
0. [0 LOT 185,751 {40 Flg.dj sos] | 20, 1 wa]  [wma || 04| [wa |

10a, [ 100G {0,/8) {dBA) Fig. 4 -4

106. [ 15 LOG (0,0 (dBA) Frg. 4 «8.7 4

Tia, (10 £OG (3191, @;1/F) [dBA} __Fip.B [

110, [ 10 LOG ¥ yp {0y, o33/ (dBA) Flg. 7 =11 A

12. ], {degreas] Fig. 10 - B0

1. (da Fig. 10 el

14, [ & (matrest Fig. b A4 Pl

15, |, £q. 1B 141 =1

16, [AaidHA} A is B 1.1 - B,

17. [CONSTANT {d8) -36 ) 6| A6 -8 | .38 | 26126 (2% | 26|26 [ 26 (26|76 |36 |76 26 |25 f 7

8,_| Leginl (dRA) 809 5 _ na 78.2 833 0.\

9.} Lag i} KIDAR 8.2 LX) 0.0

20. | 4, (dBA) Fig. 8

21| Luglht (dBAY

32| Lagih} [GBA]

23, | ND/S imikmi 740 ma I an 1048 o0

. [t 1a-Leg), (B) Fig 16 15 ¢ I T s o o |
[7b_| Eraifrk WBAT i 763 MEXYICE 02 ]

26, | L1alh] (dBA) 0.0 - a1 718

27, [L1alh] [0BA] ”

‘Tahlo 17-1. Noise Prodiction Work shoet
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PROBLEM 18

What would be the I.L. at Station 1 {Problem 17) if the barrier occupied the position
shown in Figure 18-1 below.

Equivatont Land {Infinite highway)

Wall and
Berm

Figuro 18.1

SOLUTION

Two sets of calculations must be made. The first set deals with the sound level at the
station without the barrier, This level is identical to the level computed for Problem 17
without the barrier. In the second set of calculations, the sound level after the barrier
is huilt must be computed. To do this the roadway must be broken down into 3 seg-
ments, Refer to Figure and the sketeh above.

~80° gy = —60°

Segment [ (o]

I

Segment I ¢, = -60° &y = +60°

i

+90°,

1

Segment 11T ¢, = +60° &g

Sound Level al Station 1 Without the Barrier

See Table 1. This level is identical to thot computed in Problem 17 for Station 1
without the barrier.

SEGMENTS [ AND III

Refer to Figure 5, Figure 7, and sketel of the problem. All angles are measured from
the perpendicular between the observer and the rondway. Thus in Segment I,

¢p =-90° ¢y = ~60° In Segment 111, ¢, = 60°, ¢y = 90°, Figure 7 indicates that
the adjustinent factor for finite length roadways for absorbing sites is -11.0 dBA in
both cases, This is because the segmonts have the same relative position. Note that for
a 30° segment located anywhere else, Lhe adjustment is dilferent,

For example if ¢y = -30, ¢y = 0, then the adjustment is ~8.0 dB.

See Table 18-1 for values.
{Continued)
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PROBLEM 18 (Continued)

Step 1.

Step 2.
Step 3.

Step 4.

Step 5.
Step 6.

Step 7.

SEGMENT II

I} = 25.99 (Based on barrier position).
See Figure 5, ¢y = ~60°, ¢q = +60°,
Because of the barrier, use 10 log (D, /D) for the distance adjustment factor,
Finite length roadway adjustment
10 log (%): ~1.8dB,
See Figure 10, ¢; = -60, ¢p = +60.
See Problem 17 (with barrier).
Barrier tables. ¢, = —-60, ¢p = +60
Ap(Auta): 1, -12,2
X' [:I} x og
1.41 1.0 -15.0
2.0
=5 - -‘lﬁ x=-12

therefore Ay (Auto) = ~13.4 dB

Ap (H, Trucks) = -10.9 dB.

Step 8.

Log(h) = 10 log [108:80 + 106.74 + 106.80] = 72,6 dBA

|12, = 779 - 72.6 = 5.3 dBA |

{Continuad)
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PROBLEM 18 {Continued)

NAME . PROJECT DESCRIPTION FIOHLEM 10
DATE
WO DAARIER  BEGMENT | SEGMENT |1 SEGMERT LI

1. | LANE NO/ROAD SEGMENT Tral muNe WIDARRIER

2. | VEHICLE CLAS. A MY | WY | A [ My [Hr A [ My ] wr | & [ MT[HT[ A [T HT | A | MT | NT
3. [Nivphi 8492 563

4. |Sikmm) - |86 | -

6, |Dtm) nn an 2690 mn

8. |¢yideprensy Fig. 6 ~i% - -8 160

7. | daldegraes) Fig. & +90 -850 +80 o

8, [thare {d0Al Fig. 21 na | | sa. | [ 1 | [ | |
(B[ T01L0G (N0, 75} a8t Fig. 3] 308 | | z0d | | . 1 1
105, [ 10 LOG (0,/0) (dBA Fio.4 24

100, | 18 LOG {8, /D) (dBA Fig. 4 4 4 -,

118, [10LOG (Vo i1, $2)/81 [dDAY__ Fip. 6 8

b, [YOLOG (J/aipy. 0200 [BAT Fig. 7 -1 -11.0 -11a

12, [y ldegrens) Fip. 10 -0

13, [ ldugroos) Fig, 10 ]

14. [ Ba[metres) Fig, 8 &4 21

15, [N, Eq. 18 144 .TH

18. | AgidBA) Appendin 8 <134 -164

17, FCONSTANT [dB) mlas|-m|-w[ ) ol l )| s fas ) [as 26 [m 26|26
| 18, | buylah {dBA} e 1) 8.7 044 | b1 07| 017 (L]

10, | Eugihl chBA) ne 6, 814 58,

20, [ A, [BA] Fig. 8
|21, [ Lagth) (dBA] 128

T2 | bugih [ABA

23, | MO/ imikm)

W, | L yg~leg); 14D} Fig. 16

26, [&qglhk (dBA)

26. | Lygih) (dBA]

27. | Lygit) (dBAY

Table 18-1, Noim Prediction Warltsheet
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PROBLEM 19

Refer to Research Report FHWA-RD-76-54, “Noise Barrier Allenuation: Field Experi-

ence,” Site 02, I606-STA-769 (Page B-3). Compule the noise level at the relerence sta-
tion based on RRun 2. Compule the 7.L. at Station 1, Height—9.0' for Run 2, Thisisa

hard site.

AEF, 5TA.
SCALE1"=1219m

STAL L

o

S8 NB 131mT
14.83 m l 1097 m _J 14.63 m | 11,78m 762m
46366 4@®366m
| ] I 7.01 m l l‘
Flgure 19-1
TRAFFIC DATA
(Page C-3) Run 02
s NB
Vv, = 4056 vph Vy = 3827 wph
VHT = 66 Vph VHT = g1 V]]]l
8§ = 103 km/h (Note: Use 100 km/h)

Va (Total) = 7683 vph
WVir(Total) 127 vph.

(a) Compute the Noise at the Reference Station
See Table 19-1,

Leq(h) = 79.6 dBA calculated
Leg(h) = 78.5dBA  measured  (Page D-3)

(b) Compute the I.L. at Station 1, Height = 9
Lgyth) = 77.3dBA  caleulaled  without barrier
Leq(h) = 75.9dBA measured without harrier

an(h) = $65.1dBA caleulated with barrier
Lyglh) = 63.2dBA  measured  with barrier

M3 - 651 = 12.2dBA  culculated
76.9 - 63.2 = 12, 7dBA measured

(c) LL
LL

H]

Note: Since this is a hard site, the barrier attenuation and the field insertion loss are

ogual.

(Continued)
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PROBLEM 19 (Continuod)

NAME PROJECT DESGAIPTION PRODLEM 18
DATE
AEF. LEvel STA WO BTA. ), W/BARR(ER
1. { LANE NO/RDAD SEGMENT Ll F] BARRINN, AUN 3 AUN 2 HT » &
2.. | VEHICLE CLAS, A My ur ] a [mrur ] A TMr]wr] & [ mrJur] a [Mrfsar | a Tur [ur
3. | Niveh) nay 177
4. simm) - Tl -
8, |Bimt 0.4 Haa 3314
6, |9, [oswrem) Fig. & % T
7. | dldwgrens) Fig.§ Ry
B, ) iloits [ABAT Fio.2| B8] arr| || 1 ) T ] 1
0, J10L0G NG /51 Td8] Fig.d| 38| |1z | 1] | {1 ||
10e. 1 180G 102701 (aBAY Fig. 4 ) -348 ET)
100, | 16 LOG {0, /D) [dpAY Fig. 4
1. Y0TOG (4 1@y, ¢a)/n (JBA]  Fig. B [ ] o
11h, 10 LG (¥173 (%, ¢2170) (BA] Flg. 7
13, [ (degrwm} Fig. 10 A
13, | #a(ilegraes) Fig, 10 ot
14, [h imatress Fig. & .10 AS
[N Eq. 18 230 181
18, [ AgldBA} Appandix B -12.7 EIE]
17| CONSTANT id) 26 f 28 |26 | -o8 | a6 | o6 | 26 [36 | 26 | .96 | a6 [-an | 28 [an | 26 |28 [m | 26
14, {h} {dBA) 0.1 T2 768 1.8 82.6 80.2
19, | Loy i) tdDA) 0.8 111 .8
20, | A, idBA) Fig. B
21, | Lgylnl {dBA)
22, Lﬂb'!lluﬂkl
23. | ND/E (m/km} 1820 3 212 +4 k13 41
24, | {LnLeghi 4B} Fig. 16| «3 +5 +1.5) [T] 18] 3
26, [ Lyplhk {ddA; 801 712 173 740 B4,) 81,2
26, | Lyolh} {dBA) 81 kY] 0.7
27, TLqainrt {dBA)

‘Tuble 19-1. Noise Pradiction Worksheot
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PROBLEM 20

Refer to Research Report FHWA-RD-76.-54, “Noise Barrior Attenuation; Field Experi.
ence,” Site 06: 194.8TA-213, Use two equivalent lanes, sofl site, Note: Berms add
3 dBA to the attenuation,

(n) Compute the noise level at the reference station based on Run 3.

(b) Compute the insertion loss at Station 2, height = 1,62 m, Run 3 assuming that
the earth berm is inlinitely long.

{e) Compute the insertion logs at Station 2, height = 1,62 m, Run 3 for an earth berm
that subtends the following angles ¢y = -60°, ¢, = +70°,

SCALE 1" =12.19m

Rul.;sta. STAK 2
244m [ ] (]
sp NB T1 BIm 1.62m

| 10.97 m | 10.97m l 1097 m , 21.64 m | 7.62m | 7.62m
I l l | |
Figure 20-1
SOLUTION
See Table 20-1,

{a) Reference Station
Ll.q(h) = 72.1dBA calculated
L,_.q(h) = 71.8dBA measured,

(b) ch(h] (Before) = 70.9 dBA  calculated
Leq(h} (Before) 70,7 dBA measured

|

]

Lug(R) (After) 65.8dBA caleulated

Leg(h) (After)

1t

63.4 dBA measured

5.1dBA calculated

il
I

LL.
LL.

709 - 66.8
70.7 - 63.4

I

7.3dBA measured

]

(¢) Leg(h) = 101og [10%¢ + 106.38 + 105.85] = 67.1 dBA

LL = 708 - 671 = 3.8dBA calculated.
{Continued}
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PROBLEM 20 [Continued)

NAME PROJECT BESCRIPTION PROULEM 20
DATE
AEFERENCE STATION STATION 2, Wt = 1 62 m STATION 2. HT = § B2m
1. | LANE NOJAQAD SEGMENT NH-AUN D dB-RUN2
2. | VEHICLE GLAS. A |[MT [HY [ & [ MF[HT | & [ MT[nr | A MY HY | A | Mr|HT | & | MFinHT
3. | Nivph 484 193 | £ ud
4. | 58{kmm) ~ Jioo] -1 - [0 | -
6. |Dtm) 3488 5487 427} 6421 4211 6418
8. | ¢ idegrens) Fig. b «00 90
7. | ¢aldegronn) Fig. b +0 0
B. | iFalé; (DA Fig. 2[738 | [mn7]738] 87.7 1 [T [ 1 [
0. [1010G [MD./5) 1daj Fig. 41187 [ |148]tea| | 1ie [ | 1 |-
V0a. [0 LOG {5,/0] {08A] Fig. 4 Y Bl ]
104, [ 15 LOG [D,/0} (dBA) Fig. 4 Y -d8 8.1 EY)
11a. [ 10 LOG (Yo (@1, $2)/7) (dBA]  Flp. @ [ o
110, [ 10 LOG (g2 iy, Spifa} [dBA) Fig. 7 12 -1.2 -1 -1
12, | i {degress) Fig. 10 00 )
13. | da ldegress) Fig. 10 +0 wa |
14, | Gy (motres) Fig. 8 a1 m | .or 02
15. | Ny Eq. 18 5 o8 | .22 .08
16, | Aglega) Appandix B -10.7 -B& ] -10 -BB
7. _| CONSTANT [dB} s las|wys s -wf s omfastaas (s (s [ |-m|2m
8, | Le(h) (dBA) 500 .71 682 85| 506 5941673 81| 623 64.2]61.1 [
0. | Lelhl (RA} EIR] 854 (73] [21] 1] LAl
20. | &, [4BA] Fig. A I
21. | Luglii 1dBAI ] ]
122. | Lagit) {dBA} 121 108 [
23, | VoA (mikm) y
24, | (Lyg-dagly 19B) Fig. 16 R
26, | Liplbl [4BA)
268, | Lyolh] [dBA)
77, | Lyoll (dOA) )
- [
Table 20-1. Noisa Pradiction Workthoat
{Continued)
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PROBLEM 20 (Continued)

RAME PROJECT DESCRIPTION PHOULEM 20/C) FINITE LENGTH BARRIEH
DATE

CEGMENT | SEQMENT || BEGMENT 11

1. | LANE ND./HOAD SEGMENT [ u NN " I [
2. | VEHICLE CLAS. A TWMT[HY | A [MIINT [ A My AT [ A [ MT]HT | A | ME]HY [ A [T [ WY
3. | Nivph) 0 107 | e o

4, | Sikm} = W] = = |1;0] - -

§__ [Dim} 4121 o431 [IXF] 04,18 2 CE])
6, | @y [degrans) Fig. B -0 ] 50 =8 o 0
7. | aidegrens) Fig. 6 «b -0 FT] 0 [ ]
B, [ (L)€ (Al Fig.2[an| Jerz]rae| Tonr T T I |

D, [101L0G (MD;/5} (4B Fig. 0l 18]  Tras[19z{ {ine 11 I |

104,110 LOG (B,/0) [dBA} Fig. 4 «4 E X
(106, | 16 LOG (0, /01 {dBAT Flg. % .07 58 Y] T
TTs. [ 10LCG o (#1, d2}/aT {DBA) _ Fig.@ iy )

110, [ 10 LOG {y7 (¢h, dgb/M) (dBA) Fig. 7 42 4.2 =138 -134
12, Yoy (degrans) Fig. 10 0 ]

13. | daideareas} Fig. 10 M0 +70

4, [Kaimatrest Fig. B KT o] m] az

16, jNo Eq. 18 a8 CRIECE .08

16, | faldBA) Appandiz 8 -114] a4 -w.lﬁ -84

17. | CONSTANT (dB) AR AR A AR A R AR A R A A E A A A A
18, | ey ih] (dBA} 8.8 o4 494 66.8| 404 0221 404 | 674 | 471 5o | 449 51.2
18 | Lag {4} {dBA) a1y 586 614 ] 514 82
20. [ 4, (dBA) Fig. 8

21, [Laglhl (dBAY

22. | Lagih) (dBA} 4, 418 98.5

3. | MO/ im/xm) I
[24. |12 10-Leg), [dB) ~_Fig.18 [

26, | Lynlh) 1dRA) |
[36. [ L1oiA) (dBAF |

27, |L1olh] {dBA]

Tehle 20-2, Noise Pradiction Warkshoaat
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Appendix A
TRAFFIC NOISE MODEL FOR UNIFORMLY FLOWING (CONSTANT SPEED) TRAFFIC

The object of this appendix is to present a means whereby, given certain traffic flow informa-
tion, it s possible to caleulate or pradict the equivalent sound level, Ligg, for uniformly flowing
tralfic. This objective will be accomplished through the development of an L, noise prediction
model, In developing this model, the following steps will be taken:

Step 1—An expression will be derived that specifics the position of asingle vehicle on a flat,

infinitely long highway, as it passes an observer adjacent to the highway.

Step 2~ Using [irst principles of acoustics, the equivalent sound level for o single vehicle will

determined.

Step 3 —Noise level statisties for real traffic flows will be incorporated to expand the single

vehicle model to eover actual traffie situations,

Step 4 — A correction factor for finjte length roadways will be derived.

Step 5—An excess attenuation factor will be developed to take ground cover effects into
account,

Step 6 —The [inal step will be to summarize the ch noise model in two equations and illus-
{rate their use through an example.

Step 1, Single Vehicle on a Single-Lane Highway

Consider & single vehicle traveling with a constant speed, S, past an observer situated next toa
straight, lat, infinitely long, single-lane roadway as jlustrated in Figure A-1. In the illustration, D
is the perpendicular distance from the observer to the rondway centerline, and R is the distance
between the observer and the vehicle, Since it is assumed that the vehicle is traveling with constant
speed, R will vary continuously with time,

1 N,
e N o ¥
-

Figure A-1. Relationship Batwaan Observer and Vehicle

A-l



T'o mathematieally specify its lime dependence, consider the plan view of the site shown in
Figure A-2, For convenience, the time frame isdefined such that ¢ (¢ is the time in seconds) isequal to
zero when the vehicle is closesl to the observer, that is, { = 0 when R =D, When ¢ > 0 the vehicle has
moved some distance x, which Is simply the speed of the vehicle, S, multiplied by the time, {. Thus
the ohserver-vehicle distance is given by the expressian,

R=+DEtxE = D2+ (8)°. (A-1)

tug 120

10

Figure A-2. Plan View of Relationship Batween Observer and Vehicle

¢ OBSERVER

Step 2, Equivalent Sound Leve! for a Single Vehicle

Having specified the source-observer distance relationship for this simple site, some aeoustic
constderations may now he introduced. The first major assumption is the noise charncteristics of
the single vehicle are adequately represented Ly an acoustic point source, With this sssumption,
tirst principles show that the relationship between the mean square sound pressure, (P2}, at some
distance R, and the reference mean sguare pressure, (Pg), radiated by the point source vehicle at
some reference distance D, is given by

n ]
(P2 = (P} 3?, = (P -—A-,-, . (A-2)
= D? + (8"

To insure the validity of the point source vehicle model, limits must be placed on the minimum
reference distance D,,. Intuitively, as Lhe ohserver pets closer and closer to the vehicle (decreasing
D, ), the vehicle lools less and less like a point source and more and more like an extended source,
When this begins to happen, the mathematical stalerment of the point source assumption (Equa-
tion {A-2)) breals down and is no longer valid, Practically, the reference distance should not be less
than 15 metres, and as a matter of practice 15 metres is usually the distance at whiclh the reference
measurements are taken, By applying this restriction, it is implied that the minimum observer dis-
tance, D, should also be 15 metres.

To calculate the time dependent sound pressure level, L, for the moving vehicle, recall the
definition of sound pressure level,

i)
2
ref

L& 1010 dB (decibel) (A-3)

A2




4 ’ . .
where = means ‘defined™; P, ¢ is the reference pressure and is equal to 2 X 1075 pascal (Pa).
Applying this definition to the mean square pressure radiated by a point souree yehicle {Equa-
tion (A-2)), the sound pressure level, L, at the observer is given by:

2 P D2
L= 10log L = 1010g [ 2 .___.,o__:] (A-4)
2 (LY D + (S1)?

Using the rule log (AB) = log A + log B, Equation (A-4) may be written

(PZ) D
L = 10log — = + 10log ——— (A-5)
(P D2 + (S)°
and finally,
D3
L =1L, + 10log ~ (A-Ba)
D+ (s)°
where
(F3)
L, £ 1010y —2—-. (A-6h)
Fror?

In highway work, L, is called the noise emission level of the vehicle and is referenced to the
distance 2,. In general L will depend on the vehicle class (car, truck, bus, etc.) and the vehicle
speed. Equation{A-6) gives the sound pressure level that would be measured by the observer situated
D metres away from the roadway. D, and L, are constants, and since 82 = D? + §2t2, Equa-
tion {A-B) is essentinlly of the form

L = constant + IOIogR—l‘).

As the source-observer distance R increases, the sound level L decreases. [Por each doubling of
source-receiver distance, £, will decroase by 6 decibels, i.e., 10 log (1/22) = -6 dB.

EXAMPLE PROBLEM NUMBER 1

Problem: Suppose the emission level L, at 15 metres for an automobile traveling at
80 km/h is 67 dBA. Investigato the sound level 05 o function of distance and time.
Determine at what source-receiver distance the vehicle's sound level will be 10 dBA
below an existing sound level of 50 dBA. (The sound pressure level and the sound level

have the same meaning.}

Solution: The sound level for a single vehicle is given by Equation {A-6),

2
]

L =1L, + 10log ———
? D% + (8)°

{Continued)
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EXAMPLE PROBLEM NUMBER 1 (Continued)

and from the information in the problem, we know

L, = 67dBA
D, =16m
S = 80km/h = 222 m/s

so that
152

L = 67 + 10 log ———rtrm——r
D%+ (2221)7°

Using the relation log (A/B) = log A - log B, the last expression becomes

L = 67 + 10log 152 - 10log [D® + (22.2 1)%]

L = §0.5 - 10log [D® + (22.26)%] dBA.
{1) In terms of source-receiver distance, replace [D2 + (22.26)%) by R2,
L = 90,56 - 10log R*.
When R = 756 m the sound lavel is
L = 905 - 101og (75)* = 53.0 dBA
and when this distance is doubled, R = 150
L = 905 - 10log (150)% = 47,0dBA

which illustrates the 6 dB doubling of distance attenuation rate inherent in o
point souree,

() In terms of time and vehicle speed we return to
L = 906 - 10log [D? +(22.20)%].,
If the observer is 30 m from the roadway,
L = 905 - 10 log [30% + (22.20)°] .
When ¢ = 0,
L = 905 - 101log [30%] = 61.0dBA,

{Continued)
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EXAMPLE PROBLEM NUMBER 1 {Continued)
and after 15 seconds
L = 905 - 10 Jog [302 + (22.2 X 15)%] = 40.0dBA,

When f = 0 and the observer is 15 m from the roadway the sound level and the
noise emission level are equal,

L = 905 - 10 log [152] = 67.0dRBA,

{c) To determine the distance at which the vehicle’s instantancous level is 10 dBA
helow the existing sound level of 50 dBA, caleulate £ when L = 50 - 10 =

40 dBA,
L = 90,5 - 10 log B2
40 = 90,6 - 10 log R2
90.5 - 40
- L1 L. A
log R - 5.05

R = /10006 ~ 335 m,

Thus, when # = 335 m, 1. = 40 dBA.

It is important to reniize at this point in the analytical development, that the decrease in sound
level radiated by the point source vehicle with increasing source-observer distances is due solely to
geometric spreading of the sound waves and does not include any sound level attenuation resulting

A

e B s T A

R R R

{from atmospherie absorption or ground cover effects, As seen in the first example, geometrie spread-
ing resulis in a 6 dB decrease in the instantaneous sound level per doubling of the source-receiver
distance when the vehicle js treated as a point source,

EXAMPLE PROBLEM NUMBER 2

Problem: Using the information provided in Example Problem 1, plot the time history

of the sound level between ¢ = -15 seconds and ¢ = +15 seconds for an observer sit-
uated 15 m from the roadway. Take the existing sound level into account,

Solution: From Problem 1, extract the expression relating the level and time,

L = 906 - 10log [D2 + (22.21)]

where D will now equal 15 m, Table A-1 shows the caleulation of the total sound lovel
at various times tuking into account the existing sound level, These values are used Lo

vonstruct Figure A-3,

{Continued)
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EXAMPLE PROBLEM NUMBER 2 (Continued)
Table A-1. Computation of Instantaneous Scund Prassura Levels for Various Times

Existing Total

Time - a 9.8
Seconds f= 905 = 10log [15% +22.2%(%] dBA Level, DBA Level, dBA
0 67.0 b0 67.1
b 65.1 80 65.2
1.0 61.9 50 62.2
15 59.2 a0 59.7
2.0 67.1 50 57.9
2.5 66.3 50 56.4
3.0 53.8 60 556.3
4,0 514 50 53.8
8.0 49.5 b0 52.8
6,0 18.0 50 52.1
7.0 46.6 50 51.6
8.0 45,6 50 51.3
9.0 44.5 50 51.1
10.0 43.6 50 509
11,0 42,7 50 50.7
13.0 41.3 50 50.5
15.0 40,0 60O 50.4
wdahiny ety aSalzrn
t=- 16500 t=0 |5 t= + 15 so¢

70

65
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COMEBINED LEVEL

SOUND LEVEL, dBA
o
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-15 ~-10 -5 5 10 i%

D
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Flgurs A-3. Cembined Sound Level Envelapa Racordad hy an Chearver 15 m from tho Aoadway
Figure A-3 shows that the presence of the existing sound level can significantly alter
the sound envelop of the passing vehicle,
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Equation (A-6) permits the calculation of the sound pressure level at any ohserver lacation as
the vehiele moves along the roadway, A quantity of considerably more interest, however, is the
equivalent sound level associated with the traverse of the vehicle, The equivalent sound level is
representative of the level of avernge intensity for the time period under consideralion. Specifically,
the equivalent sound level of the mean square pressure (P2} is defined as

A 1 2 (p2
L, 210l gt B (A-T)
o B [1 (P20

q ™ f; .
where ty — 17 is the time interval of interest, Before this noise metrie (the equivalent sound level) is
applied to the highway problem, consider caleulation of the equivalent sound level in the case of &
transient noise in the presence of a continuous but constant ambient sound level (simitar to Example
Problem 2 in which the level due to the vehicle (transient) was observed in the presence of the
existing level). With reference to Figure A-4, Lhe mean square pressure, (P} is approximately

(P + Py 1 <1< 1
(p‘l) o (A-Ta)

(PP elsewhere

whete (P%),, is the existing sound level and (P?),, is the transient sound level. The equivalent sound
level over the period (#, {5) is caleulated as

[}

{) 2
Ly = 1010g — ,f‘ 2 ar (A-Th)
tz ~ I (Frap?

I

bR (P2, + (P (P2,
L, IOIDgI,I,[f' ""dt+f __‘."‘__..___‘Idt+[J ,"dt:’.

~ 2 ] 3
1|7y Prop? *h (Prue? Ty (Fror?
{A-Tc)
COMBINED LEVELS
2 SRS SR Wy — ooy - AMBIENT
7 l AN | LEVEL
w m ) - -
> 0 ’ ..
wa ’ s
- Fa ~
[=] - = -~
z s TIME BAND OF EFFECTIVE S =e . _ TRANSIENT
a8 -+ CONTRIBUTION BY TRANSIENT | ~=~==o_ ~ ]
T8 11 ta tg’
TIME~

Figura A-4, Combined Sound Level Envelope Showing the Influance of the Exjsting
Sound Level an tho Transient Sound Level Envelope
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Since the existing mean square pressures are canstant, they may he tuken outside each integral,
so that

(P2 P,
Loy = 10log 1 |:(f1—l'|) o (1~ g} —

th - 1) (PE o (P20
(A, oty (P?)
Mg —1) =&+ [ g (A-7d)
(P;ul'> “y (Pr"ef>
Combining terms,
", A2 (P,
o= W0l0g L [y 2 [ 5 al], (AvTe)
12 - fl (Pr‘;_.r) Yt (Pﬁ,r)
ot
(r, ta (P
Log = lolog[ —= 4+ ! - f ,,“dt]. (A-71)
(Pr-ef> ta = Iy [} <Pn:'ul')

This last expression indicates that the total equivalent sound level is caleulated by computing the
contribution from the transient signal between (t,, {5) averaged over the lime interval of interest,
T =5 —t] nnd adding it, on an energy basis, to the existing sound level,

Applying this principle, the equivalent sound level associated with the traverse of & point
source vehicle between the pointsx; = §t; and x, = 8¢, can be caleulated. For the averaging
interval 7', which will be greater Lhan or equal to the interval {5 = £, the equivalent sound level is

_ 1o
Ly = 10log5 {" o dt (A-8)
1 Yy

) D3

1
L, = 10log— — . (A-8a
i T l, (PL0 D2+ (81)° )

1

As a rule, the greatest portion of acouslic energy received by the gbserver [rom Lhe moving
vehicle takes place when the vehicle is closest to the observer, usually a few seconds either side of
t = 0, {Inspection of the graph in Figure A-3 of Problem 2 shows this to be true,) As the receiver
moves [urther away from the roadway, this time hand becomes wider, that is, the vehicle contributes
significant amounts of energy relative to its peak level over a longer period of time. This concept is
ilustrated in Figure A-5. Note that it takes the 15 m receiver’s level 3.5 seconds to drop 15 dBA he-
low its peak value of 75 dBA, about 6.9 seconds for the 30 m level Lo drop 15 dBA below its 69 dBA
peal and much greater than 10 seconds for the Jevel at 120 m to fall 15 ABA below its 56.9 dBA
peak. If one considers integration as a summation, it is clear from the figure that it takesincreasingly
greater lengths of time for the more distance receivers to record the significant portions of a passing
vehicle's sound level. A mathematical statement of this observalion is that when

<0<t and S—” >> 1 (A-8b)
Dl o,

A-8
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the following approximation may he used, P

ot 4 0 (P2) D3
f UI:«,) Da ) dt = ’]0 ___U__; dt. (A.Bc)
PR pE o (SH® Yoo (Piur? D2+ (81

Thus, for a sufficiently long averaging time, T, the lollowing equation may be written

fi. (A-D)

oo (P2

() D2
Leg = 1010 [
ul') 1)2 + (Sl)-

Bringing the constant terms outside the integral and racloring out an $2

2 2 o
Ley = 1010g R | S— (A10)
Prr? 8% Y (DIS)* + 12

Using integral tables

j‘m di__ _1
-to 112 + !2 f

Leta = (I/8) in Equation (A-10), there results

_ 1P DY g
an = 10log I:T (P;i.f) s ol (A-11)
After canceling terins, (A-11) may be expanded, e

I

_ P 7D, Da)
L(.q = 10 log ";_,l—') + IOIOL{TT' + 10 log wink (A-12)
Recalling the definition of the noise emission level for asingle vehicle, Equation (A-12) can be re-
written as

D D
L, =L, * 10log %’ + 10 lag (T;) (A-13)

The last result is an expression which permits one to calculete the equivalent sound level for a single
vehicle traversing an “‘effectively infinite” rondway. The phase “effectively infinite” jsused because
of the approximation made in evaluating the integral in Equation (A-8). This expression is valid for
any consistent set of units,

A-10
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EXAMPLE PROBLEM NUMBER 3

Problem: Using the information in Example Problems 1 and 2, caleulate the equivalent
sound level for 16 minutes, and one hour for an observer 40 m from the roadway, Cal-
culate the minimum stand-off distance for & 5 minute Ly, to be below 40 dBA.

Solution: Using Equation {(A-13) insert the proper quantities

(a)

#Dy Iy
L Lo + 10log g~ + 1010y {3

oq TS
Ly = 67 + 10log 722, + 10 ]og(——%g—)
Ly, = 66.0 - 10log 7.

For the 16 minute L,!q. check the validity of the inequality

5.,
tieta

if the L4 19 symmetric about the passage of the vehicle then,

T
S(t=-2—)' 222 x 22 x 60
i) ‘z 10 = 250 >> 1.

Therefore,

Leg = 66.0 ~ 101og 7

may be used to calculate the 15 minute equivalent sound level, Note that the
equivalent sound level now only depends on the time perjod of interest.

36,6 dBA

L 6.0 — 10 log (15 X 60)

It

°q
30.4 dBA.

L 66.0 — 10 log (60 X 60)

q

These L,, values just ealeulated nre artifically low. When the contribution from
the ambient (60 dBA) is added to these values,

]
It

Loy = 10log [10%65 +105] = 50,2 dBA

50.0 dBA.

L 10 log [103:04 + 105]

U

eq

1t is important te remembher that these Ly, values are based on the passage of one
vehicle during the time interval,

{Cantinued)

All




EXAMPLE PROBLEM NUMBER 3 (Continued)

{b) To calcutate the minimum stand-off distance, irst check the validity of the
incguality

5
222 ('E X GO)

D

>> 1

= la.gﬂﬂ{ >> 1

which is valid for £, say less than 656 m, so proceed Lo solve Erquation {A-13)
lor D,

D

o Dy
L,, = Ly + 10 log gt 10 log (—D—)

13,5;7:)
ch = Lu + 10 ng -—Sﬁ

g L, L
Leyy = La Din 7D? MIU £
10 " \3pr) sprp < 10
TFD:,"; '!‘u —'[‘('lf
g = —— 10
. D 57 10
Substituting the proper values
67 =40
715° -5

n 10 10 =~ 53m,

T 323 (5 X 60)

Step 3. Noise Level Statistics for Uniformly Flowing Traffic

in steps 1 and 2 the instantancous and equivalent sound pressure levels wete derived lor a single
point source vehicle. The single vehicle model must now be expanded to a multivehicle modej capa-
ble of addressing veal traffic {lows,

Following essentially the same development as befare, the first requirement is (o specify Lhe
total sound pressure leve] for a flow of, say N, vehicles, Since uncorrelated noise sources are added
on an energy basis (or in practical lerms, a (2} basis), the total mean square pressures associated
with the N vehicles is

X,
g = (PDy + Phy + o PRy = ) P2y, (A-14)

i=1

Now, the mean square pressure from each vehicle will have the general form expressed in Equation
{A-2), so for the ith vehicle in Lthe [low

D3
Py = I, ————r (A-15)
D + (&1

A2
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where (P2} is the reference mean square pressure, 8; is the ith vehicle’s speed, and ¢; is the time frame
for the ith vehicle, arranged so that when ¢; = 0, the ith vehicle is closest to the observer. Because
the vehicles are usually randomly spaced along the roadway, the tinie frame for each vehicle will be
different, that is they pass the coordinate origin at different times, If ¢; is the time at which the jth

vehicle passes the origin, (A-15) may be recast in the form

g
P2, = P, ———— (A-16)
"DE o SRe-t)”
where ¢; = £ = ¢;, Thus the total mean square pressure is
y, D}
(Pohgp = ). PO (A-17)

=7 D e sy

For a sutficiently long averaging time 7' (the requirement being that all N vehicles pass the
observer in the interval 1Y), the equivalent sound pressure level is abtained from

o (P
Ly = 10log [ —T%%
- (P,",_‘r)

Substituting Fquation (A-17) into Equation (A-18)

dt. (A-18)

woo- [ N P2y D2
1 1 o o
L‘,q = IOIOH'T—/ {2‘ (P:_-__. i

i=1

) 2 3 dt,
rof? D%+ ST 4)

{A-19)

Exchange the order of integration and summation, and make the substitutions &; = ¢t — ¢;, d§; = dt

N 2 oo
Leg = 10|og£T-‘2’- ’;‘ (i:;::‘) L = iE;?E? (A-20)
recalling again that
J'm dt__ .1
o a? + 42 @
where a = (D/S;), the above expression simplies to
L, = 101052 3 8 1 TS (A-21)
Jm T e s D o
or
_ Din &, PB4 o,

Leq
=1

I

If the vehicle speeds are identical for each of the N vehieles passing the observer in the integraticon
interval T, and if the reference mean square pressures are also identical for each vehicle, {A-22)

becomes

Din N (P

beq = 10108 7 5 s
re

A-13

(A-23)




EXAMPLE PROBLEM NUMBER 4

Problem: To illustrate the vehitle spacing model in an example, consider three vehicles
passing an observer situated 30 m from the rondway. Traveling at different speeds, the
emission levels are as indicated:

Vehicle Speed, km/h (m/s) [Bmission Level, dBA
1 89 (24.7) th
2 80 (22.2) 73
3 77 (21.4) 7!

Suppose when the second vehicle is closest to the observer, vehicle 3 had alveady passed
three seconds before and vehicle 1 is due to pass in four seconds, Investigate the indi-
vidual and combined sound lavel envelopes recorded by the observer. Alse illustrate
the distance relationship among the vehicles as a function of time.

Solution: As implied by Equation (A-15), the time dependent sound level of each
vehicle will be of the form

152
Ly = (L,), + 10 log |————=| -
! 302 + SP(¢))"

Then from Equation (A-16), for vehicle 1 due to pass in four seconds

2
L, =76 + 1018 |- 15 .
|_302 + 24.72(t - 4)°

For number 2, closest to the observer

L, =72 + 1000 |——252 ___
2 30% + 22.2%¢2

and for vehicle 3 which passed three seconds helore,

Ly = 71 + 10 log 15+ |
302 + 21.42(t +3)°

The observer will record the combined level of the three vehiclos,

L, Ly Ly
Lyop = 10log 1070 + 1070 + 1070] dBa.

{Continued)
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EXAMPLE PRORLEM NUMBER 4 {Continuod)

Figure A-8(a) illustrates the distance relationship among the three vehicles as a funciion
of time, Figure A-6(b) illustrales the individual and combined sound level envelopes,

15 iy dfiliars agding

-10 oy i efdey
-5 iy ffine agiing
t = 0 SECONDS e )
1 1] 1 1 T 1 |
~480m -360m -240m «120m /:mm 120m  240m  360m
.* “~FHOADWAY DISTANCE
5 ffilieg  ecfiingy vl
10 ey sy ety
13 iy efiins witiive

Figure A-Gla), 1llustratlon of the Approximate Time-Distance
Aolationship of the Vehicles in Example Problom 4

Ly = 98,5 - 10 LOG [307% +24.72 (1-4)?)
Lo = 95,5 -10 L0G (30% + 22,2247

mT Lg = 94.5 - 10 LOG (302 + 2142 (1 + 3)2!
86 |-
<L
m
h-]
4 80r k2, COMBINED
> Ly SOUND
i LEVEL
a
Z s
2
Q
W /
50
a5 1 1 1 1
-16 =10 -5 0 B 10 15

TIME, SECONDS

Figure A-Glb), Sound Level Tlma History of Throe Passing Vahicles

A-15




which upon expansion gives

NaD D,
Loy = L, + 10log —g=— + 101og (3). (A-24)

Thus, given an identical speed S for N identically noisy vehicles passing an abserver situated D metres
from the roadway, Equation (A-24) permits the calculation of the equivalent sound level under
these conditions. Comparison of Equation {A-13) and (A-24) shows that for identically noisy vehicles,

Loy = Lipg + 10logN {A-25)
where
Lgq, = equivalent sound level for N identical vehicles passing the observer in the time interval 7
Lcq = equivalent sound level over the time period 7' for a single vehicle
N = Number of identically noisy vehicles,

Equation (A-25) shows that the noise metric Ly, is independent of the spacing between vehicles,
Since the noise sources were assumed to he uncorrelated and since L,,, is a mensure of average
cnergy, the result should have heen anticipated,

EXAMPLE PROBLEM NUMBER 5

Probtem: Calculate the hourly equivalent sound level for a flow of 1580 identical vehi-
cles traveling at 72 km/h (20 m/s) if their noise emission level is 88 dBA and the receiver
is 56 m from the roadway.

Solution: Using (A-24), ealculate L, as

I

NrD, D,
Leg = Ly * 10log —pg—= + 10 log D

1680w X 15 15
Luq 68 + 10 ]D[,((_J—.O'S'(-m—d + 10 |GK(TG')

[

Lgg = 62.4dBA.

The identical vehicle noise model ol Equation (A-24) and { A-25) sulfers from the fact that renl
traffic flows never consist of identically noisy vehicles. To accommodate real traffic tlows on a
practical basis, it is necessary to deal with the statistics of the noise emission level distributions of
real tratfic flows, In this maodel, traffic [low will be separated into three distinet classes: auto-
mobiles, medium trucks, and heavy trucks, Within each class the speed dependent noise emission
levels are assumed to be normally distributed with mean L, and standard deviation o,,. Figure A.7
shows example emission level distributions at different speeds. To shaorten the following presenta-
tion, the equations will be developed for only one vehicle class, realizing that with proper substitu-
tion of the mean levels and standard deviations, the equations will be applicable to the other vehicle
clusses.

A-l8
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Figure A-7. Exampls Noise Emission Levels asa Function of Speed

Returning to Equation (A-22), assume that all N vehicles within this class are traveling at the
same average speed, therefore,
ng N (Pg 5,-
Ley = 10log ps ) Ty (A-26)
rof

inl

It is obviously not practical to determine the noise emission level for each vehicle in the flow. This

problem must be approached from » statistical aspect. In the statistical sense, we want to know the
expected value of the sum, that is, what is the average value of E[(PS)‘ HP, 1. The expected value
of an arbitrary function H(X) of a continuous random variable X" with probability density function

fx(x) is given by
B} = [ " G () d (A-27)

where E{ }denotes the expected value of the argument. The problem is to determine

NP
2hr- ek
i=1 ref

Since it has aleeady been assumed that the noise emission levels are normally distributed within each
vehicle ciass, the probability density funetion is given by

o)
fo(x) = fp (L) ==tz o 2% (A-28)

A-17



where

L, = Speed dependent noise emission level of the ith vehicle.
I:(, = Speed dependent mean noise emission level for the vehicle class,
0, = Speed dependent standard deviation for the vehiele clnss,

In arder to deal with a mean square pressire sum (A-26) and sound level distributions, the mean
pressures must be expressed in terms of sound levels (that is Lo avoid comparing apples and oranges).
To make this transformation,

(2]

(2]

L, = 101log
(P
and
Ly 33
1010 = u,")
(P20
50 that the mean square pressure sum may be written in terms of levels,
L
N (P, N, (—'i)
By A=k 10V 5 (A-29)
= Prer? i=

A (undamental theorem of expections shows that
E{H(X) + GO} = E{HX)} + B{G(N}.
Apply this theorem to the problem,

N (L_D) N (._’.9.) L,
E{Y 100y = > Ey10 Wis = NE{1010 (A-30)
i=1 i=1 .

where L, now represents an arbitrary sample emission level from the vehicle population. Invoking
the expectation theofem (A-27), the probability density [unction in (A-28), and the result in
(A-30)

(y=Fo)®

Lo o0 Ln m
NE {10"1'6} =-;-iv\/—o;;f W00 e 20 gL, (A-31)
o bl E]
Using the relntionship
Lo (MQ)L
1010 = g\ 10" (A-32)
Equation (A-31) becomes
L'o_"?ﬂ.=
by e [, —
NE [1010] = - \/ﬁ'/ AT T 206 g (A-33)
[#] -
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With a little algebra the exponents in the integrand can be written as

(ba=L)? 2,78 0T
(nnw) R e (mm) baeRi-2 Lo}
Ly
e o]

S0 203 -5 2
2\ 10 i oy “e , ELH (A-33a)

L (Ea m1o L
=g % . {A-33h)

Thus, it is necessary to now evaluate the integral

N f = "|2a% \e} .
mn— e e dL, = ? A-34
o o o { )
Consultation of integral tables gives the relationship
@ (bz '-'lac)
[ a~lax?+bx+el gy = ﬁe a
a

Inspection of the integral indicates that the following substitutions should be made

L L2
x =1L, a:i.‘ b=_(__§_+ln1(1]0)’ c= =2, (A-35)
202 a; 2q5

Then the integral is

integral = 1 exp

o, ]
= oo/ o [ 3 (1507)0t + (190) £

.1.(',"_1_0)"',,;.; (5_1_0);—
= aom 82 10 e 10 “" (A-aﬁ)
Recalling the multiplicative constants indicated in Equation (A-34) which had heen momentarily
dropped,
Lo 1(111_9)202 (!_12)3
NE {1010} = __ o F 2T TR TR (A-37)

oo V37
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This result ean now he substituted in (A-26)

DN N D
L;-q—IOIag'r}T'(%Q>( °) Y

DI e 2
2 110V o+ {10} =
- 1 (wD &) :(T) v (’W)Lv
= 10 log T ('S—) (D Ne e (A-38)
with a little rearranging and recognizing that
1(1"10)2 .
T\, T 2
10]oge = 011505 (A-39)
and that
Inlﬂ)z
lOIoge( 1077 = L,
Equation (A-38) will reduce to
_ . NrD n
Lgg =L, + 011503 + 10log —75° + 10log (—D—"-) (A-40)

This result is fairly important. Equation {A-40) permits the calculation ol the equivalent sound level
generated by a flow of vehicles from a single class traveling on n flat, single lane, infinite highway,
When more than one vehicle class uses the highway, the total equivalent sound level is calculated by
appropriately summing the Leq 's from each class, that is

L L, L i

(—1‘:?) ("‘iﬁ‘)mell. (]L(:)henvy
L = 10log | 100 ™ 4 100 ek g g tmicks] (A-41)
*dror

EXAMPLE PROBLEM NUMBER 6

Problem: A highway noise survey showed the 16 m automobile meat emission level to
be 74 dBA with a standerd deviation of 2.5 dBA at 88 km/h with the medium truck
valued to be 84 dBA and 3.2 dBA ot B0 km/h respectively. Caleulate the hourly equiva-
lent sound level for a flow of 1260 automobiles and 200 medium trucks per hour for
receivers at 30 and 60 metres.

Solution: Solution of this problem requires separate calculation of the sutomobile and
medium truck equivalent levels with the final solution obtained by logrithmic summing:

Automobiles—
0 NnD, D,
Leq =L, + 01lbo; + 10 log 5 + 10 log Wil

12507 (15
74 + 0115 (25)° + 101og Tﬁﬁﬁﬁ}'{ﬁ% + 1010g 3

1

{Continued}
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EXAMPLE PROBLEM NUMBER 6 {Continued}

SLgg = 847 - 10 1log D dBA.

Medijum Trucks—

Leg = 84 + 0.115(3.2)° + 10log T% + 10log -155—
Loy = 87.7 ~ 10 log D dBA.
Total Ly, —
[ B4.7~10log D 81.7-1010;:1)]
Logygy = 10102110 10 +10 10
Logyyy = 89:5 - 10log DdBA.,

For a receiver at 30 m

Legro = 896 = 1010g (30) = 74.7dBA
and for a receiver at 60 m,
Logrg, = 895 = 1010g(60) = TL7dBA.

This 3 dB attenuation rate per doubling of distance is in contrast to the 6 dB rate en-
countered before and results from the integration of the point source levels, The point
source model has effectively been turned inte a line source modal,

Step 4. Roadways of Finite Length When There Are No Excess Propagation Losses
The development to this point has assumed that the restraints on caleulation of the equivalent
sound level (soe page A-8)

<0<ty and |§| >> 1
) o ity

have been met, These conditions being fulfilled, il is quite acceptable to make the approximation

-]

[‘z dt . f dt

Yy D2+ (S e Do (S0

With this approximation, tho roadway is assumed to be infinitely long in both directions, However,
there are many cnses in which this approximation will not be valid, Examples would inelude curved

road ways, road way sections hidden by topography, sections where there are significant changes in
traffic volume, speed, mix, ote,

A2l




This problem of sectioned roadways will now be solved, Referring to Figure A-8 for a distribu-
tion of N single class vehicles traveling with the same average speed over the segment, the equivalent
sound level is given by

{A-42)

N otgry (PR, D2 df}

Leg = 10log [% 3

21 b, B DY v 821~ 1)°

. Gy e e -

s
Ao A
4
/ -~ RECEIVER
e

f OBSERVER "SEES” ONLY A PORTION OF THE ROADWAY

Figure A-B. Finite Roadway {Sogment)

In (A-42), the limits of integration are arranged so that cach vehicle passes through the segment, i.e.,

S(e-) Sty

tatyrt;
and

St =1l St, .

et + =
To simplify evaluation of the integral, make Lthe substitution
St—t) =Dting {A-43)

in which ¢ is defined as the angle in Figure A-8. Since § d¢ = D see? ¢ d¢, the integral is trans-
formed to
D,
ty+t P see= ¢
o S (A4)

ey, DY+ 82-1)? D+ DPum® e

dt I

A-22
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To further the simplilication, use the trigonometric identity tan2 ¢ + 1 = see2 ¢

W a
2 sec” ¢ ¥ sec? sec= g
o S do {A-45)
S J, D1+ tan? ¢) DS '[;1 sec® ¢

and after cancelling

B ga — @) = _éf {A-46)

Returning to Equation (A-42)

Diag N, D
Loy = 10Iog[ . o J (A-47)

inl l.-l')

Implementing the previous statistical treatment for the summation (i.e., Equations (A-29), A-38))

E .
DA (lnlo) ol find)
Lig 10!og|: 7 BS¢ Ne2V10/ 779010 (A-48)

and wilh alittle arranging

L, 1(m10)'-' 9 2
0 1B 01 yop (D
Ly = IOIog]:].Ol 2 010) 7% NnD (D) %%J (A49)
so that
- NaD, D
Loy = Lo + 011503 +101og % + 10 log (TD) + 101og 22, (A-50)

Note again that the equivalent leve! is independent of the vehicle spacing.
The eriteria for determining when a road is Infinite now bholils down to how well the
approximalion
Ag
10log - = 0

holds. Forexample, when the roadway subtends 145°, the correction for noninfiniteness is
p

1010g 122 = —0.94 dB.




EXAMPLE PROBLEM NUMBER 7

Problem: Consider the scenario indicated in the illustration where automobiles are the
only vehitles present.

m Ny B850 vph Ny + N2 = 1090 wvph
1]
ot

Hm

3Em

¥

Suppese for automobiles,

T, + 011503 = 32 + 30logS

where S is the vehicle speed in metres/second. If the speeds on the indicated roadway
Segments I, I, and Il are B8, 58, and 80 km/h respectively, calculate the hourly equiv-
alent level contributed by each segment to the observer; also caleulate the total L, .

Solution: Considering the first segment,

88 km/h (24,4 m/s)
Nq @ 65 mph 91 m r:n\;n--tan"(%)ns?.n“

g:..:--——_...-.—--__.l .
-~ $y=-00

(Ag), = -67.9" - (- 90°) = 22.7° -~ & { 38m

/

Using Equation (A-B0)

NzD ! A

Log = Lo + 115 g3 + 10]c:|gTO + 1010[}(—_5‘-’- + 10 log —T;ﬁ—
L., =32 + 30log 8 +1010gm+1010g D")+1010g-ﬂ

eq 1 TS, D, m

_ NymX 15 15 22.7°

ch = 32 + 30log (24.4) + 10 log W + 10 log ('ﬁ')“' 10 log 3—-8-67
L.. =219 + 10log Ny,

“q &5 {Continued)

A-24
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EXAMPLE PROBLEM NUMBER 7 (Continued)

For Segment 11

3Bm

N

¢y = -80°

NF)WD(] -D‘-) A¢2
Leq =32 + 30leg Sy + 10[0g-—}}-—.§ + 10 log o, + 10 log T
2 2
Leq = 32 + 30 log (15.8} + 10 log (36001156 + 10 log T84 + 10 log 180°
ch = 245 + 101log Ny

For Segment ITI

Ny +Ng m 80 km/h {22.2 m/s}

291m
2Bm
] r
g {Ahg = 95° -I.-mn" (%) J- 154,4"
NynD, (D,,) Adg
ch = 32 + 30 logSy + 10]0(,1-5@]— + 10 log —D-; + 10 log -
L + 30 + 10 (& * Mo)7 X 13 13
= M ¥ ————— rerm
g 32 log (22,2) iag 3600(22.2) + 10 log a8
157.3°
+10 log ————
£ 180°
ch = 36.5 + 10 log (N} +Na).

0= mn"(ﬁ) =22.7°

g = —[90° — {307 + 22,79 = -32.3°

52,7

(Continued)
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EXAMPLE PROBLEM NUMBER 7 (Continued)

For vehicle flows of 850 and 240 vehicles per hour for Segment [ and Segment 11,

respectively

1. Ly = 279 + 10log (850) = 57.2 dBA

2. Ly, = 245 + 10log (240} = 48.3dBA

3. Ly, = 35.6 + 10log (860 +240) = 65.9 dBA
hence,

chTm = 10 [105-72 + 104.83 + 108.59] = G656 dBA.

Step 5. Excess Attenuation

In deriving the model in Equation {A-50), it was assumed that the sound leve] attenuation with
inerensing receiver-source distance was entirely due to geometric spreading of the sound waves over
a hard flat site. Under certain conditions, this spreading loss (3 dB per distance doubling) is ob-
served in the ficld, However at many highway sites, field data has shown this rate (o be too low,
The chserved increase in sound level attenuation rate is primarily due to local environmental lactors
{ground cover eflects, atmospheric absorption, ele.) and must be considered in the model, To
mathematically specify this effect, the original acoustic expression {or the point source vehiele must
be reexamined,

e

" D;
PRy = (PIH— (A-51)
and a modifieation of the form is postulated:
Excess
P2 sarved = P geomerric X | Attenuation |, (A-52)
spreacding Factor
Speciflically the form is medified to
o D& DN
P, = PH R—,‘f (—F") (A-53)

where o is a parameter dependent on the ground cover at the particular site. The sound level is now
calculated by dividing through by the reference mean square pressure and making the logarithmic
transformation,

(p2y (P2 DI DN
L, = 101 & = 10log —— — (-—-—) . (A-54)
a T PO RNE

A-26
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Expanding,

P2 Do DY
L. = 10log + 10 log (—) + 10100 (—) . (A-55)
° P R AR

Since the sound level for a point source exhibiting only geometric spreading is L. = L, + 10log
D2/R?, Equation (A-55) may be condensed to give

D o
Ly =L + 10log (732) . (A-56)

When R = D, Equation (A-56) shows that the sound levels at the sites with excess attenuation
are equal to the hard, flat site without excess attenuation no matter what the value of «, that is

&
D, ,
Lo =L + 10log (T) it k=20,

then

L,=1L,
This attenuation model does not recognize any site dependent differencos in noise emission levels,
To better appreciate the effects of the site purameler o, L, is plotted in Figure A-9 as a function

of ¢ tor several values of o,
To caleulate the equivalent sound level of a site charaeterized by «, it is permissible to utilize

previous developments,

0r

SOUND LEVEL, dBA

40 : 4
=10 -5 0 5 10

TIME, SECONDS

Figure A-9, Sound Level Recorcled by an Observer 60 m from the Roadway for Three Different
Site Types-Hard Site, Absorptivo Site, and Very Ahsorptive Site
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Equation (A-42) can be modified to sccount for the excess altenuation,

afmofsy Zoo
L., = 10log %Neﬂ(m © 107 [*{Z2) @ (A-57)
eq T L \R
1
and since & = /I* + (81)°, the above becomes, after expanding,
o N N ta pgre
Leg = £y + 011605 + 10l0g 53 + 10|ogf — . (A-58)

H D)
V(D22

{As indicated before, headway spacing docs not alfect the equivalent sound level, thus the problem
can be cast in terms of all vehicles passing the origin at the same time.) Working only with the
integral, it is convenient to make the substitution 8t = D tan ¢ and 8§ dt = D sec® ¢ dp

[
“t

Yo pTest) T

e By % see? ¢ dg

= pat?
~— dt = D§ jﬁ o3 4o (A-59)
LoDt tantg) °

Since D? + D2 tan® ¢ = D% sec? ¢, the right side of (A-59) becomes

Dg+22f¢2 sectode  _ DF f% “ (A-60)
T e S SO (seen)®
(D= sec” ¢)
and since sec ¢ = (cos ¢)
I Da+2 Da*'.!
jr‘ o —3 dt = SDt;"l UNCTIN {A-B1)
N s LN ET TS 2
where
B2
Ualgro v & [ (cos )" do. (A61a)
-
Substitution {A-61) in {A-58})
P N Dg*e
Loq = Lo + 0.11507 + 10log <5 + 10log o) UN OIS (A-62)

and with a little rearranging

[+]

— o N?TDQ D
Loy = Lo *+ 011505 + 10logw— + 10 log o

Yoltbys )
“—ﬂ———. (A-63)

.D (1]
+10 log (—5"-) + 10log

A-28
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The first line in (A-63) is recognized as the equivalent sound level generated by a flow of vehicles
from u single class traversing an effectively infinile, Mlat vondway (Equation (A-40)), Thesecond line
of terms represents distance and visibie road length adjustments to be applied when the sites have

excess attenuation,
Various field studies have indieated that a reasonable range Lor the site parameter « is between

0 and 1, When o = 0, the site is reflecting (i.e., hard), Equation (A-63) will collapse to {A-50), There
is strong evidence indicating most absorbing sites may be characterized hy o = 1/2, For a point
source this implies a 7% dB sound level drop-ofT rate, i.e.

Ay = 101og (1/2)"/*** = —7.5dB

and a 4.5 dB decrease per distance doubling for the Leq level,
Ap,, = 10log (1722 = _4548.
Adopting avalue of o = 1/2 for absorbing sites,

Y11 y Pa By
Yrialhr, da) ), =+ [ Vo dg. (A-64)
‘¢l

This integral is rather difficuit to evaluate and so a graph of the factor is presented in Figure A-10 as
afunction of ¢ with ¢; as a parameter, With o = 1/2, the equivalent sound level is now given by

a0

— i NnD g
Leq =L, + 0,1150; + 10log 75t 10log 5y

D 1/2 - ,
+10 lag (—Dﬁ) + 10 log i'iﬁi"b—)- (A-65)

If similar terms are combined,
Ly =L, + 011503 * 10log g%)ﬁ + 15 log (%‘1)
+10 log ."EHE(_;’?__I‘_?{Q dB {A-66)
for the absorptive site, When o = 0, the equivalent sound level is given by
Log = Ly + 011503 + 10log -"2%)— + 10log (%’-)
+10log 22 43 (A-67)

for the nonattenuated site which is the sume as Equation (A-80),
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Figura A-10. Adjustmen: Factor for Finite Length Roadways for Absorbing Sites
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In using (A-66) and A-687) to valeulate equivalent sound levels for readway segments, it.is neces-
sary Lo properly identily the angles of the segment relative to the receiver, Proper angle identilica-

tion requires use of the rule:

[ RULE: Roadway angles ara left-justified
HE -
I R S
------ 1
2 O @ A= =g =T

POSITIVE
ANGLES

NEGATIVE
ANGLES

Figure A-11. Proper Angle ldentification of Roadway Segments

EXAMPLE PROBLEM NUMBER 9

Problem: Determine the segment adjustments for the following 3 scenarios, using the
rule indicated in FMigure A-11.

1, Completely negative segment

ROADWAY SEGMENT 220 km

$y =~ (—900250220) = ~G4,50

Thus the segment adjustment for the negative segment is

92 — ¢ -47.7° ~ (~064.5%) (15,3) B
10 log ——— = 10 log 180° = 10 log 180) © 10.3 dB

for the reflective site and

v s o) V. 1a(—64.5%, —47.7°
10 log Yyznéa) g log 1l ) 116aB
b ki
for an absorptive site.
{Cantinued)
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EXAMPLE PROBLEM NUMBER 9 (Continued)

2, Completely positive segment

ROADWAY SEGMENT

250m

¢y = +tan~! (%g—g) = §3,1°

By = +tan”) (_22%2@) = 71,6°

reflective site

Ag 71.6° - 63.1°

10 log (—-——) = 10 log = 10 log (18.5") = -9.9dB
T 180° 180°
absorptive site
V) , ¥y/0(53.1°, 78.6°
10 log Yual@rda) 10 log Y112(88.17, 7367 -11.2 dB.
T .
3. Mixed segment
165m 200 m

180 m
¢'1 __,___f?
] .

reflective site

o _ s o a
58.2° = (~4257) 10 1g (100.7) = -2.5 dB

180° 180°/

ag
10 —- = 10
log T log T80°

absorpiive site

¥ /2(-12,6°% 58.2°)
= 10 log —— = -2.8dB.

v ,
10 log __________1]2(‘:‘;1 b2)
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EXAMPLE PROBLEM NUMBER 10

Problem: Repeat Example Problem Number 7 only now assume the site is absorbing
(x=1/2).

Solution: Since all parameters other than site type remain the same, subtract the non.
absorbing angular correction und attenuation rate and write immedintely,

Segment I;

A¢I Dn
Lgy = 57.2 + [—10 log " 10 log —DT]
o

for o =
D -80°, —-67.8°
+[1510g b—‘l’ + 10 log L4VEL - )]
for & = 1/2

Lyg =572 + 80 + 40 - 6.1 - 128 = 51.3dBA.

Segment II:

Ag, D ¥y0(-90°, -37.3°)
Lo = 48.3 ~ 10log —= + 5log -D—Z + 10 log -

Ly, = 48.3 + 5.3 - 3.6 - 74 = 42.6dBA.

Segment III;

A b
1010;;"';?"3' + ElogF;--i- 10 log

o a
_ Py/a(-67.3°, 90°)
L,, = 669 -

since Wyya{dy, #2) = ¥yy2(~da, ~¢1), werewrite the above expressian,

L, =6 101 A—¢§+5]
g 5.9 - og p- ogD p

D -90°, 67.3°
=2 4+ 10 log __L______\bl al )
3

Lgq = 669 + 06 - 2.0 - 1.5 = 63.0 dBA,

= 5.13 4,26 831 =
oqrgp = 10108 [105:13 + 10426 + 1063] = 63.3 dBA.

{Continued)
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EXAMPLE PROBLEM NUMBER 10 (Continued}

10006 Y12 P1-09) 4o

$o, degrons
LA 80" -40" -20" ¢ 20"  40° 60" so"
L LU
3 ! SEGMENT!N
O B J 0 = ey
- ! AT
t ' -50°
|L L —40“
| =t A " 4 =30
1 7499 2% gl
- z LA A A1
‘ o VN YL A v
i i /4 VA e
i yii/ yiy.4 .
] /i LAAAL 20
] ! / L /] a0
1 W I/ATN a
L JAVITRIAVAVANY,
/l/( [T iy [/ 240
; /f '/,, [ | AV.E
N/ ATNITAVITATRTATAVIN (N AN
gl [ Vi | 50
Yy, I AWA
a [ A G L 1
/AN IARINANINATAN AR (N A AN
N
NIRiTA AN l_{ 'REAViIN A
ML
1 ;'
| !
il o /
1 7
AT .
| I
| .

-80"  -0° 40" -20° 0O 20 4 60" A0’

Flgure A-12, Adjustment Foactor for Finita Longth Roadways for
Absorhlng Sites~ Example Protdam 10

@y, degrees

A-34




- 7N Two Special Cases

A One restriction given in step 2 which limits the application of Equations {A-66) and (A-67) is
that no veceiver may be physically closer than 15m to the roadway. There may be situations how-
ever in which a receiver is close, ) <<|S!|, to an extended porlion of a roadway segment (case 1),

R T T K T A e T o DT B, L -

In special case 1 (see Figure A-13) ¢ is in the neighborhood of /2 and the subtended angle of the
roadway segment is small, In case 1, the roadway segment adjustment chart does not contain suf-
ficlent detail to permit determination of the adjustment.
In case 2, the receiver is located on the extension of the roadway segment (see Figure A-14),
In these situations D = 0 and it is not valid to talk in terms of subtended angles. As a result Equa-
tions ( A-66) and (A-67) are not correct far case 2.
ROADWAY SEGMENT
OF INTEREST ROADWAY SEGMENT
] OF INTEREST
_l_.!
5 -
§ o
iil \Q"\\,_._\
5 SN
4 ~ -
i \\fvb Y
: 9
} {
ﬁ RECEIVER
Y Figura A-13. Case 1! Twao Situations in Which a Receiver is
..j Very Close to an Extended Portion of a Roadway Segment
bl
i
" I
r« N
£
i
i
‘,f: I n
i T~
~ EXTENSION OF
i . ROADWAY SEGMENT |
& ~~ DeQ
i‘.,s \
i N
v ™~
0 ~ ~
~
i RECEIVER
' “ihaty,
= Q } Figure A-14, Casa 2: Example of Situation in Which 1he Receiver
is on the Extension of a Roadway Segment
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It is possible to handle cases 1 and 2 simultanecusly by rearganizing (A-58),

- o N ~fa Dg+e
Leg = Ly + 0.11503 + 10log 5 + 10 lag j —e—— (A-58)

ll o o, 2
(D= +58=¢=) ~
whon D << |8t|. With this condition, (A-58) beeomes

Laq

. \ “tz (D
= [y + 011503 + 10log 57 + 1010g / (T:") dt. (A-68)

h
Performing the integration

=T 2 ND, 1 Dy o DQ)HQ
ch = L, + 0.1150; + 10|0g"§7-r' + 10 log T+ (S_[] - 'S—‘?. . (ABY)

By defining 51, as the distance, R, between the receiver and the near end of the roadway segment,
and Sty us the distance, 2, between Lhe receiver and the far end of the roadway segment, (A-69)
hecomes

ND D 1+ D 1+
Leg = Lo + 011503 + 10log —g5 + 10log -1-;1—; (72—) - (R—;) (A-70)

i

which is tho desired result. Equation (A-70) is useful for situations in which 0 < D << |S!|.

EXAMPLE PROBLEM NUMBER 11

Problem: Consider the highway site illustrated below. Calculate the equivalent sound
level for Segment [ for both an attenuating and nonattenuating site for a single class of
vehiclos,

l500“"_,_-"l'g-;aﬂ:)n'!
-

- ----l"-"J3

1l e e -

/‘ T

Solution: Since the problem does not specify vehicle volume, speed, or time period
for ch. leave the answer explicity in terms of N, 8, and 7. From the illustration,

~tan-1 (M) = -88.6°

b = -90° ¢y 10

1/4002 + 10 = 400 m,

Rr =

I
8
e
3
u

{Continuad)
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EXAMPLE PROBLEM NUMBER 11 (Continued)

Since the angles are very close to —n/2 and B, >> D, it is appropriate to use (A-70),

1+ox l+ar
ND, D D
- 5 o 1 ( a) _( 0
Lyg = Lp + 011505 + 10log =t 10 log T+ [—Rn --—'Rf) .

(n) Absorptive Site, o = 1/2

3/2 3/3
= 2 NX15 1 (15) _ {15
Loy = Lo + 01150% + 10log S5 + 10log 5177 | {570 (m)

q
L, = L, + 011602 + 10 2 - 11.4 4B
eq o : o 8T ’ '

{b} Hard Site, & = 0

= a NX15 Dy Dg
I..eq = Lo + 011505 + 10 log ST + 10 log [(m) - (-;;):l

N
T

L L, + 011502 + 10 log 37~ 2.5dB.

I

eq

Step 6. Summary
In steps 1 through 5 a model to predict the equivalent sound level for lreely flowing traffic was
developed. In developing the model, three major assumptions were made:
{1) vehicles are adequately represented by acoustic poinl sources,
(2) vehicle emission levels within a vehicle group are normally distribuied, and
(3) pmpagaﬂion losses are adegquately modeled by including an excess attenustion Iactor
(D, /RYE,
Field observation consistent with these assumptions have been made in o number of separate
studies. Accepting these assumptions, the hourly equivalent sound level was shown to be given by

D hyaldrs
15 log == fm log —————””""i‘ ?2)

_ . D
L,,q(h) = (L")E + 10 log 5t o + — 25dBA
10log 75 (10 1og &2
(A-T1)
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where (E,,) r is the refercnce energy mean emission level for a class of vehicles and is piven by
o), = L, # 0.11502

L, = arithmetic mean emission level

standard deviation around the arithmelic mean emission levels

nD
N is the number of vehicles traversing n rondway segment defined by the angles (¢, ¢a) in
one hour at the average speed S in km/h
D, isthe reference distance in metres at which L, was determined
D is the perpendicular distance in metres from the centerline of the traffic lane to the
receiver
Ag¢ is the subtended angle of the roadway, ¢5 ~ ¢, relutive to the receiver

Yiyaldy,6a) _ 1 [ X .
— T veosd d¢ is the sepment adjustment factor to account for gronnd
(2} absorption effects,

On the special cases of very small or near zero ohserver distances, the hourly equivalent sound level

was shown to he given by
Dy 3/2 . D, 372
) |7

_ ND,
Leglh) = (Eo), + 10log —= + -~ 30 dBA

Dy P
10 log [(-}_\'.;) - (—R?):l
whete

R, isthe distance in metres from (he observer Lo the near end of the cenlerline of the traffic
lane segment.

mlm

10 log

(A-72)

Ry s the distance in metres from the olserver to the far end of the cenlerline of the traffic
lane segment.

EXAMPLE PROBLEM NUMBER 12
Problem: Consider the highway site shown in the ligure helow. Caleulate the hourly
equivalent level at the receiver if
{a) the site is reflective, & = 0
(b) the site is absorptive, oo = 1/2

Assume the vehicle speeds on Segment 111 are the same as on Segment L

{Cantinuad)
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EXAMPLE PROBLEM NUMBER 12 [Continued}

3Bm
2 4 60m
- W
On Segment I, the flow and reflerence energy mean emission levels arc;
680 automobiles = 69dBA at 88 km/h (Dg =15 m)
110 medium trucks = 80 dBA nt 80 km/h
42 heavy trucks = §5dBA nt 80 km/h
On Segment II the flow and reference encrgy mean emission levels are:
240 automobiles = 68 dBA at 80 km/h
B0 medium trucks = T79dBA at 72 km/h
15 heavy trucks = 84dBA at 72 km/h
Solution:
(a) Hard Site
Segment 1
_____ ‘;z}
e - /\'Pz—‘l 8m
- -
e &
B CUE AP F
60m
¢y = tan™ (%): 57.7°
¢2 = §0°
Ap = by — py = 90° ~ 67.7° = 32.2°
{Continued)
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EXAMPLE PROBLEM NUMBER 12 (Continued)

Segment I;

Automabiles Medium Trucks Heavy Trucks

Volume, N G830 110 42
Speed, km/h B8 BO 80
D, metres 38 38 a8
(L) P 69 80 85
10 log (ND,, /8) 20.6 13.1 9.0
10 log (B, /D) -4.0 -4.0 ~4,0
10 log (A¢/fn) -7.5 -7.5 ~-7.5
+ constant -25.0 -25,0 -25.0
Loy 3.1 56.6 57.56

Lyg(h); = 60.9 dBA

Segment II:

L = 60 tan 26° = 28.0m ¢y = cns"’(—') = §2,6°

D ={38-28snB5° = 9.1m ¢y = 907

R, = V602 + 382 = 710 c=vn?-917 = 704m

ﬁf=no

Sinee D << IS¢, that is 8.1 << 70.4 it is appropriate to use the Ly expression in-
volving R, Ry

{Continued)
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EXAMPLE PROBLEM NUMBER 12 (Continued)

by

Segment Factor F(R,, R,-)“ = 10 log [(_ﬁ”—) - (]_Ef')]

F(Ry,, Rp), = 101og [(%) - (-{;5)] = ~6.84B

Automohbiles Medium Trucks Heavy Trucks

Volume, N 240 50 156
Speed, km/h 80 72 72
D, metres 9.1 9.1 9.1
(L) 68 79 84
10 log (N2, /) 16.5 10.2 4,9
F(R,, Rf)o -G.8 -6.8 -6.8
+ constant -30.0 -30.0 ~-30.0

17.7 52,4 521

Leg

Leg(h), = 56.0dBA

Segment 111;

Autamobijles Medium Trucks Heavy Trucks
Volume, N 920 160 57
Speed, km/h 88 80 80
D, metres 38 38 38
(L), 69 80 85
10 log (ND,, /S) 22.0 14.8 10.3
10 log (12,/D) ~4.0 ~4.0 -4,0
10 log (A /m) -9 -9 -9
+ constant -25,0 -25,0 -2p.0
L 61,1 84.9 65.4

cq

Log (), = 68.9 dBA

To ealculate the equivalent sound level al the receiver due to all three segments, caleulate

{Continued)
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EXAMPLE PROBLEM NUMBER 12 {Continued)

Logh), Lot Loy )y,
Lm(h) = 10logf10 10 + 10 10 + 10 M0

10 log [ 10609 + 105.60 4 106.8%) = (9,7 dBA

4

Lo ()

Loglh) TO dBA.

It

(1Y) Absarptive Sile

Using the information from part (1), construct the tables

Segment It

Automobiles Medium T'rucks Heavy Trucks

(Lol 69 80 B5

10 log (ND,/8) 20.6 13.1 9.0
15 log (D,/D) -6.1 -6.1 -6,1

58,90

10 log w—‘ﬂﬂ————) ~10.6 -10.6 -10.6
+ constanl ~25.0 -25.0 -25.0
LL.q 47.9 51.4 52,3

Leg(h), = 55.7dBA

Segment I1:

9
Sepment Factor F(R,, Rf)”., = 10log T [:(_ff—
- n

F{R,, Rf)llZ = 10log %[(%)SI- - (%55_)

/2
} = -11.9dB

Automobiles Medium Prucks Heavy Trucks
(L), 68 9 84
10 log (ND, /S) 16,5 10.2 4.9
F(R,, R‘,-)”2 -11.9 -11.9 ~11.9
+ constani -30.0 -30.0 -30.0
ch 42.6 47.3 47.0

Log i), = 50.9dBA

{Continued)
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EXAMPLE PROBLEM NUMBER 12 {Cantinued)

Segment 111:
Automobiles Medium Trucks Heavy Trucks

(L) 69 80 85

10 log (ND,/8) 22.0 14.8 10.3

16 log (D, /D) ~-6.1 -6.1 -6.1

[ "90.58

10 log ?l%-—l 1.7 -1.7 ~1.7

+ constant ~26.0 -25.0 -25.0
Leg 58.2 62,0 62.5

Lyq(h)y, = 66.0dBA

Thus the total L, at the receiver far the absorbing site is
ch(h) = 66,56 dBA = 67dBA

Note: Decimal points are shown for illustrative purposes only, Numbers should be
rounded off to the nearest half dBA.
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Appendix B
TRAFFIC NOISE BARRIERS: ATTENUATION AND INSERTION LOSS

INTRODUCTION

Appendix B is intended to provide the Lools with which the highway engineer may obtain
estimates of how well a wall or herm will perform in the field, For detailed designs the reader is
referred to “Fundamentals and Abatement of Highway Traffic Noise” [1], “Noise Barrier Design
Handbook™ [ 2], and *“User’s Manual for the Prediction of Road Traffic Noise Computer Program—
MOD 4" [ 3]).

The thrust of Appendix B is on the ealenlation of barrier effects rather than the measurement
of barricr effects, The barrier model utilized is based on an analytic approximation [4] ta labora-
tory data with field verification [5]. The treatment of barrier effects is consistent with the equiva-
lent enetgy methodology of Appendix A,

The information in Appendix B is presented in three steps:

(1) definitions and principles
(2) barrier attenuation of equivalent sound levels
(3) example problem.

Step 1. Definitions and Barrier Principles

In the context of this report the term harrier is considered to include walls and berms. Barriers
affect sound by interrupting its propagation and creating an acousticshadow zone, (See Figure B-1.)
The sound level in the shadow zone is lower than the respective free field sound level, In the iflu-
minated zone, the sound level may or may not be lower than the free field level depending upon how
frr the receiver is into the zone. The reduction in sound level depends on the source angle, angle of
diffraction, frequency of sound radiated by the source and the path length difference. For most
practical situations the reduction in sound level (attenuation) provided by a barrier may he expressed
as a funclion of a single variable called the Fresnel number, The Fresnel number, N, is defined by

& /5
N&2T=2F (B-1)
where & is the pathlength difference (see Figure B-1), A is the wavelength of sound radiated by the
source, { is the frequency of sound radiated by the source, and ¢ is the speed of sound (343 m/s).

For a point source |located behind an infinitely long barrier, the attenuation, A, is given in

terms of the Fresnel number, N, by

(0 N < —0,1916 - 0.0635¢

VTN
5(1 +0.6¢) + 201og m—n—f_;—rll—M- (~0.1916 - 0.0635¢) < N < 0
21N
anh /2nN

il
A

A (B-2}

(1 +0.6¢) + 20log t———-—-—-- 0 <N < 5,03

2001 + 0.15¢) N = 5.03

B-1
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Figure B-1. General Source/Raceiver/Barrier Geometry

where
¢ = 0 forawall
¢ = 1 for a berm,

From field experiments, berms appeared to perform about 3 dB better than predicted when they
were mathematically treated us a wall. Thus, the ¢ factor was included in(B-2) to take thisobserved
performance difference into aceount.

Step 2. Attenuution of Equivalent Sound Levels by a Barrier

Consider the source-receiver-barrier geometry shown in Figurg B-2, The problem is to deter-
mine the sound level at the receiver due to the roadway-barrier segment (¢y,, ¢ ). When tresting

B.2
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Figure B-2. Scurce/Receiver/Barrier Geometry Used for the
Determination of Barrier Attenuation

roadway-barrier scenarios, it is assumed that ground elfects for the shielded porlions are negli-
gibla (ee=0), In the absence of the barrier and with negligible ground effects, the mean square
pressure (P2) due to a single vehicle source is given by

2
(P2 = (P (PR—O) (B-3)
whete
D, = reference distance
R = source-receiver distance
{P2) = mean square pressure measured at reference distance.
The effect of the barrier is that each sound ray will be attenuated by the factor 1074710, that is
(P%) = (P (%3) 10'1% . (B-4)

where A is given by Equation {B-2),
Using the {dentical methods and techniquesdeveloped in Appendix A for calculuting equivalent

sound levels for a flow of vehicles, (B-4} is integrated over position {time) to give

- N:D D & A
Laql®, = (o) + 10105 522 + 10105 (73) + 1010 2 [* 10 W -5 (mo)
()

where
Log(h}; s the hourly equivalent sound level for the ith class of vehicles

B-3




(Lo)g, is the reference encrgy mean emission level Cor the class of vehieles

N; is the number of vehicles in the /th elass traversing the roadway itt one hour

D, isthe reference distance, taken as 15 m

S; is the average speed of the ith ¢lass of vehicles (km/h)
D s the perpendicular distance from the centerline of the traffic lane to the recelver, m
A is the attenuation of point source levels (Equation (B-2)) provided by a wall or berm

dpp A
10 log % f 10 10 ¢ isthe attenuation in equivalent sound level provided by a wall or
by, berm subtending the angles ¢; and ¢p rolative to the receiver,

In arder to put (B-5) in form more compatible with the results of Appendix A, the right side of
(B-5) is multiplied by the factor 10 lop [A¢(1/A¢) ] where Ap =gy, — ¢y,

_ N;D D A
Logth), = (LO)Er + 1010y -'9,-0 + 101og (T") + 10 log T¢

+10 log &;f 10770 dp - 25. (B-6)
13

I the equivalent level attenuation term is designated Ap, the hourly equivalent sound level for
a receiver near a roadway segment (¢, @ ) shielded by a barrier subtending the angles ¢y, ¢y is

N.D D A .
+ 101log —==2 + 101log (“bﬁ) + 10 log T‘b * Ay = 26, (B-T)

Leg(hy; = (E,) 5

¥
It isimportant to note that (B-7) is used only for ch(h),. contributions from shielded segments, If
the roadway element has unshielded portions as in Figure B-3, segments I and IT], their contributions
are separately calculated using earlier results according to

1,
VQ(Q:;- ¢2) - 95 (B-B)

- N.D, R
Leq(h)f = (LO)E! + 10 log 5, + 10 Jog (—-D-) + 10 log

the results of which would be appropriately added to the shielded L ., (h); value to obtain the total
equivalent sound level,

Two problems remain: (1) performing the indicated Integration in (B-6) requires that the func.
tional relationship between N and ¢ be determined, and (2) deciding if Ag is the same for all classes
of vehicles for a given site geometry,

The ¢ dependence of N is determined by the approximate relationship

N 2« N, cosg (B-9)

in which N, is the resnel number determined along the perpendicular between the receiver and the

source {tine).
For barrier caleulations only, the source vehicles are treated as being located at the following

positions:
automobiles 0 metres above the centerline of the lane
medium trucks 0.7 metres ahove the centerline of the lane
heavy trucks 2,44 metres above the centerline of the lane,

B4
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Figure B-3. Finite Roadway/Finite Barrier Geometry for Insertion Loss Coleulations

These elevated positions take into aceount the many individual noise sources contributing to the
overall noise radiated by medium and heavy trucks. Since the source positions vary, A5 will vary,
and hence, must be indexed to indicate vehicle class, e, Ap,. Then,

where

- N‘Do DO A¢
Leg(h); = (Lo + W0log == + 10log (‘D‘) + 10log == + Ay = 25 (B-10)
-
ag, = 10log 2 [ 10770 ap. (B-11)
()
(0 N, < -0.1916 - 0.0635¢
6 ) VN, , cos ¢ 5 0
5(1+06¢) + 20log ——————— -0,1916 - 0.0635¢) < N, <
(1+08¢) CnVEW o '
a; =4 (B-12)
TV icosqb
5(1 + 0.6¢) + 20 log 0 < N; < 5,03
tanh \/.?ari?voii cos ¢
20(1 + 0,15¢) N; > 5.03
b

and

Ny = (No]', cos
{ = automobiles, medium trucks, heavy trucks,

B-b




To put (B-11) and (B-12) in a more useable form note that

3¢ = 10 log (100.3¢)

B+ 3¢

5{1+ 0.6¢) = 10log 10 1° = 10log (/10 10¢.3¢)

20+ 3¢

20(1+0,15¢) = 10log 10 10 = 10log (100 x 100.3¢)

which when combined with the log terms in (B-12) gives

10 log

10 log

( 2010 (1)

[\/10 100.9¢ 21IN, |, cos ¢ ]
tan2 / 2nIN, |, cos

[V/I0 1093¢ 27(N,) cos ¢ |

tunh2 V2n(No), cos ¢ |

10 log [100 X 100-8¢ |
A

N; < -0.1916 - 0.0635¢

{—0.1916 — 0.0635¢) < N; < 0

(B-13)

0<N, <508

N, » 5.08.

The integrand in (B-11) involves the antilog aof negative A/10, so that (B-11) may be rewritten
using the resuft (B-13)

B" = 10 log GDR—.

18 Ll

¢y,

-

1

~

A

10-0.3¢ 1an2 21r|N,,I‘, cos
/10 211|N0||. Cos ¢

‘AH
l

10-0.3(3
10°

~

A 10793€ 1kt \/“er(.'\’c,ij s p
V10 21:(N,,),. cos ¢

[

N; < ~0.1916 - 0,0636¢

(=0.1916 - 0.0635¢)

<N, <0
do
0 < N <503
N; = 5.03.
{B-13)

The integral in (B-14) has been numerically integrated for u range of valuesof Ny, —0.2 <N, < 100,
and is presented in ten degree increments in a series of tables appearing at the end of this appendix.

Insertion Loss

Insertion loss, IL, is the direct measure of the field effectiveness of a barrier. Insertion loss is
simply the difference in sound levels at a receiver hefore and after construction of the barrier,

1L

- ( Sound level before) _ (
barrier construction

B-6

Sound level alter )
barrier construction/ (B-14)
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In general, insertion loss will depend upon the barrier’s attenuation Ap, transmission loss character-
istics, leaks, and propagation effects. Insertion loss is the quantity around which barriers should be

designed,

EXAMPLE PROBLEM NUMBER 1

Problem: Using the finite roadway, finite barrier geometry illustrated below and the
traffic information in the accompanying tuble, determine (1) the traffic noise level at
the receiver before construction of the barrier, (2) the level at the receiver afler con-
struction of the barrier, and {3) the field insertion loss provided by the barrier,

ROADWAY SITE {Na1 to Scalel

¢ 133m e 434m
1 ! /
i | { 2 lanos
% 3.66 m wide
H / - teach)
J' 10m ! / ”~
! r] ~ 2 lanas
= - 3.66 m wide
{""' ;’ — 120m — | 16m leoeh)
1*‘"1 18m Barrior, 4 m high
/
{ / -’
| ! '
- SOFT SITE
65m | Ve
~
! s
(I e
(N ’
. ~
i
Recelver, £.5 m high
‘Tralfic Information
. N (vph) .
Vehicle Class All Lanes S {km/h) “‘D)g (dBA)
Automobiles 2450 g8 72
Medium Trucks 195 84 82
Heavy ‘1Tucks 160 82 B&

Solution:

Using the Noise Prediction Worksheet, fill in the traffic data.

Calculation of Equivalent Lane Distances

1. No Barrier

¥
|

3.66

=
]

R
!

= 76.61m.

; [(65 + 240

= [{Receiver—near lane (f, distance) X (Receiver—farlane @, distance)]

1/2

12
)(65 + 3.66 + 366 + 10 + 3.66 + 32&)]

{Continued)
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EXAMPLE PROBLEM NUMBER 1 (Cuntinued]
2. With Barrier
by, = Receiverbiarict Jistanee {perpendicular)

+ [(Barsier—neus lune G, <distance) X (Barrier=-farlane @, distance)] i

Dy

) PR 12
50 ‘(li‘n  AB8) (15 + 266 « 10 + 3.66 + -—3',53‘5)]
Dp = 7523 m.

Caleulation of Roadway Segzent Angles

_— 431 m >

pemerme— 133 M -_—b[w

_ L1t 120 -
dig = 1an ( 50 70°
= g AR
!p? = tin (7 e gee
Caleulation of §,, N,
Redrawing the barrier in & cross-section
HT 20dmem ===~ om0 T ..
Y -
e e e e L T -
MT 07m =7 & e e = .:"1' t ot L LT =
- ——— e e wem m mm e TS
A Om el = ___.-..---————-—-—“‘IEI.Sm
26.23m 80 m
A B, = Va5za v a2+ Via— 187+ 607 - VIEE ¢ ¥5.23¢ = 0.36m
MT 8, = V25232 + =07 + Vo + 502 - Vits—07® + 75237 = 027 m
HT &gy = Vo5.232 + (4-2401° + Vae? + 607 - Viz44~1517 + 76232 = 0.10m

{Continued)
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EXAMPLE PROBLEM NUMBER 1 {Continued)

I Iz usually token a5 550 He

c = 343 mis

=£.!.@.' &,0 : _;'lI,‘.l_

o 343

1

1186
0.87
0.32,

A Ny = 3,21{0,36)
MT N, = 3.21(0.27)
HT Ng = 3.21(0.10)

[}

Calculation of Ap
Using the attenuation tables at the end of Appendix B
A Ny=116 ¢ =20° N, -1 Ay -11.39
pg=T0° N, -2 A, = -1409
By linear interpolation Ap = -11.39 - 0.16(14.09 - 11,39)

Ap = -1l

MT N, = 0.87 Ny, = 0.8, 3, = -10.60
N, = 0.9, &, = -ilut
Ap = -10.60 ~ 0.7(11.01 - 10.60)
Ap = =109
HT N, =032 N,=103, 4, = ~7.83

N, =04, A&, -85

-7.83 - 0.2(8.52- 7.8%)

#

Ag
AB = -8.0
From the Noise Prediction Worksheet,

noise level at the receiver before construction of the harrier

Lb,(h) = 66.7 dBA

{Continued)

B9




EXAMPLE PROBLEM NUMBER 1 {Continued)

noise level at the receiver after consiruction of the barrier

Leg(h) = 66.5dBA

IL = Lgy(h) - Li,(h) = 66.7 - 65.5

ILL = 1.2dBA

NAME PROJECT DESCRIPTION _TXAMPLE &1

DATE

1. | LANE NO./ROAD SEGMENT 1 11 (dators) 1| {Attm) n

2., | VEHICLE CLAS, A MY JHTE A [ MY [HT | A [ MTf HY | A | MT{HT | A | MT | HT | A | MT | HT
3. | Nivphl 2480 | 198 | 100 [7480 | 196 | 100 |240 | 196 | 1RO [2865 | B | 100

4. |Stkmihi ool aa [ oz[ so| od [ 02] oa| sa | az| s8] 64| B2

8, |Dim) - |8 = [ - [mer] ~ | - [1833) - | = [red] -

8, [¢ (dugrans) Fig. B 0 0 n L]

1. [ daldegrens) Fig. 6 2 10 n 80

0 [lol&; (dBA) Fig 2| 7a]p2 [ 6| 72 n2 ! me| 72| 82| sa| 12| 82 | 68 T 1 1
[0, [10LOG {ND./5) tdbl Fig 3] #6.2] V64 | 14.7] 20.7| 164} V47| 783] 16.4] ta¥| 262] w6 13 | | 1
[0, [101LOG (B, /0] [dBA]___ " Fig. 4] -ra] =10f 10
_E_ 15 LOG (D, /D) (dDA) Flg. 4|-10.8}-10.6 [-108{-108 |-10.a}-108 =10.6[=10.8]-10.]

e, [10LOG % {91, $2)M (ABA)]  Flg. 8 48] -4.6] -5.0
(V15 [TOLOG (W72 (%, 2091 (DA} Fig. 7| 30| 38 | -38] 6.7] 5.3 3 EO Y

12, [ 1degtem) Fig. 10 20

3, | énidegren) Fig. 10 0

4, [ Limatras) Fip.8 o2 |o.2? Jo.in
|16, [¥, Eq, 18 116 [o.87 [0.32
118._| HpidBA) A Jix B -11.8f =100 -A.0

. | CONSTANT [d@} 26 | can | .28 | .76 ;26 | 2536 | -6 |26 (29 [-38 (.26 |26 (76 (.75 |25 |26 )26
LA LathdBAl 50.0| 86.2 [ e1.6| 584 ca.8| sag| 1a8] 4an| 5617 42.0] 488 6Oy

8, | iy 1] (dBA) [T 42.0 [1X] 637

70_ | A, [dAA) Fig. B

1, |Lylh) MBA Before 8.7 Alar 065

22, |ipgih) IBAI

23, | NO/S (m/xm}

24, {l.m-&_l,‘_ldal Fig. 16

at. | Lyothl (dBA)

26, | Lioth) (0BA)

27, | L1nihT GBAL

‘Table B-1-1. Mol Fradiction Workshoot

.. B-10
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(4]
L

LEFTMOST BARRIER ANGLE, &

("“\l

NOISE ATTENUATION BY A BARRIER DEFINED BY (Ng, ¢, ¢}

MAXIMUM FRESNEL NUMBER, Ny = —0.01

RIGHTMOST BARRIER ANGLE, lﬂ;

-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 4o 50 60 I 80 80

-0 | -50 -50 -50 -48 48 -49 -48 49 -40 49 -43 49 40 -49 -48 -49 489 -49
-80 - -BD =49 —49 =48 49 -4.9 —49 -49 -49 =489 -48 -40 49 -49 -49 -49 -49
-70 - - 40 -49 -49 48 -49 -48 -49 -489 -48 -48 -48 —48 -48 -49 -49 49
-60 - - ~ 49 -49 49 -49 -49 -48 -48 -48 48 -48 —48 -48 -49 49 -49
~50 - - - - 49 -48 -49 -a48 -48 -48 48 4B 48 -—48 -48 -48 —4.9 -48
-40 - - - - - 4B -48 -48 -4 -48 48 48 -48 -48 -~48 -48 -49 49
-30 - - - - - - 48 48 -48 -48 -48 <48 A48 =48 -48 -48 -49 -49
-20 - - - - - - - -48 -AB -48B -48 -48 -48 -48 -48 -48 -49 -49
-10 - - - - - - - - -48 48 -48 -48 -48 -48 -48 -49 -49 49
0 - - - - - - - - -~ -48 -AB <48 -4B -48 -48 -49 -49 -49

10 - - - - - - - - - -~ —4B -8 -48 -48 —-49 -49 -49 -49
20 - - - - - - - - - - - 48 48 -48 -48 -49 -49 -49
30 - - - - - - - - - - - -  «AB 489 -A0 =49 -49 49
40 - - - - - - - - - - - - - -48 -40 -49 -49 -49
50 - - - - - - - - - - - - - - —49 -49 -49 -49
6O - - - - - - - - - - - - - - -  -49 -489 =50
70 - - - - - - - - - - - - - - - -  -50 -50
80 - - - - - - - - - - - - - - - - - 80

o P b A T B A
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NOISE ATTENUATION BY A BARRIER DEFINED BY [Ny, ¢, ¢}

MAXIMUM FRESNEL NUMBER, N, =

RIGHTMOST BARHIER ANGLE,

-0.02

~80 =70 =G0 ~-00 -A40 -30 -20 ~10 4] 10 20 30 40 50 GO 70 a0 00

—-90 =50 ~49 -48 49 A8 48 -48 -48B -48 =47 47 47 47 4.7 -4.7 -47 -4.7 -4.8

-80 - -48 -49 -48 -4B -48 -48 -48 A7 -47 AT 47 -47 =47 -47 -47 47 =47

-70 - - -4A8 —-48 48 4B -47 -47 -47 47 =47 AT 47 47 47 -47 -47 =47

-60 - - - —48 -48 47 -A7 47 47 -4 A7 =47 47 AT AT AT =47 4.7

~60 - - - - 4.3 -4 47 A7 47 =47 47 AT 47 -4.1  -47 =47 4.1 -4Ad

o -40 - - - - - -4.7 -47 47 47 46 =46 46 47 47 =47 =47  -4.7 4.7

E -30 - - - - - - -47 47 A8 -46 -46 46 —48 -47 -47 ~47  -4.7 -4.7

§ -20 - - - - - - B 46 -46 46 -46 -486 -46 -4.7 -4 -4.7 AT -47

E =10 - - - - - - - - -46 =486 -—456 -46 =406 =47 -4.7 -47 4.7 =47

E 0 - - - - - - - - - ~-46 —46 -46 -47 47 ~47 .47 47 -4}

'§- 10 - - - - - - - - - - -46 =47 47 47 -A7 -47 -48 -48

E 20 - - - - - - - - - - - -7 -47 47 -47 -4 -48 -4

| - - - - - - - - - . = 47 47 -47 -48 48 -48

40 - - - - - - - - - - - - - -47 -48 48 -4.8 -48

50 - - - - - - - - - - - - - - 4B 48 -48 -49

| - - - - - - - L L - - . - = 48 -48 -49

70 - - - - - - - - - - - - - - - - 49 -48

B0l - - - - - - . - - .~ L4 _ .o
N . ;

, " \pre




ey

X PN ——
NOISE ATTENUATION BY A BARRIER DEFINED BY {Np. ¢ gt
MAXIMUM FRESNEL NUMBER, Ng = —0.03
RIGHTMOST RARRIER ANGLE, ¢y
-B0 —70 -G60 -50 -40 -30 -0 -10 0 10 20 30 40 B0 [HU] 70 80 1]
-80 -50 -48 -a48 -48 -48B -4.7 -4.7 ~471 —486 -46 -46 46 -4.6 -46 -46 =46 -46 ~46
-80 .40 —48 -48 43 47 -7 -4 -46 46 —46 ~-46 46 A6 4G -AB -486 —4.6
-70 - _ 4B -47 -43 -AG6 ~4G -48 -46 -45 ~-46 45 45 45 -45 -46 -46 ~46
-G0 - - — .47 A6 -456 -4 -85 -A5 -46 -—45 A5 «45 45 4§ -45 -46 —4.6
-50 - - - _ 48 -A§ -45 —-4% 45 .15 —45 45 -45 -5 -45 -45 -46 -4.6
oy -40 - - - - —  _45 -45 45 -45 .45 -5 -a5 -45 -45 45 46 -~48 48
u | -30 - - - - - . _45 -45 -45 .45 -45 -45 -45 -45 —45 -45 -4B 4.8
% -20 - - - - - - - _44 -84 -44 -44 -4 -A5 -A45 -45 -45 ~46 46
‘E -10 - - - - - - - _  _44 -44 -44 -44 -45 -45 -~45 -45 —46 46
E (] - - - - - - - - _ .44 -44 -45 =45 -A5 -45 -46 -46 -—4b
é 10 - - - - - - - - - -~ —A44 -A5 -45 -45 -8 -46 -48 =47
&1 20 - - - - - - - - - - — .45 -40 -45 -46 48 -47 -A7
N 30 - - - - - - - - - - - -~ =45 48 -48 -486 -47 -47
40 - - - - - - - - - - - - - 46 -46 -47 ~47 -AB
50 - - - - - - - - - - - - - - -47 =47 -4B 48
60 - - - - - - - - - - - - - - - -4B -48 -49
70 - - - - - - - - - - - - - - - -~ -48 -48
80 - - - - - - - - - - - - - - - - - =50




vi-g

NOISE ATTENUATION BY A BARRIER DEFINED BY (Ny, ¢, ¢g)

MAXIMUM FRESNEL NUMBER, N, = ~0,04

RIGHTMOST RARRIER ANGLE, ¢}

-80 -70 -60 -50 -40 -30 ~20 10 o 10 =20 3 40 s 60 70 80 80
00| —48 48 ~48 -47 -47 -~48 -46 4K 45 —45 -5 44 44 —4i ~43 45 -45 —45
80 | -~ 4B 47 -47 46 -46 -48 -45 —45 —44 —44 -84 -44 -44 44 -44 —45 45
-0 - - 47 -4B -48 ~45 -45 -44 -84 -44 -~44 -44 =44 44 ~d4 -44 <44 -45
-0 | - - = -a8 -45 ~4B -44 44 -84 43 -43 -43 -43 -43 -44 A4 -44 44
-50 | - - =~ 45 -44 -44 -43 -43 -43 43 -43 43 43 -43 -~a4 -4 44
ag |=0 | = - -« - 44 -43 -a3 43 -43 43 -43 =43 43 43 -44 44 —44
4 [ -a0 - - - - - - -43 -43 ~43 -43 -43 ~43 43 -43 -43 -4 44 -44
E -20 - - - - - -~ = -43 42 42 -42 43 -43 -43 43 44 44 -4.5
g
E -0 - - - - - - - - 242 -42 -42 -43 -43 -43 -43 -Ad4 44 -4.5
E 0 - - - - - - - - - —42 -42 -43 -43 -~43 -44 -44 -45 —4.5
8| w| - - - .- - - - -« =43 43 -43 -43 ~44 -44 -15 —45
E 20| - - - - - - - - - - = -3 -43 -44 -4 A5 -45 -46
| - - - - - - - - - - - 44 -A4 -45 —45 -46 46
40 - - - - - - - - - - - - -  -A5 45 ~46 -46 -—4.7
0 - - - - - - - - - - - - - = a5 -46 -47 -47
0| - - - - - - . - - - - - =« 47 -a7 -a8
70 - - - - - - - - - - - - - - - - -—ag -a9
80 - - - - - - - - - - - - - = = - - a8
,,-m-\‘ ' : Q«w}
O —




()

NOISE ATTENUATION BY A BARRIER DEFINED BY (Ng, ¢, ¢g]

MAXIMUM FRESNEL NUMBER, Ny =

RIGHTMOST HARRIER ANGLE, 35

-0.08

~80 -70 -G60 -60 -40 30 —20 -10 b I 20 30 40 S & 70 80 gnJ

—80 ] -48 -—a8 -48 47 ~AG —45 -45 -44 -44 -43 ~43 -43 -43 ~43 -43 A3 -43 -44

-89 - ~48 -47 —48 —-45 -~46 —44 -14 43 =43 43 42 4.2 -42 -43 -43 -43 43

~70 - - 46 485 -45 -A44 43 43 -43 -42 -42 -42 -42 -42 -42 -43 -43 -43

-60 - - - 45 -4 43 =43 43 -a2 42 -42 42 -4.2 -42 -42 -42 -a3 -43

-50 - - - - -43 =43 42 ~62 -41 —41 —41 -41 4% -41 -42 -42 -42 -43

o % ~40 - - - - - 42 42 -41 =41 -4} -41 =41 -4 =41 42 4.2 42 -43
a4 - - - - - - A1 -4 41 a1 —41 41 41 —41 42 42 -42 -43
2 -0 - - - - - - - 41 —40 -40 -40 -41 41 -41 -42 -42 -43 -43

E -0 - - - - - - - - -40 A0 -40 =41 -41 =41 -42 -4.2 -43 ~43

< ) - - - - - - - - - -840 -40 -41 A1 -41 42 <43 -43 -44

% 10 - - - - - - - - - - —a1  -a1 —a) -42  -42 <43 -44 -44

E 20 - - - - - - - - - - ~ -4 a2 42 43 4.3 -—44 ~45
30 - - - - - - - - - - - - 42 43 -43 -44 45 —45

a0 - - - - - - - - - - - = -A3 -84 =45 ~-45 -4

&0 - - - - - - - - - - - - - ~  -45 ~A5 -48 -A7

60 - - - - - - - - - - - - - - - -AG -47 4B

70 - - - - - - - - - - - - - - - ~  -4B —aB

a0 - - - - - - - - - - - - - - - - — 48

A s




91-d

NOISE ATTENUATION BY A BARRIER DEFINED BY {Np, ¢, ¢t

MAXIMUM FRESNEL NUMBER, Ny - —0,06

RIGHTMOST BARRIER ANGLE,(,‘J?‘

3

-80 -70 -60 50 —40 -30 -20 =10 O W 3 40 S0 60 0 a0
~00 | -49 —48 -47 -46 -45 -44 —44 -43 42 -42 -42 =41 -4t —41 -41 -42 -42 -42
-80 - —-47 46 A5 44 -44 43 —42 =42 41 —41 —&1 =41 41 -41 =41 -42 -42
- - - 45 -44 -43 43 -4.2 =41 -41 41 -40 a0 —A0 40 41 -1 -41 -4.2
-60 - - - —43  -43 ~42 -4 =41 A0 <40 -AD 40 40 —40 -40 41 -4t -4
-50 - - - ~  -42 -41 -40 -40 -40 -39 -38 -38 -38 -40 -4.0 -40 -1 -4
ag | 40 - - - - - -A0  -40 -39 -39 -3¢ 35 -39 -39 -18 -40 -40 -a1 -41
4| -3 - - - - - - -39 -39 -33 -38 -38 -39 ~39 -39 -40 -40 -41 -4
Z | -20 - - - - - - - -38 -38 -38B ~38 -3.8 -38 19 -40 <-40 -41 -42
é -0 - - - - - - - - 38 -38 -3B -38 -39 -39 -40 -41 -41 -42
H 0 - - - - - - - - - 38 -38 -39 -39 -40 40 -41 -42 -42
% 10 - - - - - - - - - -~  ~38 -8 -39 -4D -41 ~41 -d42 -43
E 20 - - - - - - - - - - - -39 -40 -&0 -41 -42 -43 -44
a0 - - - - - - - - - - - - 40 -A1  -42 -43 -14 -84
40 - - - - - - - - - - - - - —42 -43 -43 -44 45
50 - - - - - - - - - - - - - - -43 -44 45 4B
60 - - - - - - - - - - - - - - - —45 A8 47
70 - - - - - - - - - - - - - - - - -7 -8
80 - - - - - - - - - - - - - - - - - -48
i | r
'\_) —’ \WJ




=
ek
-]

S ~ —~
NOISE ATTENUATION BY A BARRIER DEFINED BY (Ng, oL, 95}
MAXIMUM FRESNEL NUMBER, Ny = ~0,07
RIGHTMOST BARRIER ANGLE, ¢
-B0 -70 60 -850 -40 30 20 -10 ¢ W0 2/ 3 4 50 60 Y0 80 eﬂ
~00| -49 —48 -47 45 =-44 -43 42 42 =41 ~40 -A0 -~40 -40 -40 -403 40 =41 —4.1
80 - .47 48 -44 -a3 -42 -a1 41 -40 -40 -38 -39 -38 38 -39 40 -40 4.1
~70 - ~ 44 43 -42 -41 ~40 ~40 -39 -39 <38 -38 ~38 -385 -39 -39 -40 4.0
~60 - - - -42 -a1 -4D -40 -39 -38 -38 -38 -~38 -38 -38 -38 -39 -39 -40
~50 - - - - 40 -39 -38 -38 -38 -37 -37 -~37 -37 -3B -38 -39 -39 -40
og | ~40 - - - - - -39 -18 -37 -37 -37 -37 ~37 -37 <37 -38 -38 -35 ~4.0
g -30 - - - - - -~ -37 -37 -3 -36 -36 -36 -37 -37 -38 -3B -38 4D
;2 ~20 - - - - - - - .36 -36 ~-36 36 <-36 -37 -37 -38 -38 -38 -40
E -10 - - - - - - - -~ -36 -36 -36 -36 -37 =37 -38 -39 -40 ~4.0
§ 0 - - - - - - - - ~ -36 -36 -36 =37 -3B ~38 -39 -40 -4.1
g 10 - - - - - ~ - - - - 36 <37 37 -38 -39 -40 =41 -42
5 20 - - - - - - - - - - ~ =37 =38 -39 4.0 40 -41 42
30 - - - - - - - - - - - - -39 -39 -ab -4 -42 4.3
a0 - - - - - - - - - - - - - 40 -4 -42 -a3 -a4
50 - - - - - - - - - - - - - - 42 43 ~44 45
60 - - - - - - - - - - . - - - 44 4B  -47
70 - - - - - - - - - -~ -~ - - - - - 47 -4B
80 - - - - - - - - - - - - - - - - - -3

il Lo N




Si-g

NOISE ATTENUATION BY A BARRIER DEFINED BY [Ny, ¢y . ¢yl

MAX(MUM FRESNEL NUMBER, N, = -0.08

RIGHTMOST BARRIER ANGLE, g‘uﬁ

—80 =70 ~G0 -50 —-40 -30 ~20 -10 4] 10 20 a6 40 50 60 0 80 an -l

’_—90 -4.9 -d4,7 ~4.6 -4.5 -4.3 —-4.2 -4.] -4.0 -39 -3.9 -38 -38 -3.8 ~1.8 -38 -39 -39 =38

-BO - -4.6 —4.5 -4.4 —4.2 -4,1 -4.0 -39 ~-38 -3.8 -37 =37 -=3,7 =37 ~-38 =18 -8 -39

-70 - - -4.4 -4.2 -4.1 =4.0 -39 -38 -3.7 -3.7 -3.7 36 -3.6 -3.7 -3.7 -3.7 -38 -39

-60 - - - -41 —40 -39 -38 -37 ~37 -36 ~36 -36 ~-36 -36 -7 -37 -34 -38

=50 - - - - -39 -38 -3.7 -3.6 =36 -3.6 ~35 =35 =35 -3.6 -3.6 ~37 ~-3.7 ~3.8

o =40 - - - - - =37 =16 =35 -~3.5 35 -3.5 =-3.5 -35 ~3.5 =36 ~3.6 -3.7 -3.8

::I: =30 - - - - - - =35 -35 —3.4 -3.4 -34 34 -15 -3.8 ~-36 ~3.6 -3,7 -31.8

E -20 - - - - - - - 3.4 -~3.4 -3.4 =34 =34 -35 -3.5 -~3.06 -3.7 =3.7 -3.8
g

T =10 — - - - - - - - ~34 -3.4 -34 =34 =35 -3.5 -36 -3.7 -38 -39

% o - - - - - - - - - -34 ~3.4 =14 -3.5 -3.6 -3,7 -3.7 =38 -39

g | 10 - - - - . - - - - -  -34 -35 =35 36 -37 =38 -19 -40

E 20 - - - - - - - - - - - =15 ~3.6 ~3.7 =3.8 -39 =40 ~4.1

a0 - - - - - - - - - - - - 37 38 -39 -40 -41 -42

40 - - - - - - - - - - - - - ~38 40 ~41 -42 -43

50 - - - - - - - - - - - - - - w41 -42 44 -45

60 - - - - - - - - - - - - - - - A4 45 -4

20 - - - - - - - - - - - - - - - - 48 -47

80 - - - - - - - - - - - - - - - - Y

- :
i L w} g@g}’




NOISE ATTENUATION BY A BARRIER DEFINED BY (Ng. ¢, 45!

MAXIMUM FRESNEL NUMBER, Ny = -0.09

RIGHTMOST BARRIER ANGLE, t,‘lrn]

-80 -70 -~60 -50 -40 -30 -20 ~10 0 10 20 33 A0 GO 60 70  BD 90

-90 | ~49 -47 48 -4 -43 -41 -40 -38 -3B -37 -37 -36 -36 -36 -37 -37 -87 -38

~80 - -46 -44 -43 -41 -40 -39 -38 -37 -36 -38 -35 =35 -36 -36 -36 -%7 -37

-0 - - 43 -4) -40 -39 -37 -36 -36 -36 -35 -35 -35 -35 -35 -36 ~36 ~-37

T - - ~ 40 -39 37 -36 -35 -35 -34 34 -34 34 ~34 -35 35 36 37

50 - - - - -37 36 -35 -34 -34 -33 -33 -33 -33 -34 -34 -35 36 36

agl | —a0 - - - - - <35 -34 -33 -33 =32 -32 -32 -33 -33 -34 -36 -35 =38

i I - - - - - - -33 -32 -32 -32 -32 -32 -32 -33 -34 -36 -35 36
e S 0| - - - - - - -~ -32 =31 <31 -31 -32 -32 -33 -34 -35 =36 =37
E 0| - - - - - - - - -31 -1 -3 -32 -32 =33 -34 -35 -36 -37

?_’ 0 - - - - - - - - - 431 -31 -32 -33 -3a4 -35 -36 -37 38
g w| - - - - - - - - - - .32 -32 -33 -34 -35 -36 -38 -39
& | 20 - - - - - - - - - - - -33 =34 35 -36 -37 38 40
ol - - - - - - - - - - - -~ -38 -36 -37 -39 -0 —4i

0| - - - - - - - - - - - - - 37 -38 -40 -41 -43

50| - - - - - - - - - - - - - - -40 -41 -43 -44

6] - - - - - - - - - - - - - - - -43 -44 4G

70 - - - - - - - - - - - - - - - - a5 -7

80 - - - - - - - - - - - - - - - - - 4B

g A 0 s bbbt 1 5 2




{1

NOISE ATTENUATION BY A BARRIER DEFINED BY (N, ¢, ¢l
MAXIMUM FRESNEL NUMBER, Ng = ~0.10

RIGHTMOST BARFIER ANGLE, ¢}

-80 -70 -60 -850 -40 -30 -20 -10 o w20 a6 40 50 GO W™ By 90

00| -48 -47 -45 -a3 -42 -40 -39 -37 -36 -36 -35 -35 34 -36 -35 35 -36 -36
~80 - ~4% -43 -42 -40 -3 -37 -36 -35 -34 -34 -34 -33 -34 -34 -34 —35 -36
-70 - - -42 -40 -39 -37 -36 -35 -34 -33 -33 -33 -33 -33 -33 -34 -34 -35
-60 - - - -39 -17 =36 -34 13 -33 -32 -3z -a2 -32 -12 -33 -33 -34 -35
~50 - - - - 36 -34 -33 32 ~31 =31 31 =31 31 -31 -32 -33 -84 -35

agt | 40 - - - - - -33 -32 -31 -30 -30 -30 -30 -30 -31 =32 -33 -33 34
g -30 - - - - - - 31 -30 -30 -20 -28 -30 -30 -31 -32 -33 -34 -45
E -20 - - - - - - - -28 -29 -29 -29 -239 -30 -31 -32 ~33 —34 -35
'g -10 - - - - - - - -  -28 -28 -28 -28 -30 -31 -32 -33 -34 -36
E i - - - - - - - - - —28 -28 -30 -a0 -31 -33 -34 -35 -36
2| 1o - - - - - - - - - ~ -28 -30 -31 -32 -33 -35 -36 -37
E 20 - - - - - - - - - - - -31 -32 -33 -34 -3& 37 -39
0 - - - - - - - - - - - - -33 -34 -36 -37 38 -4.0

40 - - - - - - - - - - - - - -a6 -37 -380 -40 -42

50 - - - - - - - - - - - - - - =38 -40 -42 -a3

&0 - - - - - - - - - - - - - - - -42 -43 -45

70 - - - - - - - - - - - - - - - - 45 4.7

80 - - - - - - - - - - - - - - - - - -48




byl

s =

—
!
NQISE ATTENUATION BY A BARRIER DEFINED BY (Ng, ¢, ¢g)
MAXIMUM FRESNEL NUMBER, Ny = -0.12
RIGHTMOST BARAIER ANGLE, ¢§

-~-80 -70 —60 ~50 -40 -30 =20 -10 0 10 20 il 40 50 60 70 80 a0

-0 ~4.8 =46 44 -42 -40 =3B -36 ~34 -33 -3z =31 -31 =31 =3.1 =31 ~32 -32 -33

~80 - -44 -42 -40 -38 -36 -34 -33 -31 ~30 -30 -2 -29 -30 -30 -31 -31 -32

=70 - - -40 =28 -36 ~34 =32 -31 -30 -~-29 -28 -28 -28 -29 -29 30 -31 32

-60 - - - -36 -34 =32 -341 ~29 =28 -28 -27 -27 -27 -28 -28 -289 =30 31

=50 - - - - -32 3.1 -29 =28 -27 =26 -26 -2 -26 -27 -28 24 30 -3

o | —40 - - - - - -29 -~28 =27 -2 -25 -25 -25 -26 ~26 -2¥ -28 -28 31

Slao| - - - - -« .25 -25 -26 -24 -24 25 -25 -26 -27 -28 -29 -3

E =20 - - - - - - - ~24 ~24 -24 -24 -24 -285% 26 -27 -28 =30 -3.1

g =10 - - - - - - - - -23 =23 ~-24 -24 -285 -26 =28 =283 -30 -32
3

= 0 - - — - - - - - - ~23 -4 28 26 -27 -28 =30 -31 =-33

g’ 10 - - - - - - - - - - =24 ~285 =27 28 -~29 -1 -33 =34

% 20 - - - - - - - - - - - -26 -28 -29% -31 =32 =34 =36

a0 - - - - - - - - - - - - =29 =341 -3.2 -3.4 -36 38

40 - - - - - - - - - - - - - -32 -34 ~36 =38 =40

50 - - - - - - - - - - - - - - -3.6 -~-38 -40 -42

60 - - - - - - - - - - - - - - -~ —4D -42 -44

70 - - - - - - - - - - - - - - - - -44 48

80 - - - - - - - - - - - - - - - - -  -48




e

NOISE ATTENUATION BY A BARRIER DEFINEDR BY (Ng, ¢, ¢g)

MAXIMUM FRESNEL NUMBER, Ny = —0.14

RIGHTMOST BARRIER ANGLE, ¢g

~80 -7 -60 50 4D 30 =20 IO O 1© 220 3 4 s 60 70 8O0 90 ]

-80 | -48 -~45 -43 -40 38 -35 -33 -31 -28 -28 =27 ~27 -26 =27 -27 -28 =28 ~29

-80 - -43 -a1 -38 -36 -33 -31 -20 -27 ~26 ~25 -256 25 -268 -26 ~27 -27 -28
-70 - - -38 -36 -33 -31 -29 ~27 ~26 -25 -24 ~24 -24 =24 -25 -26 -27 -28
-60 - - - 233 31 28 -27 -25 -24 -23 -22 -22 =23 -23 =24 -256 =26 -27
-50 - - - - -28 -27 -25 =23 -22 21 =21 21 =21 =22 -23 -24 25 -21
ag | —20 - - - - - -26 -23 22 -21 20 -20 -20 21 -21 -23 -24 25 -26
“3" -30 - - - - - - =21 20 =19 ~18 ~LO ~19 -20 21 =22 -24 =25 =27
E 2] - - - - - = - -18 -18 -8B -18 -19 -20 -21 -22 -24 <-25 =27
E -10 - - - - - - - - -18 -18 -8 -—1.89 -20 -2] -23 -26 -26 -28
:-‘_: 0 - - - - - - - - - 1B -18 -189 -21 -22 -24 -26 -27 -28
g | 10 - - - - - - - - - - -18 -20 -22 -23 -25 -27 -28 -31
E 20 - - - - - - - - - - - —21 -23 -25 -27 -28 =31 -33
30 - - - - - - - - - - - - =25 -27 -29 31 -33 -3%

40 - - - - - - - - - - - - -~ -29 -3a1 -33 -35 -38

50 - - - - - . - - - - - - - - =33 -36 -38 -40

60 - - - - - - - - - - - - - - - -38 -41 -43

70 - - - - - - - - - - - - - - - - —43 45

80 - - - - - - - - - - - - - - - - —y.
), — -




£Za

LEFTMDST BARRIER ANGLE, ¢p

~

NOISE ATTENUATION BY A BARRIER DEFINED BY {Ng. ¢y, ¢g)

MAXIMUM FRESNEL NUMBER, Mg = —0,16

RIGHTMOST BARRIER ANGLE, (,‘Ja

-80 -70 60 -§0 -4D -30 =20 -0 0 0 20 10 40 50 60 70 s0 90

—g0 | -47 -45 -42 -39 -1 ~3.3 -30 -27 -26 -24 —23 -22 -22 ~-22 -23 -23 -24 -2§
-80 ~ 42 -39 ~36 -33 -30 -27 -25 =23 -22 -21 =20 -20 -21 ~21 -22 =23 -24
~70 - -  -3a6 =33 -30 -28 -25 -23 -21 -20 ~-19 -8 -1 -18 -20 -21 -22 23
~60 - - - -31 -28 -28 -23 -21 -19 -18 =17 -7 -1.7 -18 =18 -20 -21 -23
-50 - - - - 25 =23 -20 -18 -172 ~186 -16 -16 ~1& -17 =18 =18 -21 22
-40 - - - - - .20 =18 -16 -1§ -14 -14 -14 =16 =16 ~17 -19 -20 =22
-30 - - - - - - <16 -15 ~13 -3 =13 -13 -14 -1 =17 =19 =20 -22
-20 - - - - - - -~ 13 =12 12 -2 -13 =14 1§ -7 19 21 =23
—10 - - - - - - - - 12 -12 -12 -3 -14 -L6 -18 -20 -22 -24
0 - - - - - - - - - ~12 -12 -13 -186 =17 -18 =21 -23 -5
10 - - - - - - - - - - -13 -15 =10 -1.8 ~21 13 28 -27
20 - - - - - - - - - - - 16 -1B -20 -23 -25 27 =30
30 - - - - - - - - - - - - 20 -23 -25 -28 -30 -33
40 - - - - - - - - - - - - - -25 -28 -30 -33 -36
50 - - - - - - - - - - - - - - =31 -33 -36 -38
60 - - - - - - - - - - - - - - - -36 -39 -4.2
70 - - - - - - - - - - - - - - - - =42 =45
80 - - - - - - - - - - - - - - - - - 47

o b i S T LK L L




¥cd

LEFTMDST BARRIER ANGLE, ¢

NOISE ATTENUATION BY A BARRIER DEFINED BY (Ny, o ¢l

MAXIMUM FRESNEL NUMBER, Ny = —0.18

RIGHTMOST BARRIEA ANGLE, ¢a

-80 70 -60 -80 ~40 -30 -20 10 )] 10 20 30 40 50 60 0 80 211] ]
-80 -4.7 -4.4 =4.0 ~3.7 -313 3.0 -2.6 -23 =21 -1.9 -1.8 -1,7 =17 1,7 ~1.8 -1.9 -2.0 2.1
~80 - -4.1 =-3.7 =34 -3.0 =-2.7 -24 =21 -1.8 —=1.7 ~1.6 ~1.5 -1.5 -1.5 -1.6 -1,? -1.8 -2.0
=70 - - -34 -3.1 -2.7 -2.4 -2.1 -1.8 -1.6 -1.4 —1.3 -1.3 -1.3 -1.4 -1.5 -1.6 -1.7 ~1.9
=60 - - - -2.8 24 =21 -1.8 =16 -1.4 -1.2 -1.1 -1.1 -1.2 -1.2 —1.4 ~-1.5 -1.6 —-1.8
—50 - - - - -1 -1.8 ~1.5 -1.3 ~1L1 -1.0 -1.0 -1.0 -1.0 -1.1 -1.2 -1.4 -1.5 -1.7
=40 - - - - - ~1.5 ~1.3 -1.1 -0.8 0.8 0.4 -(LR -0.9 ~1.0 -1.2 -1.3 -1.5 -1.7
=30 - - - - - - 1.0 -08 -0.7 -0.6 -0.7 =-0.7 -0.8 -1.0 -1.1 -1.3 -1.6 -1.7
~20 - - - - - - - =07 ~06 -05 -006 -07 -0B8 -1.0 -T1 -1.3 -6 —1.8
—10 - - - - - - - - 05 -05 -05 -D6 -08 ~10 =12 -14 -1.7 1.9
0 - - - - - - -~ - ~  —p5 06 -07 -09 =11 -14 16 ~1.8 21
10 - - - - - - - - - - =07 -08 -11 13 ~16 -18B -21 -23
20 - - - - - - - - - - - -0 -3 -15 -1B -21  -24  -26
30 - - - - - -~ - - - - - - -156 -18 -21 -24 -27 30
a0 - - - - - - - - - - - - - -21 -24 -27 -aD -33
0 - - - - - - - - - - - - - - =28 -31 -4 37
60 - - - - - - - - - - - - - - - -34 -37 -40
70 - - - - - - - - - - - - - - - - -41  -44
89 - - - - - - - - - - -~ - - - - - - A7




74|

TR L L

2y

g o {
NOISE ATTENUATION BY A BARRIER DEFINED BY [Ng, .. ¢g)
MAXIMUM FRESNEL NUMBER, Ng = 0.2
RIGHTMOST BARPIFA ANGLF 4

-0 -70 -60 -5 -0 30 -20 —10 T 20 3 40 50 60 70 B0 90

-90 | -47 -43 .38 ~35 -3 -27 =23 -18 -16 14 -13 -12 12 -12 -13 -4 -15 =14

-80 — 40 -36 -32 -28 -23 -20 ~16 -14 12 11 ~10 —1.0 =11 =11 ~13 -14 =15

-70 -~ - -32 28 -24 2. -16 =13 =11 -0 -08 -08 ~0B -09 =10 -1 -13 -4

60 - - - -25 -21 -7 -~13 -10 -08 -07 -D6 -06 -06 -07 ~08 —10 —i1 -1.3

50 - - - - -17 =13 -10 -07 -06 -05 -04 -04 -B5 -06 -07 ~-08 -1 -1.2

o | -40 - - - - ~ 10 -07 -85 -03 -03 -02 ~02 ~03 -05 -06 ~08 -10 -1.2

4 | 30 - - - - - - -04 -02 -01 -01 -01 -01 -02 -04 -06 -08 -10 -1.2

E -20 - - - - - - —  ~00 00 ~00 -00 -01 -02 -04 -06 -08 ~11 =13
g

E -0 - - - - - - - - 00 00 -00 -01 -03 05 -07 —10 -12 -1.4

§ 0 - - - - - - - - - 00 ~00 ~01 03 -0 -08 =11 -14 1.4

g1 10 - - - - - - - - - -  -00 -02 -05 -07 -10 -13 =16 -1.9

E 20 - - - - - - - - - - - 04 -07 -10 -13 -1 -20 -23

30 - - - - - - - - - - - - -%0 -3 -7 -20 -23 -27

a0 - - - - - - - - - - - - - a7 =21 -24 28 =21

50 - - - - - - - - - - - - - - -25 28 -32 -35

60 - - - - - - - - - - - - - - -~ -32 -36 -38

70 - - - - - - - - - - - - - - - - a0 -4.3

80 - - - - - - - - - - - - - - - - - 47




NQISE ATTENUATION BY A BARRIER DEFINED BY (Ng. ¢, ¢}

MAXIMUM FRESNEL NUMBER, Ny = —0.30

ARIGHTMOST BARRIER ANGLE, ¢

80 -70 60 -50 -40 -3 -20 ~10 o 10 2 30 4 5 & 70 80 90 ]

[ -00| -45 -39 -32 -24 -18 -16 -12 -0 -0& -0B -07 -07 -06 -~06 -08 -07 -08 -09

-80 - =34 =27 -18 -14 =10 -08 -07 -06 -06 -05 ~D4 -04 -0d4 -04 -05 -06 -08

~70 - ~ =12 -13 -0B -06 -0§ -04 -03 -03 ~03 -02 -D2 -02 -02 -03 -05 -07

-60 - - - ~07 -03 -02 =02 -0% -01 =01 -01 -01 -01 -01 <01 -02 -04 —08

-50 - - - - 00 -00 -00 00 -00 0O 00 00 00 00 -0 -02 -04 06

Nt | =40 - - - - - —00 -00 -00 -00 -00 Q0 00 00 00 -01 =02 -04 =08

; 5 -30 - - - - - - 0D Q0 00 00 00 00 00 00 -03 -~02 -04 -07

2| -0 - - - - - - - 00 00 00 00 00 00 0080 -01 -03 -05 -07

E -10 - - - - - - - - @0 O00 00 00 00 00 -01 -03 -06 -—08

g n - - - - - - - - - 00 00 00 00 00 -0 -03 -06 -09

5 10 - - - - - - - - - - 00 00 08 0D -01 -04 -0F -10

'é 20 - - - - - - - - - - - 00 00 00 -02 ~-05 -08 -2

30 - - - - - - - - - - - - 00 00 -02 -06 =10 -—15

a0 - - - - - - - - - - - - - 00 -03 -08 =14 —18

50 - - - - - - - - - - - - - - —07 -13 -19 —24

80 - - - - - - - - - - - - - - - -21 -27 -32

70 - - - - - - - - - - - - - - - - 34 -39

80 - - - - - - - - - - -~ - - - - - - -as
i ‘

) e S




e ~ ~

i £

NOISE ATTENUATION BY A BARRIER DEFINED BY {Ng, ¢, ¢iz)
MAXIMUM FRESNEL NUMBER, Ng = —0.40
RIGHTMOST BARIMER ANGLE, Q’la
-80 -7 -G0 -50 -40 30 ~20 =10 o 10 2 30 4 60 60 70 80 guJ

~90 | -43 <34 -24 16 -13 10 -00 -07 =07 -~08 -05 -D5 -D4 -04 -04 -04 -05 -07
-80 ~ =27 16 ~10 ~07 -068 -06 -04 -04 -03 -03 -0a -02 -02 -02 -02 -D4 -05
=70 - - -08 <04 -02 02 0.0 ~01 =01 -01 =01 -01 -01 =01 -01 -01 -02 -04
~60 - - -~ ~00 00 ~00 -00 -~00 -00 -00 -00 -00 -00 -00 -00 -01 -0.2 -04
—50 - - - - 00 ~00 -00 ~00 60 -00 OGO 00 0O 60 00 -1 -02 -DA
o | —40 - - - - ~ ~00 =00 -00 -00 00 Qb 00 DO 0O 0O -0V -02 -~0A4
ﬁ g -30 - - - - - - 00 00 00 0D 00 00 00 00 00 -01 -03 -05
I 4 PP - - ~ - - - - 00 B0 00 0D 00 00 00 00 -01 ~02 -05
E ~10 - - - - - - -~ - 00 0O 00 00 00 00 00 ~-01 -03 -06
£l o - - - - - - - - -~ B6d 00 00 00 860 00 -01 -04 -07
% 0 ~ - - - - . - - - - 00 00 00 00 080 -01 -04 -07
.E 0 - - - - -~ - - - - - - o8 060 00 00 -01 -05 -09
20 -~ - - - - - - - - - - - 0D 00 00 -02 -06 -1.0
40 - - - - -~ - - - - - - - - 00 08 -02 -07 -13
50 - - - - - - -~ - - - - - - - 8D -04 -10 -16
60 - - - - - - - - - - - - - - - —0B -16 =24
70 - - - - - - ~ - - - - - - - - - =23 =34
80 - - - - - - ~ - - - - - - - - - -~ -43

Mo e b s




8gd

LEFTMOST BARRIER ANGLE, ¢F

NOISE ATTENUATION BY A BARRIER DEFINED BY {Ny, ¢y, ¢}

MAXIMUM FRESNEL NUMBER, Ny = —0.50
RIGHTMOST BARRIER ANGLE, ¢
-80 ~70 ~B0 =50 ~40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90
=530 ~41 =29 -~18 -1.2 -1.0 -08 -07 ~-06 -05 -05 ~04 =04 -03 ~-03 -03 -03 =04 -08
--80 - -20 -08% -06 -04 -03 -03 -02 -02 02 -02 -02 -01 01 ~0.1 =01 -02 -04
~70 - - =01 -00 -00 -00 -00 -00 -00 -00 ~00 ~0O0 -00 =00 0O -00 -—0. -0.3
=G0 - - - -00 -0 ~00 -00 -00 -00 ~0O0 -00 -00 -00 -00 -~-0O ~0.0 -0.1 -0.3
-50 - — - - -00 =00 -00 -00 =00 0.0 0.0 0.0 0.0 0.0 00 -00 -0 =03
-40 - - - - - -00 -00 -00 -00 -00 0.0 0.0 a.0 0.0 oo -00 -041 -0.3
~30 - - - - - - 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 -~00 02 -04
=20 - - - - - - - 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 -~00 -~02 -04
-10 - - - - - - - - 0q 0.0 0.0 0.0 0.0 0.0 00 -~00 =02 -05
0 - - - - - - - - - 0.0 0.0 0.0 0.0 0.0 00 ~00 -02 0B
10 - - - - - - - - - - 0.0 0.0 0.0 0.0 0o 00 =02 ~06
.0 - - - - - - - - - - - 0.0 0.0 0.0 60 -00 -03 =07
30 - - - - - - - - - - - - 0.0 an 00 ~00 -03 -08
40 - - - - - - - - - - - - - 0.0 00 ~00 -04 -~10
50 - - - - - - - - - - - - - - 00 00 =068 =12
680 - - - - - - - - - - - - - - - ~01 =09 -18
70 - - - - - - - - - - - - - - - - =20 -29
80 - - - - - - - - - - - - - - - - - —41
WJ
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LEFTMOST BARRIER ANGLE. ¢

“. l‘/‘\,: /-
NOISE ATTENUATION BY A BARRIER DEFINED BY (Ngy, 9. ¢g)
MAXIMUM FRESNEL NUMBER, Ny = —0,60
RIGHTMOST BARRIER ANGLE, ¢f,
-80 -0 -60 ~50 —40 =30 =20 ~10 0 10 20 30 40 50 G0 70 80 EI

-80 -39 -~-23 14 -10 -0B -06 -~05 ~0b -04 -04 -03 -03 -03 =03 =02 -02 -03 -04
~f0° - ~12 -85 -04 -03 -~-02 -0.2 -0 -01 -~0.1 =01 -0.1 -0 -0.1 =01 =0.1 =01 -0.3
-70 - - 6o  ~00 =00 00 -00 -00 -0.0 -00 -00 =00 =00 -0 =00 00 =-0.1 ~0.2
-G0 - - - -00 -00 -00 -00 =00 -00 -0.0 -00 -0.0 -00 -00 =00 -00 -041 -0.2
-60 - - - - ~00 -0.0 -00 -~00 =00 a0 0.0 0.0 0.0 0.0 0.0 0.0 -0t ~-0.3
=40 - - - - - -00 -00 -~00 -~00 -0.0 0.0 0.0 0.0 0.0 0.0 00 -01 -0.3
=30 - - - - - - 0.0 0.0 0.0 o0 0.0 0.0 0.0 0.0 D.o 0.0 -0 0.3
—20 — - - - - - - 0.0 0.0 oo Do 0.0 0.0 0.0 0.0 0.0 -041 -03
-=10 - - - - - - - - 0.0 0.0 0.0 0.0 0.0 0.0 0.n 0.0 ~0.1 =04
0 - - - - - - - - - 0.0 1Xh] 0.0 0.0 0.0 0.0 0.0 -0 -0.4
10 - e - - - - - - - - 0o 0.0 0.0 0.0 0.0 0.0 -01 -0.6
20 - - - - - - - - - - - 00 00 00 00 00O -02 -05
30 - - - - - - - - - - - - 0.0 .o 0.0 0.0 -02 -0.6
40 - - - - - - - - - - - - - 0.0 0.0 00 =-03 -0.8
50 - - - - - - - - - - - - - - 0.0 0.0 ~0.3 -0.8
60 - - - - - - - - - - - - - - - 00 ~05 -4
70 - - - - - - - - -~ - - - - —- - - -1.2 -2.3
a0 - - - - - - - - - - - - - - - - - -39

.




NOISE ATTENUATION BY A BARRIER DEFINED @Y {Ng, ¢, éigl

MAXIMUM FRESNEL NUMBER, Ny = ~0.70

RIGHTMOST BARRIER ANGLE, o

-80 ~70 -G60 -§0 -40 -30 -20  ~10 0 @ 2 3 40 B0 60 70 80 gu:l

80| -37 -1y -1z -—08 -07 -05 -—05 ~D4 -04 03 -03 -03 -0.2 -02 -02 -02 02 -04

-80 -~ 08 -03 ~02 -02 -01 ~01 =01 -81 -01 -0 -0 ~00 ~00 -00 =00 -01 -Q2
-7 - - 00 -00 -00 -0C -00 00 ~-00 -00 -00 -DO 0.0 0.0 -00 -00 -00 -02

-60 - - - -00 -0D -00 -00 -00 ~00 -00 -0O0 -0O0 -00 =00 -00 -00 -00 -02

-50 - - - - -0p -0 -0 -00 -0 OO0 00 60 OO @0 6F 0D -00 -02

ag | =10 - - - - - -00 -00 -00 -0 -00 00 00 00 Q0O @O 0O -00 -02

g;- g -30 - - - - - - g0 00 00 00 @O0 00 OO 00 00 0O =00 -03

g |-20 - - - - - - -~ o6 60 OB 0D OO 00 0O 086 00 -01 ~03

E—z‘ ~10 - - - - - - - - 80 00 00 00 0O 00 00 0O -01 -03

% D - - - - - - - - - g0 00 00 0O 00 0¢ 0B -01 -04

é 0 - - - - - - - - - - o0 60 00 00 00 00 =01 -04

% 20 - - - - - - - - - - - og 0.0 o.0 oo Q.0 =01 =056

30 - - - - - - - - - - - - 00 00 08 00 -B) -D5

40 - - - - - - - - - - - - - 00 G0 on -p2 -07

60 - - - - - - - - - - - - - 00 00 =02 -0B

60 - - - - - - - - - - - - - - - 00 -03 -12

70 - - - - - - - - - - - - - - - -  -06 ~19

80 - - - - - - - - - - - - - - - - - -a7
L) L -
- [T S’ *
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N

LEFTMOST BARKIER ANGLE, ¢f

i

NOISE ATTENUATION BY A BARRIER DEFINED BY (N, ¢, og)

MAXIMUM FRESNEL NUMSER, Ny = -0.80

RIGHTMOST BARRIER ANGLE, ¢a

M ek st

-80 -70 -60 ~B0 -40 -30 -20 10 0 10

-80| -34 -16 -10 -07 -D& -05 -~04 -03 -03 -03
-80 - 03 02 -01 -0F -0} -01 -00 -00 -00
-70 - - 00 -00 -00 -DO ~08 -0O -00 00
-60 - - - -00 -00 -00 ~00 -00 -0.0 -GO
-50 - - - -~ -00 -00 -00 -00 -0.0 00
-40 - - - - - -00 ~00 -00 -00 -00
-30 - - - - - - 00 @0 00 0D
-0 - - - - - - - 00 00 00
—10 - - - - - - - - 00 00
o - - - - - - - - - no0
10 - - - - - - - - - -
20 - - - - - - - - - -
30 - - - - - - - - - -
40 - - - - - - - - - -
50 - - - - - - - - - -
60 - - - - - - - - - -
70 - - - - - - - - - -
80 - - - - - - - - - -

A i,

20

-0.3
~0.0
-0.0
~-0.0
0.0
0.q
0.0
0.0
0.0
0.0
0.0

30 40 50 60 70 0
-02 -02 -02 -02 -02 =02 -03
-00 -00 -00 -0O0 -~0.0 -00 -~0.2
~00 -00 -00 -00 -00 =00 -02
-00 -00 -00 -00 -00 -00 02

o0 ©6d 00 GO0 00 -00 -02

00 00 00 00 DO -00 -02

00 00 00 0O 00 ~00 ~02

00 ©b OO0 00 00 -00 ~03

00 ©bd 00 00 0O -00 -~03

00 00O 00 00 0.0 -00 ~03

00 08 60 OO 0O -00 ~03

BO 0b 00 00 00 —01 ~04

- 00 00 60 DO -D1 ~05

- - 00 00 00 =01 -06

- - ~ 00 00 -01  ~07

- - - - 00 =02 -0

- - - - - -03 16

- - -~ - - - 34




MAXIMUM FRESNEL NUMBER, Ny = —0.90
RIGHTMOST DARAIER ANGLE, fbg

-80  -70 -60 -50 —40 -30 20 -10 0 0 20 30 4 b0 60 70 B0 90

(-90 ~32 -14 -08 -06 -05 -04 -04 -03 -03 -02 -02 -02 -02 02 -02Z -02 -02 -03

-80] - <01 -01 -—00 ~00 -00 -00 ~00 -00 -00 -00 =00 -00 -00 ~00 =00 -00 -02

70| - - 00 00 =00 -00 ~00 =00 ~00 ~00 -00 =00 ~00 -00 -00 -00 =00 -02

60] - - - 00 -00 -00 00 -00 -00 -00 -00 -00 ~00 -00 -00 -00 08 -02

0 - - 00 -00 -00 -00 -00 00 00 00 00 00 00 00 -00 -02

o | =0 | - - - - - 00 -00 -00 -00 -00 00 00 00 00 0O 00 =00 -02

g 4 | -30 - - . - - - 00 00 00 00 00 @0 00 00 00 00 =00 -02
Z

< | -20 - - - - - - - 00 00 00 00 00 00 00 00 00 -00 -D2
T

(-0 - - - - - - - - g0 00 0D Q0O 00 00 00 00 ~-00 -02

E o - - - - - - - - - 00 00 00 60 00 00 00 ~00 -03

g w! - - - - - I - - - 00 00 00 00 00 00 -00 -03

E 20 - - - - - - - - - - - 60 080 00 00 00 -00 -04

30 - - - - - - - - - - - - 00 60 00 00 -00 -04

awl - - - - - - - - - - - - - 00 00 00 -00 -05

B0 - - - - - - - - - - - - - 00 00 -00 -06

60 - - - - - - - - - - - - - - - 00 -01 -0

70 - - - - - - - - - - - - - B S T

80 - - - - - - - - - - - - - - e

. .
L — o’

NOISE ATTENUATION BY A BARRIER DEFINED BY {Ny, ¢, )




ted

LEFTMOST BARRIER ANGLE, 40

\‘-‘/“,::

o

NOISE ATTENUATION 8Y A BARRIER DEFINED BY Ny, ¢, ol

MAXIMUM FRESNEL NUMBER, Ny = —1.00

MGHTMOST BARRIEN ANGLE, ¢y

-80 70 60 =60 —40 -30 -20 -10 0 10 20 30 40 50 60 0 80 goJ
g0 | -28 -12 -08 -06 -04 -04 -03 -03 -02 -02 -02 ~02 -0D2 ~-02 -01 -01 ~01 D2
-80 - 00 ~00 -00 -00 -00 -00 -00 00 -00 =00 =00 -00 -00 -DO -00 =00 -O.1
-70 - - 00 -0.0 -00 =00 -00 =00 -00 -00 -00 -00 -00 -00 -00 -00 ~0.0 -0
-60 - - -~ -p¢ -00 -00 -08 -00 -00 -00 -6O0 -p0 -0O0 00 -00 -0O0 00 -0.1
~50 - - - - -p0 -00 -00 -00 -00 00O 0O 00 00 OO 0O 00 -0.0 -02
—40 - - - - - -00 -00 -00 -00 -00 00 0O 00 80 00 00 -00 -0.2
-30 - - - - - - 0o 00 08 00 00 00 00 00 00 00 -00 -0.2
~20 - - - -~ - - - 00 B0 00 00 00 00 00 00 @0 -00 -0.2
-10 - - - - - - - - B0 00 00 @0 00 00 00 00 -00 -02

o - - - - - - - - - 00 00 06 00 00 00 @60 -00 =02
10 - - - - - - - - - -~ 00 00 00 0§ 00 00 -00 -03
20 - - - - - - - - - - - b0 00 00 00 08 -00 -03
30 - - - - - - - - - - - - 00 00 00 00 -00 -D4
40 - - - - - - - - - - - - - 00 00 00 -00 -D4
50 - - - - - - - - - - - - - - 06 00 -00 -06
60 - - - - - - - - - - - - - - - 00 -00 -08
70 - - - - - - - - - - - - - - - - 00 -12
80 - - - - - - - - - - - - - - - - - 29

Cp ummeywmpatewr o e omae o e o

et et D0 Vet et et e T




NOISE ATTENUATION BY A BARRIER DEFINED BY [Ny, ¢, ¢g)

MAXIMUM FRESNEL NUMBER, Ny = -2.00

RIGHTMOST BARRIEA ANGLE,

-80 -70 -60 ~50 -40 =30 -20 -10 0 10 220 30 4 50 €0 70 80 90

-0 | 1.2 -06 -04 -03 -02 -02 -02 -01 -01 =01 -01 -0.1 -01 -01 =01 -01 -01 -0.1

-80 - @0 00 -00 -00 -00 -00 -00 -08 -06 -0D -0 -0f -00 -00 -0.0 -00 —0.1

-70 - - 00 -0O0 =00 -00 -0D -00 -0 -00 ~00 -00 -D0 -00 -00 -00 ~00 —0.1

-60 - - -  ~00 -00 -00 ~00 -00 -00 -~00 -00 ~G0 -00 ~00 ~00 ~00 -~0.0 ~0.

-50 - - ~ 00 -08 -00 -00 00 00 00 00 00 00 00 00 Q0 00 -0

og | -40 - - - - - -00 -00 -00 -00 -00 00 00 60 00 00 00 00 -0

§ “S‘ -30 - - - - - - oo 00 00 60 00 00 08 00 @0 G0 00 -0
z

3|20 - - - - - - - 00 00 00 00 0O 00 60 00 Q0 00 ~01

§ -10 - - - - - - - - 00 00 0O 00 0O 00O 00 00 00 -01

& 0 - - - - - - - - - B0 DO 00 o©60 60 00 00 60 =01

é 10 - - - - - - - - - - @0 60 00 060 00 0O 00 -01

% 20 - - - - - - - - - - - 00 00 00 00 00 00 -0

10 - - - - - - - - - - - - B¢ 00 00 00 00 -02

40 - - - - - - - - - - - - - 00 00 00 00 -02

50 - - - - - - - - - - - - - - 00 00 00 -03

50 - - - - - - - - - - - - - - - 00 00 -04

70 - - - - - - - - - - - - - - - - 00 -06

80 - - - - - - - - - - - - - - - - - -2

P

[




NOISE ATTENUATION 8Y A BARRIER DEFINED BY (Ng, ¢, ¢q)
MAXIMUM FRESNEL NUMBER, Ny = 0.01

RIGHTMOST BARRIER ANGLE, ¢F

-80 =70 -0 80 -40 30 20 =10 0 10 20 30 40 B0 60 10 80 a0

-0 -60 -60 -0 ~61 =K1 ~61 =51 -51 &1 -6.1 -6t -1 =51 -51 61 =51 =51 -51

—-B0 - —B.0 -5.1 ~§.1 -5.1 ~8,1 -b,1 =51 =5.1 =51 -5.1 ~5.1 =51 =51 -5 ~5.1 ~5.1 -5.1

-70 - - -B1 =51 =51 -B1 -B1 =51 -61 =61 =51 =61 =61 =61 w51 =51 =51 =51

-50 - - - =81 -51 =81 -81 -51 -51 -62 -52 =52 =52 =52 =51 -B1 —61 =51

—50 - - - - -1 -5t -§1 -62 -62 -62 52 -62 -52 52 _62 _§1 -61 =61

ng | -40 - - - - — =51 <52 -52 -52 -52 -62 -52 -62 -52 =52 =51 -5l w&I

z g -30 - - - - - - .52 =52 =62 =52 w52 62 =52 62 -52 =51 =61 =51
& S -20 - - - - - - - .82 -B2 -52 -52 ~52 -b2 ~52 -52 ~B1 -61 =81
£ (-0 - - - - - - - - -52 -52 -52 -52 -52 -62 -62 -61 —51 ~B.

H 0 - - - - - - - - - 52 -52 -62 -52 -52 -1 =K1 =51 =61

__IGZ 10 - - - - - - ~ - - - -52 -62 =52 —52 51 <—B1 <51 =51
Bl - = = = = - & 4« = - 52 -B2 -51 51 =Bl <61 =5
a0 - - - - - - - - - - - - -E1  ~B1 ~B1 =51 =61 -E.I

a0 - - - 4 - -« -4 - 44— - 81 -B1 -B1 -B1 =Ba

50 - - - - - - - - - - - - - — 4B1 Bl =81 -5/

60 - - - - - - - - - - - - - - - -B1 -51 =50

70 ¥ Y

80 - - - - - - - - - - - - - - -~ - - 50

o D e b T 18 e




LEFTMOST BARRIER ANGLE, ¢

NOISE ATTENUATION BY A BARRIER DEFINED BY Ny, ¢, , 6g)

MAXIMUM FRESNEL NUMBER, N, = 0,02

RIGHTMOST BARRIER ANGLE, ¢°H

-80 ~70 60 =50 -40 —30 -20 —10 ¢ 10 20 3 4 50 60 70 g0 60
~90{ =50 -51 -61 -B1 -61 B2 =52 =52 =52 62 52 -53 -63 -53 -53 ~62 -52 ~52
—80 - -B1 -61 -51 -82 —-62 -62 -52 ~52 =53 =53 =53 -53 -53 -53 -63 -52 -62
-70 - - -52 -452 -52 -52 -52 -§3 -53 -~63 53 =53 53 =53 -53 -53 -53 52
-0 - - - -2 -62 -52 -6§3 -53 -~53 -53 -53 -53 -53 -63 -63 -53 -53 -5
—50 - - - -~ =53 -63 -53 -53 -53 -53 63 -63 -53 -63 -53 -53 63 —B3
40 - - - - - 63 ~63 -83 ~53 -53 =53 =53 53 53 -53 53 -53 —53
—30 - - - - - - -B3 -63 -53 -B3 -53 -53 53 -53 ~B3 -63 -51 53
~20 - - - - - - - -53 -53 -63 -63 -63 =63 53 =63 -53 -53 =62
-10 - - - - - - - - -54 -54 -63 -53 -53 -53 -63 53 -53 B2

) - - - - - - - - - -64 -53 -53 -B3 —63 -53 -53 -52 62
10 - - - - - - - - - - -53 53 -63 -63 -G53 -3 -52 -52
20 - - - - - - - - - - - B3 -53 -B3 -63 =52 -B2 =82
ao - - - - - - - - - - - - -853 -63 -52 -62 -62 62
40 - - - - - - - - - - - - - -83 -B2 -52 -52 -B1
50 - - - - - - - - - - - - - - 52 -52 -51 -G1
g0 - - - - - - - - - - - - -~ - - -52 51 51
70 - - - - - - - - - - - - - - - -~ =Bl -}
[:5] - - - - - - - - - - - - - - - - - =50

N ‘
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Ly R—

LEFTMOST BARRIER ANGLE, ¢

™

3
NOISE ATTENUATION BY A BARRIER DEFINED BY (Ng, ¢, ¢p}
MAXIMUM FRESNEL NUMBER, Ng = 0.03
RIGHTMOST DARRIER ANGLE, ¢8

-0 -70 -80 =50 —~40 -30 -20 -10 o 10 20 ao 40 50 60 70 80 80
—g0| -60 -51 -59 -52 -62? -53 -53 -83 53 ~64 -54 -54 -B4 -64 -54 54 54 63
—-80 - 51 -62 -52 -53 -53 -83 =53 -64 64 -54 54 -H54 -54 -H4 -54 -B4 B4
=70 - - -§2 -53 -53 -53 -54 -54 —B4 ~54 54 -54 -4 -54 -654 64 -B4 54
—50 - - - -53 63 -54 -54 54 54 54 -55 55 ~H& -54 -54 64 64 -B4
-60 - - - - -54 -5A4 -54 -64 -55 55 -65 -6§ -55 -55 -B4 -54 B4 -G4
—-40 - - - - - -4 -55 -565 ~55 55 -58 -55 -65 -55 -65 -64 —54 54
=30 - - - - - - -55 .55 -5 .55 -5 -5 ~55 =55 65 54 54 54
20 - - - - - - -~ -5 -5 55 ~55 55 -56 -55 -~B5 -64 B4 64
-10 - - - - - - - - -55 =55 -55 =55 ~G& 55 -54 -54 54 54
4} - - - - - - - - ~ -85 -5 -85 -56 -55 -54 =54 -54 53
10 - - - - - - - - - - -6 -55 -55 -54 -4 -54 —53 -&3
20 - - - - - - - - - - - -55 -5§ ~54 ~54 =54 —~53 53
Jo - - - - - - - - - - - - =54 -54 ~84 -63 -53 53
40 - - - - - - - - - - - - - -54 -53 -53 -53 -52
&0 - - - - - - - - - - - - - - =53 =53 -~652 -62
g0 - - - - - - - - - - - - - - - =52 <=B2 =51
70 - - - - - - - - - - - - - - - - -B1 -5J
80 - - - - - - - - - - - - - - - - - =50

T b S




8ed

NOISE ATTENUATION BY A BARRIER DEFINED BY {Ng, ¢, ¢g)

MAXIMUM FRESNEL NUMBER, Ny = 0.04

RIGHTMOST DARRIER ANGLE, ¢}

3

B0 ~70 60 50 —40 30 -0 1D © W 20 3 4 s 6 70 80 eoJ

90| 51 =51 ~62 —62 -63 -53 -54 -54 -BA 55 55 -55 -68 -65 -55 ~55 ~55 -54

-8 - -62 =52 -53 -63 -54 -54 56 -65 -5& -55 -55 -B5 —-55 -55 -55 =65 ~G&

-70 - - 53 -54 -54 -54 -55 <55 <-55 -56 568 -56 <-58 ~5B -BB -55 -5§ =55

—80 - - ~ 54 =54 55 =55 ~5§ -56 -~66 56 -58 -56 ~56 -56 -66 -55 =55

50 - - - - 55 -85 ~58 —66 <-58 -58 -56 -56 <-56 -56 ~B§ -55 -BE -55

agl | =40 - - - - - 66 -56 -56 -66 ~56 56 -56 -56 -56 -56 -56 -55 <—65

4|30 - - - - - - -66 56 -57 -7 57 -57 -56 ~56 -56 —68 ~55 —5.5

E -20 - - - - - - - <67 -57 -67 -5 ~57 -56 -5§ -56 -56 <-65 =65
i

g | -1 - - - - - - - - 57 .57 57 -B7 ~5B6 ~55 <-55 <-58 =55 -E5

3 0 - - - - - - - - - <57 -B7 ~57 =56 -6 ~58 -65 -BE -54

§ 10 - - - - - - - - - -~ <67 -BE -56 -58 -56 <-G5 5§ 64

E 20 - - - - - - - - - - _ 66 -58 56 ~55 —E5 ~54 54

a0 - - - - - - - - - - -~ - 56 =55 -55 .54 ~54 —B3

40 - - - - - - - - - - - - ~ 55 -54 -54 ~63 -53

50 - - - - - - - - - - - - -~ & 54 -4 -B3 -B2

60 - - - - - - - - - - - - - - - 63 -62 -62

70 - - - - - - - - - - - - - - - - B2 -51

80 - - - - - - - - - - - - - - - - - -Bd

l\. ) L — CW




o+ -

6c4

LEFTMOST BARRIER ANGLE. ¢7

NOISE ATTENUATION BY A BARRIER DEFINED BY (Ng,

MAXIMUM FRESNEL NUMBER, N, = 0.05

RIGHTMOST SARRIER ANGLE, ¢°ﬂ

#.. ¢nl

~80 =70 ~60 =50 —40 -30 -20 ~-10 ] 10 20 30 40 50 60 70 80 90

-850 61 -62 ~52 -63 -54 -54 -55 ~-55 -55 -6 -56 ~66 ~56 -56 -56 b6 -56 -BS5
—80 - -52 -3 -54 -54 -65 55 -56 -56 -66 -66 -57 -67 -67 -66 46 -58 5.6
=70 - - 54 -54 -55 =55 -66 -56 =57 -67 -57 -67 -6 -5? 57 -57 -58& -5.6
-60 - - - 56 -58 -~56 -6 —57 -87 -57 -67 =57 -67 =657 -57 -57 -5.6 -6
=50 - - - - -66 -87 -57 -57 -57 -58B -58B -58 -G8 -67 -57 57 -G7 -5.8
-40 - - - - - .57 =-5? -58 -58 -§8 -58 -58 -58 -658 -B7 -57 -67 56
=30 - - - - - - -5B -58 -8 -58 -58 -58 -68B -58 -7 -57 -B7 56
=20 - - - - - - - -58 -8B -58 -5B -58 -58 -58 -5 57 56 56
-10 - - - - - - - ~ -8 -58 -58 -5B -58 -58 -5y 67 -5& -6&
1 - - - - - - - - - -58 -8 -58 -8 ~BY -57 -57 -B& 66
10 - - - - - - - - - - -58 -8 -58 -57 ~%7 -56 -56 -B5
20 - - - - - - - - - - - 58 -81 -51 -66 -58 -BS ~55
30 - - - - - - - - - - - - -5? -57 -56 -65 -B5 -4
40 - - - - - - - - - - - - ~ =-H6 -6 -~66 -4 B4
50 - - - - - - - - - - - - - - -55 =54 -B64 -B3
80 - - - - - - - - - - - -4 - - - 54 -3 -B2
70 - - - - - - - - - - - - - - - - B2 52
80 - - - - - - - - - - - - - - - - - =B




ord

80 -70 -G60 -50 -40 -3 -20 -0 O 10 20 3 4D S0 60 70 80 80 J

-0} -51 -52 -53 -53 -54 -85 -55 -56 -56 -57 -57 -67 -67 -57 -67 -57 -57 -86
-80 - -53 ~-54 -54 <-5§ -86 -56 ~57 -57 -57 .54 -58 -G8 -58 S8 -57 -57 <57
-70 - - <84 -85 56 -57 -57 -58 -58 -G8 -58 =68 -58 -B& 58 -6 -57 &7
~60 - - - .66 -57 -57 -68 -5 A8 5O .49 -5 59 59 -S8 58 -58 <57
~50 - - - - 87 .tE 5K -5 09 5% 59 L) -69 63 .52 .58 68 57
ogl -40 - - - - - 5,5 RO -a.8 S T ) ] 3.8 R -6.0 bk b -5.8 b7
u | -~30 - - - - - - =59 -58 -LD -G0 G0 69 59 L8 -89  -5F -8B -B7
2 |2 - - - - - - - 80 -60 -60 G0 ~B0 <-59 5O -5} 58 -58 L)
E 1.0 - - - - - - - - .60 -80 -60 -60 659 -53 -53 58 -67 57
S| o - - -« - - - - - - -80 -60 -B0 -58 -59 -58 -5B -57 -5&
% 10 - - - - - - - - - - 60 -89 -59 -58 -58 -57 -7 -58
E | 20 - - - - - e - - - - 59 =59 -58 58 -B7 -56 b5
"o - - - - - - - 4 - - -4 < -58 -58 -51 -56 -56 -5
a - - - - - - - - .- - - - <87 -51 -56 -55 -84
50 - - - - - - - -4 - - -« - - - .58 -55 -b4 -82
60 - - - - - 4 -4 4 - « -« 4 - - - 54 -54 B3
70 - e e e - e e e e - .- - 4= - 53 -2
80 e

:-‘-'-*bﬂ.\

A ) — N

NOISE ATTENUATION BY A BARRIER DEFINED BY [Ny, ¢, 95}

MAXIMUM FRESNEL NUMBER, Ny = 0.06

RIGHTMOST BARRIER ANGLE, qbuﬁ




1y

LEFTMOST BARRICR AHGLE, {]

., ) /
NOISE ATTENUATION BY A BARRIER DEFINED BY {Ny, ¢, . g}
MAXIMUM FRESNEL NUMBER, Ng = 0.07
FIGHTMOST BARAIER ANGLE, ¢

-80 =70 ] -850 —-40 -30 —-20 =10 0 10 20 30 40 50 60 10 8O 90
=50 =51 =82 =53 —-54 -5 -6 -5B 57 -57 -5B -~5B -6B -6B -BA -5RBR -5 =8B =57
-0 - =53 =54 -55 -6 =57 -57 -KB =58 -58 -59 -58 -59 -68 58 -589 -58 -58
=70 - ~- -5 =58 -7 -67 -58 ~59 -H9 59 -60 -60 -6D -60 -59 -58 B9 -6A
-8 - - - =571 -58 5B 59 50 -0 60 -0 -60 -60 -60 -60 -58 58 5B
~H0 - - - ~58 58 60 -0 ~B60 —&.0 -1 —~4i -0 -60 -60 60 -G08 -H.8
—AD - - - - - B0 200 -840 -8 -6 B 63 & 60 60 - 60 5,9 5.8
30 ~ - - - - 111 i1 -6 - 6.1 NN BUA -a1 ~ 0.1 -60  -60 5.8 5.8
20 -~ - - - - S ST IS 1 SR B0 Y 5 IR | B 4 5.4 s R
-1 - - - 62 5.2 -6l -4t -B1 -CO 50 -89 .59 LB
! 0 - - - - - a0t Gl 61 -61 =50 -804 58 5§ L7
10 - - - - - 81 &1 =60 60 ~53 59 .54 5.7
20 - - - - - - - - —~ -#1 =60 .00 5% «hd LT -56
30 - - - - - - - - - - - - 60 ~59 -5B -67 -BI .58
40 - - - - - - - - - - - - - -58 -58 -57 -66 =55
50 - - - - - - -~ - - - - - - - =57 -BB -55 -64
60 - - - - - - - - - - - - - - -~ =55 =54 53
70 - - - - - - - - - - - - - - - - -B3 -h2
80 - - - - - - - - - - - ~ - - - - - Bt

i S A T e

S g i L




NOISE ATTENUATION BY A BARRIER DEFINED BY {Ng, ¢, ¢5)

MAXIMUM FRESNEL NUMBER N, = 0.08

RIGHTMOST BARRIER ANGLE, lﬁg

-80 =70 ~60 -50 =40 ~30 ~20 =10 [} 10 20 30 40 50 60 70 80 a0

-90 =56.1 -52 -54 -56 56 ~66 =-~57 -58 -~68B -69 -6 -8 -589 -589 -59 =58 589 58

-80 - -54 -55 -56 -57 -57 -8 -89 -9 -680 -60 -60 -BOD -60 -60 -60 -59 -58

~70 - - -8B -7 -58 -58 6B G0 -60 -—G.1 =61 =61 ~8.1 —6.1 =~6.1 -60 ~B0 -59

-60 - - - =58 .58 =58 =860 =61 =61 -6.1 ~6.1 -681 6.1 -6.1 ~6.1 ~6,31 ~80 -589

-50 - - - - =58 ~60 -61 -1 -62 -62 -62 -62 -62 =62 =61 -6t -60 -58

o -40 - - - - - -6.1 -84 -62 -62 -62 =62 =-G62 -62 -82 -B1 -6.1 -80 58

:f;- -30 - - - - - - -2 -62 -83 -63 -63 -563 ‘—6.2 -62 =61 -6.1 -60 =69

§ =20 - - - - - - - -3 =63 -63 -63 -~63 -62 -62 -61 -1 60 -589

E =10 - - - - - - - - -3 -63 -63 -63 =62 -~B2 =81 -81 -~60 =58

E 0 - - - - - - - - - -63 =83 =83 -62 -62 -6 60 -58 -58

é 10 - - — - - - - - - - -63 -62 -62 -61 ~B6.1 -60 -68 58

E 20 - - - - - - - - - - - =62 =81 ~81 ~60 <58 =58 =57

a0 - - - - - - - - - - - ~ -61 -80 -G8 -58 -67 -58

40 - - - - - - - - - - - - - 58 69 -68 57 -G8

50 - - - - - - - - - - - - - - 58 -57 -5& -&5

a0 - - - - - - - - - - - - - - -~ -65 -5E -54

70 - - - - - - - - - - - - - - - - -54 =52

a0 - - - - - - - - - - - - - - - - -

i, i
R — —




L]

LEFTMOST BAARIER ANGLE, ¢

e

e At 4 L e et

) e .
NOISE ATTENUATION BY A BARRIER DEFINED BY (Ng, ¢y, ¢r)
MAXIMUM FRESNEL NUMSER, N, = 0.09
RIGHTMOST BARRIER ANGLE, ¢
~80 ~70 ~60 ~50 -~40 30 -~20 ~10 o 10 20 30 40 50 G0 70 80 QOJ

-0 -51 ~53 -54 -85 -56 -57 -58 -68% -9 -0 -60 -G6O -60 -~61 -BD -GO -6O -59
-B0 - -64 -85 -6 -57 -5B -89 -60 -80 ~-61 -6 —-61 -61 -61 -61 ~61 -60 -60
=70 - - -7 -58 -5 -59 -0 -61 -61 -62 -2 -82 -~B2Z -62 -62 -61 -B1 -60
~60 - - - -8 -6O0 -80 -B1 -62 -2 -62 -63 -3 ~63 -62 -62 -2 ~61 ~BO
—E0 - - - - -1 ~6) -~62 -62 =-63 -~63 ~63 -63 -~63 -3 =62 =62 ~61 -BI
—40 - - - - - 62 -63 -63 ~63 -64 -64 -64 =63 -63 -63 -~62 -81 -6
=30 - - - - - - -3 ~-64 -64 -64 -B4 -B4 64 -H3I -B3 -62 -61 --60
-20 - - - - - - - -64 -64 -64 -64 -4 -64 -63 -63 -62 -61 -60
=10 - - - - - - - - -64 -4 -64 -B4 ~64 ~63 -62 -62 -61 -60
0 - - - - - - - - -~ -84 -64 -64 -3 -63 =~62 -61 =60 B9
10 - - - - - - - - - - ~64 -84 -83 -~62 -62 -61 -80 =53
20 - - - - - - - - - - - -3 -63 -62 -~61 -60 -~589 -58
3o - - - - - - - - - - - - =2 -~81 =60 58 BB -H7
40 - - - - - - - - - - - - - -6% -60 -59% -B7 --56
50 - - - - - - - - - - - - - - =58 58 ~-HB =55
G0 - - - - - - - - - - - - - -~ - =57 -8 B4
70 - - - - - - - - - - - - - - - - -~B4 -53
B0 - - - - - - - - - - - - - - - - -~ =51




NOISE ATTENUATION BY A BARRIER DEFINED BY (N, ¢, , #5)

MAXIMUM FRESNEL NUMBER, Ny = 0.10

ARIGHTMOST BARRIER ANSLE, ¢°H

~80 ~70 -60 50 -40 -~3@ -20 -10 0 1w 20 3 40 B0 60 70 80 ao]

~90| ~52 -53 -64 56 ~-57 58 -69 -53 -60 —G1 =61 -BI —62 —62 ~61 B ~BI1 -B0

~B0O - -85 -66 -67 -~5§ -58 -60 -61 -61 ~B2 -62 -32 ~62 -62 -62 -62 -61 -&1

~70 - -~ .57 -6B -5§8 -6O -B1 -62 -62 -~63 -63 -63 -63 -63 -63 -62 -62 -6!

-60 - - ~ 60 ~61 -62 -62 -63 -63 ~64 -64 -64 -64 -—64 -63 -63 -52 -6

50 - - - - -2 -B2 -63 -64 -64 -64 -65 =65 —64 -64 -64 63 -62 -62

ag | =40 - - - - - -63 -64 -64 -85 -65 -65 -65 -65 —64 64 -63 -6.2 62

g’ ~ap - - - - - ~ -85 -85 -65 -65 -65 -65 -66 ~65 -64 -63 -62 ~6.
2

< -w - - - - - - - -65 -68 -B6 —-66 —65 <-65 65 -64 -63 -62 =6

% ~10 - - - - - - - -~ -86 66 —66 -65 -B5 ~-64 -84 -63 -62 6.1

S 0 - - - - - - - - - -G8 -68 -65 -85 -64 -B3 -62 -61 ~60

%’ 10 - - - - - - - - - - -65 -65 -64 -64 -B3 -B2 ~B1 -59

§ 20 - - - - - - - - - - - -65 ~64 -63 =62 -1 -60 ~59

ap - - - - - - - - - - - - -63 -62 -B2 -60 -69 58

40 - - - - - - - - - - - - - -62 -B1 -89 -5B -57

50 - - - - - - - - - - - - - - -68 -58 -57 -56

&0 - - - - - - - - - - - - - - - -57 -56 -54

70 - - - - - - - - - - - - - - - - -85 -53

80 - - - - - - - - - - - - - - - - - =52

o e . N \...4"

PY——




ot 7

i

LEFTMOST BARRIER ANGLE,

k 7 -
NOISE ATTENUATION BY A BARRIER DEFINED BY (Ng, &, (=Y
MAXIMUM FRESNEL NUMBER, Ng = 0,20
RIGHTMOST BARRIER ANGLE, ¢%
—80 =70 -60 ~50 =40 =30 -20 -10 0 10 20 30 40 60 60 70 80 a0
=80 -6.3 ~-56 =58 -0 =82 -B64 —-6.6 -6.7 -8 -89 -70 -1.0 ~7.1 =71 -70 70 -68 -68
~80 - -56.9 =6.1 -3 -85 6.7 —638 -9 =10 -1 -37.2 ~7.2 -1.2 12 72 ~11 -7.0 -6.9
-70 - - -6.4 -8 -~68 -69 =10 72 =12 -~713 =14 =74 1.4 ~74 =713 -~12 =71 -7.0
—-80 - - - -8 -0 =711 -7.2 -1.3 ~74 =15 75 -1.5 -7.5 -756 ~74 ~13 -1.2 -7.0
-850 - - - - =11 ~1.3 -7.4 ~1.5 -5 76 =78 -7.8 -7.6 -5 75 =74 -1,2 =71
=40 - - - - - =74 -15 1.6 =77 -7 =17 -1.7 -1.7 -16 =78 14 ~7.2 -7
-30 - - - - - - -=1.6 =17 -7 -18 78 -1.7 -1.7 ~16 =25 =74 -1.2 7.0
-20 - - - - - - - -1.8 -78 =78 718 ~1.8 =77 ~76 ~76 -74 -1.2 -7.0
=10 - - - - - - - - -78 ~18 ~7B -7.8 -1.7 ~76 =768 =13 =11 ~6.8
1] - - - - - - - - - -78 10 «7,7 =7.7 715 =74 -1.2 -7.0 —B6.8

10 - - - - - - - - - - -7.8 =-1.7 -78 =156 =13 -712 -6.9 -6.7

20 - - - - - - - - — - - 76 ~75 -14 ~72 =70 -68 -68

30 - - - - - - - - - - - - =74 .73 =1t =68 -B7 ~5.4

AD - - - - - - - - - - - - - =711 =70 -68 -6.5 —6.2

50 - - - - - - - - - - - - - - —-58 -~66 -6.3 -—-60

60 - - - - - - - - - - - - - - - 64 =51 -5.8

70 - - - - - - - - - - - - - - - —~ -68 -586

20 - - - - - - - - - - - - - - - - - =53




94

LEFTMDST BARRIER ANGLE, ¢?_

NOISE ATTENUATION BY A BARRIER DEFINED BY Ny, &, ¢g)

MAXIMUM FRESNEL NUMBER, N, = 0.30

RIGHTMOST GARRIER ANGLE, ¢9

~H0 ~70 -60 —b0 -40 —-30 ~20 -10 0 10 20 30 40 BD G0 70 3113 ;I
-90 -54 58 -2 -66 -7 -0 -2 -?3 -5 -¥& -¥7 18 -8 18 -8 -%37 -6 74
-80 - =63 -66 =69 -71 -3 -5 -%7 -8 385 -0 -8D -81 -8.1 -0 =78 -78 786
~70 - - -9 -72 -15 -17 =78 -A0 -B.1 -82 -82 -83 -83 -83 -B2 -B1 -7.8 =17
=60 - - - =15 -7 =19 -8 -2 -83 -84 -84 -BE5 -BA -84 -3 -B2 -BO -78
-60 - - - - -80 -84 -3 -84 -85 -86 -B6 -86 -86 -B5 -84 -83 -84 -78
~40 - - - - - -3 -85 -B6 -86 -8 -B7 -B7 -86 -B6 -B4 -B3I -B1 18
=30 - - - - - - -B6 =-87 -B7 -88 -B8B -87 -87 -86 -B5 -B3 -80 78
-20 - - - - - - -~ 88 -84 -88 -88 -88 -B.7 -p6 -84 -B2 -BOD -7
-10 - - - - - - - - -89 -88 -B8 -B8 -B7 -86 B4 -82 ~78B 76
0 - - - - - - - - - -8 -8 -8' -a6 -BH -83 -B1 -72.8 -15
10 - - - - - - - - - - -B% -BY -A6 -B4 -B2 -80 -2.7 73
20 - - - - - - - - - - - -86 -85 -83 -81 =38 -5 =72
ao - - - - - - - - - - - - 83 =-B1 ~79 =-717 «73 =70
40 - - - - - - - - - - - - - ~8%0 =77 =76 -71 =67
50 - - - - - - - - - - - - - - 25 =72 -B9 -6S5
60 - - - - - - - - - - - - - - - -69 -66 -62
70 - - - - - - - - - - - - - - - - -63 -58
80 - - - - - - - - - - - - - - - - - 64
‘ L_j

sy




Lrd

LEFTMOST BARRIER. ANGLE, ¢

__J

NOISE ATTENUATION BY A BARRIER DEFINED BY {Ng, ¢, , ot
MAXIMUM FRESNEL NUMBER, Ny = 0.40

RIGHTMOST BARRIER ANGLE, ¢a

-80 -0 -60 -b6O0 40 =30 -~20 10 0 10 20 30 40 50 &0 70 80 90

-80 -56 -61 -5 ~689 =72 ~74 -17 -79 -80 -82 -83 -84 -84 -B4 -84 -B4 82 B0
-R0 - -66 ~70 -74 -77 -78% -81 -83 -85 -86 -87 -87 -BE -8B -B7 -B6 -B6 -B2
~70 - - -6 -8 -B1 -B3 -8B -B7 -B8 -85 -0 -90 -90 -60 -89 -BH -BE -B4
=60 - - - -B2 -84 -86 -88 -90 -81 -92 -02 -2 -82 -92 -91 -89 -B7 -B4
-60 - - - - ~87 -89 -91 -82 -33 -4 -H4 -04 -§4 -93 52 50 -BE -84
-40 - - - - -~ ~-81 -53 -p4 -95 -45 -85 -95 -95 -84 -02 -50 -B8 -84
~30 - - - - - - -94 -85 -96 -96 -96 -96 -9 -04 -8.2 ~80 -87 B4
-20 - - - - - - ~ -8 ~87 -87 -97 -86 -85 -84 52 -840 -87 -B3
=10 - - - - - - - - -7 -7 -97 -98 -8 -94 -82 -BS -BE -B2
1] - - - - - - - - - -97 -7 -86 -85 -93 -81 -88 -85 -80
10 - - - - - - - - - - -pG -85 -94 -82 -90 -B7 -B3 =78
20 - - - - - - - - - - - -84 -93 -91 -BB -85 -81 -27
0 - - - - - - - - - - - - -8t -88 -B6& -83 78 74
40 - -~ - - - - - - - - - - - =87 -84 -8 =77 =12
50 - - - - - - - - - - - - - - -82 -78 ~74 68
80 - - - - - - - - - - - - - - - -5 70 -65
10 - - - - - - - - - - - - - - - - -656 -84
80 - - - - - - - - - - - - - - - - - =58




LEFTMOST BARRIER ANGLE, ¢

NOISE ATTENUATION BY A BARRIER DEFINED BY [Ny, ¢ , ¢}

MAXIMUM FRESNEL NUMBER, Ny = 0.80

RIGHTMOST BARRIER .i\NGLE,é:'1

~B0 -0 -0 50 ~40 =30 -20 -10 Q 10 20 30 40 50 60 70 80 a0
~80 -5.7 -8 -G.8 =72 =75 ~18 -8.1 -8.3 -8.5 -8.7 ~-3.8 -89 ~08.0 ~0.0 =80 -89 -B.B -85
~80 - =7.0 -7.4 -7.8 -8.2 -84 -8.7 —-B.9 -9.1 -8.2 ~8.3 -4 ~0.4 -0.4 -0.3 -p.2 -8.1 ~8.8
=70 - - -8,0 -8.3 ~8.6 -89 -8.1 -8.3 =-9.5 -9.6 ~0.6 ~-9.7 =37 —-9,7 -9.6 8.5 -0,2 —8.9
~G0 - - - -B.7 =-9.0 -8.3 -8.4 =0.6 -98 ~9.4 ~9.9 —9.9 =99 ~890 =88 -0,6 -8.3 —8.0
-50 - - - - -9,3 «0.6 -9.7 -89 -100 -100 -101 -101 -~-10 =100 -89 -0.7 -84 =0.0
~40 - - - - - -8 -100 -101 =102 -102 -103 -10.2 -102 -101 ~88 -9.7 -9.4 ~9.0
=30 - - - — - - =101 =102 -10.3 -10.2 =-103 -10.3 -~-10.2 =101 -89 -9.7 =84 --8.9
-20 - - - - - - - =103 =104 -—-104 =104 =103 =103 =101 —8.9 8.8 -9.3 -8.8
~10 - - - - — - - - —108 =106 -104 -103 102 -—10.1 =8.8 8.6 -9.2 —B.7
0 — - - - -~ - - - - —-305 ~wWw4e 103 -102 100 -8.8 0.6 =81 -B.5
10 - - - - - - - - - - =103 =102 =10 «09 -9.6 -0.3 -89 -8.3
20 - - - - - - - - - - - =101 -=10.0 ~0,7 =11.6 8,1 ~B8,? -8.1
30 - - - - - - - — - - - - -0.8 -9.6 -9.3 ~8.9 -84 ~1.8
40 - - - - - - - - - - - - - -9.3 -8,0 ~B8.6 ~-8.2 -7.5
60 - - - - - - - - - - - - - - -8,7 ~8.3 ~7.8 -7.2
80 - - - - - a - - - - - - - - - ~-8.0 =14 —6.8
70 - - - - - - - - - - - - - - - - -0 ~-63
80 - - - - - - - - - - - - - - - - - -B7
. ]




e ——— e

., ~ ~
NOISE ATTENUATION BY A BARRIER DEFINED BY [Ny, ¢, ¢gl
MAXIMUM FRESNEL NUMBER, N, = 0.60
RIGHTMOST BARRIER ANGLE, ¢
-80 =70 =60 =50 ~40 30 -20 =10 o) 10 20 30 A0 50 il] 70 80 80
~90 -58 -68 -0 -5 18 -82 -~B5 8% -0.0 -91 -93 -84 -0.4 95 -95 -94 -92 -840
~80 - -3 -8 -82 -86 -89 -62 -84 -9 -97 -98 -9 -99H -89 .08 08 ~86 =92
=70 - - -8.4 -88 -8.1 -94 =97 -8 -100 -i04 =102 -103 =103 ~-103 -102 -100 -B8 ~0.4
—60 - - - -83 -86 -84 -100 -10.2 -104 -106 -106 -105 -1056 -105 -104 102 =89 =3.8
-h0 - - - - -8 -102 -103 -10.5 ~10.6 -107 -10.7 =107 -10.7 =106 =~105 -103 -99 -85
o —40 - - - - - -~i04 -106 -10.7 -108 -108 --108 -108 -108 -107 -106 103 ~-99 -84
“E’,‘ =30 - - - - - - =108 ~1089 -109 -110 -110 -108 -109 107 -~105 -103 -99 -94
g ~20 - - - - - - - =110 -=11.0 ~i11 1.0 =-11.0 =108 107 ~105 -10.2 -0.8 ~8.3
E -10 - - - - - - - ~ ~111 —11.1. -1 ~11.0 -108 -307y 105 -10% =87 -8
E 0 - - - - - - - —- - -1 -0 -1086 -108 -106 ~104 ~100 -96 ~80
!é 10 - - - - - - -~ - - - -0 -108 -10.7 105 -102 -09 -94 ~0.7
é 20 -~ - - - - - - - - - - -108 -106 -103 -100 -%7 -82 .88
30 - - - - - - - - - - - ~ =104 -~10.2 -8 -94 -85 8.2
40 - - - - - - - - - - - - - %8 -6 -91 -B6 78
50 - - - - - - - - - - - - - - -83 -BE -A2 ~1.5
60 - - - - - - -~ - - - - - ~ - - -84 -78B -10
70 - - - - - - ~ - - - - - ~ - - - =73 -65
80 - - - - - - - - - - - - - - - - - =48




058

NOISE ATTENUATION BY A BARRIER DEFINED 8Y (Np, ¢, ¢g!

MAXIMUM FRESNEL NUMBER, N, = 0.70

RIGHTMOST BARHIER ANGLE, 0

-BQ =70 -60 —50 =40 ~30 -0 -t 0 10 20 30 a0 50 G0 70 80 QDJ

=90 -0 -67 -3 -78 ~B2 -86 -89 -91 ~83 -85 -B7 -9 -99 -89 09 -98 -96 03

=80 - =76 -B2? -B6 -90 -93 96 98 -10.0 -102 -103 -104 -ID4 ~104 -104 -103 -100 06

~70 - - -g8 =92 -6 -98 -102 -104 ~-105 -107 -107 -108 W08 ~10B -10.7 105 -3 -838

-60 - - - =87 =101 -103 ~106 -107 -10.8 =110 -11.1 =110 =114 =110 =109 -107 -104 99

~B60 - - - ~ —104 -107 -108 -110 -11.2 =112 -11.3 -11.3 -11.3 -1.2 -10 108 -104 -99

o -40 - - - = - ~108 ~11.1 -112 -114 -114 =114 -114 N4 =113 -11.1 =108 -104 -8B
"_;,’- -30 - - B - - - -113 -4 115 =116 1.6 -18 114 113 -11,1 -108 -104 -8B
E =20 - - - - - - - <116 -11.6 -116 -11.6 =116 -14 -11.3 -111 =107 -103 -897
f;" -t0 - - - - - - - - =11.7 -7 =116 =116 -114 -1N2 110 =107 -102 -96
E 4] - - - - - - - - — ~11.7 -116 ~11.5 -114 112 =18 -105 -100 -6.3
5 10 - - - - - - - - - - =116 ~114 ~-113 110 -7 -104 -BB -8
E 20 - - - - - - - - - - - ~-11,3 -111 -i08 -106 =102 -8.6 ~BO
a0 - - - - - - - - - - - - =19 07 -1063 -98 -93 -B6

40 - - - - - - - - - - - - - =104 101 -96 ~8.0 -B2

60 - - - - - - - - - - - - - - =97 -82 -86 -8

60 - - - - - - - - - - - - - - - -8B -82 <23

70 - - - - - - - - - - - - - - - - =16 -7

80 - - - - - - - - - - - - - - - - - -80

L, .
L) - ot

ST T A
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LEFTMOST BARRIER ANGLE, ¢

NOISE ATTENUATION BY A BARRIER DEFINED BY (Ng. fL. %a)

MAXIMUM FRESNEL NUMBER, Ny = 0.BO

RIGHTMOST BARRIEA ANGLE, 85

-80 =70 —-60 =50 =40 =30 -0 ~10 4] 10 20 30 40 50 GO 10 80 QOAI
-20 61 -69 -75 -81 -85 -89 =-92 -95 -97 -88 -100 -102 =102 -103 =103 -10.2 -~10.0 -97
-80 _ _78 -85 -0 -4 -§7 =100 -10.3 -105 -108 -107 -I0B -10.8 -109 -108 -10.7 -~105 -100
~70 - - -82 -9 -100 —103 ~106 -10.8 -11.0 -11.1 =112 -3 -11.3 -113 =112 ~11.0 -107 =102
~60 - - - -j02 -1056 -188 -11.0 =112 -114 -11.6 1156 116 -11.6 -11.5 —114 ~11.2 -108 -—103
-50 - - - ~ 108 -11.2 -114 -115 =117 -11.7 =118 -1i8 -118 -11.7 -16 -11.3 -109 ~103
-40 - - - - -~ -114 -118 -118 -119 =119 -120 -n8 -N1.9 ~11.8 -116 =113 =109 -102
-30 - - - - - - —118 -11.8 =120 =121 -121 —f20 =118 -N.8 -11.6 -11.3 =108 -102
=20 - - - - - - — 121 —121 -121 =121 -2 =120 -8 -116 ~11.2 -10.7 -10.0
-10 - - - - - - - — 122 =122 —121 =121 =119 =17 =115 -1 -106 -89
0 - - - - - - - - — 122 =121 -120 -119 =117 -4 o ~10.5 =97
10 - - - - - - - - - - -121 -118 -11.8 =116 -11.2 -108 -103 -95
20 - - - - - - - — - - — -N& -116 =114 =110 -106 -10.0 0.2
10 - - - - - - - - - - - - 114 =112 -108 ~103 =37 -89
40 - - - - - - - - - - - - -~ -108 -106 -100 -84 -85
50 - - - - - - - - - - - - - - =102 -85 =90 -81
60 - - - - - - - - - - - - - - - -82 -BE =75
70 - - - - - - - - - - - - - - - - ~79 -B9
80 - - - - - - - - - - - - - - - - - -G




esd

NQISE ATTENUATION BY A BARRIER DEFINED BY (N, &, ¢}

MAXIMUM FRESNEL NUMBER, N, = 0,80

RIGHTMOST BARRIERA ANGLE, Og

LEFTMOST BARRIER ANGLE, ¢

L EN

-80 ~70 -60 ~50 -10 ~30 -20 -10 0 10 20 30 40 50 60 70 a0 901
=90 -62 -1 -¥? -B3 -88 -01 -9.6 -98 ~1D00 ~102 104 -~10.5 -106 106 106 =106 =104 ~100
-Bg - -82 -88 -83 -97 -101 -104 =106 -708 -~110 ~11.1 -11.2 =113 -113 -11,2 =111 =108 -104
-70 - - =95 -100 -104 -7 -0 -11.2 ~114 -115 ~116 ~11,7 -117 -11.7 -116 -~114 111 ~106
=G0 - - - -6 109 -112 =116 -11.7 -11B -1t 120 -120 -128 -11.89 118 -11.6 -11.2 =106
~50 - - - - =113 =116 ~11.B8 120 127 ~12.2 132 -~-122 -122 -121 -18 -11.7 -3 -108
~40 - - - - -~ =119 =121 ~122 -123 -124 -124 -124 -123 -122 =120 -1.7 ~11.3 -108
~30 = - - - - - =123 =124 125 -125 -~125 -125 -124 -122 -120 -11.7 =112 =105
~20 - - - - - - - =128 =126 -1286 —~126 -125 -124 =122 =120 =116 ~I11.1 104
-10 - - - - - - - - =127 127 ~128 1256 -124 =122 =118 -1L6 -1i.0 =102

0 - - - - - - - - -~ =127 =126 -125 -123 -121 -1t8 =114 -108 ~10.0
10 - - - - - - - - - ~ =125 ~124 =122 =120 -I11.7 -11.2 -108 -0.8
20 - - - - - - - - - - - -123 121 =118 =115 =110 ~104 =95
a0 - - - - - - - - - - - - =119 =116 =112 =107 =101 =81
40 - - - - - - - - - - - - ~ =113 -109% =104 -7 -88
50 - - - - - - - - - — - - - - ~id6 =100 -83 -83
50 - - - - - - - - - - - - - - -95 -8 =77
70 - - - - - - - - - - - - - - - - =-B2 -7
80 - - - - - - - - - - - - — - - - - 6.2




£s-d

LEFTMOST BARRIER ANGLE, §°

NOISE ATTENUATION BY A BARRIER DEFINED BY [Ny, ¢, . ¢g)

MAXIMUM FRESNEL NUMBER, Ny = 1.00

RIGHTMOST BARRIER ANGLE, ¢a

-80 -7 -60 -850 40 -30 -20 10 0 10 20 a0 40 50 60 70 B0 %0

-90 | -83 -~72 -79 -85 -60 -84 -97 -100 -103 -105 -10.7 -108 -~108 -~11.0 -11.0 -108 -107 -103
—80. -~ ~B4 91 ~98 =101 =104 =107 -0 =112 ~114 ~115 -6 -11.7 -7 116 -116 -11.2 -107
-70 - - -88 -104 ~168 -1 114 -NM6 18 -9 120 -121 =127 121 120 -11.8 -11.5 -109
60 - - - ~108 ~113 -116 -§1.9 -121 -122 -123 -124 -124 -124 -123 -122 -120 -16 -11.0
-50 - - - - =M7 -120 ~122 -124 125 -126 -127 -127 ~128 -~128 -123 -127 -1.7 -110
—40 - - - - - -123 -125 -126 -127 -128 -128 -128 -127 ~-126 -124 -121 -11.7 -108
=30 - - - - - - =127 128 -128 -129 -128 -128 -128 -127 -124 =121 =116 -10.4
~20 - - - - - - -~ =130 =130 =130 =130 -~128 -128 -127 =124 =120 =115 -107
-10 - - - - - - - - =131 -131 -130 -128 -128 =128 -123 -11.8 -M4 =105
o - - - - - - - - - =131 =130 =128 ~127 -125 122 -8 -11.2 -103

10 - - - - - - - - - - =130 -128 -126 -124 =121 -116 =110 -100
20 - - - - - - - - - - - =127 -12% -122 -119 -114 -107 -87
30 - - ~ - - - - - - - - - 123 -120 =118 -111 -104 -84
40 - - - - - - - - - - - - - =17 =113 08 -101 -80
50 - - - - - - - - - - - - - ~ -10.8 -104 -88 -BS
80 - - - - - - - - - - - - - - - =88 -81 -9
70 - - - - - - - - - - - - - - - - -84 -12
- - - - - - 63




¥od

NOISE ATTENUATION BY A BARRIER DEFINED BY [Ny, ¢y, ¢g}

MAXIMUM FRESNEL NUMBER, Nj = 2.00

RIGHTMOST BARRIER ANGLE, ¢5

80 -70 -60 -60 -40 ~-30 -20 -0 o 1@ 20 30 4 50 60 70 40 oﬂ
-80| -72 -B.6 -85 102 108 -113 -7 —121 —123 -126 -128 -13.0 -131 -132 —-i32 -13.2 —130 -123
—80 - ~105 -3 -120 126 -128 —13.2 —136 —13.8 140 -141 —142 —143 -143 -143 -141 -138 130
—70 - — —124 =130 -134 -138 -M1 -143 -145 =147 -148 148 -149 -149 -148 ~145 ~141 -13.2
-60 - - - 2136 —14) -144 -7 —148 -150 -152 -152 —-153 —153 162 -150 -148 -143 -13.2
50 - -~ - ~ 145 ~14.8 =161 —~152 —-164 165 —-165 ~156 —1565 —164 —152 —149 —143 —132
ag | —4U - - - - ~ 151 154 —155 -156 =157 -167 —167 =156 —165 -153 —14.9 -143 =131
g: -30 - - - - - ~ ~166 —1G7 -158 -158 ~-158 -158 —167 —155 -163 -14.9 —142 —130
E -20 - - - - - -~ -~ 159 ~158 -8 -168 -158 —167 —16§ -152 -148 —-141 -128
'é -10 - - - - - - - — 18O -18D0 ~158 -I68 —167 ~156 -162 -147 —140 ~-128
S o - - - - - - - - -~ 160 ~168 -158 —168 154 ~160 —-145 -138 ~123
% 10 - - - - - - - - - - 168 =167 =165 -162 —14.8 -143 =~135 =121
§ 20 - - - - - - - - - - - —166 =154 —161 =147 -141 =132 —117
10 - - - - - - - - - - - — 11 —148 -144 138 -128 -11.3
40 - - - - - - - - - - - - - —ME 141 -134 -125 108
50 - - - - - - - - - - - - - - -138 -130 -120 -102
80 - - - - - - - - - - - - - - - =124 -113 -85
70 - - - - - - - - - - - - - - - - -105 -8B
80 - - - - - - - - - - - - - - - - - 72
#
— o




J

NOISE ATTENUATION BY A BARRIER DEFINED BY {Ng, ¢, , ¢g)

MAXIMUM FRESNEL NUMBER, Ny = 3.00

RIGHTMOST BARRIER ANGLE, ¢a

god

LEFTMOST BARRIER ANGLE, ¢}

-0 —40 =30 -20 =10 0 10 20 30 40 50 60 10 80 a0
=114 =120 -125 -130 -133 -136 -139 -142 -143 1456 -146 -1406 -146 144 -—136
-136 -141 -145 -149 -152 -164 -166 ~158 -1569 -160 =160 -160 =158 -—154 -144
~146 =151 -165 -~158 -~160 =163 ~164 -~166 -166 ~166 ~166 ~165 -~163 -168 ~14.6
-153 =168 -161 -164 -166 -168 -168 -17.0 -172.0 -17.0 -160 -168 -165 -—180 -—14.8

- =162 -166 -168 -120 -171 =172 -~173 -~172.3 -17.2 -17.0 -169 -166 ~160 -14.6
- - =188 171 173 -114 174 -178 -174 174 -172 -17.0 -166 -160 ~145
- - - «173 ~1%5 -1 1186 ~176 -1756 -174 -17.3 =170 166 168 ~143
- - - - =176 =127 =177 -17.7 =178 =176 =173 =170 -16.56 -168 -14.2
- - - - - =117 =17 1.7 176 -174 112 ~168 -164 -~1668 -13.8
- - - - - - =127 -177 175 =174 -17.1 ~168 -163 -164 =136
- - - - - - - =176 =176 1.3 =170 =166 -160 =162 -133
- - - - - - - - =123 -171 -188 -164 -1568 -149 -13.0
- - - - - - - - - =169 =166 =161 =156 —145 =128
- - - - - - - - - - =162 -168 -151 -141 -120
- - - ~ - - - - - - - =163 =146 =136 -114
- - - - - - - - - - - - =140 -128 -106

- - - - - - - - - =120 -85

—8.0




i |

MNOISE ATTENUATION 8Y A BARRIER DEFINED BY {Ng, ¢ . ¢g!

MAXIMUM FRESNEL NUMBER, Ny = 4.00

RIGHTMOST BARRIER ANGLE,J,‘}%

LEFTMOST BARRIER ANGLE,

—B80 -70 -B0 —50 =40 -30 -20 =10 o i0 20 30 40 50 60 70 80 90

-90 -86 =103 -114 122 -12.9 134 139 ~143 —-146 =149 =151 -163 =-155 -156 =157 ~1506 —154 =146
-80 - =131 =140 -147 -153 -157 =161 -164 =166 -168 =170 171 172 =172 -17.2 170 -1G6 -164
=70 - - =152 -158 -163 -167 -17.0 1?3 -116 176 -178 -—178 -178 -178 -177 -—-176 -17.0 -158
—G0 - - - =166 -17.0 =123 -t726 -178 -180 =-181 =182 -183 =182 -182 -180 -17.7 =172 -1G7
-~50 - - - - -12.5 -178 -180 -182 -184 -185 -185 -185 -185 -84 -182 -178 -172 -15B
~40 - - - - - =181 -183 -185 -186 -18.7 -18.7 -187 -186 -185 =182 -17.89 -17.2 -155
=30 - - - - - -~ -186 =-187 -188 -188 ~tg8 -1B8 -187 -185 ~183 178 -17.1 =163
-20 - - - - - - - =188 -189 -189 =189 188 -~-187 -185 -182 -17.8 -17.0 -151
=10 - - - - - - - - =190 -190 -~-188 -188 -187 -85 -181 -176 -168 -14.9
o - - - - - - - - - ~150 -189 -18B =186 -184 ~180 =175 166 -146
10 - - - - - - - - - - =188 -187 -185 -1B2 -17.8 -17.3 =164 -143
20 - - - - - - - - - - - ~186 ~-183 -180 -17.6 -17.0 ~161 -1390
30 - - - - - - - - - - - ~ -i181 =178 -173 167 -167 -—134
40 - - - - - - - - - - - - - =175 -1720 -163 153 -129
50 - - - - - - - - - - - - - - -186 -158 -14.7 122
g0 - - - - - - - - - - - - - - - -152 —140 -114
70 - - - - - - - - - - - - - - - - =131 =103
BO - - — - - - - - - - - - - - - - - =B6




Ls-4d

LEFTMOST BARRIER ANGLE, ¢

NOISE ATTENUATION BY A BARRIER DEFINED BY Ny, ¢, ¢g)
MAXIMUM FRESNEL NUMBER, Ny = 5,00
RIGHTMOST RARRIER ANGLE, ‘.‘1%
-80 ~70 —60  -80 40 =30 ~20 10 o 10 20 30 40 50 A0 70 80 QDAI

=80 -91 -108 -121 -128 =136 141 -146 ~160 -153 =~156 -159 =161 -163 =164 =165 -~164 =163 ~153

-80 -~ =140 -150 -157 -162 -16y -17.0 -172.3 -176 -178 -180 -181 -182 -182 -1B1 ~180 -17.6 -16.2

~70 - - -—-16.2 -168 -123 -12.7 -180 -182 -18656 -186 -187 -188 -188 -188 -187 ~185 -18.0 -164

-60 - - -~ =176 -180 -183 -186 -188 -190 =181 -192 =182 -~192 -1%1 =190 ~18.7 =181 -—165

—50 - - - - -~185 -188 -190 -18.2 -183 -194 -1956 -185 =194 -193 -~197 -~188 -182 -—1654
-40 - - - - - ~191 -183 -195 -196 -197 -~107 -197 -196 -184 -192 -188 -182 -163 :
=30 - - - - - ~ —195 -19.7 -198 -—i88 -188 -198 -~197 -185 =182 -188 =181 16, t
20 - - - - - - - =138 -189 -199 -189 -188 -197 ~195 -19.2 -1B7 -1BO -1G3 J
~10 - - - - - - - - -198 -188 -189 -188 =-197 -194 =191 -186 =178 ~156 [

1] - - ~ - - - - - - -—198 -188 -198 =196 -183 -190 -t185 -176 -—153

10 - - - - - - - - - - -198 -187 -19B6 -192 -8B -182 173 -150

20 - - ~ - - - - - - - - -195 =183 -180 -~186 -180 =170 -—148

a0 - - - - - - - - - - - - -~181 -188 -183 =177 =167 -4

40 - - - - - - - - - - - - - ~-185 =180 ~17.3 -162 -136

50 - - - - - - - - - - - - - - =116 -168 -1587 128

80 - - - - - - - - - - - - - - - =162 =160 {21

70 - - - - - - - - - - - - - - - - —140 =109

- - - - - - - =81




859

e e i 4By e

NOISE ATTENUATION BY A BARRIER DEFINED BY [Ny, &, ¢g}

MAXIMUM FRESNEL NUMBER, N, = 8.00

RIGHTMOST OARRIER ANGLE, lﬁ?‘

~80 -10 -60 -50 -40 ~30 -20 -10 ] 10 20 30 40 50 60 0 80 BOJ

~00 ~85 -114 -126 —-135 =142 -7 =182 -156 -—~i5% —162 -164 -166 -168 -89 =-17.0 -170 -168 -169

-80 - =148 -157 -164 ~170 =174 -17.8 -180 -i82 -184 -185 -186 -187 -188 -187 -186 -—-182 -16.8

=70 - - =-170 ~176 -181 =185 —-187 -189 -181 -~19.2 -182 -193 -104 -184 -183 -181 -—186 -17.0

~60 - - - —183 -188 -100 -193 -1894 -195 ~186 ~196 -197 ~197 =187 ~185 ~193 -—187 -11.0

=50 - - - - =192 -185 -187 -188 -198 -~198 -109 -198 -198 -188 -10.7 -194 -188 -169

gl —-40 - - - - - -188 -189 -200 -200 -~200 -200 -200 -200 -199 -15.7 -184 -187 -16.8

W | =30 - - - - - - -200 -200 -~-200 -200 -200 =200 -200 =189 ~197 =183 =186 ~186

g —~20 - - - - - - - =200 -200 200 -200 -20.0 -200 -185% ~106 -~192 -1B5 -164

g =10 - - - - -~ - - - =200 -200 -200 -200 -200 -188 -1986 -14.2 ~184 -162

g [ - - - - - - - - - -200 -200 -200 =200 -18.8 -185 -191 -182 159

é 10 - - - - - - - - - - =200 -200 -200 -198 -104 -189 -180 -156
E

g 20 - - - - -~ - e - - - - =200 -198 =197 -193 -187 -~172.8 -162

30 - - - - - - - - - - - ~ 198 -195 -181 =185 =174 -147

40 ~- - - - - - - - - - - - - ~182 -f188 =181 ~17.0 -14.2

50 - - - - - - - - - - - - - -~ =183 -17.6 =~164 -1356

&0 - - - - - - - - - - - - - - - =120 167 -128

70 - - -~ - - - - - - - - - - - - - 148 -114

80 - - - - - - - - - - - - - - - - - «f5

O - .

e = sematr e - Ak 4
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LEFTMOST BARRIER ANGLE, ¢f

()

NOISE ATTENUATION BY A BARRIER DEFINED BY {Nj, ¢, ¢p)

MAXIMUM FRESNEL NUMBER, Ny, = 7.00

RIGHTMOST BARRIER ANGLE, ¢}

-80 -70 =60 50 -40 =30 20 10 6 1 20 30 4 50 60 0 &0 sil

—g0§ ~8.8 -119 -137 —140 —147 -162 -167 -160 —-163 -166 ~168 -17.0 -17.2 =173 =174 -174 =173 -163
-0 — -164 -184 —171 —17.6 —180 -183 -1B5 —187 -1B88 -188 -1889 -180 -1931 -181 -180 -187 —-17.3
-70 - = -176 -183 —187 -190 -18.2 -193 194 -195 -185 -19.6 -196 -196 ~186 -194 -190 -174
-80 - - ~ 190 -184 -188 -i%7 108 -198 108 ~198 -198 ~-19.8 -198 -18.B -19.6 -18.1 -174
-60 - - ~ - 198 -89 -200 -200 -200 -200 =200 -200 -200 -200 -18.9 ~196 -181 -17.3
-40 - - ~ - - 200 -200 -200 -200 -0 -200 -200 -200 -200 =199 -198 ~18.1 -17.2
-30 - - - - - — 200 -200 -200 -200 -200 -200 -200 -200 —19.9 -186 -180 =170
-20 - - ~ - - - - -200 -200 -200 -200 -200 -200 =200 -18.B =195 -188 -168
—10 - - - - - - - - -200 -200 -200 -200 -200 -200 -10.8 -18.5 -188 -188
0 - - ~ - -~ - - - - -200 -200 -200 -200 -200 —19.8 -1B4 -187 -163

10 - - - - - - - - -~ -20p -200 -200 -200 -19.8 -19.3 -185 -160
20 - - ~ - - - - - - - ~ 208 -200 -200 ~18.7 —-19.2 -183 -157
a0 - - - - - - - - - - - - -200 -189 -195 -190 -1B80 ~162
0 - - - - - - - - - - - - - =198 -184 -187 176 -147
50 - - - - - - - - - - - - - - —180 -1B3 -170 -140
80 - - - - - - - - - - - - - -~ w178 =164 131
70 - - - - - - ~ - - - - - - - -~ - -164 -119
- - - - -89




09-4

LEFTMOST BARRIER ANGLE, ¢

NOISE ATTENUATION BY A BARRIER DEFINED BY {Ng. ¢, , #q)

MAXIMUM FRESNEL NUMBER, Ny = B.00

RIGHTMOST BARRIEA ANGLE, $%

-80 -70 -60 -B0 -40 -3¢ -20 —10 0 10 20 3a 40 50 60 70 80 ;’

-0 | —-103 -123 -135 —144 151 —158 -160 -—164 -—166 —189 -170 —17.3 -174 -178 -17.7 =177 =176 -I166
-80 - 160 -170 -177 -181 -185 -187 -188 —190 -191 -182 —19.2 -183 -193 -184 -18.3 -180 —-17.8
-70 - — 182 —188 —182 —104 —196 -196 —1986 -187 -187 -197 =198 —188 —198 -18.6 -193 —17.7
~60 - - - —18.6 —~198 -18.9 ~18.9 —198 —199 —189 -188 -199 ~200 -200 -198 -188 194 -I77
-50 - - - - -200 -200 -200 -200 -200 -200 -200 -200 -200 -200 -200 -19.8 —193 ~12.6
—40 - - - - - -200 -200 -200 -200 -200 -200 ~200 -200 -200 -200 -19.8 -193 174
~a0 - - - - - - 200 -200 -200 -200 -200 -200 -200 -200 -19.8 -187 -182 -17.3
_20 - - - - - - ~ =200 -200 =200 -200 -200 200 -200 -199 =187 -182 =171
-10 - - - - - - - - -200 -200 =200 -200 -200 -200 -190 107 —19.1 —168
0 - - - - - - - - - -200 -200 -200 -200 -200 -198 —19.6 -100 -10.8

10 - - - - - - - - - - -200 -200 -200 -200 -188 186 -188 -164
20 - - - - - - - - - - - -200 -200 -200 -139 -1B.5 ~187 ~16.0
30 = - - - - - - - - - - - 200 =200 -19.8% -184 -185 ~166
40 - - - - - - - - - - - - - -0 -198 -192 -181 ~16.1
50 - - - - - - - - - - - - - - -186 -188 —177 -4
60 - - - - - - - - - - - - - - -~ -182 =170 =135
70 - - - - - - - - - - - - - - - - -160 -123
Ba - - - - - - - - - - - - - - - - -~ =103
A » QM« J




19-4

LEFTMDST BARRIER ANGLE, ¢f

NOISE ATTENUATION BY A BARRIER DEFINED BY [Ny, ¢, ¢l

MAXIMUM FRESNEL NUMBER, N, » 8.00

RIGHTMOST BARKIER ANGLE, ¢a

]

-80 -70 -60 -50 -40 =30 -20 -0 1] 10 20 30 40 50 60 70 80

-80 | -106 -128 -139 -148 -154 -159 -163 -166 168 ~171 -173 1726 -177 -~17.8 =178 179 -178 -168
—80 - -165 -172.6 -181 -185 =188 -190 -191 -182 -193 -184 -194 -196 -~185 -185 -185 -19.2 178
=70 - - =187 -183 -18% -196 -187 -197 198 -198 -198 -198 -188 ~189 -1889 -188 -85 -17.D
~60 - - - -188 -200 -200 -200 -200 -200 -20.0 =-200 -20.0 -200 ~20.0 ~-200 =189 -195 -179
=50 - - - - -200 -200 -200 =200 -200 -200 -200 -200 -20.0 -20.0 -20.0 -199 -~10.58 =178
-40 - - - - - =200 -200 -200 -200 =200 -200 =200 -200 ~200 -200 -128 -18.5 -17.7
~30 -~ - - - - - =200 -200 -200 -200 -200 -200 -~200 ~200 -20.0 -198 -184 =175
-20 - - - - - - ~ =200 -200 -200 =200 -200 -200 ~200 ~-200 -10B -~184 -17.3
=10 - - - - - - - - -200 -200 =200 -200 -200 ~30.0 -200 -198B ~193 -171
o - - - - - - - - - -200 =200 -200 =200 ~20.0 =200 ~198B -18.2 -168

10 - - - - - - - - - - =200 -200 -20.0 -~200 -200 -19.7 ~19.1 -166
20 - - - - - - - - - - - =200 -200 ~200 -200 -3197 ~19.0 =163
30 - - - - - - - - - - - ~ =200 ~-200 -208 -186 -18.8 -1689
40 - - - - - - - - - - - - -~ =200 ~20.0 -186 ~1865 ~1b4
50 - - - - - - - - - - - - - - =199 =183 -i18.1 -148
60 - - - - - - - - - - - ~ - - - =18 -17.8 -~138
70 - - - - - - - - - - - - - - - - =165 -1286
80 - - - - - - - - - - - - - - - - - 106




94

NOISE ATTENUATION BY A BARRIER DEFINED BY (Ng, ¢, )

MAXIMUM FRESNEL NUMBER, N = 10.00

RIGHTMOST BARRIER ANGLE, ¢f)

LEFTMOST BARRIER ANGLE, ¢

~B0 ~70 60 -50 ~40 -30 -0 -0 0 10 20 30 410 50 60 70 8O
-0 =109 =129 =142 -1681 -157 -162 -168 -169 -—17.1 -174 =128 -17.7 -172.8 -180 =181 ~1B81 ~I1B1 171
-80 - =178 -179 -185 -1B88 -160 -18.2 -183 -194 -194 -~195 -196 -18.6 ~-186 ~196 ~196 -194 -~i81
-70 - - =192 -186 -197 198 -198 -188 —198 -199 169 -199 -1989 -198 109 =199 -1956 -89
~G0 - - - =200 -200 -200 -200 -~200 -20.0 -20.0 -200 -20.0 -200 -20.0 -200 -19.9 -196 -181
-50 - - - - =200 -200 ~200 -200 -200 -200 ~-200 -200 -20.0 -200 ~200 -199 -19.6 -18.0°
-40 - - - - - =200 -200 -200 =200 -200 ~200 =200 -200 -200 -200 ~-15@ =186 -~17.8
-30 - - - - - - =200 -200 -200 -20.0 -~200 -200 -200 -200 -200 -198 -195 -17.7
-20 - - - - - - - =200 -20.0 -200 -200 -200 -20.0 -20.0 =200 -18.8 -185 -17.5
-0 - - - - - - - - =200 =200 -200 -200 -200 =200 =200 -19.9 -184 -174
0 - - - - - - - - - =200 200 =200 =200 =200 ~20.0 ~798 -184, =171
10 - - - - - - - - - -~ -200 =200 -206 -200 -~200 -198 -193 -169
20 - - - - - - - - - - - =200 -200 -200 -200 =198 =182 =186
30 - - - - - - - - - - - -~ =200 -200 -20.0 -19.8 =180 -162
40 - - - - - - - - - - - - - -0 =200 =197 =188 =157
50 ~ - - - - - - - - - - - ~ - =200 -198 =185 -151
G0 - - - - - - - - - - - - - - - =182 -178 =142
70 - - - - - - - - - - - - - — - - =170 =128
B0 - - - - - - - - - - - - - - - - - —109
— "
N




£9-4

LEFTMOST BARRIER ANGLE, ¢

P T R S I

NOISE ATTENUATION BY A BARRIER DEFINED BY (Ng, &, ¢ig}

MAXIMUM FRESNEL NUMBER, Ny = 20.00

RIGHTMOST BARRIER ANGLE, O?‘

o

CUL R

-0 -70 -60 -~50 -40 -30 -20 —10 6 W0 2 30 4 &0 60 70 B0 940[

-90 | —128 ~150 -162 -168 —12.3 —17.7 -1789 -182 -183 -85 -186 -187 —188 -188 -148 -180 -190 -183
-80 ~ =106 =188 -180 —189 —19.9 -199 -199 -200 =200 -200 -200 -200 -200 -200 -200 -200 -18.0
-70 - - -0 -200 -200 -200 -200 -200 -~200 200 ~200 -200 -200 -200 -200 -200 -200 -—18.0
-60 - - - 200 -208 -200 -200 -200 ~200 -200 -200 -200 -200 -200 -200 =200 -200 -—188
-850 - - - - —200 -200 -200 -200 -200 -200 -200 -200 -200 -200 =200 -200 ~200 —188
-40 - - - - ~ 200 -200 -200 ~-200 -300 -200 -200 -200 -200 -200 -200 -20:0 -184
-30 - - - - - - 200 -200 ~200 =200 -200 -200 -200 -200 -200 =200 -200 -187
-20 - - - - .- - ~ w300 <200 -200 -200 -200 =200 -200 -200 -200 -200 -1B6
-10 - - - - - - - — 200 -200 -200 -200 -200 -200 -200 -200 -~200 -1B5
0 - - - - - - - - - -N0 -200 -200 -200 =200 -200 -200 -200 -183

10 - - - - - - - - - - -200 -200 -200 -200 ~200 -200 -199 -1B2
20 - - - - - - - - - - ~ =200 -200 -200 -200 -200 ~198 -17.9
30 - - - - - - - - - - - -~ -200 -200 -200 -200 ~199 -17.7
a0 - - - - - - - - - - - - ~ 200 -200 -200 -198 -—17.3
50 _ _ - - - - - - - - - - - - -0 ~200 -199 -169
50 - - - - - - - - - - - - - - - —208 ~198 ~162
7 - - - - - - - - - - - - - - - - =186 161
20 - - - - - - - - - - - - - - - - - -129




94

LEFTMOST BARRIER ANGLE, &

NOISE ATTENUATION BY A BARRIER DEFINED BY (Ng, ¢, ¢)

MAXIMUM FRESNEL NUMBER, Ng = 30.00

AIGHTMOST BARRIER ANGLE, e:.;

-0  -70 -6 -S0 -40 -30 -0 -10 O 10 22 3 40 SO 6+ 70 BO 901

-0 | -M.1 161 -171 -1726 -180 -183 -185 —187 -188 ~188 -190 -191 -1%1 -182 -182 -18.3 -183 -84
-80 - -200 -200 -200 -200 -200 -200 -200 -200 -200 -200 -200 -00 -200 -200 -200 -200 -18.3
-7 - ~ =200 -200 -200 -200 -200 -200 -200 -200 -200 -200 -20.0 -200 -200 -200 -200 -18.3
-60 - - - -200 =200 -200 -200 -200 =200 -20.0 -200 -200 -20.0 -200 -200 -20.0 -200 -~18.2
~50 - - - - -200 -200 -200 -200 -200 -200 -200 -200 -200 -20.0 -200 -200 -200 -i@.2
—-40 - - - - - 200 -200 -200 -200 -200 -200 -200 -200 -200 -200 200 -200 -—18.1
~30 - - - - - ~ 200 -200 -200 -200 -200 -200 -200 -200 -200 -20.0 -200 —18.1
-20 -~ - - - - - - 200 -200 -200 -200 -200 -200 -200 -200 -200 -200 -~18.0
~10 - - - - - - - - —200 -200 -200 -200 -200 —200 -200 -200 -200 -18.4
0 - - - - - - - - - 200 -200 -200 -200 200 -200 ~-200 —200 188

10 - - - - - - - - -~ - -200 -200 -200 -200 -200 -200 -200 -18.7

20 - - - - - - - - - - - 200 -200 200 -20.0 -200 ~200 -1&5
an - - - - - - - - - - - - —200 -200 -200 -200 -200 -183
40 - _ - - - - - - - - - - - -200 -200 -200 -200 =180
€0 - _ - - - - - - - - - - - - -200 -200 -200 ~178
50 - - - - - - - - - - - - - - - -200 -200 -—179
70 - - - - - - - - - - - - - - - ~ =200 161
a0 - - - - - - - - - - - - - - - - - -

R—




eog

LEFTMOST BARRIER ANGLE, ¢

NOISE ATTENUATION BY A BARRIER DEFINED BY Ny, ¢, ¢g)

MAXIMUM FRESNEL NUMBER, N, = 40.00

RIGHTMOST BARRIER ANGLE, d);

~-80 =70 -60 =50 ~40 =30 =20 -10 2} 10 20 3o 40 &0 €0 70 80 BO—I

=90 -148 -167 -176 -180 -84 -186 -188 -~189 ~-160 -19.1 -192 -182 -~183 -~193 -13.4 =194 —1905 -19.0
~B80 - =200 =200 -200 -200 =200 -200 -200 -200 =200 -200 -20.0 =-200 -20.0 -20.0 -200 -200 195
=70 - - -200 -200 -~200 -200 -2000 -200 -200 -200 -20.0 -200 -200 =200 =200 ~200 -—200 -19.4
~80 - - - ~200 -200 -200 -200 -200 -200 -200 -200 ~20.0 -200 -20.0 -200 ~200 —200 -19.4
=50 - - - - =200 -200 -200 -200 -200 -200 =200 -200 -200 -200 -200 ~200 -200 -18.3
—40 - - - - - =200 -200 -200 -200 -200 -200 -200 -200 -200 --20.0 -20.0 -20.0 -18.3
;] - - - - - - =200 -200 =200 -200 -200 -200 -200 -20.0 -20.0 -20.0 -20.0 ~18.2
=20 - ~ - - - - - =200 -~200 =200 -200 -200 -200 -20.0 -20.0 -200 -200 -18.2
-10 - - - - - - - - =200 -200 =200 -200 ~200 =200 ~20.0 ~200 -=20.0 =181
i} - - - - - - - - - =200 -200 -200 -200 -~20.0 -20,0° -20.0 -200 -189.0

10 - -~ - - - - - - - - =200 -200 =-200 -20.0 -200 -200 -20.0 -1B.9
20 - - - - - - - - - - ~ =200 -20.0 -200 ~200 -200 -200 -18.8
a0 - - - - - - - - - - - - =200 -200 -200 -20.0 =200 -18.4
40 - - - - - - - - - - - - - 200 -200 -200 -200 -18.4
50 - - - - - - - - - - - - - - 200 -200 -200 -1BO
60 - - - - - - - - - - - - - - - =200 -200 -17.6
70 - - - - - - - - - - - - - - - - 200 -16.7
80 - - - - - - - - - - - - - - - - - =148




NOISE ATTENUATION BY A BARRIER DEFINED BY [Ny, ¢, ¢g)

MAXIMUM FRESNEL NUMBER, N, = 50.00

RIGHTMOST BARRIER ARNGLE, ¢;

99-¢

LEFTMOST BARRIER ANGLE, ¢:

-80 =70 -6 ~50 ~40 -0 =20 —10 0 10 25 30 40 50 60 70 80 a0

~80 -163 =171 -178 -183 -186 -188 -~189 -199 -182 -192 -—193 -194 -134 -184 -185 -195 -~-185 -19.2
~80 - =200 -200 -200 -200 -200 -200 -200 -200 -20.0 ~-200 -20.0 -20.0 =200 -200 -200 -200 -185
=70 - - =200 -200 -20.0 -200 -200 -200 -200 -200 -200 -206 -200 -~200 -200 -200 -200 --18,5
-60 - - - ~200 =200 -200 ~-200 -200 -200 -20.0 -200 -200 -20.0 -20.0 -200 -200 -200 -10.6
=50 - - - - =200 =-200 -200 -200 =200 -200 ~-20.0 -200 -200 -200 -200 -200 =200 -—184
~40 - - - - - =200 ~2004 -200 -200 -200 -200 -20.0 -20.0 -200 -20.0 -20.0 -200 -—194
-30 - - - - - - ~200 -200 =200 —-20:0 =200 -200 -200 -200 =200 200 -200 -—19.4
=20 - - - - - - - -200 -200 -20.0 -200 -200 -200 -200 -200 -20,0 -200 -19.3
=10 - - - - - - - - =100 =200 -200 -200 -200 -200 =200 -20.0 =200 -—10.2
o - - - - - - - - -~ =200 -2040 -200 -200 -2000 -200 -200 -20.0 -192

10 - - - - - - - - - - =200 -200 =200 -20.0 =200 -200 -200 —18.1
20 - - - - - - - - - - - ~200 -200 -200 -200 -200 -200 -189
30 - - - - - - - - - - - - -200 -200 -200 -200 -200 -18.8
40 - - - - - - - - - - - - - =200 200 -200 -200 -186
50 - - - - - - - - - - - - - - =200 -200 -200 -—1B3
&0 - - - - - - - - - - - - - - - =200 -200 -17.8
70 - - - - - - - - - - - - - - - - =200 171
80 - - - - - - - - - - - - - ~ - - - =153




it ot e e e

194

LEFTMOST BARRIER ANGLE,

NQISE ATTENUATION BY A BARRIER DEFINED BY (Ny, ¢, ¢g)

MAXIMUM FRESNEL NUMBER, N, = 60.00

RIGHTMOST BARRIEA ANGLE,.»‘F"

QU—I

-80 70 —-60 -%0 -40 =30 ~-20 =10 1] 10 i 30 A0 50 6} 70 B8O

=90 | =167 =173 -181 -185 -187 -188 ~-18.1 =182 -—102 -18.3 -194 —194 =195 =185 -195 -19.6 -106 102
-g0 - =200 -200 -200 -200 ~200 -200 ~200 -200 -200 ~200 200 -200 -200 -200 -200 -200 -19.6
=70 - ~ =200 -200 ~200 ~20.0 -20.0 -20.0 -20.0 -20.0 -200 -200 -200 =200 -20.0 -200 -200 -198
-G0 - - - -200 -200 -200 =-200 -200 -200 -200 -200 ~200 -200 -20.0 -20.0 --20.0 -200 ~38,5
=50 - - - - =200 -200 -200 =200 -200 -20.0 -200 -200 -200 =200 =~20.0 -20.0 --20.0 -19.5
=40 - - - - - =200 -200 -200 ~200 -200 -200 -200 -200 =200 -200 =200 -200 -195
=30 - - - - - - -0 -200 -0 -200 -204 -200 -200 -200 -200 ~20.0 -200 -194
-20 - - - - - - - =200 -200 -20.0 =200 -20.0 -20.0 -200 -200 -20.0 -200 —194
-0 - - - - - - - - -200 -200 -200 -20.0 -200 -200 -200 -200 -200 -~19.3
4] - - - - - - - - - =200 -200 -20.0 -200 -200 -20.0 -20.0 -200 -192
10 - - - ~ - - - - - - 200 -200 -200 -200 -20.0 ~20.0 -200 =182
20 - - - - - - - - - ~ - =200 -200 -200 =200 -200 -200 1941
an - - - - - - - - - - - - =200 -200 -200 -20.0 -2000 -1B9
40 - - - - - - - - - - - - - =200 -200 -200 -20.0 -187
50 - - - - - - - - - - - - - - =200 -20.0 -20.0 -185
g0 - - - - - - - - - - - - - - - =200 -200 -181
70 - - - - - - - - - - - - - - - - =200 -173
80 - - - - - - - - - - - - - - - - - =-167




NOISE ATTENUATION BY A BARRIER DEFINED BY (Ng, 6, ¢g)

MAXIMUM FRESNEL NUMBER, Ng -+ 70.00

RIGHTMOST BARRIER ANGLE, ¢

-B0 -70 -60 -~50 -40 30 -~20 -10 o 10 20 3 40 S50 G0 70 8O 80

=90 | =168 =175 -182 —186 =188 =190 -19.0 —10.2 -19.3 -194 -184 -185 -185 —195 —196 —19.5 -10.6 -16.3

-80 - =200 =200 -200 -200 ~200 =200 -200 -0 —200 ~200 =300 -200 -200 -200 -200 -200 —19.8

-70 - - ~200 -200 -200 -200 -200 =200 ~200 -200 -200 -208 -200 -200 -200 -200 -200 -106

-60 - ~ - 200 -200 -20.0 -200 -200 ~20.0 -200 -200 -200 -0 -200 =200 -200 -200 -18.6

~50 - -~ - - ~200 -20.0 ~200 -20.0 -20.0 -200 -200 -200 -200 -200 -200 -200 -200 —19.5

o | 40 - - - - - -200 -20.0 -200 -200 --200 =200 -200 -20.0 -20.0 -200 -200 -200 -135

w o | -30 - - - - - - —200 -200 -200 =200 -200 -200 =200 -20.0 -200 -200 -200 195
8 g -20 - - - - - - - =200 ~20.0 -200 =200 -200 -200 -200 -200 -200 -200 —194
E -10 - - - - - - - - =200 -200 -200 -200 -200 -200 -200 -200 -200 -104

E 0 - - - - - - - - - =200 -200 -200 -200 =200 -20.0 -200 -200 -—1B.3

% 10 - - - - - - - - - - -200 -200 -200 -200 -200 <200 -200 ~19.2

E 20 - - - - - - - - - - - -200 ~200 -200 -200 -200 -200 -18.1

a0 - - - - - - - - - - -~ - =200 -200 -200 -200 =200 -19.0

40 - - - - - - - - - - - ~ - =200 -200 -200 -200 -188

50 - - - - - - - - - - - - - - -200 -200 -200 -18.6

60 - - - - - - - - - - - - - - - -200 -200 -10.2

70 - - - - - - - - - - - - - - - - =200 -17.5

80 - - - - - - - - - - - - - - - - - 158




69-9d

LEFTMOST BARRIER ANGLE, ¢

TRl S i WL b ok

RIS e

NOISE ATTENUATION BY A BARRIER DEFINED BY (N, ¢ . ¢l

MAXIMUM FRESNEL NUMBER, N, = 80,00

RIGHTMOST DARRIER ANGLE, (D‘F"

. ~80 =70 -60 50 ~40 =30 =20 =10 0 10 20 30 40 50 60 70 8D

-80 =161 =176 -183 -187 -188 151 -102 -193 -194 -194 -85 -196 -1856 196 -196 -19.6 -19.6 -194
-80. - -0 -200 -200 -200 -20.0 -0 -200 -200 -200 -200 -3GO0 -200 -20.0 =200 =200 =200 -106
=70 - - =200 -200 -200 -20.0 -20.0 =200 -200 -200 -200 -20.0 -200 -20.0 ~-200 -20.0 =200 -196
~80 - - - 200 =200 -20.0 -200 ~200 -200 -20.0 -200 -200 -200 -20.0 -200 -20.0 -200 -186
=50 - - - - =200 -200 -200 -200 -200 -200 -200 -200 -200 -200 -200 -20.0 -20.0 -196
=40 - - — - - -200 ~200 ~200 -200 =200 -200 -200 -20.0 -200 -200 ~20.0 -20.0 -18.6
=30 - - - - - ~ =200 ~200 ~200 -200 -200 -200 -20.0 -200 -200 ~200 -200 -105
-20 - - - - - - ~ -200 -200 -200 -200 -200 -200 -200 -200 -20.0 -200 ~195
~-10 - - - - - ~ -~ - =200 =200 -200 ~300 -200 -~-200 -200 -~-20.0 -20.0 --194
o - - - - - - - - - =200 -200 -200 =200 --200 -200 -20.0 -20.0 -194
10 - - - - - - - - - - =200 =208 -200 -200 -200 -200 -200 ~18.3
20 - - - - - - - - - - - -200 -200 -20.0 -200 -20.0 =200 -19.2
30 - - - - - - - - - - - - =200 -200 =200 -200 -~200 ~19.1
40 - - - - - - - - - - - - - =200 -200 -20.0 -200 -~1B8
50 - - - - - - ~ - - - - - - - ~200 -200 ~200 -187
B0 - - - - - - - - - - - - - - - =200 -200 ~1B3
70 - - - - - - - - - - - - - - - - =200 ~176
an - - - - - - ~ - - - - - - - - - - 161

——r e cwa




oL-9

LEETMOST BARRIER ANGLE, ¢

g,

NOISE ATTENUATION BY A BARRIER DEFINED BY {Ng, &, ¢p)

MAXIMUM FRESNEL NUMBER, N = 80,00

RIGHTMOST BARRIER ANGLE, ¢g

]

-80 =70 —60 =50 —-40 ~30 -20 =10 o 10 20 30 40 50 60 ki 80

—490 ~183 ~17.7 —-184 —187 =190 -~181 —-192 —193 -194 =194 -195 =185 -186 ~196 -19.6 -186 -187 -~194
-B0 - ~200 -200 =200 -200 -~20.0 =200 =200 -200 -~200 -200 -20.0 -20.0 -200 -20.0 -200 -20.0 -19.7
=70 - - =200 -200 =200 -20.0 -20.0 -200 -200 -200 -200 -200 -20.0 -200 -200 -20.0 -200 -18.6
-60 - - w =200 ~200 ~200 -200 -20.0 -20.0 -20.0 -20.0 -200 -200 -200 -20.0 -20.0 -20.0 -~19.6
—560 - - - - -200 -20.0 -200 -20.0 ~200 -20.0 ~200 -200 -200 -200 -20.0 ~200 -200 -18.6
—40 - - - - - -20.0 -200 =200 -200 =200 -20.0 -200 -20.0 -200 -200 -200 -200 --18.8
-30 - - - - - - =200 -200 -200 -200 -200 -200 =200 =-200 -20.0 -200 =200 -19.6
-20 - - - - - - - =200 -200 =200 -200 =200 ~20.0 --200 -20.0 -20.0 -20.0 1985
—10 - - - - - - - -~ -200 -200 =200 —-200 -20.0 -20£8 -20.0 -20.0 -200 194
1] - - - - - - - - - -7200 -200 =200 -200 ~200 -200 -20.0 -20.0 -194

10 - - - - - - - - - - =200 -200 -200 -200 -200 =200 -200 183
20 - - - - - - - - - - - =200 -200 -200 -20.0 -200 -20.0 -19.2
a0 - - - - - - - - - - - - =200 -200 -~20.0 -200 -200 -9
40 - - - - - - - - - - - - - -200 -200 -200 -20.0 ~19.0
50 - - - - - - - - - - - - - - =200 -200 -200 -187
60 - - - - - - - - - - - - - - - -200 =200 -184
70 - - - - - - - - - - - - - - - - 200 -17.7
80 - - - - - - - - - - - - - - - - - =163
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LEFTMOST BARRIER ANGLE, ¢t

LTI

NOISE ATTENUATION BY A BARRIER DEFINED BY {Ng, ¢, ¢n)

MAXIMUM FRESNEL NUMBER, N, = 100.C0

RIGHTMOST BARRIER ANGLE, ¢%

-80 -70 -§0 =50 -40  -30 =20 -10 0 10 20 30 40 50 60 0 80 Bﬂ

~00 | -164 -17.8 -—184 —-188 -10.0 =191 =183 -133 -194 -185 -195 -196 =196 =196 ~1948 -19.7 -18.7 -194
-B0 - 200 -200 -20.0 =200 -200 --200 -3200 -200 -20.0 -200 ~200 -20.0 -200 -200 -200 -200 -18.7
~70 - ~ =200 =200 -200 =200 =200 -200 -20.0 -200 -200 ~20.0 -20.0 -200 -200 -200 =200 -187
-60 - - - =200 -200 -200 =200 =200 -20.0 -200 -200 -200 -20.0 -200 -200 -200 -200 -19.6
=50 - - - -~ =200 =200 -200 -200 -200 -20.0 -200 -200 =200 -20.0 -200 -20.0 -20.0 -18.6
-40 - - - - — -200 -200 -200 =200 -20.0 -200 -200 ~200 -200 -200 -200 200 -19.6
=30 - - - - - - =200 ~200 -200 ~200 -200 -200 -20.0 -200 --200 -200 -200 -18.6
-0 - - - - - - - =200 -20.0 -200 -200 -200 -200 -200 -200 -20.0 ~200 -19.5
-10 - - - - - - - - -2000 -200 -200 -200 -20.0 -200 -20.0 -200 -200 -19.5
0 - - - - - - - - - =200 -200 -200 -200 -200 -200 -200 =200 ~194
10 - - - - - - - - - - 200 =~200 =200 -200 -200 -200 -200 -19.3
20 - - - - - - - - - - - -20,0 -200 -200 -200 -200 -200 =-183
30 - - - - - - - - - - - - =200 -200 =200 -200 =200 -1B.
40 - - - - - - - - - - - - - =200 -200 -200 =200 -19.0
60 - - - - - - -~ - - - - - - - =200 -200 -200 -1B.8
60 - - - - - - - - - - - - - - ~ =200 -200 -184
10 - - - - - - - - - - - - - - - - =200 =178
80 - - - - - - - - - —_ - - - - - - - =164
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Appendix C
ROADWAY SEGMENT ADJUSTMENTS—SOFT SITES

At a soft site, the adjustment to the equivaient sound level for a roadway segment defined hy
the angles (¢, , ¢5) is

] , @,
Segment adjustment = 10 log ]'-1—1'53-(-‘?-&"—)- = 10log %;-j ‘ eos ¢ d. (C-1)
@

The indicated integration has been performed numerically and the segment adjustment appears

in Figure 7 of the text as a family of curves with ¢, as a parameter and ¢, as the independent
variable.

Because of the inherent difficultics with graphic representation of the segment adjusiment,
Figure 7 becomes difficult to use in a number of situations. To extend the usefulness of Figure 7,
the even function property of the cosine function is used to derive the following relationship

Vet d2) = ¥yya(—da, —¢1). (C.2)

The propetty of the segment adjustment in (C-2) allows the user to reflect the rondway segment
into the portion of Figure 7 which gives the finest delineation of the adjustment. For example,
determining the adjustment for 4 roadway segment subtending the ungles (65°, 90°) israther diffucult
since an interpolation between the 60" and 70° curves is yequired, Using (C-2) the road way segment
is reflected, (65°, 90°) — (—90°, —65°), making determination of the adjustment considerably more

easy and accurate,
Equation {C-2) is easily proven when the even property of the cosine function, ie., cos (~¢) =

vos ¢, is invoked. The proof hegins hy switching the limits of inlegration

¢'.‘ ¢1
Yrpaldy, de) = f Veosg di = —f VEos ¢ de.
¢l ¢‘z

Now let -0 = ¢, and ~d@ = do,
9 ~th
l,'lug(¢1, (ﬁg) == 4/ LOS ("‘0) (-—dO) = f s/eosl dg,
’¢'2 "¢'2
Since ¢ is actually a dummy variable, we have the linal result
Uyyaliys 92) = Yypal—ta.=¢y).

The results of the numerical integrations used to develop Figure 7 appear in Tables C-1 and
C-2 in 5° increments. These tables may be used instead of Figure 7 to determine segpment

adjustments,

C-1




Table C-1. Adjustment Factor for Finite Length Roadways for Absorbing Sites, dB

RIGHTMOST ROADWAY ANGLE, ¢§

&
(5]

-80 -7 ~70 G5 -B0 -56 60 -4 40 35 30 -2 -20

(40

LEFTMOST ROADWAY ANGLE, ¢2

8
lIIlIII1IilllllIllllilllllill|l|llIb

-181 -i556 -136 -122 -11.0 ~-100 =-92 B4 77 -71 -B6 61 =57

=200 -164 -14.2 -11.3 -10.2
-11.8 =107

3
o
[X)

|
w
~

-0, 4 B85 -7.8 =72 =66 6.1
-100 -0 -83 -76 -70 -64

|t 1
Dmm
oo
|
m
18
i
™
o
|
o
[
]
o
n
1
=
w

i
Ly
-0
[N
L
[ Rt
o~
W
oo
;mm
i
[+-2 o]
[« ¥ =)
'y
e B |
L -
]
Ly
[S]-)

133 =15 -101 01 -82

)
I I R R S R AT IR SN R U I ORI RN O B B Btk

LN

(I T U T T T T T O O O T O O O O 4 -
N

L A T O U B I O R A N U A IR U RO I =i -

i

. ®

L T T T A O O O I R R N B R S IR Y IO I O I I
I T T T U O O N OO B T S I R S B R B IR 4

110
LLLy
B s
N N I I B I B A Tt
!
I
F-N
E-9
[ L
LLLY
b A -
Plerrinirtri vttty 2888

LI T T O Y O T T T O O O Y O O T O B O I
L T A T T T S T O O RO T O 2 O A T

[
BERC
I!llIillllllll1lllllllllllilhb;\,;‘

NN EEE R R
13
(O N A A A I N I R A I I S I N R R BN

LI S U O L T T T T T T T T T T O O T T T TR N |

|

-
m
o

Lttt rnal
e P ud vl i i i

phhbbhlils

DN

L T T T T T T T T Y T Y Y N i i g i i

[

1
1

MO =N AN O oW

[ Y- R R AR Y RN TR S Y X

LI T S T I I O I A ¢

LLly
N I IR RN IR O IR BN R B Bt v

L I I O I O O A A A !




Table C-2. Adjustment Factor for Finite Length Roadways for Absorbing Sites, dB

RIGHTMOST RDADWAY ANGLE, ¢
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Appendix D

PROGRAM FOR CALCULATING TRAFFIC NOISE LEVELS USING THE
FHWA TRAFFIC NOISE PREDICTION MODEL (TI.59)

A computer program based on hand-held calculator has been developed and is available from
FHWA, The program is based upon the flow diagram shown in Figures 22 and 23,

It was decided at the last minute not to inelude the program because it will require frequent
updating that can best be handled through FHWA Technical Advisory Series. (Refer io FHWA
Technical Advisory T 5040.5, “Hand-Held Calculator Listings for the FHWA Highway Traffic
Noise Prediction Madel,")
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Appendix E
RELATIONSHIP BETWEEN NOISE LEVEL AND LEVEL OF SERVICE

INTRODUCTION

In most highway traffic noise analyses, the noise impacts of the highway are normully based
upon the traffic condition that produces the highest noise level. Many people have avgued that this
is not the best way. The noise evaluation should be based on the tralfic siluation thal is most
' annoying to the highway neighbor. This is probably true, Unfortunately this time period is oflen
i very difficult to identify or forecast. Another difficulty is forecasting the traffic that will be carried
by the highway during that annoying period. Determination of the traffie condition that will pro-
duce the highest noise level is relatively simple,

! RELATIONSHIP! BETWEEN LEVEL OF SERVICE AND NOISE LEVEL

The capacity of a highway depends upon the interrelationships between the type of highway,
its geometrics, and the traffic conditions. These characteristics will then establish the noise level
generated by the {raffic operating on the highway. This can be illustraled rather easily by examples.

- Tables E-1 through E-5 show the noise levels that would be produced by a single lane of traffic
D operating under various levels of service with inereasing heavy-truck traffic. These tables assume

freewsy conditions, level roadway, an average highway speed of 113 km/h, and ideal geometrics.
The site is hard (@ = 0) and the observer is located 15 metres from the highway.

Case 1. T (Percent Heavy Trucks) = 0

|
|

} The values shown for the automobile volume and the speeds for each level of service are taken
i directly from the Highway Cupacity Manual (E-1).

E

|

i

Table E-1, Noise Levels versus Level of Service (T = 0%)

{Level of | Capacity (v/h) Speed Ly (h); Lgg(R)
Service A HT (km/h) A HT {dBA)
" A 700 100 69.0 69.0
f B 1000 90 69.3 69.3
: c | 1500 80 | 69.6 69.6
; D 1800 65 | 679 67.9
; E | 2000 50 | 65.1 85.1
| BRI
{

Case2. T = 1%_

) In terms of capacity, one truck in the situation described here is equivalent to two automo-
R biles. This must be taken into aceount in computing the new capacity. Thus, [or level of Service
A, the truek vaolume is 700 {,01) = 7 vph. The automaobile yolume becomes 700 — 7 (2) = 686 vph.

E-1




Note that this 2 for 1 exchange in terms of capacity changes greatly depending on the highway. The
speeds shown in Table E-1 for the different levels of service must be maintained,
Note that at 1% heavy trucks, sutomobile noise dominates at all levels of service.

Table E-2, Noise Levals varsus Level of Service (T = 1%}

Level of Capacity (v/h) Speed Leqth); L,,ﬁ(h}

Service A HT {(km/h) A T (dBA)
A 686 T 100 68.9 62.9 70.0
B a80 10 90 69.2 63.8 70,3
C 1470 15 80 69.6 64.8 70.8
D 1764 18 65 67.8 64.3 69.4
E 1960 20 50 65.0 63.1 67.2
F -— — — - — —

Case 3
Table E-3 shows that at 2% heavy trucks, the trucks begin to dominate the noise level at level
of service E.

Table E-3. Noise Level versus Level of Service {T = 2%)

Level of | C2pacity (0/h) | gp00y Loglh)i Ley()

Service A HT (km/h) A HT (dBA)
A 672 | 14 | 100 | 688 | 659 | 707
B 960 | 20 %0 | 691 | 668 | 711
¢ | 1440 | 30 80 | 69.4 | 678 | 717
D | 1728 | 36 65 | 677 | 673 | 705
E | 1920 | 40 50 | 649 | 661 | 686
I — — - -_— - ——

Cuse 4
Table E-4 shows that at 3% heavy trucks, the trucks dominate at Level of Service C, D & E.

Tahle E-4. Noise Level versus Level of Service {T = 3%)

Level of | Capacity (w/h) Speed L, (h); Lyy(8)

Service A HT (lem/h) A HT (dBA}
A 658 21 100 68.7 67.7 71.3
B 940 30 a0 659.0 68.6 71.8
C 1410 45 80 69.3 69,6 72.5
D 1592 od B5 67.6 69.1 714
I 1880 60 50 64.8 67.8 69.6
F — - — - - _

E.2




: '/‘\ Case 5

4 Tahle E-5 shows that at 4% heavy trucks, the trucks downinate at all levels of service,
‘ Table E-5, Noisa Level versus Level of Servica (T = 4%}

; Level of Capacity (v/ht) Speed L‘.q{h}; Lyq(h)
| Service A up | (km/h) A HT (dBA)
E

: A 644 | 28 100 | 686 | 689 | 7.8
3 B 920 40 50 | 689 | 69.8 72.4
; C | 1880 | 60 80 | 69.2 | 708 | 731
i D 1656 72 65 67.5 70.3 72,1
g E 1840 80 50 64.8 69.1 70.5

4

S EE R Mt A Mt

:

?
i
E
2
i

Reference

E-1. “Highway Capacity Manual — 1965,"” Highway Research Board Special Report 87, National
Academy of Sciences, Washington, D.C., 1965,
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Appendix F
COMPUTATION OF an(_T) AND LDN

INTRODUCTION

Although the L, (h) or the L,y (k) is used for highway work, there may be times when the
equivalent sound level for some other time period is of interest. The FHWA model can be modified
rather easily to handle different time periods. This is done by reevaluating the traffic flow adjust-
ment factor, (the FIIWA model cannot be modified to compute L values for any otlier time
period)

10 log (N;1D,/TS)) . (F-1)

COMPUTATION OF L, (T)

Suppose the equivalent sound level over a 24-hour period, L, (24) is desired. One way to do
this is to compute the Le,(h) for each hourly period during the 24 hours and add them together on
an energy basis, Unforiunately, we are unable to predict the future traffic volumes on an hour-by-
hour basis. However, if we let N; represent the average annual daily traffic (AADT) for the ith class
of vehicles, and if §; represents the average highway speed over a 24 hour period, the traffic flow
adjustment factor becomes

(N(AADT )') (Tf) (Da metres)
10log | g ian/m) (24 hours) (F-2)
This reduces to
(Ncaapry;)(Po)
10 log - 38.8. (F-3)
[
Substitution of Equation (F-3) into the Equation (1) will give L, (24),
N . D 1+
_ 7 {AADT),; a) '(_o)
Ly (24) (L")Er + 10 log (—_Si + 10 log 13
+10 log [M] - 388, (F-4)
( L) L,,+10)
Ly, = 10 log 2_];1 [15 1010) +0 (10 10 (F-5)

COMPUTATION OF Ly

The same reasoning used in Computation of ch (T) isused here.

F.1




L, = Equivalent sound level from 7:00 a.m. to 10:00 p,m, - 15 hours

H

NI'“DO) 1km

Ldt = (LD)E, + 10 log (S,(15)
L 0
+10 |0g [V&(¢;r ﬁb_,)]

i

1000 mm + 101op

D DAY
0) + 10 log (—D‘Z)

_ N
Ly, = (Fy), + 10 log( 3

+10 iog [‘J’a(‘ﬁy ¢2)]

where

- 368

N; = Volume of the ith class (rom 7:00 am. to 10:00 p.m,
8; = Average speed of theith class from 7:00 a.m. to 10:00 p.m.

where

D

N; = Volume of the ith elass from 10:00 p.m. to 7:00 am,
8; = Average speed of the ith class from 10:00 p.m. to 7:00 a,m.

(

L, = Equivalent sound level from 10:00 p.m. to 7:00 a.m, — 9 hours

D )1+Ct

a

D

D 1+ , Ba ‘
+ 10log (N‘ ") + 10 log (—ﬂ) + 10log [M%ﬂ] - 346 (F-B) i

(I"-6)

(F-7)
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Appendix G

COMPUTATION OF NOISE LEVELS WHEN D < 15 METRES AND THE
OBSERVER 1S ADJACENT TO THE ROADWAY

INTRODUCTION

Many situations arise where D is less than 15 metres and the observer is located adjacent to the
roadway as shown in Figure G-1, Although the method of analysis suggested here has not been
verified in the fleld, the procedure seems reasonable.

CENTERLINE OF NEAR LANE
\
4

pD<1i6m

Y
[ ]

Flgure G-1. SituationsWhere D is Less than 15 Metros

WHEN THE MODEL CAN BE USED

One of the basic assumptions in the FIHWA model is that traffic noise decreases at a uniform
rate as the noise propagates away from the highway, 1t was indicated in Chapter 2 that the FHWA
model uses n rate of 3 dB/DD or 4.5 dB/DI (based on average energy) depending on site conditions,
This uniform rate only occurs when the observer islocated in the acoustic far field. In the FHWA
model, it is assumed that the far field begins 15 metres from the centerline of the near lane, Thisis
illustrated in Figure G-2.

370 4,5dB/DD

] |
§ .
t i
|
i
|

NEAR i » FAR

FIELD : FIELD
I

] 15m = LOG D [m}

Figure G-2. Noiso Levels Varsus Distanco
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Location of where the far field begins is strongly influenced by the size of the noise source.

"I'here is some evidence to suggest that for automobiles and medium trueks, £ is approximately equal

to 7.5 metres. An evaluation of the data in Table G-1 shows that when only automobiles and me-
dium trireks are present (Location A), the drop-off rate from 7.5 metres to 15 metres is 4.1 dB/DDD,
Since o = 1/2, the expected rate would be 4,5 dB/DD, This suggests that automobiles and medium
trucks are point sources at 7.5 motres,

Table G-1. Measured Sound Levels at 7.5 and 15 Metres
(Source: FHWA Regicn 15}

L/—m,

e g e S —
Lo M) Lygih)
. N g A Mr Hr
Location| Faeility ; Drop-OFff Drop-OFfF
(em/h) - (wihy | (vih) | v/ 75m | 15m Rite 79m | 15m Rate
(dB/110} (dB/DD)
1-lane, no
A median 56 339 42 0 68.6 G4.5 +,1 73.2 68.9 4.1
joe = /2
S-lane,
B median 52 1572 48 90 755 | T34 2.1 78.7 76.9 1.8
o= )2
6-lune,
c median 58 960 72 70 77.2 | 4. 3.2 80. 76.9 3.1
o= 142

At locations B and C, heavy trucks are present, and the expected decrease from 7.5 metres to
15 metres is not observed, This would imply that at 7.5 metres tho observer is in the acoustic near
field of the heavy trucks. This result is not surprising when one compares the length of & heavy
truck to 15 metres,

Figure G-2 shows that the sound level does not increase at a uniform rate in the near field.
Rough field measurements indicate that the emission level from truclks remains constant within
several metres of the edge of the roadway.

Thus it appears that for roadways that carry automobiles and medium trucks, Equation (1)
can be used without introducing significant orror as long as D is greater than 7.5 metres,

WHEN MEASUREMENTS ARE NEEDED

Future noise levels for all situations involving heavy trueks and all situations where D is less
than 7.5 metres should be based upon measured data, To do this, users will have to develop their
own data bases, The development of these bases poses several problems, primarily with equipment,
measurement procedures, and data analyses, For example, at distances very close to the roadway,
the sound levels will change very rapidly over a wide dynamic range. Accurate analysis of these
sound levels gencrally requires that the data be recorded and analyzed by mechanical means, Data
will also have to be developed on volumes, mixes, and speeds that occur during the measurement
period,

On the posilive side, the data acquired at one site should be applicable to aother sites. It scoms
reasonable to assume thal when £ is less than 15 metyes, the highway is infinitely long (the roadway
must be visible to the observer from B0 metres in either direction for D = 15 m) and corrections for
specifie site conditions ean be ignored {less than 1 dB).

G-2
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In developing & plot of sound levels versus vehicles, user may want to try the following equa-

tions (it has never been field tested).

NgD NgD
L,_.q (future) = Leq (measured) ~ 10 Iog( ES E) + 10 log (—%i)
Exlsting Future

where
Ng  isthe number of equivalent automobiles
Dp  is the equivalent land distance, and
8§ isthe speed.

To caleulate Np nssume that the relative noise level relationship shown in Figure 2 exists between
the vehicles when D is less than 15 metres. Then

NE =0y t IONMT + 32 NH'I"'

If the future speed increases the Lt’q {measured) should be adjusted upward based on Figure 2.

G-3
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Appendix H
GRADES

INTRODUCTION

The reference energy mean emission Jevels shown in Figure 2 are hased on vehicles operating
under cruise conditions on level terrain, The effects of grades upon these emission levels have not
been studied. However, NCHRP Report 117 and NCHRP Report 174 deseribe procedures which
con be used to account for the effects of grades, The two procedures give different results and
neither appear to be based upon any substantial field study. The adjustment given from these
procedures is applied in the same manner, A positive adjustment is made only to the truck levels,
Lo (M)yyp, and it is never negative, i.e,, there is no ndjustment for a downhill grade,

NCHRP Report 117 suggests that the correction can be applied to the noise Jevel based on the
total truck volume. The NCHRP Report 174 suggests that the traffic be split and the adjustment
applied to the levels produced by the trucks going up the gradient. It is recommended here that the
traffic be split and the correction from the NCHRP Report 117 method (Table H-1) be added to the
Leq(fl) for heavy trucks going up the grade {i.e,, the correction is to be added to the volume shawn
on line 18, Table 1 for heavy trucks).

Note that after the grades exceed 7%, trucks cannot operate at constant speed and Equation (1)
is not valid.

NCHRP REFORT 117 METHOD

Tahle H-1, Noise Level Adjustments
far Trucks on Grades

Gradient (%) | Adjustment {dB)

<2 0
3to4 +2
Dtob +3

>1 +5

NCHRP REPORT 174 METHOD

The adjustments for grade are based upon the following equation:

Ap =178 - 33logS + @G (H-1)

where

S is the speed in km/h

G is the percent grade.
Table H-2 is based upon Equation (H-1). The values appear to be too high and their se is not rec-
ommended yntil they have been verified by the user in the field,

H-1




Table H-2. Noise Level Adjustments for Trucks on Grades

Speed (km/h)
Grade

50 60 70 80 90 100
1 2.7 2.4 2,2 2 1.8 1.7
2 3.7 3.4 3.2 3 2.8 2.7
3 4.7 4.4 4,2 4 3.8 3.7
4 6.7 5.4 52 5 4,8 4.7
5 6.7 6.4 6.2 6 5.8 5%
6 1.7 7.4 7.2 7 6.8 6.7
7 8,7 8.4 8.2 8 7.8 7.7

H-2
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Appendix |
INFERRUPFIED FLOW {STOP-AND-GOQ TRAFFIC)

INTRODUCTION

A review of the literature indicated that arecent English study has heen reported by Gilbert | 1-1].
In this study an equation was evaluated for predicting curbside neise from interrapted flow. The
equation was of the form

L=5657 + 918log@(1+.09H) — 4.20)og Vy + 2317
where
@ is the traffic volume (vph)
H s the proportion of vehicles exceeding 1,525 Mg (%)
y is the rondway width (m)
V' is the memn speed of traffic (lm/h), and
T is the index of dispersion.

Alternate farms of the equation are suggesied, and users muy wanl to obtain the reference and
study it in detail. No detailed study on the elfects of interrupted flow was found in the U.S. The
NCHRYP 117 provides some guidelines and these are reproduced inTable I-1. Since no reference is
cited, these should he treated as rules of thumb,

Table I-1. Adjustment for
Intarrupted Flow

Adjustment (dB)
Vehicle Type
Lso Ly
A 0 +2
HT 0 +4

The NCHRP Report 117 assumes that interrupted flow imposed by a traflic control signal
influences the operating noise of a vehicle over a distance of 1000 feet cenlered at the center of the
signal area, This is probably based upon the facl that a truck aceeleraling from a stopped condition
would produce a maximum noise level over this distance while accelerating 1o eruise condition, This
distance is a function of bath the grade and how heavily the truck is loaded.

SUGGESTED TECHNIQUE

This is another procedure that hos not been verified in the field but seems reasonable, This
procedure is based upon an examination of Equation (1) from the standpoint of stop-and-go traffie,
All of the variables in Equation (1} are valid for interrupted flow except for the reference eneoy
mean enission levels and the traffie flow adjustment factor.

I




Reference Energy Mean Emission Levels

Interrupted flow involved speed below 50 km/h. At these speeds heavy trucks will be accel-
erating, The noise levels associated with acceleraling conditions are peak levels, Thus for heavy
trucks use a reference level of 87 dBA. For automobiles and medium trucks use the reference
levels at 50 km/h. Assume that these values are independent of speed.

Traffic Flow Adjustment Factor

This adjustment factor assumes that the vehicles operate at canstant speed, This value should
he replaced by the mean speed of the vehicles taking into aceount the traffic signal. Hopefully,
with the above Lwo changes the FHWA model will provide a reasonable estimate of the hoise Jevel.

Refetence

I.1. Gilbert, D., “Noise from Road Traffic (Intermpted Flow),” Journal of Sound and Vibration,
51(2), 171181, 19717,
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Appendix J
ADAPTION OF THE Lieg METHODOLOGY TO DEAL WITH SPECIAL HIGHWAY SITES

INTRODUCTION

In Appendix A a methodology was prasented for determining the equivalent sound level at
highway sites whose excess attenyation effects may be complelelv characterized by the site param-
eter &. The Appendix A L., methodology began by expressing the mean square pressure at the re-
ceiver in terms of reference mean square pressiure and a distance adjustment factor,

| mean square pressure] _ [ reference mean square X distance ardjustment
at receiver pressure measwred at [, factor

2+
(P = (P (&) :

The single vehicle equivalent sound level was then calculated by expressing the source-receiver dis-
tance B¢ in terms of the angle ¢ and then integrating the mean square pressure over the roadway
serment,

2 e (PR n

- L -
Ley = 101og o5 4 rel‘) Lar = 10log 3 Ll o

20 dy (J-2)

where P,,r = 2% 1075 Pa.

The limjtation of the Leq model of Appendix A is that the highway site must be homogeneous,
that is, the excess attenuation effects must be completely characterized by a single value of . Some
highway sites, however, may consist of sections, each with their own propagation parameter, The
purpose of this appendix is to demonstrate through examples how the basic methodology of Appen-
dix A may be tailored to fit the specific characteristics of highway sites that are not homogeneous,

EXAMPLE J-1--GROUND STRIPS PARALLEL TQO THE ROADWAY

Consider the highway site in Figure J-1 in which the receiver is separated from the roadway by
two ground strips, The excess attenuation effects of the first strip of width D, are characterized by
the ground cover parameter oy, while the second strip of width [J, has its excess attenuation effects
characterized by the ground cover pnrameter Ctn,

The first step in solving this problem is to draw a sound ray from the source to the receiver as
in Figure J-2, Propagation over that portion of the sound ray R, is characterized by gemnatnc
spreading and excess attenuntion characterized by ceq. At Ry, the mean square pressure (e )R is

given by
o 2+ﬂl
(PZ)R1 = {P%) <—ﬁ:) . (2-3)

J1




MOADWAY

o GROUND STRIP
1 CHARACTERIZED BY &
.._..,...,._,._._.__.__1_.__._.7 ,_._.__.r _______
o // GROUND STRIP
1’/ CHARACTERIZED BY ()
RECEIVER

Figura J-1, Highway Site Consisting of Two Absarptive Ground Strips Paralle! to the Roadway

NoOANWAY
-
//
= BTRIP I
7 {3
]
7
- ..._..__..._.__.._._._..._._._.____._},Z_..._____.__
~
STRIP ST?\IP 2
BOLNDARY 2

RECEIVER

L = Stund-off Distance = Dy + Dy
A = Sourcafiecelver Distance = VD2 + (S1l=
R=R|+Ay

Acosgi = D Rycos¢ = Dy

Figura J-2, Roadway-Receiver Geometry for a Highway Site With
Two Ground Strips Parallel to the Roadway

The mean square pressure at lhe receiver (P2} is equal to the mean square pressure at R 4 times the
appropriate distance adjustment factor,

R 2+,
(P2 = <1'2>R‘(—E‘) (-4)
Substitution of (J-3} inta (J-4) gives
o (DT R
(P = (P (ﬁ-{) (—;,{») (4-5)

J-2

\
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which may be written in the form

) e
(P)—(Pu)-ﬁ" —E "o (J-6)

F'rom the site and ray geometry in Figure J-2, ] and & may be expressed in terms of the
variable ¢, which when substituted in (J-6) gives

f

D 2D 1D
P2y = (P2 (—Di’ cos¢) (T‘l’ cosc)) (—5‘) . (J-7

To caleulate the single vehicle equivalent sound level, the mean square pressure at the receiver, (4-7),
is integrated over the roadway angles using {J-2),

%2 (PRe)) D
L, = - sec? ¢ do (J-2)
“ T '(“1 {‘Dl:?a 5
by (P2 (D ) (D "‘(D)“'—'
= DO LA it | Y 2 R :
Ly, 10]0g|:,1, ~L] 2 7 cosé cos r,b) T T see dpde|.  (J-8)
Combining similar terms and bringing the constant terms outside the intepral, {J-8) reduces to
r 2
- 1B (D,,) (D ) (D,) D\ %2 o ]
Leq = 10 log T .P"—) D, 1) (?) .L {cos @)t d |, (J-9)
1 4
or
b (29 (29 (2" (5" talb22
ch = 10 log ?}:‘E—f) 7)) \ D/ \D Bl 7| (J-10)

The first term in the brackets corresponds Lo the emission level, so that expanding (J-10) results in

L L+

D D D! R
Leg = Lo + 10 log-—STa- + 10 lop (—5—) + 1010;;(7)—‘1’) + 10]0g(—ﬁl)

‘lb (¢’ :¢2)
+10 log _‘."_"1_..._._. + 5. (J-11)

Equation (J-11) is valid for a single vehicle, For a given class of vehicles, (J-11) is modified
using the results of Appendix A, so that
D (4] o ff
Q

_ ND D\ D\®
Lyy = (La), + 1010g ST" + 10 log (‘D‘) + 101og (D—:) + 10log (Tl)

‘Pal(¢11¢’2}
—_—

n (J-12)

+10 log

which is the final result.
J.3




EXAMPLE 2—GROUND STRIPS NORMAL TQ THE ROADWAY

Consider the highway site of Figure J-3 in which the ground strips are normal to the roadway.,
Strip 1 is characterized by the ground cover paresmeter oy while strip 2 ischaracterized by the ground
cover parameter oy, The receiver is located y, metres from the boundary of the strips. Sinceyy is
measured along the St axis, y, will have a slgn asseciated with it. On the figure yq is to the right of
the receiver and thus y, is positive, If the receiver had been located instrip 1, 35 would be measured
to the left of the receiver and would he negative,

ROADWAY

GROUND STRIP CHARACTERIZED
BY 4]

GROUND STRIP CHARACTERIZED BY ay —

]

L]

|

]

|

!

|

I

!

!

|

!

|

|

|

Yo _"l
RECEIVER |
Figure J-3. Highway Site Consisting of Twa Absorptive Ground Strips Normal to the Roadway

The roadway segment defined by the angles (¢, ¢, ):in Figure J-4 is homogeneous in that
excess propagation effects are determined by oy, Its conlribution to the total equivalent sound
level is calculated using the results of Appendix A, hence

D\ Vo (B1, ¢
+ 10%og ————+ 5. (J-13)

- ND
Ly = (Ep), + 10log —gr- + 101og (—5 -

The Lm contriliution from the roadway segment (¢y,, ¢ ) remains to be determined. The method
of solution Is identical to that used in example J-1, First the mean square pressure at R, is expressed
in terms of the reference me:n square pressute and a distance adjustment factor. Then the mean
square pressure at f24 is adjusted to account for propagation aver R,. The mean square pressure al
Rl is

D ‘2+|:1zl
(P, = D (ﬁ]g) (J-14)
and the mean square pressure at the receiver is
R 2ty D 240y R )2+uz2
2y — 2 --—:I = 2 _U_ —“:'l' -
Py = (P )”1 (R) (P”)(R,) (R . (J-15)
Combining terms, Equation (J-15) becomes
2 o o,
DN ID AN [RY?
2y = ¢py [22] (22 (=L 8
‘P"‘PO’(R) (R,) (R) : (J-16)

J-4




T P I AR T ST B p M T ST T Y e 3 AR T T e

From Figure J-4, the geometric relations

’

R=EEQ§3 and Ry, = [t ('I _.:.’Df untt,b)
are employed in (J-16),
D 2 D, ¢ & o)
W = (P (-Di’ cos ¢) o yoscu (1 - XDE cot ;b) (3-17)
a2
D (1 - -15') cot ¢
which simplifies to
D 2 D thy Oy~ g
(P = (B (7)2 cos ¢») (3" cos¢) (1 - %’- cot ¢ . (4-18)
} 8t
ROADWAY
¢ ¢ @«
D
9y R
o ®
RECEIVER  yq
STRIP 2 STRIF 1
o o

Aysing = St —yg S Dung R = Dicosy

M = T g g cmp\ O

Dtang - ¥
O - vy 0 Yo o (' __gmm)
. Yo
a“ ﬂ1=ﬂ(1—3~cﬂl¢)

Figura J-4, Roadway-Raceiver Geometry for Two Absorptive Strips Normal to the Roadway

"Po calculate the eguivalent sound level, Equation (J-2) is used,

P (P2(4)) D
Leg = 10log -%1— [ —(—t:)-s.- sec® o d

¥ (Pr20

J-5
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so that ;
Gy =C¥
(P (.00 !

¢ 2D &
Ly = 10log %f * rad Vi cos¢) (-ﬁ" cosrﬁ) (1 —%’—com) %sec%dcp .
(13 u’ref’

(J-19}

Bringing the constants outside the integral and coinbining similar terms, {J-19) becames
P D, (D,,)““‘ ‘vﬁu o fy Yo YT
L, =10log|—=— = |+ {cosg)! (1 - coLaﬁ) do i, (J-20)
wa w2 3 5T \D '/% D
Expanding (J-20), the single vehicle equivalent sound level js

144,
a a

D
Lgg = L, + 1010g 5T 10 log (—D—)

‘¢ Ga‘ﬂl :
+10[0g%~ I " (cos ¢)™ (1 -—%’- cottj)) dé + 5, (J-21) i
‘¢L H

For a class of vehicles, (J-22) is modified to give the following result

. ND, DN .
Ly = (L‘,)E + 10 log N7 10 log D, !
1 B y Qg = () 'f\
+10Iog?.l {cos qﬁ)“’ (1 ——Dg-catg‘;) de + B, (3-22) e
Qy,

Evaluation of the integral in (4-22) is hest accomplished using numerical integration routines, The
total equivalent sound level due Lo the roadway segment (¢, ¢, ) is then the decibel sum of Equa-
tions (J-13) and (J-22).

EXAMPLE J-3—BARRIER ATTENUATION AT ABSORPTIVE HIGHWAY SITES

In Appendix B, the hourly equivalent sound level due to a roadway segment shielded by a
barrier subtending the angles (¢ , ¢ )} was given as

- : D -
Lﬂq(h); = (L,;,)EJ + 10 log —AL:S,% -+ 10 log 3” + 10 ]og ﬁ‘f-f—-?-r—‘ﬁ-!— + 4y - 25 (B-10)
where Ap, is the reduction in equivalent sound level due to the barrier for the ith cluss of vehicles,
In developing (B-10) it was assumed that in the presence of the barrier, excess attenuation effects
are lost. This is an oversimplification of a very complex physical phenamenon. In a more rigorous
analysis of the problem, ahsorption due to the ground could not be neglected. However, including
ground effects in the presence of a barrier is a difficult undertaking and research is eurrently under-
way to provide practical, design-oriented procedures for these situntions,
In the absence of formal solutions to the problem of a barrier resting on an absorptive ground
plane, an interim solution may be obtained by application of the methodologies employed in
Appendices A and B, Consider the shielded roadway segment in Figure J-5. Using the same proce- \.-
dures in Examples J-1 and J-2, the mean square pressure at the receiver is

J-6
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Figure J-5, Roadway-Barrier-Recoiver Geometry for a Finita Baerier in the Presence of
Absorptive Ground Strips Parallel to the Roxlway

2 DT o (RaY .
(PR = (P, (72“?) 107 (—-1—2-) (J-28)

in which ~4; is the attentation in point source levels for the ith class of velicles and is given by
Equation (B 12). Using the relations D) = R cos ¢ and U = R cos ¢ it Is possible to express (J-23)
in terms of angle,

a _ opm (2o . (”l)em‘ -3,/10 .
Py, = (P")i (I—JT cc)s«ﬁ) i) 10 (J-24)

Equation (J-2) is used to calculate the single vehicle equivalent sound level due to the segment,

b (P (r,'z)) D,
Ly, = 10l0g 7 I‘ o 2N e g de,
L o
so that
e PB4 24ay 2t )
_ 1 e ifYo __1) ~A 0 D e ;
Le,, = 10log | j¢ <Pm>( - caw) ( 5 10 § sect gdp ). (426)
L -

Taking the constani terms outside the integral and combining similar terms in (J-25) results in

BB D, D\ (DN (D5 g

- . i [ o [l 1 i 4] ~A,10

Le‘l; - IOIOE’ Ii(Przef) SJT (D) (D]) (D) ‘]g; ((.I)Sl,b) 1o {M ’ (J--‘ZS)
1, -

J-7




To put (J-26) in a form compatible with earlier results, the right side is multiplied through by

10log |:(¢R ; ¢L) (gbu = ¢1.)]

is added to the right side, so that

& L&
1

D D Doy? 2
Lqu = (Lo)'. + ]010g°s—‘_$,- + 10]ogT"+ 10 log(*l-jf:—) + 10 log (—D—)

bn — ¢ -
+10|0g "_R_ﬂ..‘p_‘[' + 10.0[} 1 f“ (c05¢)ml 10 4,/10 de, (J-27)

tp = oL b,

Since 10 logw = b,
oy Q.

D D D Dy
L‘-“It = (LO)i + 10 log 3.-‘-,% + 1[)10[,'-3‘J + 10Iog(—-,f) + 10 log (—D-)

¢
+10 log %,2 + 10Iog'313'}’ # (cos t;‘))al 104010 dé + 5. {J-28)
(23

For & class of vehicles, Equation (J-28) is modified to yield
& &

S+ 20es () + 100085 <1010 ()
5T + 10log T + 10log 'E + 10 log D

Ly, = (1?,,)Er + 10 lag

¢ .
+10 log %ﬂ + 10log -A]; f " cosg)® 107810 gy 4 5 (3-29)
¢y,

which is the final result, Evaluation of the integral is best accomplished using numerical integration
routines.

J-8
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Appendix K
HEAVY TRUCK SOURCE HEIGHTS USED IN BARRIER ATTENUATION CALCULATIONS

INTRODUCTION

In Appendix B it was recommended that for berrier attenuation caleulutions heavy trucks be
lacated 2,44 metres above the centerline of the pavement and that the truck be treated as if all its
sound were radiated at 550 Hz. This single position—single frequency representution of a heavy
truck is an attempt to simplify and reduce the number of caleulations required to determine the
attenuation of equivalent sound levels due to a barrier. 1t is the purpose of this appendix to indi-
cate, through an example calculation, that the gain in accuracy by resolving a heuvy truck into its
component sources each with their own spectrum is minimal and that for a mannal prediction proce-
dure, the increase in accuracy does not justify the additional calculations,

EXAMPLE CALCULATIONS

The sensitivity of barrier attenuation to changes in source height can he determined analytically.
The resulting reletionship however is complex and unwieldy, In arder to put the accuracy trade-
offs between single and multiple source heavy truck models into perspective, the source-barrier-
receiver scenarios of Figure K- were analyzed to determine equivalent sound levels at the receivers,
In the analysis, three source models were used:

(1) 1Inthe first model, the heavy truck was treated as a single source located 2,44 m abave the
pavement with 2 effective radiation frequency of 550 Hz.

(2) The second heavy truck model consisted of the single source 2.44 m above the pavement
with the source strength eonsisting of the octave band spectrum labeled “TQTAL"” in
Figure K-2. Attenuation calculations were then made octave band by octave band, The
attenvated octave band levels were then A-weighted and logarithmically combined to give
the A-weighted sound level at the receiver.

(3) Inthe third heavy truck model, the heayy truck was resolved inta tire noise (0 m), engine
noise (1,2 m), and exhaust noise (3.6 m). Each source was assigned its own octave band
spectrum as shown in Figure K-2. Source by source, octave band by octave band nttenua-
tion calculations were then made. The attenuated octave band levels were A-weighted and

EXHAUST
3.6m im
{ —* HECEIVER

SIMULATED

2.44

m 3 m BARRIER 16 m
RECEIVER

ENGINE

1.2m
TIRES

om ’ 10m 30m

Figure K-1. Source-Barrier-Receiver Geometry Used to Examine the
Effects of Source Halght on Barrier Attenuation
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logatithmicelly combined ta produce the reconstructed A-weighted octave band levels at

thereceiver, The A-weighted levels at the reeeiver were then combined togive the A-weighted

level nt the receiver,

The site geometry for this example was selected Lo insure that the exhaust stack of the truck
was clearly visible by the 3 m receiver and just barely visible by the 1.5 m veceiver. Both receivers
are in the shadow zone of the 2.44 m source height.

Examination of the resulting A-weighted levels in Figures K-3 and K-4 shows that the largest
discrepancy, 1.1 dBA, occurs at the 3 m receiver. Comparison of the simulated source (single posi-
tion, octave band spectrum) and the single position, single frequency (550 Hz) A-weighted levels
shows them to be quite close (0.2 dBA). Certainly in a manual procedure where the objective is to
estimate the elfectiveness of a barrier, the additional ealculations required by resolution of the
source into its frequency components and source components is not justified. In a computer hased
barrier design situntion, the additional caleulations are worthwhile. The question remains, however,
as to what are the proper locations and cctave band levels for the resolved heavy truck sources? The
answer to this question is the object of current research.
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EXAMPLE CALCULATIONS

L el

uem
E-

» %% ¥

Im

*»3
M 1.5} Recoivers

Sources
—A—

10 =]

30

*
o

-2000

| w000
a0

Tires = 0 m Source Height Engine = 1.2m Exhaust = 3.6 m
Barrier Attenuation, dB Barrier Attenuvation, dB Barrier Attenuation, dB
Frequency, Hz

O m Receiver|3 m Recelver Om Im Om dm
63 -6.56 ~6.20 -5.76 -5.48 ~5.00 -4,84
125 -7.658 -7.09 -6.39 ~5.90 -5.00 —4,88
250 -9.19 -8.44 -7.41 -6.64 -4.99 -1 77
500 -11.09 -10,19 -8,86 ~1.78 -4.99 -4,62
1,000 -13.26 -12.25 -140.711 -9.36 ~-4.97 -3,98
2,000 -15.58 -14.52 -12,83 —11.30 ~4,95 ~2.58
4,000 -17.38 -16.65 ~15.14 ~13.48 -1.90 -0.86
8,000 ~18.57 -18.10 -17.09 —15,80 ~-4.79 -0.39

(Simulated Truck — 2,44 10 Source Height

Frequency, Hz

Barrier Attenuation, dB

0 m Receiver|3 m Receiver

63 -5.18 —5.05
125 ~5.34 -5.10
250 —-5.65 -5.19
500 -5.22 ~-5.38
1,000 -7.14 -5,72
2,000 -8.50 —6.33
4,000 -10.26 -7.32
8,000 -12.33 ~8.75
550 -6,32 ~5.41
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1.5 m RECEIVER

TIRE NOISE ENGINE NOISE
Freq.
Level A Level B.B.| Level A Level B.B.
63 66 6.6 59.4 74.5 58 68.7
125 70.5 7.6 62.9 75.5 6.4 69.1
250 74 9,2 64.8 76,5 7.4 68.1
500 74 11.1 62.9 74 8.9 65.1
1 73 13.3 58.7 70,5 10.7 59.8
2 70.56 15.6 64.9 65 12.8 82.2
4 62 17.4 44.6 59 15.1 43.9
8 51 18.6 324 50 17.1 32.9
T 79.7 10,7 68.0 81.4 7.2 74.2
STACK NOISE SIMULATED
Freq.
Level A Level B.B.} Level A Level B.B.
63 78 5.0 73 79.8 5.2 74.6
125 83 5.0 78 83.9 5.3 78.6
250 85 5.0 80 85.8 56 80.2
500 77 5.0 72 80.0 6.2 73.8
1 70 5.0 65 76.7 7.1 68,6
2 62 5.0 57 79,0 85 63.5
4 54 4.9 49.1 64,2 10.3 53.9
8 45 4.8 40,2 54,1 123 41.8
T 88.1 5.0 83.1 89,4 5.6 83.8

LEVEL BEHIND BARRIER —RECONSTRUCTION

Freg, | Levelin Front | Level B.B.| e =Lpp ~ Lgmy
63 79.8 74.5 -0.1
125 83.9 78.6 0
250 85.8 80.4 +0.2
500 80.0 73.2 -0.6
1 78.7 66.9 =17
2 72,0 59.9 ~3.6
4 64.2 51.3 —26
8 54.1 41.5 -0.3
T 89.4 83.8 0

K-5




3 m RECEIVER

TIRE NOISE ENGINE NOISE
Freq.
Level A Level B.B.| Level A Level B.B.
63 66 6.2 59.8 74.5 5.5 69
125 70.5 7.1 63.4 75.5 59 69.6
2560 T4 8.4 65.6 76,5 6.6 68.9
500 74 10,2 63.8 T4 7.8 66.2
1 72 12,2 59.8 70.6 94 61.1
2 70,5 14.6 56 65 11,3 53.7
4 62 16.5 45.4 59 13,5 45.5
8 b1 18.1 32,9 50 158 34,2
T 79.7 9.5 70.2 81.4 6.5 74.94
STACK NOISE SIMULATED
Freq.
Level A Level B.B.| Level A Level B, B.
83 78 4.9 73.1 79.8 5.0 4.8
125 83 4.9 78.1 83.9 5.1 78.8
250 85 4.8 80.2 85.8 5.2 80.6
500 ' 4,5 73,5 BO 5.4 74.6
1 70 4.0 66 75,7 5,7 70
2 62 26 59.4 T2 6.3 65.7
4 54 05 53.1 64.2 1.8 56.9
8 45 0.4 44,6 54.1 8.7 45,4
T 88.1 48 83.3 89.4 5.2 84,2
RECONSTRUCTED LEVELS
Freq. Level B.B. ¢=Lp —Lgm
63 4.7 -0.1
125 78.8 0
250 80.6 0
500 73.9 -0.7
1 67.9 -21
2 618 -3.9
4 54.4 =25
8 45.2 -0.2
T 84.0 -0.2

K-8
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A-WEIGHTING CORRECTIONS —1.5 m RECEIVER

TIRES ENGINE

prouency | Comeetion | vt s, | Correeted | oy | Corrocted
Level Level

63 -26.2 59.4 33.2 68.7 405

125 -16.1 62.9 16.8 69.1 53
250 ~8.6 64.8 56.2 68.1 59.5
500 -3.2 62.9 59,7 §5.1 61,9
1 0 58.7 58.7 59.8 59.8
2 1.2 54.9 56.1 59.2 53.4
4 1.0 44.6 45.6 43.9 44,9
8 ~11 32.4 31.3 32,9 31.8
P 64.1 65.9

EXIIAUST
Frequeney | Correction

Rt Level B.B, | Comected |y 01,3, | Correeted
Level Level

63 -26.2 73 46.8 4.6 484
125 -16.1 78 61.9 8.6 62,5
250 ~8.6 80 1.4 80.2 716
500 -3.2 72 68.8 73.8 706
1 0 65 65 68.6 68.6
2 1.2 57 58.2 63.5 64.7
4 1.0 49.1 50.1 53.9 54.9
8 ~11 40.2 39.1 i1.8 40.7
T ~11 74.3 75.8

RECONSTRUCTED LEVEL

Frequeney | Level B.B. |ey =Ly, ~Lg,
63 48.3 ~-0.1
125 62.5 0
250 71.8 0.2
500 70 -0.6
1 66.9 -L7
2 611 -3.6
9 52.3 -2.6
8 40.4 ~-0.3
T 75.2 -0.8

K-7
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A-WEIGHTING CORRECTIONS—3 m RECEIVER

TIRE ENGINE
Frequency | Correction Lovel B.B. Corrected Lovel BB, Cortected
Level Level
63 -26.2 59.8 33.6 69 42.8
125 ~16.1 63.4 473 69.6 53.6
250 -8.6 65.6 - 57 68.9 60.3
500 -3.2 63.8 60.6 66.2 63
1 0 59.8 59.8 61.1 61.1
2 1.2 56 57.2 53.7 54,9
4 1.0 45.4 46.4 455 46.5
8 -1.1 32.9 31.8 34.2 33.1
T 65.1 66.9
EXHAUST
Frequency | Correction Level B.B. Corrected Level B.B, Corrected
Level Level
63 —26.2 73.1 46,9 74.8 48.6
125 -16.1 78.1 62 78.8 62.7
250 -8.8 80.2 71.6 80.6 72
500 -3.2 12.5 69.3 74.6 714
1 0 66 66 70 70
2 1.2 59.4 60.6 65.7 66.9
4 1.0 53.1 54,1 56.9 57,9
8 -1.1 44.6 43.5 45,4 44,3
T 76.6
RECONSTRUCTED
LEVEL
Frequeney | Level B.B.

63 48.5

125 62.7

250 72

500 70,7

1 67.9

2 63

4 554

8 44,1

T 76.8

K-8
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Appendix L
TABLES, FIGURES, AND NOMOGRAPHS

This appendix contains all of the tables, figures and nomographs needed to prediet a noise level
from highway traffic using the FHWA model.
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A

PROJECT DESCRIPTION

NAME
DATE

1. LANE NO./ROAD SEGMENT

2, | VEHICLE CLAS, A {MT |HT | A [ MT tHT |.A | MT| HT | A MT]HT | A MT | HT | A | MT [ HT

3. | Nivph)

4. |Sikm/h)

5. |D{m

6. | ¢qldesrees) Fig. &

7. | ¢oldegrees) Fig. 5

8. [{Lo)& (dBA) Fig. 2

9, |10 LOG (N;D,/5;) (dB) Fig. 3

10a, | 10 LOG {£5,/D) (dBA)} Fig. 4

10b. | 15 LOG (D,/0) {dBA} Fig. 4

11a, [ 10 LOG (Jg (¢, palin) (dBA) Fig. 8

11b. [ 10 LOG (2 1y, $2)/1) {dBA) Fig 7

12. | ¢ (degrees) Fig, 10

13. | g (degrees) Fig. 10

14. | 6gimatres) Fin. 9

18, [Na Eq. 18

16. | AgldBA) T "Appendix B

17. | CONSTANT (dB) 25 | 25 |-25] 25| 25 [-26 | -25| .25 | 26|26 |-256 |.26 |25 |26 | -26 [-256 | .26 | -26

18. | Laglit} (dBA)

19, | Loy (0} (dBA}

20. | A; (dBA) Fig. 8

21, | Laglh} (dBA)

23, | Logih] (dBAI

23, |ND/S imfkm)

24, “-w'f-aq’i {dB) Fig. 18

25. | Lypihty (dBA]

26. | Lqpih) (dBA)

27. | Lqglin (dBA)

Table 1. Noise Prediction Worksheet




{Lole. REFERENCE ENERGY MEAN EMISSION LEVELS (dBA)
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) SOURCE: “Statistical Aoalysis of FHWA Tesftic Noise Dita,” FHWA-RD-78-64
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Figure 2, Refercnce Energy Mesn Emission Levels as a Function of Spued
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{Cabpyy = 24.6 LOG(S! 4 38.5

Figure 19. FHWA Highway Traffic Noise Predict{ion Nomagraph {Hard Site)
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Figure 20.

FHWA Highway Traffic Noise Prediction Nomograph

b &

L, b}

2

—
=1
(=]

a0

80

70

G0

50

o
’IIII'HIalllilliIlilli]l'llll’llllllIiillliI|IIGIIJISI|III|I§

40

(Soft Site)

20 -

30 -

40 -
50 =
60 -
80 -

100

300 —

400 =
500
600 —

300 -

1,000 ——

FPETT T

T

T T

T

ST T

10,000
4,000

6,000
5,000

4,000

3.000

2,000

1,000
A00

500
400

300

200

100
g0

60
50
10

30

20




L1

ydeabowoy sataaeg -z a4nfi4

ALY R AR R B T e

|
:31eq uonduosaq Buieg
:lssubug 3oafosd
oL~ oy = Y2 TrL~ D wm oa W Y] =
= . 58 8 8 s 28 3838 8 8 3 81
" 19 03 “uopisod o ssaj BN T T e
— -piebar ‘siauseq auuy e -
™ -
F1INV 3] . S o =3 OT B LAY -
P il I el B e
‘uuya . - =\
T e aa/gape sv g
d | JLINIANT ale spud ayy punoie abe TTT T AR AR AR R AR R AR R RE N e &m
-yes| woyy sasso| Buipeasdg -z ) b sanay
.hon NOLLISQd BITT9AS 35N _
. - - = 0L
qaq/ar e - T T -
ale Jaiiteq ayl jo doy sonay - —— - - - - m
84} 1300 sasso) Bulpeasdg ‘i L+ — LT - - 1
qn - - et | e L™ -
suonduwinssy o T ]
| et - ] - - 0z
farert g Lot ; —
F: T 0Z— et o ! T sanay
SHINYL Ll g > i .
ATRETS - e g =
; 08— B et | | ot 4 Fe i
{ ] . T | e ~ =1 1t - ot
.“3_. - et et - el prert = -1 3
| 05— o ot el P~ -] 05
L\ 1 \ o9 ] | e .\l\i‘ | o il | oo — -z “.3
. FiNAa | E — at o - et = L € L
7 h . og m = - et joaer=] ] u
7 : Yoor 4 H==T - ~ ™ I e
4V ari ] |t _— — m 3
\ \ ] et - \l‘ -1 0L = 00
/4 ! ! 1 | T | =™ - =
sas168 Y O S iy S O S R Y I i 7 1 gt} ety il A il =
9B A |38 (BF B B |B| 8 B8 [[rorwmnsamiv ] g = == 4 = |
[+] —
| __._.________u__________“___-_ ;Dom Im
L 6 W 6 e ¥ r eogyg (0/° ] = g B
LU L UL oo n sl ™
d.m_u—..u__...._...‘_....m -1 005 m_uw.__..__.._._____.._...._ 1m| - oo
GZ6LBLLL OLSLPLELZLLLOL 6 8 £ § 8 ¥ € 7 1 309 3 2 Iz
0 3 -
_ uagenusny isweg | SN uﬂ.. m _ 00
~ 0
~— 0O

Ea



2 L W% AL L g e et s bR i S o e Son o B Bt TR -

T p T B

T % DI RN T A

G

FEDERALLY COORDINATED PROGRAM OF HIGHIWAY
RESEARCII AND DEVELOPPMENT (ICP)

The Offices of Research amil Development of the

Federal Highway Administration are responsible
for a broud program of vesearch with pesourees
including ils own staff, contract programs, and a
Federal- Aid program which is conducted by or
through the State highway departments and which
also finances the National Cooperative Highway
Research Progrom managed by the Transportation
Research Board, The Federally Coardinated Pro-

gram of Highway

Research  and  Develapment

(FCP} is a carefully selected group of projects
aimed ot urgent, nutional problems, which concen-
trates these resonrces on these problems to obiain

timely sclulions.

Virtunlly all af the available

funds and staff resourees are a part of the FCP,
together with as mueh of the Federal-aid research

funds of the Stales and the NCHRP

TUSOUTCes as

the States agree ta devote to these projrels,®

1.

t
+

FCP Category Deseriptions

Improved Highway Design and Opera-
tion for Safety

Safety RED addresses problems connected with
the responsibilities of the Federal Highway
Administeation under the Highway Safety Aa
and includes investigation of appropriate desipn
standards, roadside hardware, signing.  and
physical and sclentifie data for the formulation
of improved safvty regulations.

Reduction of Traflic Congestion and
Improved Operational Efficiency

Traffic K& is concerned with inereasing the
operational  efliciency of existing highways by
advancing technology, hy improving designs for
existing as well as new facilities, and by keep-
ing the demand-cepacity relationship in hetter
balance through traffic manngement techniques
such as hus andd earpool preferentiul treatment,
motorist information, and rerouting of traffic.

* The completn Tovolume official staterment of the PCE In
nvallabke frogy the Natlonal Technlenl [nformptlon Sepviee
{NTISH, Springfiel), Vieginia 221681 (Order No, 19 242007,

prices $45 postpatd),
valume  arer ohtadnable

Slgle eoples of e Infendietory
without  charge  from  Progrom

Alndysie (TIR0D-2), Otiless of Resenrely anil Developrent,
Fedorst Highway Administratien, Washlngton, D.C. 204500,

3 Environmental Considerations in High-

f=+3

7

>

wny Design, Locatlion, Consiruction, and
Gperation

Knvironmental RED is dirceted toward identify-
ing and evaluating highway elements which
affect the quality® of the human  environment,
The ultimate goals are reduction of adverse high-
way and traffic jmpacts, and protection and
enbancement of the environment,

Improved Materials Utilization and Dura-
bility

Materials R&D is concerned with expanding the
knowledge of materials prapertivs andl technology
to fully utilize available naterally ocenrring
materials, to develop extender or substitute ma-
teriels for materisls in short supply, and to
devise procedares for converting industria] pud
wther  wastes into wsefn]  highway  products,
These activitivs are all directed toward the com-
mon geals of lowering the cost of highway
construction and extending the periad of muine
tenuner-free opertion,

Improved Design to Reduce Costs, Extend
Life Expectancy, and Insure Struciurai
Safety

Structurn] RED s concerned with furtlering the
latest technological advances i steuctoral de-
signs, Tabrication  processes, amd  constroetion
technigques, o provide safe, oficient highways
at reaconable cost,

Profotype Development and Implementa-
tion of Research

This entegory is coneerned with develaping and
transfereing research and techmelogy into prac-
tice, or, as it has been commonly identified,
“technology transfur,”

Improved Technolegy lfor Highway Main-
tenance

Muintenanre R&1Y objectives inelude the develop.
ment and applieation of vew weehnology to m-
prove management, to angment the wtilization
of resources, and 10 Jncrease operational eficiency
amd safety fn the maintenanee of highway
facilities.




