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FOREWORD _---_

This reportpresentsthe FHWA methodfor predictingequivalentsound
levelsgeneratedby constantspeedhighwaytrafficand will be of
interestto highwaytrafficnoisespecialistsinvolvedin the prediction
and assessmentof noise impactsdue to traffic,

Research in highway noise and vibrations is included in the Federally
CoordinatedProgramof HighwayResearchand Developmentas Task5 of
Project3F, "PollutionReductionand EnvironmentalEnhancement."
Dr. Howard Jongedyk is Project Manager and Dr. Timothy M. Barry is the
Task Hanager.

This reportis the resultof a joint effortbetweenthe FederalHighway
Administration's Offices of Research and Environmental Policy. The
predictionmodel presentedin thisreportis developedin a straight-
forward manner with numerous example problems designed to emphasize the
model's importantfeatures. The modelwas calibratedusingdata
collectedin 1975 by the TransportationSystemsCenter,U.S.D.O,T.

Sufficientcopiesof the reportare beingdistributedto providea
minimumof one copyto each FHWA regionaloffice,divisionoffice,and
State highwayagency. Directdistributionis beingmade to the division
offices.

I

_/'J Director,Officeof Research
L/ FederalHighwayAdministration

NOTICE

This documentis disseminatedunder the sponsorship
of the Department of Transportation in the interest
of information exchange. The United States
Governmentassumesno liabilityfor its contentsor
use thereof.

The contentsof this reportreflectthe views of
the Office of Research of the Federal Highway
Administration,which is responsiblefor the facts
and the accuracy of the data presented herein. The
contentsdo not necessarilyreflectthe official
viewsor policyof the Departmentof Transportation.

This reportdoesnot constitutea standard,
specification,or regulation,
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PREFACE

This manual is the result of a one year joint project between tbe Offices of Rescarcb and
Environmental Policy of the Federal Highway Administration. Tile objective of tbe project was
to develop a logical, easy to use traffic noise prediction model for the bighwuy traffic noise specialist.
Reviews of past experienceswith earlier prediction models sbow that the models have often been
inadvertently misused, most often as u direct result of an incomplete understanding of the basic
assumptions and limitations inherent in the models. Cookbook procedures are valuable only when
the user has a clear understanding of the assumptions and limitations of the procedure. Without an
understafiding of these working bounds, cookbook procedures become inflexible tools.

In developing the FHWA Highway Truffic Noise Prediction Model, our objective 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 tile
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 specialist.
The approach ullows the user to see tbe effects of vehicle noise emission levels, traffic volumes,
distances, ground effects, etc., as individual effects reluted to the overall problem. At the same
time, oar approach allows the user to modify the basic model to meet the special requirements of
highwaysitesorconditionsnottakenintoaccountinthebasicmodel, f'_'-,

The authors wish to express tbeir sincere appreciation for tbe contribations of the many
people who provided technical advice mid assistunceduring tbe development of the model and
during preparation of tbe manuscript. Special tbanks are due Jim Kirsehensteiner of the Office of
Environmental Policy (FHWA) who developed the computer versions 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 tbe Office of Environmental Policy who typed the
manuscript,

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

i

'! 1.0 INTRODUCTION

t The FHWA Highway Traffic Noise Prediction Model (hereafter referred to as the FHWA
model), like severalother prediction models, arrivesat apredicted noiselevel through a seriesof

i adjustments to a reference soundlevel. In the FHWA model, the referencelevel is theenergy mean

i emissionlevel. Adjustments are then made to the referenceenergymean emission levelto account
fortrafficflows,forvaryingdistancesfrom theroadway,forfinitelengthroadways,and forshield-]
ing. All of these variables are related by the following equation:

': Leq(h)i = (I_'_o)/ct referenceenergymmm emissionlevel

" +10 log/_) traffic flowadjust,neat

/D \I+_
+i0 logI-_°) distanceadjustment

i©  10,ogf,n,teroadwayadjaetm0nt
+As shieldingadjustment (1)

where

Leo(h) 1 is the hourly equivalent sound level of tile ith cla,_ of vehicles.

(L-'_o)_;I is the referenceonergy meanemissionlevel of theith chlssof vehicles.

N i is the number of vehicles in the ith shies passing a specifi_,d point daring some
specifiedtime period (1 hour).

D is the perpendiculardistance, in metres, from tile centerline of the traffic lane to
the observer.

D o is the referencedistance at which theemissionlevelsare measured. In the FHWA
model, D O is 15 metres. D O is a special case of D,

S i is the averagespeed of tile ith class of vehiclesand is measured in kilometres per
hour (kin/h).

7' is the time periml over which the eqaiwdcnt sound level is computed (1 hour).

is a site parameter whose values depend upon site conditions.

_p is a symbol representing a function used for segment adjustments, i.e., an adjust-
meat for finite length roadways.

i
/ ..As is the attcnnation, in dB, provided by some type of shielding such as barriers, tows

of houses, densely wooded areas, etc.

1



The first two linesof Equation 1 predict tile equivalent sound level generated by a flow of vehicles
of a single class traveling at a constant speed on an effectively infinite, flat roadway at a reference
distance of 15 metres. Tile last three lines of l';quation (1) represent adjustments that deal with the
site conditions between the observer and the roadway.

Once computation of the Leq(h)i's is comptete, the total hourly equivalent sound level, Leq(h)

can be determined. The Le (tl) is the sum of the acoustic contrihutiona of tile various classes of
vehicles using the roadway. _n the l, I[WA model, there are three classes of vehicles: automnbiles (A),
medium trncka(MT), and heavy trucks (HT). Tile three classes of vehicles will be defined in the
next section. Tile total hourly equiwdent sound level is computed as:

( L_'I(/I)A Lcq(hiMT LL'q Ih)uT_

Leq(h) = 10 log _10" i'5" + 10 tO + 10---TS---]. (2)

When the hourly sound level exceeded 10% of the time, Lie(h), is desired, an adjustment is used to

convert the Leq(h)i to Lie(h) i, The total Llo(h ) is also emnputed by logarithmically summing the
contribution fromeach class:

[ I- leih)^ L l_(/,)_n, Lloth)m,_
Lie(h) = 10 log _10" T5 + 10 to + 10" T6 '/ , (3)

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

Figure 1 is a flow diagram that shows the computational sequence followed in the FIIWA /.._...

manual method is arriving st a predicted sound level, k,..

Figure 1. Flew Diagram of the Computational Sequence Used in the FHWA Modal

The computstion',d procedure shown in Figure 1 is followed in Chapter 2 wlmre each of tim
variables is discussed in detail. Each variable will be discussed separately and presented in graphical
form for ease of calculations. Sample problems are iueludml to illustrate the use of each chart or
chart_ 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 presentssome homographs which can be used to quickly estimate traffic noise levels.
Chapter 4 also deals with the development of a computer program for a handheld calculator.
Chapter 5 briefly discusses the accuracy of the FHWA model for those situations where D is equal
to or greater thau 15 metres. Chapter 6 discusses noise prediction when the observer is close to the
highway (D is lessthan 15 metres), Chapter 7 presents some problems involving multilane highways.

jl
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S I
i

2.0 FHWA MODEL- MANUAL METHOD (D > 15Metres) [
l

a. Introduction
!

As discussedisCbapterI,theFIIWA model arrivesatepredictedsoundlevelthrougha series
ofadjustmentstothereferenceener_._"moon emissionlevel.Tbe actualvalueoftheseadjustments

! dependsoninputdataconcerningtrafficcharacteristics,topography,androadwaycharacteristics.

i In the FHWA manual method presented in this chapter, these adjustments ore read from figures and
tables, Thus, tile procedure used in arriving at a predicted noise level using the manual method de.

i ycleped for tbe FHWA model is very similar to the manual method used in the NCI-IRP ]17/144
model, The figures [lave been changed, and tile basic model is drastically different, but the compu-

! tationalprocedureisverysimilar.

Tableihasbeenpreparedtoassisttheuserinkeepingtrackoftheseadjustments.The nora-
. tion in Table 1 is slightly different frmn that used iu Equation (I), The reason for this will become
' apparent as each term in Equation 1 is discussed.

NAME pROZECTDESCRIPTION.
DATE ..

I. LANE NOJROAD _EG&IENT I

S, Dlml

:12 O' 01(q_grlall Fi0 5
7. @zidggre._l Fig. 5
8, (_-IE_IdeAl Fig 2

10a, I0 LOG (Do/DI (dOA$ _ig 4
10b, 15 LOG (OJOI laBA) Fi94

111. tO LOG(_ (01, ¢_}1#)(_BA_ Fig6
lib, IOLOG(OInlOI,O_I_IIdBA) Fl"7

12, SL I_lD9rotd Fig tO
13, _n_dsgreesl f_o 10

14, _,(rnetr*_) fl0O _l----_I_" ........
15 No E_ 16

i6. _,@(dDhl Anr_n_i= i3

18, t_(h] (dgAI

19. L,_ I_F {dRAI

22. t_hl IdShl

25. t *olt_ IdOA)
26, L_olh) (dRA)

tt01_} (dBA)

Table 1. Noise PredictionWorksheet

b, Reference Energy Mean Emission Level

, Figure 1 indicated that tile first step in tl_ prediction procedure was to determine tile refer-
('_ --' once energy mean emission level foreach class ofveifieles thatuses the bighway. This requires s



knowledge of tile emission levels of the individual vehicles lraveling on the highway. The emission
level, L,,, is defined _kstile A-weighted peak pa_-by noise level generated by s vehicle as nmasured
by a microphone at a specified location. In the FIIWA model, tile microphone is located on s line
perpendicular to the centerline of the traffic lane at n distance of 15 metres from tile centerline of
the traffic hme. Microphone height is 1.5 metres. The intervening terrain between the traffic hmc
and the microphone should he flat _md free of reflective surfllces. When the measurement is made,
tile vehicles should he operating on s straight, flat roadway under constant speed conditions and in
cruise mode in the near lane. Care must he taken to lnsnre that tile measured emission levels are
free frmo extraneous sounds. Detailed procedures for measuring noise emission levels are given in
a manual under preparation hy FI1WA [1,12].

Unfortunately, the vehicles thst use the highways do not have identical emission levels. Emis-
sion levels depend oa several factors, such as tile type of vehicle, engine size, speed, tire type, etc.
Since it is not praetie,'d to determine the emission levels for all vehicles in eneh class, it becomes
necessary to measure the emission levels of a largo number of different types of vehicles at various
speeds and statistically determine the reference energy umen emission levels. This is usually done
on a computer using standard carve fitting and statistical techniques. This type of analysis has been
done [2] nsing the data acquired in the Four-State Noise Inventory [3]. Based on this analysis and
other data [2-6], vehicles can be placed in three acoustic source groups:

(1) Automobiles (A) --nil vehicles with two axles and four wheels designed pdmariZy for
trausportation 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 tracks (MT) - all vehicles having lwo axles and six wheels designed for the trans-
portation of c,'¢go, Generally, the gross vehicle weight is greater than 4,500 kilograms hut less than
12,000 kilograms.

(3) IIeaey trucks (liT) - _dIvehicles having three or more nxles and designed for the transpof /_
tation of cargo. Generally, the gross weight is greater than 12,000 kilograms.

The FIIWA model uses the following A-weighted national reference energy mean emi_ion "--_
levels:

(]'_fj),_:_= 38.1 log (S) - 2.4 (d)

{L_,)E_,v = 33.9 log(S) + 16.4 (5)

(L-_)oEll.r = 24.6log(S) _ 38.5 (6)

whereS is the averagevehicle speedof the vehicle classin km/h.

F.qualion (4)is from FIIWA ResearchRepurt No.t"I1WA-RD-77-19 [4]. Equations[5)and(6)are from
FHWA Research Report FIIWA.RD.78-64 [ 2 J,

The reference energy mean emission levels shown here are plotted in Figure 2. It ismephssized
that the truck levels am nations] averages based on the truck data acquired in the Four.StaLe Noise
Inventory [3].

The Four-State Noise Inventory indicated lhat there are regiomd lmnds in vehicle types. For
example, the majority of large tracks in Florida had four axles. Consequently, the reference energy
mean emission level given in Equation (6) tony result in overpredielion of the noise levels on Florida
highways. Users of this manual may develop their own reference levels using the FIIWA prescribed
measurement procedures [ 12].

The three vehicle categories discussed here are identical to those reported in NCHRP Report
173. Although the vehicle categories are tile same, tbe emission levels are not. The reason for this
is unclear. One possible exphmation is that the measurementswere madeat different times. The

4
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Figure 2. Nationar Reforenc_ Ener0v Mean Emission Levels as a Function of Speed

vehicle measurements shown in NCIIRI' Ropnrt 173 were made before 1974. The vehicle measure-
meats in the Four.State Noise Inventory were made in 1975.

One interesting point is the distinction made in NCHRP Report 173 between emi._ion levels
and source levels, NCIIRP Report 173 reported a 4 dB error between measured sound levels nnd
predicted sound levels. This 4 dB error was subtrsctod from the emission levels, and these quantities
were defined as source levels, l'ho source levels given in NCIIRI Report 173 aml the emission levels
given here have pprox Le y the same numerical wdues for tile emission levels of tile auto-
mobiles and medium trucks. The levels for the heavy trucks are approximately the same at high
speed but not at low speed, This is hccsuse the source level for heavy trucks in NCI1RP 173 is

"..... independent of speed.
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One word of caution.The referenceIneallomission levelsshown in Figure'_re)resentcrui_

conditionson a flatroadway between 50 km/h and 100 km/h. Below 50 kin/h,heavy trucks'emis- f'_.

sionsincreasebecause thesevehiclescannot operateina cruisemode at speedslessthan 50 km/k.

PROBLEM 1

What are the reference energy illo[In emission levels for automobiles (A), mtMitml trucks
(MT), and heavy trucks (HT) at 75 kin/h?

SOLUTION

Step I. Complete Line4, Table 1-I.

Step 2. The reference energy mean emission levels can he computed using Equations
(d), (5), and (6) or read directly from Figure 1-1. Record tile values oil Line 8, Tahh_
1-1 (the values shown here are based on Figure 1-1).
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SPEED Iknl/hl

Figure 1.1, Rofarsnca EnDrQy Mean Emi_ion Lavols as a Function of Spoed

(Continued)
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- _._ PROBLEM 1 (Continued)

i

i NAME PROJECTOE_RIPTION PROBLEM 1

E)ATE

,.*A"E","OAOS,O.E.T,]3__:. NIvl_)
4 Slkm_h) -- 7B -- I
5, Dim)

_ (5, _1(dz,_eell FI6.5

7. _(dlgr_l) Fill, 5

B. IL_}._/,.UA, Fig, 2 6O.I 80. i84,6
|Oi 10 LOG (Do/D) (_gA) Fi0.4

iI 10b 15 LOG (DO/O) (dBA) FIg,4

q

Ili IO LOG (1_ (_1. _2)/IM (dBA) FIg+6

!:'! 11b 10LOG(_Sn(_,_.._)IW)(dDA) Fig, 7 ._ -_ I "_

'e_ 12. I_L (_aei) Fig. 10
• ,1 t3. _ (dt0r|H) Fig, 10

!_;_ 1B.15"14"_{d_A)¥°_(m|trll) At:fA_di,oEq'loFI0'e._ ._5 " " ._5 _s ._i5 I .;s?:1_ 1B. L_lh) (dOA)
10, Lw t_) (daA)

i:i zo. _ IdaA_ F_O,a
[ Zl, L_M} (dOAJ

{}f _4, [LIO-_)I {dBJ Fig+15 . .

"_ Z6. LtO_] (dBA)
_'/ ZT. _1o1,_1(deAl

"?)
i
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: Tab_a 1.1. Noise Prodlcflott W_rkdl_et
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Summary

-- reference energy mean emission level
Leq(h)l = (L°JEI (Figure 2 sad line 8 of Table 1)

+ traffic flow adjustment

+ distance adjustment

+ finite roadway adjustment

+ shielding adjustment

The procedures in Section 2(b) can be used to predict the reference energy mean emission level.
This is the predicted equivalent peak sound level produced by the passage of s 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 adjustmcatswill be introduced,

c. TrafficFlow AdjustmentstotheReferenceLevels

Figure 2 is used to determine the reference energy mean omission level for a single vehicle
representative of a particular class. Tills value must then be adjusted for traffic flows by use of
the term

10 Iog(NirrDo/TSi). (7)

This expression is valid for any consistent set of units. The units used by highways engineers are
not consistent. Ni is the number of vehicles in the ith class passing a given point over a 1-hour
period;Do is equal to 15 metres; T is equal to 1-hour; and S i is measured in kilometres per hour.
Consequently, for ease of use, the expression 10 log(N/7tDo/TS i) is simplified to 101og (NiDo/Si} -25
(Note: -25 = I0 log 7r- 10 log 1000). Consequently, tile adjustment for traffic flow reduces to

101og(_)- 25. (S)

Note tbat in Table 1, Line 17, the -25 is treated us an equation constant. The units are the santo as
defined above.

D o is kept in Equation (8) for two reasons:
(1) It emphasizes that the mnission levels used in the FI_A model were measured at a

distance of 15 metres,

(2) It serves as an alert mechanism, WhenD is less than 15 metres, noisspredictionsmust
be made in accordance with the procedures in Chapter 6.

Since Do is a constant in the term 10 log (NiDo/Si} , the traffic flow adjustmeat fac tar varies
as the logarithm ofNi/S i. IfN i is held constant, the adjustment factor decreases with increasing
speed at the rate of 3 dBA per doubling of speed, IfS i is held constant and the vohnne increases,
the adjustment factor increases by 3 dBA for each doubling of volume.

The name given to the adjustment in this section--the traffic flow adjustment-is somewhat of
a misnomer becauseEquation(7)hasoneother important function. Recall tbat Tis the time period
over which the equivalent sound level is computed. By making T equal to one boar, the reference

energy mean emission level (a peak value) is converted to an hourly equiwdent seand level.
The adjustment for traffic flows can be read directly from Figure 3.
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PROBLEM2

h two-lane, east-west higilway carries the following hourly traffic:

Vebicle Eastbound Westbomld
Class Lane Lane

A 317 281
MT 24 12
liT 22 25

Tile lane widtit is 3.66 m and the operating speed is 75 km/h. Determine the reference
energy mean emission levels and the traffic flow adjustment factors for each class of
vehicles.

SOLUTION

Step 1, Erlter the lane designations on Line 1, Table 2-1.

Step 2, Enter the number of vehicles ia each cl_,ss in tim proper columns in Line 3,
Table2-1.

I

Step 3, Enter tile speed for each vehicle group in Line d, Table 2-1. f'_"
Step 4. Determine the reference energy mean emission levels for each class of vebieles
and enter tbese values on Line 8, Table 2-1 (values shown were read from Figure 1-1).

Step 5. Since there arc.,three classes of vellicles in each lane, and the number of vehicles

vary between classes, six traffic flow adjustment factors must be determined, Coraputc
: NtDo/S i for each vehicle group for each lane and eater Figure 2-1 with those values.
I The adjustment can then be read directly on tbe vertical scale, Alternately, the adjust-
! ments could be obtained directly from solving Equation (8} (note that Equation (8)

includes a constant of- 25). Itecord these values on Line 9, Table 2-1.

(Continued) /
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PROBLEM 2 (Continued)
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f.==,
PROBLEM2(Continued)

NAME pROJECTDE_R IPTION PflOBLEM 2
DATE

?

Table 2-1, Noizo prediction Workeheat

Summary

Leq (h)i = (L"_'o)EI reference energy mean emission let,el
(Figure 2 and line 8 of Table 1)

+10log (_) t raffie flow adjustment(Figura 3 and line 9 of Table 1)

_" distanca adjustment

+ finite roadway adjustment

+ shielding

-25 constant

(line 17 of Table 1)

At this point in the development of' the FHWA manual method, the user can predict the equiv.
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 class, lu _ection 2_d) distance adjust-

ments will he introduced.
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d. Distance Adjustment to the Reference Levels

:.f'_ '1 The referenceenergy meanemissimrlevelsare equivalentsound levelsbasedonsinglevehicle,
peak pass-bynoiselevelmessurementsmade at a distance of 15 metres from the roadway. Predicting
the noise1ovelat distancesgreaterthan 15 moiresrequiresthat the referenceenergy mean emission

; levelsbe adjusted for tile new distances.The distancesadjustment is generallyreferred tn as the
drop-off rate and isexpre_d in terms of decibelsper doubling of distance(dB/DD). Since the
referenceenergymean emission levels=ireequivalentsmlnd levels,the distance adjustment factor
can be expressedas

,0,og@''° O)

where

D is tlle perpendlctdar distance between the cnnterline of the travel hme snd the observer.

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

a is a site parameter whose value depends upon site conditions.

Theoretically, it can be shown that when tile ground between the roadway and observer it
acoustically hard, theslte isreflective (a= 0). Consequently, tim distance adjustment factor reduces
to

10 log (--_) (] O)

'_ and the drop-off rate is 3 dB per doubling of (3 dBA/DD).
distance Values close to this theoretical

wdue have heen measured in the field [3].
Field studies [3,5] have also slmwn that when the intervening ground is acoustically soft Hm

site is absorptive (c_-_ 1/2). In this situation, the distance adjustment factor reduces to

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 duo to geo-
msttic spreading and an excess attenuation of 1.5 dBA/DD due to ground effects.

It is important that tile users of this manual understand what the values given by Equations 10
and 11 represent. Consider the situation where two sound level meters (SLlVI's) are located adjacent
to a highway. One SLM is located at distance D and the other SLM is located at distance 2D. As a
vehicle approaches and passes the SLM's, the noise level increases up to a peak level and then de-
crosses. If simultaneous readings of tile peak levels were recorded, tile difference in levels hetween
the two SLM's would be 6 or 7.5 dBA (6.0 dBA duo to divergence and 1.5 dBA due to excess
attenuation if the site is absorptive). I Iowcver, if comparisons were made hetween tile equiwdent
sound levels computed from tile pass-hy envelopes, the difference in the equiwdent sound levels be-
tween the SLM's would range from 3 to 4,5 dBA. Equations (10) and (11) are based on equiwdent
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 earlier, the 3 dBA/DD takes tile form of 10 (IngDo/D) and tile 4.5 dBA/DD takes
tl e form of 15 log (D./D), 1]lose functions are shown graphically in Fir,mrs 4.

13



Table 2, Criteria for Selection of Drop.Off Rate PerDoublir of Distance

Situation Drop-Off Rate

1. All sltuetions in which the sourceor tile receiver are Io- 3 dBA
acted 3 metresshove the I._ound orwhenevertile line-of- {_ = O)
sight* averages more than 3 metres above tile gtouDd,

2. All situations involving propagation over the top of a 3 dBA
harrier 3 metres or more in height, (a' = 0)

3, Where tile height of tile line-of-sight is le= than 3
metres and

(a) There is a clear (unobstructed) view of the high- 3 dBA
way, the ground is Ilard and there are no inter- (co=B)
vening structures.

(b) The view of the roadway is interrupted by iso- 4.5dBA
iated buildings, clumps of bushes, scattered trees, (c¢= 1/2)
or the intervening ground is soft or covered with
vegetation,

*Tile lilm-of-sigllt {[,/S) is _ dJcect llne between tile noise source and the oboe,wet.

20 20

Ill
10 fit le

i '"'i
I LOGIlfi/DIIIII _ I [ _l-_L[[I]-]

-2¢ _ [ I IIIH.:zo

J I = I I I
6 a 780 3 4 5 6 789 3 4 5 6789

I 10 102 103

DISTANCE Iml

Figure 4. Adjustments for Distances Other than 15 Metr_s
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,' _ PROBLEM 3

(a) In Problem 2. wllat would be the distance adjustment factors at an observer located
60 metres south of the eenterline of the ensthouad lane if the liae-o f-sight (L/S)

: was less 3 metres above tl_e ground and the intervening grotmd w._s paved?

(b) What would be tile distance adjustment factors if tile intcrveeing ground was

covered with grass'?

The lane width is 3.66 In.

366m

•" eB---- [ _

60m

:_ Figure 3.1, Highway Site Geometry for Problem 3

Refer to Table 3-1.

:, Step 1. Since tbere are two problems, identify them in Line 1, Table 3-1,
in

" Step 2. DeterminQ tim perpendicular distance. D, from the observer to the centerline
,,_ of the EB and WB lanes, Record these values on Line 5, Table 3-1.

_'i Step 3, Consider the problem where tim L/S is less titan 3 metres and the intervening
: ground is paved. Table 2 indicates that a drop-off rate of 3 dBA/DD is appropriate.

:ii Use Figure 3-2 and locate the line that rellrcsents a drop-off rate of 3 dBA/DD (I0 log

_; (15/D)). Using the distances, D, determined in Step 2, read the distance adjustment
factors directly from the graph and record them on Lilu_ 10(a), Table 3-1. Alternately,
the adjustments could ba obtained direutly from Equation (10).

i,

: Step 4. Consider the problem where the I,/S is less than 3 metres and the intervening
ground is covered witb grass. Table 2 indicates that a drop-off rate of ,I.5 dBA/DD is

appropriate. Use Figure 3-2 and locate the line that represents 4,5 dBA/DD (15 log

(15/D)). Using the distauces. D. determined in Step 2. read tbe distlmce adjustments
directly from the graph and record them on Line 10(h), Tahle 3.1. Alternately. the
adjustments could have been obtained directly from Equation {11).

r' (Continued)
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_" "'_'_ PROBLEM3 (Continued)
....-

NAME pROJECTDESCRIPTION PROuLEM 3
OAT_

Tabre 3.1. Noise Prediction Warksheet

Sllmmal_

Leq(h ) = (_o)Ei referenceenergy meanemi_ion level
(Figure 2 and line 8 of Table 1)

+10log ("_/ trafficflow adjustment
(Figure 3 and line 9 of Table 1)
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distance adjustment factor, hard site
(Figure d end line 10(a) of Table 1) f _

I lO log (Do/D)+ distance adjustment factor, soft site
L 15 log (DoD) (Figure d end line 10(11)of Table 1)

+ finite roadways adjustnmnt

+ shielding

-25 constant

At this polar in tile development of tile FIIWA manual metbod, the user call predict tile hourly
equivalent sound level, at any point located 15 metres or gn'eater from a flat, infinitely long higbway
produced by tile passage of a group of vehicles from a particnler class. Ia Section 2(e) finite road.
way adjushnent will be discussed.

e. Finite Length Roadway Adjustments to the Reference Levels

Up to tbis point, it lies been assumed that the roadway is infinitely long in both directions in
relation to the observer. In many cases, tbis is not true, and it becomes necessary to adjust the
reference level to account only for tile energy" contribution of tile roadway tbal: is visible to the
observer. Additionally, it is often nece_ary to sep_ate a roadway into sections to account for
changes in topography, traffic flows, shielding, etc. Ill these situations, the roadway will he divided
into segments of finite length [ 6]. Tbefinitelengthroadwayadjustmentdependsontimorientation
of these highway segments relative to tile observer and on ground effects.

1. OricntationofI'lighweySegenwnt i ''_*"

Tile following procedure will be used to determine the an_,nalarrebltionship between the road- _'--.-"
way segment and an observer facing tile highway so/anent. (Refer to Figure 5)

Step 1. Draw a perpendicular line from the roadway, or tbe roadway extension to the
observer. All angles are measured fronl this perpendicular.

Step 2. Draw a line from tile observer to the left most end of the highway segment, The
angle measured from the perpendicular drawn in Step 1 to tbe line connecting the

observer and tbe left most end of the roadway segment is¢1. If ¢I is measured to
the left of the perpendicular it is negative. If Ct is measured to tile rigbt of the
perpendicular it is positive.

Step 3. Draw a line from the observer to tbe right, most end of the bighwey ,segment. The
angle measarcd from the perpendicular drawn in Step 1 to the lille connecting the

observer and tberigbtmostendoftbebighweysegmentis¢2. If¢2 is measured
to the/eft of the perpendicular, it is negative, if Ca is measured to tile right of tile
perpendicular it is positive.

Step 4. Check the angles ¢1 end 0o by use of tbe equation

..AO= ¢2 - ¢1 (12)

where

Ol and ¢2 are the angles in degrees identified in Steps 1-3 above.

In all cases A¢ will be positive and will be numerically equal to the inclnded angle "_ J
subtended by the roadway relative to tile receiver.

18



Based on this procedure, only three eases are possible:

:{ ) Case A - ¢l is negative, ¢2 is positive.
...... - Case B - ¢I is negative, ¢2 is negative.

Case C - ¢1 is positive, ¢2 is positive.

These three cases are illustrated in Figure 5.

A ROADWAySEGMENT e

:::::l i .....

OBSERVER

(1) CASE A

?
il

A ROAOWAYSEGMENT B

• OBSERVER

' (2) CASE e

!!!

i;
f_
;i
_ A ROADWAYSEGMENT a

!_ w OBSERVER

{31 CASE C

Figure5. Angl0Identificationof RoadwaySegments
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PROBLEM4 ,,_)!

Determine _bI and #_2 for tile segments shown in Figure ,t.l. Use &_ to check tile
ilnsweI'_,

A e C D

,11 Ih

35 ° 77 a

Figuce 4"1, Highwa V Site G_omBtty for Problem 4

SOLUTION

Refer to Figure 5 and Table 4-1.

Step 1. The procedure established for tile FHWA model requires that all anglos be

measured from the perpendicular line connecting 111oroudway and the ohsorver. Draw /,._,,-, ,
a _J_rpendieular line and remeasure tile angles, as shown in Figure 4-2. \_j

0"5 c

Figure 4,2, fdonliflcatlon of Anglel tot Problem 4

(Continuedl
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I ) PROBLEM4 (Continued)

Step 2. Using Figure 4-2 and the procedures for angle orientation, detorminethemlgles
and their signs,

1. Segment A: ¢1 = -90° ¢2 = -57°

CheckA¢ = ¢2 - ¢I = -57o - (-90°) = _+33_

(A¢ is the included angle for segment A, Figure 4-2).

2. SegmentR: ¢1 = -57°, ¢2 = -22°

CheekA¢_ = ¢2 ~ ¢1 = -22° - (-57° ) = +35°

(A¢ is the included angle for segment B).

3. SegmentC: ¢1 = -22° ¢2 = +55°

Cheek A¢ = ¢2 - _l = 55° - (-22°} = +77°

(A¢ is the included angle for segment C).

4. Segment D: ¢1 = 55° ¢2 = 90°

Cheek A¢ = ¢2 - ¢1 = 90° - 55° = +35°.

(A¢ is the included angle for segment D),

i' Step 3. Record the angles ¢1 and ¢2 on Lines 6 and '7,Table 4.1.

LANE NOJROAQ SEfiMENT Sd_minzA Sc_Mmt O S_ml_t C Sa_r_nt D

:i':} 4. Sf_m_l

:_ 5, D[rr,I

'' i 6" _1(de_,,,l Fig.§ _j "7 .;_ _§V. o, ioLeoI_O./S*(00_ F_.3 .......
r! ' I(1i" 10LOGl_/m(dgA) F;9,4

: lot], IS LOG (L:_/m (dBA) Fig.4
I0 LOG (_ (_l. _)/Itl (d_lA) Fig.(

{i Iih. IOLOG(_I_(_I._)/WI(dBA) Fig.;
,_ 12 f_[_tm) fill, IC

_! IdeOrnlltJ F_O,1C

I§, _S (Z_OA] App*ndix

IO. L_ _lidOA)
!0, ]_ (dSA) FI98 --
_1, tq_) (daA}
!_, L_L_J (dOAJ ....

11II il!4, ILlo-Z_)_ (ere) Flo, 15

'6, iLIOn) (dOAI!7, LIO_) {dOA)

Tlbl_ 4-1. Noite Pf_dlctlorl Worklheet
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2. GroundE[l'ccts
Tile problem of finite length roadways is complicated by the fact that ground effects must

be taken into account. 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 tile nature of the terrain between the
observer and the roadway. The finite length roadway adjustment is also affected by these factors"
Consequently, the finite length roadway adjustment factor takes the form of

10 log (.t_c_(_ q_2) / (13)

wllerc

_al_l, _2) is a factor that takes finite length roadways into account,

¢1, ¢_ are tile angles defined in Figure 5,

cv is the site parameter.

When c_= 0, the site isreflective (i.e., the drop-off rote is3 dBA/DD) and the term 10 Iog(ffo(r_l, _,_._)/rr)
reduces to 10 log (A¢/rr) where A@is defined in Equation (12).

Thisilnpliesfllatro dw yssu end gequa ngesco trbuteequl enerl,.,yregardleasofthelr
position relative Io the observer when the site is reflective. The function (Equation (13) is illus-
trated _,raphically in Figure 6.

1......... T--] I 1" " 7 7" I I.... I -7 --1--" _ 7--

\ '

,. I-I -- -I0

-20

01 02 03 D'I 05 Oa 0708 00 I .;_ 3 ,4 5 a .l S e t,

2*0
180

Figure6. AdjustmentFactorfor FiniteLongthRoadwaysforHardSites(a = 0)

When _ = 1/2, the site isabsorptive (i.e., the drop-off rate is 4.5 dBA/DD}. At ebsorbing sites,

tile correction 10 log (41/...(¢1, ¢2)/rr) reduees to an integration of_over tire angular limits of
tim roadway. This integration has been performed forc_= 1/2 and the results plotted as a family of
curves shown in Figure 7. One extremely important consequence el'absorption at a highway site is
that roadways std)tending eqtnd angles will not necessarily contribute equal energies, The amount
of energy contributed will depend on the position of the observer relative to the roadway set_qnent.
Figure 7 also indicates that tile adjustment for an infinitely long roadway is a-1.2 dBA. This re-
stilts from the assumption that thorn are no differences in emission levels (measured at 15 metres) t_ j
over hard and soft sites. (See Appendices A and C for further details.)
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PROBLEM5

(a) Using the angles _bt and ¢2 from Problem 4 determine tile finite length roadway
adjustments assuming that the site is hard (_ = 0).

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

SOLUTION

Problem5(a);

Step 1. Obtain @1and @2from Problem 4 and record these values in Table 5-1. Figure
5.1 will be used to determine the adjustment.

1. SegmentA: @l = -90°, ¢2 = -57°, A_b = 33 °

A¢ 33
180 = _ = .18

Adjustment (Figure 5-1) = _5 dBA

2. SegmentB: q_l = -57°, ¢2 = -22°, '*'_ = 35°

A¢ = 35 = .19

180 180 {_"".,,_a I

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

3. Segment C: _1 = -22°, ¢2 = +55°, A@ = 77°

180 = = .43

Adjustment (Figure 5-1) = -3.5 dBA

4. $egmentD: @1 = +55°, ¢2 = +90, ,_ = 35 °

_$ 35
18---5: i_-6= .z9

Adjustment (Figure 5-1) = -7 dBA

Step 2. Record tl_e adjustments on Line lla, Table 5-1.

SOLUTJON

Problem 5 (b) :

Step 1. Ohtain @1and ¢9 from Problem 4 and record these values on Table 5-2, Fig.

ure 5-2 will be usedto determine the adjustment. (Continued)
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r-_.. PROBLEM 5 (Continued)
)

1. SegrnentA: ¢1 = -90 ° . ¢2 = -57°

Adjustment (Figure 5-2) = -10.5 d3.A_

2. SegmentB: ¢] = -570 , ¢2 = -22°

Adjustment (Figure 5-2) = -'/,5 dBA

3. Segment C: ¢1 = -22°. ¢2 = +55°

Adjustment (Figure 5-2) = -4.0 dBA.._=_

4. Segment D: ¢1 = +55°, _2 = +90°

Adjustment (Figure 5-2) = ?

This particular value is hard to road on Figure 5-2, However,

_z/2(55 ° . 90 ° ) _z/2(-90 ° , -55 ° )
7r

(See Figure 5.3)

i_ . Adjustment(FibreS.2) =-I_0d_BARecord the adjustments on Line llb, Table 5-2. Note that Segment B and Segment D

._ have the same included angle but their adjustments are different.
il:1

' ','1',1/4
SEGMENTI i [ i i t i i i i

.01 .02 .03 .O4 ,05 .06 ,07.06.09,1 ,3 ,4 ,6 ,7 ,8 .e 1.

Figure5.1. AdjustmentFactorforFiniteLen0thRoedwnyeforHard_ital¢(C{= O)

. - (Continued)
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PROBLEM5(Continued)

NAME PROJECTDESCfllPTJON PROBLEM k (Hire IJtt)

DATE I

(Continued)
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PROBLEM 5 (Continuod) /_

$EGMENTD ._ _-_ SEGMENTDTRANSPOSED

..... _ f___ ./_

_,,,,-oO°..E_o. _ ____\ l _ 1,_ _"_'_S°'oo°'

Flguri _,3

NAMF PROJECTDESCRIPI"ION PROOLEMW:(Ik_hSlt:)
DATE

f "J_:*" '

Tablu5.2, NO[MPredictionWurkrJt_t

(Continued)
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(_! PROBLEM6

i Refer to Figure 6.1 below, U_ing the traffic data given in Problem 2, compare the
sourid levels that reach tile observer from Segment A and Segment B. Tim L/S is loss
than 3 metros above file ground and tbe itttorvening ground from Segment A has been
paved over. The intervening ground from Segment B is covered with grass. The high-
way is infinitely long. Lane width is 3.66 metres. U._ Table _1and the Figures to solve
this problem,

SEGMENT A _ SEGMENT 13
mmm --i_

' WB 4- 3,66m

HARO SLTE Ic_ - el D = COn SOFT SITS px - 1/21

FigurQ 6-1

i_Q TRAFFIC DATA

Eastbound Westlmued
Vehicle Lane Lane
Class VIII Will

A 317 281
MT 24 12
HT 22 25

5' = 75 km/b

SOLUTION

Tltis problem will be solved by using Figure 1 and Table 1 as a computational guide.

Step 1, Refer to Table 6-1, Complete Liiles 1-4 from the data given in the problem
statement.

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

(Continued}
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Problem6 (Continued) '_t

Step 3. Refer to Figure 5 and Figure 6-1 and determine ¢1 and ¢2.

SegmentA: _i = -90° ¢2 = 0

Check_¢ = ¢2 - ¢l = O - (-90) = +90° OK i

Segment B: ¢1 = 0° ¢_ = 90°

CheckA¢ = ¢2 - ¢1 = 90° - 0_ = +90° OK

Record the values for 4,! and ¢2 on Lines 6 and 7, 'Fable 6-1.

Step 4. Refer to Figure 2 and determine the reference energy emission levels. Record
these values on Line 8, '_Cable6-1.

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

Note Do = 15 metres, S = 75km/b

Record these values on Line 9, Table 6-1.

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

Record these valueson Line 10(a), Table 6-1, Tile adjustmentsforSegment Barebased "- ....
on 15log(Do/D),

RecordthesevaluesonLine10(b),Table6-i.

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

Step S. Since there are no barriers in this problem Lines 12-16 are not applicable. Re-

fer to Figure 1 and compute the Leq (h)i for each class of vehicles and enter these values
in Line 18, Table 6-1,

Example: Segment A, E,B.

Leq(/I) A = 69 + 18 - 6 - 3 - 25 = 53dl]A

Leq(/|)M T = 80 + 7 - 6 - 3 - 25 = 53dRA

Leq(h)llW = 84.5 + 0,5 - 6 - 3 - 25 = 57dBA

(Continued)
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_/ PROBLEM6 (Continued)
FJxamp]0: Segment B, W.B.

Leq(h) A = 69 + 17.5 - 9.5 - 4 - 25 = 48dBA

Leq(h)bi T = S0 + ,t. - 9.5 - '1 - 25 = ,15.5 dBA

Leq(h)ll T = 8,t.5 + 7 - 9.5 - ,t -- 25 = 53dBA

Step 9. Use 1,_quation (2) lo compute the Leq (h) for each lane and enter tllese values oil
Line 19, Table 6.1.

F,xample: Segment A, W.B.

Leq(h) = 101o9 IlO '_'z + 10 '1'9`5+ 10 '5'7] = 5S.7dBA

Step 10. Compute L e (h) for each segment and record values on Line 22 Tab e 6.1
In this particular problem, t m acoustics contribution of Segment A (62 dSA) is ,t dBA
more than tile contribution from Segment B. The total noise level heard by tile observer
is:

Leq(h) = 10log[10 a'21 + 10 TM ] = 63.6dBA

Note: Throughout this manual, values from tile various figures will be read to the
nearest 0.5 dB. The dB addition was clone on a calculator and it will be reported
to the nearest 0.1 dB.

,_ NAME PROJECT_ESCmP'r_ONegOaLeM6DATE

,!

i:ii

_/ Table 6,1, Noise Prediction Warkahael
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Summary

Len(h)i = (_)Es reference energy mean emission level _ +
(Figure 2 and line 8 of Table 1)

+10 log (_) traffic flow adjustment
(Figure 3 and line 9 of 'Pable 1)

]0 log distance adjustment factor, hard site+ (Figure 4 and line 10(a) or Table 1)

dlstaoeoad,ostm°ntfaot+rsofts,to
(Figure 4 and line 10(b) of Tahle 1)

1-10 log (-_) finite roadway adjustment, hard site
+ (Figure 6 and line 1,(a) of Table 1)

fiait°roadwayad+ostmo°tsoftsite
(Figure 7 and line 11(b) of Table 1)

+As shielding

-25 constant

Users of this manual can now predict the equivalent sound level produced by a class of vehicle

traveling at constant speed on a flat highway. /_

f, Shielding Adjustments to the Reference Levels

So far it has been shown that, as a minimum, the equivalent sound levels generated by a stream
of traffic decrease at the rate of 3 dBA/DD. This attenuation is accmmted for explicitly in tbe
FHWA model when the site parameter is zero (a = 0). This phenomenon is illustrated in Figure 8(a).

It has also been diseu.c_ed that in many situations ground effects can lead to an additional at-
tenuation of up to 1.5 dBA/DD. This only occurs when both the source and receiver are close to
tbe ground and the terrain between the observer and the roadway is relatively flat and soft [6,8].
As a result of this additional attenuation, the cquiwdent sound levels decrease at a rnte of approxi-
mately 4.5 dBA/DD at soft sites. Excess attenuation is accounted for explicitly in the FHWA model
when the site parameter is one-half (a = 1/2). This is illustrated in Figure 8(b). Note that the atten-
uation ratesshown in Fignm 8(a) and Fignre 8(b) are not additlve-the user can only cboose one,
based upon site conditions.

Attenuation due to temperature gradients, winds, and atmospheric absorption also occur but
these phenomenon are ignored in the FIIWA method. Attenuation due to wiml and temperature
gradients is ignored for two reasons-(1) atmospberie conditions vary widely from hour to hour and
from site to site and the (2) attenuation tbey provide is not permanent. Atmospheric absorption,
caused by water vapor, is not important in higbway work because of the long distances sound must
travel before the attenuation from thismechanism becomessignificaat. Although atmospheric effects
are not important in prediction, they can be very bnportant when making measurements.

Attenuation due to sldelding is also an important mechanism by which higllway souml levels
are lowered. Shielding occurs when the observer's view of a highway is obstructed or partially ob-
structed by an object or ohjects which significantly iuterfere with the propagatbm of the smmd
waves. Shielding can he provided hy dense woods, rows of buildings, anti/or barriers.
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SITUATION ATTENUATION

; -- -- 3dBA/OD

/
/

(a)

4,5dBA/DD

(b)

: 5dBA for 2rid 3era
IOdBA max

lit 3d0 for 40-65% Area

O ROW 5de for 65.90% Area

1,6dgA for EACH
ADDITIONAL ROW
1D(IBA max

:! (d)

_,. _ WALL 20 dBA max

i_ _ EERM23 daAmux

Figure 8. Attenuation of Highway Traffic Noise

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

Enough information isknown about dense woods and rows of buildings to account for the at-
tenuation they provide by simplerules of thumb. If the woods arevery dense, i.e., there is no eIeat
lineof sight between theobserverand the source, andif tile heightof the treesextends at least 5 metres
above the lilleof sight, then 5 dBAattenuation is allowed if tile woods have a depth or 30 metros.

_ .I An additiomd 5 dBA may be ohtained it"the depth of the woods extends for another 30 metres.
10 dBA is the maximum attonuatioDdense woods can provide. This is illustrated in Figure8(c).
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The amount of attenuation provides]by rowsof buildings dependsupon the actual length of
the row occupied by the buildings. 3 dBA is provided by tile first row when the buildings occupy
40 to 65 percent of the length of the row and 5 dBA when tile buildingsoccupy 65 to 90 percent
of the length of the row, No attenuation is allowed for rows of houses thut occupy less than 40 per-
cent of the length of the row. 1.5 dBA additional attenuation is provided by each successive row
until a total attenuation of 10 dBA for all rows is obtained. This is tile maximum attenuation that
this mechanism provides. This is illustrated 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. Tiros the attenuation provided by dense woods
and rows of buildings is only additive to tile attenuation provided by geometric 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. Thereafter the effects of additional
woods and rows of buildings is ignored [6].

2. Barriers

Barriers include sueb items as bcrms, walls, large buildings, hills, etc., that affect sound propaga-
tion by interrupting its propagation and creating an "acoustic shadow zone." The sound level is
lower in the shadow zone than in the respective free field. This is illustrated in Figure B(e). In recent
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 noise abatement, the principles are applicable to large buildings, hills, depressed sec-
tions, etc. i

Barriers have been constructed of a variety of materials and in three basic shapcs-eardl i,,___,
burma,freestanding walls, and combinations berm-walls. A low of the early barriers did not provide _ ,
the attenuation for which they were designed. I,wduatmn of these barriers has pointed out several * -"
crucial features of noise barriers [ 7-9] : I

(1) The transmitted noise must be I0 dBA less than the diffracted noise.
[2) The barriers cannot have cracks in them.
(3) The barriers must be high enough to break the line-of.sight between tile observer and

source and long enough to prevent noise leaks around the ends,
These problems may now be satisfactorily addressed by engineers, Two additional considora.

tions have recently emerged that must be addressed to ensure satisfactory barrier design [8]. It
appears that tile shape of the barrier affects the amount of attenuation. Itecent data suggests that
e_th herms provide about 3 dBA more attenuation than freestanding wails. Although it is not clear
at this time why this is true. it probably has something to do with absorption or edge effects. The
second consideration requires tile introduction of an expression fnmiliar to acoustical engineers but
alien to highway engineers--fiehl insertion 1o_ (I.L.). Field insertion loss is simply the difference
in the noise levels at tile same location before and after the barrier is constructed.

Field Insertion Loss (l. L,) = L (Before) -- L (After) (ld)
where

L representsLeq(h} or Ll0(h).

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

(a) Barrier Attenuation and Barrier Shape

provided by a freestandiug wall can be expressed as s function of tim Fresnel
The attenuation

number, the barrier shape, and the barrier length in the following fens (see Appmnli× B),
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/" 1 Cr_ 10 I"W d_ (15)
.%¢ = 10 log R "- ¢:. eL

where

A/jI is the attenuation provided by tile barrier for the/th class of vehicles,

ePR,ePl, are angles that establish tile relationship (position) between the barrierand the
observer.

f 0 NI _; -0,1916 - 0.0635e

V'_T"_ol i coseP

5(1 + O.6e): + 20 log tan 2_v_7_-oJi coseP (-0.]916-0.0635e) _; N i < 0

Ai =

V'_'_'_'_-_icos ¢ J

5(1+0.6e) + 20 log tenh_icos¢ 0 _;N i _ 5.03

_ 20(1+0.15e) NI _ 5.03

" where Ai is the point source attenuation for the ith class of vehicles.

!0 Ni " (g°)l c°sePe is a harrier shape parameter, 0 for a freestanding wall and ] for an earth herin.

; N O is tile Fmsnel number determined along the perpendicular line between the source
q' and receiver.

No_ is the Fresno| number oftile ith class of vehicles determined along the perpendicular
line between the source and receiver.

Mathematically the Fresnel number, Armis defined as

where

_o is the pathlength difference measured along the perpendicularliee between thesource
and receiver.

), is the wavelength of the sound radiated by the source.

The pathlength difference, _o, is the difference between a perpendicular ray traveling directly to the
observer and a ray diffracted over the top of the barrier,

_o = Ao +Be - Co (17)

wherethedistancesAo,Bo, andC o are the distances shown in Figure 9. Note thatif theheight of
tile noise source or the observer changes, the pnthiength difference will also change.

Highway traffic 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
hasbeenshown thattheattenuationoftheA -weightedsoundpressurelevelofatypicalcarisalmost

r_ identical to tile sound attenuation of the 550 Hertz band [ 10 ]. Based on this, it is generally assumed
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SOURCE BARRIER OBSERVER

Figure 9. Pathlength Difference, _o

that the effective radiating frequency of highway traffic noise for all classes of vehicles is 550 llz.
Therefore, Equation (15) reduces to:

N,, = 2 = 2 = 2 _"_-_) = 3.21(5,,) metres. (18)

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

(1) Automobiles- 0 metros above the centerline of the lane.
(2) Modium Trucks -- O,T metres above the centerline of tho lane.
(3) Iteavy Trucks- 2.44 metres above the centerline of tile lane,

The above positions attempt to take into account BndeentrBIize the Ioeationsof the many individual
BOUrnescontributing to the overall noise radiated by medium and heavy trucks, i.e,, tire, engine,
exhaust, ate,

For barriers of finite length, tile attenuation provided by a barrier depends on hmv much of _....
the roadway is shielded from the observer, Thus, it is necessary to establish tile angular relationship t
between the roadway and tile observer anti between the barrier and the observer. The BngUlBrrela- ' ....
tionship between the roadway and the observer was discussed in Section 2(e) and illustrBted in
Figure 5. The same procedure is used to establish the angular relationship between tile barrier and
tile observer, except thBt tile angles which establish the end points of the harrier are identified BS
¢_. and tn, This orientation assumes that the observer is facing tile barrier. '.rile angle measered
from the perpendicular to the left most end of the harrier is tt.. The anglo measured from the
perpenducular to the right most end of the barrier is ca- Angles measured to the left of the perpen-
dicular are negative Bad angles measered to tile right of the perpendicular are positive, Only three
caSes are possible and they are shown in Figure 10. The advBntage of this procedure is that the ob-
server can now be located at any point and the uttenuation provided by the barrier enn hecomputed.

With knowledge of No, eL, tJ/_ tile integral in Equation (15) can be solved, This integral has
been nunmrically integrated for a range of wdues of No = -0.2 toN. = 100, and is presented in ten
degree increments in Appendix B. The barrier attenuation wdues given in tbese tables are for free-
standing walls, When using the tables to determine the Bttonuation due to earth borms, add 3 dBA
to the values shown in the tubles[ 8 ].

For iufinitely long barriers, i.e,, _/. = -90 ° Bad _,,¢= +90 °, tile attenuation provided by tile
barrier cBn be read from Figure 11 for positive wdues of No. For negative wduos of No, see Y'igure 12,
Figures 11 and 12 are based on the tables ia Appendix B using tL =-90° Bad _I¢ = +90°'
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..... ! 0AR.,E. I

OBSERVER

(1_ CASE A

ROADWAY

OBSERVER

(2) CASE B

'_ ROADWAY

_t

OBSERVER

(3) CAEE C

Figure 10. Angle Identificatlonof Barriers
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PROBLEM 7

rteferto Figure7.1.Compute the sound levelatthe observerunder timfollowing
conditions:

(a) No barrier(i.e.,freefield).

;' (b) Infinitely long concrete barrier.
,i

'._ (c) Infinitaly long earth berm.

:/ The barrier is 4 metres high and the terrain between the roadway and tbe observer is
•,, paved (c_ = 0),

The observer height is 1.5 m.

_ INFINITELY LONG HIGHWAY

, WB 3,66 m

i_ .... E6

'/:_ _ 1Bin ,i

,_3 BOrn BARRIER

i_ OBSERVERFiSurl 7,1, Highway 66a Gwomltry for Problem 7
g:

_,_ TRAFFIC DATA

!:.i
Vehicle EB WB

Class Lane Lane

A 317 281

_ MT 2,1 12
' " IIT 22 25

SOLUTION

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

PROBLEM 7(_d

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 observer to the centerline of
the EB Lane (60 m) and the centedtae of the WB Lane (64 m). Record thesa values on
Line 5, Table 7-1.

__.j) (Continued)
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PROBLEM7(Continued) _ _i

Step 3, Refer to Figure 5 and Figure 7-1 of the problem. _1 = -90°, _2 = +90°.

Cheek4¢ = @2 - ¢1 = 90° - (-9o°) = 180° OK

Record the values for ¢1 and _b2 on Lines 6 and 7, Table 7.1.

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

Step 5, Refer to Figure 3 and determine the traffic flow adjustments to the reference
levels, Note D O = 15 m, S = 75 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
adjustments for distance are based on 10 log Do ]D(a = 9). Record these values on
Line 10(a), Table 7-1,

Step 7. Refer to Figure 6 and compute the finite length roadway adjustments. Since
c_= 0, _1 = -90° and ¢2 = +90°, the adjustment is 0,

Step S, Since there are no barriers in Problem 7 (a), Lines 12-16 ate not applicable,

Compute Leq (h)i for each class of vehicles and enter these values in Line 18, Table 7-1.

Example: EB Lane

Leq(h)A = 69 + lS - 6 - 25 = 56dBA /._-_.

_.
Leq(h)M T = S0 + 7 - 6 - 25 = 56dBA .... :

Leq(h)llT = 84.5 + 6,5 - 6 - 25 = 60dBA.

Step 9. Use Equation (2), page 2 and compute Leq(h ) for each lane and enter these
valueson Line 19, Table 1.

Example: EB Lane

Leq(h } = 10 log [105.6 + 105,6 + 106'0] = 62.5 dBA

Step 10, Compute Leq (/I)and enter on Line 22, Table 1.

Leq(/I) = 10log [106'25 +106,17 ] = 65,1dBA,

PROBLEM7(b)

Step 1. Refer to Problem7(a). The valuesshown in Table7-1, Lines 1-11 are uu-
changed.

Step 2, Refer to Figure 10. Since the problem statement indicated that the concrete
barrier was infinitely long _L = - 90_ and ¢_R = +90c'

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

(Continued)
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PROBLEM 7 (Continued( 1 p
WESTBOUND

E OFWB
LANE

HTtl 2,44m [_4m.

MT_,. ,7m _.Srn

I 15.49m _-- 4B.17m

83,66m
Figure7.3. Bartie¢GeometryUSedto ColculatoPathrengthDifforo.ces

(WeStboundLanes)

_A = _/(15.49) 2 ÷ ('i)2 + _/(48'17)2 + (4"1'5) 2 - \/(63.66)2 + (1.5)"

= .56 In

51,11, = _/(15.49) 2 + (4-.7) 2 + _/(48.17) 2 + (4-1.5) 2 - _,/(63.66) 2 + (1.5-.7) 2

51l T = _,/(15.,19) 2 + 4-2., d ' + _/(d8.17) 2 + (d-l.5) 2 - _/(63.66) 2 + (2A4-1.5) 2 /
i

= ,14m

Record tbe pathlengtb difference on Line ld. Table %].

Step d. Use Equation (18) and compute tbe Fresnel Nmnber. No. for each pathlangth
difference. Record these values o]1 Line 15, Tahle 7-1.

EB WB

(No) A = 3.21 (.70) = 2.25 (No) A = 3.21 (.56) = 1.80

(No)MT = 3.21 (.51) = 1.6,i (No)MT = 3.21 (.41) = 1.32

(No)HT = 3.21 (.16) = .5:1 (No)ll T = 3.21 (.14) = .45

Step 5. Using tbe data shown in Lines 12-15, Table 7-1. turn to the barrier tables in
Appendix B. Use N O to select the proper table. Locate OL in the left hand column and

read horizontally to the rigbt to the proper ¢ a column. The value slmwn in tbe ¢a

column is the barrier attenuation. AB. If No falls between two tables, the correct '*'B
can be obtained by linear interpretation

(Continued)
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PROBLEM7 {Continued)
)

EXAMPLE

0/,= -90o CR = +90° No (EB) = 2.25 &n = ?

N o _'1_

.25 x= x = -.3
1,0 -1.3

therefore AB(No = 2.25} = -12,4 + (-.3) = -12.7 dB

No AB

2.25 -12.6
1,64 -11.6
.51 -8.6

IO 1801.32 -11.
.d5 -8.2

Record titase values on Line 16, Table 1.

Step 6, Compute the Leq(h)i for each class of vehicles, and enter these values on Line
18, Table 7-1.

EXAMPLE: EB LANE

Leq(h)A = 69 + 18 - 6 - 12,6 - 25 = ,t3.4dBA

Step 7, Use Equation (2) and compute Leq(h) for each lane and enter these values on
Line 19, Table 7-1,

", EXAMPLE: EB LANE

Leq(h ) = 10 log[10 TM + l0 TM + 105"15] = 52.8dBA

Step 8. Compute the noise level at the observer and enter tbis value on Line 22, TabM 1,

Leq(h ) = 10 log [105,28 + 105.26 ] = 55.7 dBA

(Continuedl
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PROBLEM7 (Continued) tJ"_'_,

PROBLEM7(c)

Step 1. Problem 7(e) is identical to Problem 7(b) with the exception that tile barrier is
now an eiu'tb berm rather than a concrete wail. Consequently 3 dB additional attanua-
teen must be added to the vahtes given in the barrier tables in Appendix B. The noise
level at the observer is given in Table 7-1.

NAME PROJECTDESCRIPnON PROEILEM ?
DAre

(i) Free Field (b) Conctlltl 0=rllet (¢) ElirIII I_efrn
I. LANE _OJROAD 5EGMEI_IT EB W8 EB WB EB W8

NIvpliI 31'I 24 22 I 12 3 24 22 2 I 12 25 3 7 22 2 I 12

4 $(krllTh) - 75 - ?5 "/5 . i 15 - -- 75 - 75
6. D(m) 60 64 60 64 60

IEl _1111egreell I:i_l.51 .gO *_ ._ .91;I ._(I .90
L ¢+_ld_rlell Fig l +_0 t90 _ 100 *90

89 60.
_'l_(_GT_Da/._i(dfl) Fig._ 117,5 4. 18, 7. 65 17,5 4+ 7, 18. 7. 11>5175
T_J: 10 LOG(_/Ol(_l_AI _ -O. -6.5 -6 -6.5 -o - ,5
"_l 15 LOG (DalD] IdEIAI Fi9.4

11*._-_-o_T_T/_T Fl_e O. 0 0 0 0 0
111i. IOLOGIOI¢2f_I._)I_IIdBAI FI07

I_. ¢_L(dng/cel) Fig. 10 .QO .00 ._ .gO
13, _H Idegrceil FIg. 1_ +gO tgQ t_] 190

14. _lrrleirell Fig fl .7o .51 16 ,56 .41 .14 .70 .51 .18 .5il >41 _lt_'tr;_" ) 'Tti_ N, Eq IB 2.25'1._1' .51 I._ 1.32 .4_ 2.25 1.64 .51 I.BO 1.3_
16 a [dilAI Apiiendlefl "-- _ _'_ ._BS.11 0 .11 -fl_-15(-14_-115 14_-14

17. CON_i1ANTILI_I .25 ._5 .25 .25 ._5 .25 -_b -25 -_5 ,75 _'3b ,25 ,_5 .25 .25 1 ,_5 ._5ill L:3L(/IIIdOAI _- -_- "_ _ 5_ 5_ 43.4 44_4 51& _ 41 5 _ 4-O_ 4_ 4"e_ _1 38 5
ill _1_1len_l .... _._t.... _i:L ..... s2.e 52.0 4e,a 4go
_O ,_l IdllAI FiG8

21 L=_lh/ IdBA)

22:_ till!hi IdliA) 651 557 52,7

i_]:N?- L(_.IdQi F,¢ 15
70 L iOl/I_ [aliA)

: t01h) IdliAI

Tablo 7-1. Nell, Proditiion Workilleol

Users el' this manual may bave noted what appears to be a paradox in the attenuation values
shown in the tables in Appendix 13. For example, forNo = 2.00, Ct, =-900 and 4_: = 90°, the
attenuation isshown as -13.7 dB. If tile barrier is shortened to _$t,=-50_ and _/_ = 40 °, the
attenuation is shown as -17.2 dB. It appears that the shorter barrier provides 3.5 dB morn attenua-
tion than the longer barrier. Clearly tbis is impossible! Tbe explanation for this lies in tbe way these
tahles were prepared. The attenuation wdues shown in the tables are only applied to the portion of
the roadway shielded by the barrier. '/'his means th,'lt all roadways involving barriers of finite length
must be broken clown into segments. One or tbese segments mast he shielded by the barrier. Account
mast then be taken el' the traffic noise that comes around the ends o_ the barrier. This is illustrated
in prolllem 8. _t,i_,

44



( ] PROBLEM8

Refer to Problem 7 and Figure 8-1. What is the sound level at the observe="if Ule con-
crete barrier or Problem 7 extended from ¢_ = -20 ° to ¢l_ = +70_'?

SEGMENT A _ SEGMENTB _ SEGMENT C

T _ EB

OT TO SCALE

OBSERVER

Ftgura8.1, Highway eito Guortlotry for Probl=m8

SOLUTION

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

SegmentA ¢1 = -90°, ¢2 = -20°

SegmentB ¢1 = -20°, ¢2 = +70°

Segment C ¢1 = +70°, ¢2 = +90°.

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

Step 2. Lines 2, 3, 4, 5, 8, 9, and 10(a) are identical to these shown in Problem 7(a).
Complete these lines.

SEGMENT A

StepI. Cmnpute the finitelengthroadway adjustmentforSegmentA.

10log(&¢/180_) = 10 log(70°/180°)= -4 dB, Enterthisvalueon Line11(a),
Table8-I.

Step2, CompletetheremaiuderofTable8-IforSegmentA.



PROBLEM8 iContinuod) , 1

SEGMENT E

Step 1. Compute the finite length roadway adjustment for Segment B, 10 log
(A_/180 _) = 10 log (90°/150 °) = -3 dE.. Enter this value on Line 11(a), Table 8.1.

Step 2. Tbe problem indicates that a barrier exteaded from 0L = -20° to dpR = +70 °.
Enter these values oil Lines 12 and 13, Table S-1.

Step g+ The pathiength differences and the Fresnei numbers are identical to those
computed in Problem 7(b), Record these values.

Step 4, Refer to Appendix E and determine the harrier attenuations. 01, = -20°,
¢_.r¢= +70%

EXAMPLE

No _'_

2.25j 1 j  -17
3.00 --I6.5 .)

.25 x
"T = -'-E'_ x = -.4

,X_(N 0 = 2.25) = -14.8 + (-.d) = -15.2dB.

Record the barrier attenuations on Line 16, TalHe 8.1.

Step 5, Complete the remaining applicable items under Segment B and calculate the
energy contribution from Segment B,

SEGMENT C

Step 1. Compute the finite length roadway adjustment: 10 log (20°/180 °) = -9.5 dB.

Step 2. Complete tile remaindiag applicable items under Segment C,

Step 3. Compute tile hourly equivalent sound level at the observer.

Leq(Iz ) = I0 log [I06,11 + I05,1"I + 1O5'56] = 62.5 dBA.

The above result is not surprising. The barrier sbielded 1/2 of the roadway. Conse-
quently, 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. The actual reduction
was 65.1 - 62,5 = 2.6 dBA.

{Continued)
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PROBLEM8 IContinued), One znighLu_k could this problem }lave IJt,'unsolvedby computb=gthe sound ]eve]from
the infinite roadway (¢1 = -90°, ¢2 = +90°) and subtractingfrom it tile barrier reduc-
tion provided by the finite barrier (eL = -20°, CR = +70°). The answer is no. The
barrier reductions shown in the tables in Appendix B are to be applied to the sound level
from the shielded highway segment.

NAME PROJECTOESCRIPTION I'ROat(M I
DATE

SEGMENTA SEGMENTW 6EGM[NTC

r

i:
2

?

Tlblo e,1. NOi_ Prodlctioll Workghset

!I

(h) FieldlnsertionLoss

;:, As indicated in the previoussection, our real interest lies in what happensto the noiselevels
when a barrier is constructed between the highway and an observer. As with the distance adjustment
and the finite length adjustment, ground effects mast be taken in to account [ 9].

: Consider the situation where the ground between the highway end tile observer is reflective,

_] i,e. _ = 0. This situation is illustrated in Figure ]3(a). Table 2 indicates that under these general

:i

I I I C_=O

(a) WithouttheBarrier

(b)WiththeBarrier

Figure13. Effectof Constructinga BarrierWhen_ = O
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eireuntstancas the drop.off rate is 3 dB/I)D (Rule 3(a)). When a barrier is constructed between tbo i
highway and the observer, tile top of tile barrier "appears" to be tile noise source to tile observer.
This situation is shown in Figure 13(h). Again Table 2 indicates that tile drop.off rate is 3 dB/DD
(Rule 2),

Tbo situation described above occurred in problems 7 and 8. Partia] resnlts of these problems
are shown in Table 3.

Table 3, Before and After BoundLevelsfrom
Problems7 and8 (c_= 0

Situation Problem 7 Problem 8
Infinite Barrier Finite Barrier

Leq(h), Before Barrier 65.1 dBA 65.1 dBA

Leq(h), After Barrier 55.7 dBA 62.5 dBA

Net Reduction (1.L.) 9.4 dBA 2.6 dBA

These values indicate, tbat tbe net reduction in sound level of building the infinite barrier is
9.4 dBA (65.]-55.7) and the net reduetion in sound level of building the finite barrier is 2.6 dBA
(65.1-62.5), This net reduction is often erroneously e=dled barrier attenuation. Its proper name is
field insertion loss (I.L.).

I,L. = L (Before) - L (Afler) dB. (19) ("-"-

In tim past it was assumed that tile difference between tile before and after conditions could (, ,,,
be attributed solely to barrier attenuation. It bas recently bsen pointed out that this is only true
for hard sites [8].

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

HT

I I I

a = t/2

(a) Witlmut the Barrier

MT
i

A
I

(hi With thegarrier

Figure 14, Effect of Constructing a Barrier When _< = 1/2
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Again Table 2 indicates that tbe drop-off rate is 3 dB/DD (Rule 2). Tile 1.5 dB/DD excess attenua-
/--x tion has been lost. Thus a 60 metre band cf grass could provide an excess attenuation of 3 dBA

.) (5 log (15/60)}, Constructing tlle barrier effectively raises the source height and the ground effect
is lost. Consequently, if the harrierattenuation was 9 dBA, the observer at 60 metres would measure
a field insertion loss cf only 6 dBA (9-3).

Intuitively one would expect this phenomenon to accur only when tile observer was relatively
close to the barrier, As the observer moves away from the barrier, it would appear that ground
effects would occur at some point. Unfortunately there is co measured data which can be used to
locate this point. Consequently, it isrecommended at this time iilat users assume that the 1.5 dBA/DD
is lost for all observer locations.

PROBLEM9

Refer to Problems 7(a) and 7(b). Compute the field insertion loss (I.L.) provided by
the concrete barrier assuming that the terrain between the bighway and the observer is
covered with grass, i.e., a = 1/2.

FREE FIELD

SOLUTION

Step 1, The values shown in Lines 1 througb 9, Table 7-1, for Problem 7(a) willremain
m'*cbanged for tbis problem. Enter these values onto Table 9-1.

l

i step2 Sin otbedropoffrateIsnowhasn,ton co p,,tothedistance
adjustment factors and enter these values on Line lO(b), Table 9.1.

Step 3, Refer to Figure 7. Wl_en el = -90°, _s = +9On, ti_erc is an adjustment of
-1,2 dB for infioitely long roadways, Record this value oil Line ll(b), Tallle 9-1.

Step 4. Complete the remainder of Table 9-1 for tile Free Field situation and compute
Lhe sound level at the observer.

CONCRETE BARRIER

Step1. Sincethe"apparent"noisesourceisnow ataheightof4 metres,thesiteshould
betreatedasa hardsite(Table2). The valuesshown forProblem70)).Table7-1re-
main tmchanged.

Step 2, Tim field insertion loss is given by Equation (19}.

I.L. = Leq(h) Before--Lcq(h) After

I.g. = 61.1 - 55,7 = 5,4dBA.

, '- (Continued)
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PROBLEM 9 (Continued) _f,_

NAME. PROJECTDE_;RIPTION__ PROBLEM_
DATE

i'
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PROBLEM10

RefertoProblem8, What isthesoundlevelattheobserverifthesiteissoftIc_= 1/2)?
What is the field insertion loss?

SOLUTION

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

Determination of the sound level after tile barrier is built requires that the roadway be
broken down into three segments.

SegmentA _bl = -90°. ¢2 = -200

i Segment B ¢1 = -20°. ¢2 = +70°

ii SegmentC ¢1 = +70°, _b2= +90°.

Tbe values shown in Lines 1-9, Table 10-1 are identical to tile values shown ill Lines
1-9. Table 9-1.

:_ SEGMENT A

Step 1, Since Segment A is unshielded, the site pltrameter (c_= 1/2) remains unchanged
when file barrier iserected, Use Figure 4 to determine the distance adjustment and
record it on Line lO(b), Table 10-1.

Step 2. Use Figure 7 to compute tbe finite length roadway adjustment. P,ecord this
value on Line ll(b). Table 1O.1,

Step 3, Complete the remainder of Table 1O-I for Segment A,

SEGMENT B

: The barrier changes the site parameter from tbat of a soft site (c_= 1/2) to tlmt of a
! hard site. Consequently, tile values shown in Table 10-1 for Segment B are identical

to those shown in Table 8.1,

.i

SEGMENT C

'i Step 1, Since Segment C is unshielded, the site parameter (c¢= I/2) remains unchanged
': when the barrier isconstructed. Use Figure 4 to determine tile distance adjustment.
:: Record this value in Line 10(b), Table 1O-1.

!

......._ (Cominued)
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PROBLSM 10 (Corltinued)

Step 2. Use Figure 7 to determine the fhlite length roadway adjustmellt, l_ecord this
valut_ on Lille 11(b). Table 10.1.

Step 3. Complete the remainder of Table 10.1 for S_gm_nL C.

St(_p ,L Use ]'_quatim_ (2) to compute the total equivalent sound level,

Leq(h } = 10 log I105.e'_+ lflsA4 + 10.1s.6] = 58.2 dBA.

Step 5.

I,L. = Leq (It) Before -- Leq {11) After

= 61.1 - 58.2 = 2,9dBA.

N ,_14E __ PROJECTO_I_IpTION PNOILIM 1D
DATE

IE|6MENTA SEGMENTB |I_GldtNT C

Table '_O.1. Noim Predlclion WDck_ta_l
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Partial results of Problems 9 and 1Oare sbown in Table 4.

Table 4. Before and After Sound Leversfrom
Problems9 and 10 (a = 1/2)

Problem 9 Problem 10
Situation

Infinite Barrier Finite Barrier

Leq(h), Before Barrier 61,1 dBA 61.1 dBA

Leq(h), After Barrier 55.7 dBA 58.2 dBA

Net Reduction (I.L.) 5.4 dBA 2.9 dBA

Table 3 andTable 4 show the sound levels that would result in similar situations where only
the site parameter varied. The values in Table 4 indicate that the LL. provided by the infinite barrier
was 5.4 dBA (6L1-55.7) when ot = 1/2. Table 3 indicated that the I.L. provided by the ieflnite
barrier was 9.4 dBA when n = 0. The lass of ground effects accounts for a difference 4 dBA
(9.4-5.4).

1 Summary

Leq(h) i = (J_o'o)Ef reference energy mean emission level
(Figure 2 and line 8 of Table 1)

[(_¢'_ +10 log (_/o) traffic flow adjustment(Figure 3 and line 9 of Table 1)

_10 log ("_-_°) distance adjustment factor, hard site+ (Figure 4 and line 10(a) of Table 1)

L15 log ('_ "_) distance adjustment factor, soft site
(Figure 4 and line ]O(b) of Table 1)

;1O log (-_-) finite roadway adjustment, hard site• (Figure 6 anti line 1 l(a) of Table 1)

1Olog 1/2 1, _2) finite roadway adjustment, soft site
(Figure 7 and line ll(b) of Table 1)

As shielding

-25 constant

P
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Users of this manual can now predict the equivalent sound loyal produced by a cbLseof vehicles "'_'_ttraveling at constant speed at a shielded or unabielded observer.

g. Leq(h ) tOLzo(h) Conversion

Figure 15 is u._d to convert the Leo(h) i to Lie(h) i for aseb vehicle group (A, MT, and HT).
After the conversion is made, the soundleve] for each class is added (on an energy basis) to obtain
the Lie(h) (see Equation (3)).

The mathematical development of tile equations on whieb Figure 15 is based is contained in
Appendix F, NCIIRP Report 173 [5|. As with other predictive models, the.Lee(h) i -Llo(h) i con-
version is based on the ND/S ratio (Parameter A in the NCI1RP Reports 117 a_ld 173). Figure 15 is
based on tile assumption that tile sources--i.e., the vehicles in a particnIar group--bare equal power
and are equally spaced. Those conditions lead to conservative values for Lze(h).

The question immediately ariseson the accuracy of Figure 15. To answer tbis question it is
necessary to break tile figure down into two part_ and talk about low volume roadways and high
volume roadways.

tt

o.... t_ O 5

. t° 1 ,

.10

i , f ,,, , _ t , _,lr _ t t ,11

tO0 101 10_ I03 fO'4 I(]_

s'_'N
(50U$_CE; NCtlRP R_pORT NO 173)

Figure15. AdjunmentFactorfor ConwrtinoLeq(h)I to Lla{h}I

1. Low Volt,men Roadways

Low volume roadways pose special problems. Past experience bas shown that the difference
between the measured level and tile predicted level is often quite large on low volumes roadways.
Tbere are several reasons for this:

(I) Tl_e noise emiseion levels used in the predictive models are based on large sample
populations--i.e., tile 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 and the
actual levels of the vehicles using the roadway. Tbe FHWA model will not solve this
problem. One way to know that problem 1 exists is to monitor the noise emission
levels of tile vehiclesduring the measurementsto see if they conform to the average.
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(2) Predictive methods, such as the NCIIRP 117/144 method, which predict tile noiselevels in terms of a statistical descriptor, assume that the vehicles are evenly spaced)
on the roadway, The FHWA model solves this problem as long as the Lcq(h) is the
noise descriptor. The Leq(h) is a measure of the average energy and depends only on
the number of vehicles passing the observer--not on the vehicle spacing,

(3) Thereisno aSSurancethatthemeasuredsoundlevelson lowvolumeroadwaysare
representativeoftheaverageconditiononwhichthepredictionsaremade. Figures16
and 17 providesome insightsintothisarea.Duringthe4-StateNoiseInventory,
continuous 50-minute noise levels were recorded on magnetic tape. In subsequent
analyses of this data, the 50-minute smnplcs were divided into five 10-minute sam-

' plea. The overage of the ]0*minute samples were theu compared with the 50-minnte
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-mlnutc

_: sample and the averaging of tile five 10-minute samples, Thus, it is quite clear that
when ND/S is less than 40 m/kin, tile variability between the 10-minute samples and
the50-minutesampleincreases.The graphalsosuggeststhatthedividinglinebe- !
tween low volume roadways and high volume roads occurs at a ND/S value between I

; 40 end 80 rn/km, i

/ In termsof anLeG[h)toLl0[h)conversionfactor,theconversionfactorwould i
:: change for each 10-minute sample. Indeed there would be a separate value for each

class of vehicles. To avoid all of tbese difficulties, it is recommended that when the

:_ ND/S ratio is less than 40 m/km, noise predictions be made in terms of the Lea(h).
!! If this is not possible, Figure 15 can be used with tile assurance that the Lie(h) will
r be conservative [5].

*
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_' Figure16. DataSamplingComparisonLea
(Compositeall sites,allstares)
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2. lligh Volumes Roadways

Once the ND/S ratio is greater than 40 m/kin the three problems discussed under low volume
roadways are greatly reduced. Since there are now larger n.mbers of vehicles during the measure-

, meat period, the individual noise emission level becomes less critical and the overall effect is that
I the average values are approximated. The spacing of vehicles tends to become even, and the I0-
I minute meesurement Limes become representative of the hourly volumes, Thus that portion of
I Fi_urn ]5 itbove ND/S o£ 40 m/kin should be quite reasonable. Tim figure also suggests that as

• ND/S itwreeses the difference between the Leq(h) and Lie(h) approaches zero,
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f" _! PROBLEM 11

The data from Problem 7(a) is reproduced on Table 11-1. Compute the Lie(h).

SOLUTION

Step 1. Compute ND/S for each vehicle class on the EB and WB Lanes. D in this
I' equation is the perpendicular distance from the observer to the centarline 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, usa Figure 15 to determhm the

(L10 - Leq) adjustment factors (a = 0). Record these values on Line 24, Table 11-1,

Step 3, Compute the Llo(h) i for each vehicle group. (Line 18 plus Line 24),

i_ Step 4. Use Equation (3) and compute the Ll0(h ) for each lane.

Step 5. Use Equation (3) and compute the Ll0(h ) heard by the observer.

Table I1,1, NOFU Prediction Wo_'kshnt

E
J
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t SummawI

Leq(/I)l = (/_'_o)Et reforenceenergymean omissionlevel
i (Figure 2 and line 8 oUPeblo I)

+10 log traffic flow adjustment
(Figure 3 andline 9 (ffTable 1)

J

_10 ]o, (_'_'°/ dls,aneo,|djustmentfaetor, bardsJte
+ (Figure 4 andline t0(a) of Table 1)

_15 log (_) distance adjustment factor, soft site
(Figure4 andlinelO(b)ofTablei)

10log(--_) finiteroadwayadjustment,]lardsite+ (Figure 6 andline 11(a) of Table 1}

LIO log (.¢112(;1, ¢2}.) finite roadway adjustment, soft site
(Figure 7 and line ll(b)of Table 1) [

f+As shielding

-25 constant 1

Users of this manual can now predict the Lcq(h) or the Lie(h) produced by a class of vehicles t
travelingatconstantspeed. ,,
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3.0 EQUIVALENT--LANE DISTANCE

a. Introduction

D wss definedon pageI astlleperpendiculardistancefrom tileobservertothecenterlineofa
trafficlane.The sampleprohlemsgivensofarhavealldesltwith two-lanehighways.D, inthese
problems,bssrepresentedthedistancefromtheobservertothe centedineoftheeastboundornear

hmo. D hasalsorepresentedtiledistancefromtileobservertotilecenterlineofthewestboundor
farhme. As tilenumber oftrafficlanesincreases,computstionofthenoiselevelson ahme-by.hme
basisbecomesverytedious.Ithasbecomeafairlycommon practicetoJump thetrafficwithout
clmngeinspeedoroperstionson animaginarysinglelanewhichwillprovideapproximatelytilesame
acousticslreaulIaasananalysisdone on ahme.bydanebasis[5].

This imaginary single lane is located st a distance from the observer called the single-Jane
equivslent distance, D_:.

b. ComputstionoftheSingle.LaneEquivslentDistsnce

In the free field the slngledane equiwdent distance is computed as

:. D E = (v_SN)(Dr) (20)

i_ where
DN is the perpendicular distance from tile observer to the eenterline of the near hme.

:, D,v is tile perpendicular distance from thn observer to the centerline of tile far lane.
¢.

These distsnces sre illustrated in Figure 18(a),
When a barrier is present, the single-lane equivalent distance is computed as

D E = X/)N/_'D_. + X (21)
where

DN is tbe perpendiculsr distsace from the barrier to the centerline of the near lane.
DI,, is the perpendicular distance from the barrier to the eenterline of the far lane.

X is tile perpendicular distance from the observer to the bsrrier.

These distances are i[lustrnted in Figure 18(b),

Care shonld be used when using equivalent brae distnnee, particularly in situations where:
(1) Bsrriers are involved.
(2) Wide medisns are present.
(3) The directional distribution is not 50-50,
(4) When the observer is located within 15 metres of the centerline of tile near lane.

In problems involving more than 2 lanes, the use of a equivalent lane for each directional traffic
flow will eliminate any spprecisble error introduced by wide medians or directiomd unbalance of
flow.
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Figure 18. Equivalent Lane Distancos
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PROBLEM12

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

[

J _ i

4 @ 3,66m _l_ 20m ),

Fiouru 12.1

(1) D E (The barrier is not present)

i!

,,_ D E = _/(21.83)(32.81) = 26.76 m

(2) DE (The barrier is preseat)

_(_:! DE = _) + 15= 11.03 + 15

,:_ = 26,03 m

i,

i
t

;i

f_

el

hj

k:

1,2

i--- j
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4.0 NOMOGRAPHS AND PROGRAMMABLE iIAND-IIELDCALCULATORS

)
; a. Introduction

:- Basically the FItWA ltigbway Traffic Noise Prediction Model-Manual Method consists of two
equations-Equation (1) and Equation (15). In Chapter 2 these equations were reduced to a series
of charts and tables 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, homographs and
programmable hand.held calculators, are of particular value•

r

'i_ b. Nomographs

'_! Although nomographs provide the least accurate noise estimates, they have many valuable
_= uses, particularly when only a quick estimate of tbe noise level is needed, when the sites are relatively
;'_ small, or when a quick estimate of the effects of a noise barrier is desired, Three nomographs are

provided. Figures 19 and 20 are used to determine the unattenuated sound levels. Figure 21 is used
to determine the attenuation provided by a barrier.

J,

1, TheFHi!/AltighwayTrafficNoisePredictionNomograph(lfardSite)

"_:_ This nomograph should he used when estimating the noise level at an observer when the site is

_ hard(c¢= 0).Equation(I)fora hardsitecanbewrittenas

(NiDol , / D,,\ /'¢2 - ¢1_
,,_! Leq(h)i = (_o)E, + 10 log \'_7/" + 10 log [,-'D-} + 10 log _------_---] - 25. (22) i

=: IfD o = 15m, ql = -900, ¢o = +90 °, Equation (22) reduces to

I
_ Leq(h) i = (L_og t + 101ogN i - 10logSi - 101ogD - 1.5. (23)
.'.5

Recall that Equations (4), (5), and (6) are the reference energy mean emission levels

(_o)_: A = 38.1logs - 2.4 (24)

(_o)Em w = 33.91ogs + 16.4 (25)

(L-'_o)_u,r= 24.6 logs + 38.5. (26)

Substltutton of these values rote Equatton (23) results m the following equations:

Lea(h) A = 28.11ogs A + 101ogN A - 101ogD - 3.9 (27)

i: Leq(h)MT = 23,9 IOgSMT + 101ogNtd, r - 101ogD + 14.9 (28)
!
•-._. Leq(h)ll w = 14.6 legSii r + 101ogNir r - 101ogD + 37.0. (29)

' t

ik_'J' Figure 19 is bused upon solution of the above three equations. This homograph assumes that:
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i (1) The site is hard (_ = 0).

(2) The highway is infinitely long, _=_
(3) The observer isnnshielded,
(4) The vehicles travel a constant speed.

I0,(_

Ltq(_) 6,0OO
d_A DE
-- 100 6.O90

10 6,000

4,COQ

90 ° 3,000

80 30

HEAVY * _ I OOQ

_nUCKS ÷ 40 _== {]_3

50 e0Q
• 7O 6O 600

• 4O0
÷ B0

• M_mUS _._ ZO_Tfl_CK$ 6O 100 : i

=TAflTING _-- K IPOINT _0f_

• 90 .= 109• 90
• 70 -- _0

5+06{I _O0 --40 60 !
AUTOMOBILE$ 400 -- B0 !

_0Q- 4g fs_u'% :

12) I_JFINITE fleA,WAy (_l = -I}0_. _.2* _9D°l = _,_"
(:I) CONSTANTSPEEO B_-- 20
{41 NO SHIELDING *
16} {_'_)EA =315.1L(3{]($) -2.4 t.EC_...
(6} I_[EM =330L0_($).164
(?} (_O)EIIT = 74 § LOG(S}">3g5

1o

Figure19. FHWAHighwayTrafficNoisePredictionNomograph(HardSite)

2. _l'/zeFffWA Highway Traffic Noise Prediction Nomogrsph (So[t Site)

If _ = 1/2, Do = 3.5m, _1 = -90°, _o = +90 _, Equation (1) reducesto

Lee(/_)_ = (Z-_-o)_l+ 101ogNi- 101ogS_- 151ogD + 3.2. (30)

Substitution of Equations (24), (25), and (26) into Equation (30) results in

Le_(/=)h = 28.1 logs A + 10 lngNA - 1flog D + 0.8 (31)

Lea(h)M, r = 23.9 tog,g_, + 101ogN_qw - 15 logD + 19.6 (32)

Le4(h)H,r = 14.61ogSM,r + 101ogNHT -15logD + 41.7, (33)

Figure 20 is based upon the solutions of these three equations. This homograph assumes:
(I) Tbesiteissoft(_=I/2).

(2) The h(ghwayisinfinltelylong.
(3) The observer is unshielded.
(4) The vehicles travel at constant speed.
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_- Figure20. FHWAHighwayTrafficNoi_ePredictionNomograph{SoftSite)

One word should be said about tile format of Figures 19 and 20. This layout was chosen be.
[: cause it has bean widely used by noise specialists in the past. The dots shown on turn line A really

represents the starting points. The purpose of the "+'s" is to locate the appropriate speed dot.
,_ Users may want to relabie 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 it is between the "+'s."

(,

.*.k
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A

PROBLEM 13 _ _

Refer to Figure 13-1 below. Using the traffic data given in Problem 2, compare tile
sound levels 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 over, Tim intervening ground from Segment B is coverud with grass. The high. t
way is infinitely long. Lane width is 3.66 m. Use the homographs to solve this problem.

-- -- -- SEGMENTA _ SEGMENT n ___

WB _ 3,C_m

_ _n

HARD SITE 1_ • O) SOFT SITE {O¢- 1/21
D=60m

90 ° 90 °

Figure 13.1

TRAFFIC DATA

Eastbound Westbound _,_,_ .,1!
Vehicle Lane Lane

Class V/l[ V/ll

A 317 281
MT 2,t 12
HT 22 25

S = 75 km/h

Table 1 will again be used as a computation guide.

SEGMENT A

Step 1. Complete Lines 1 through 4, Table 13-1.

Step2. Computethesingle.laneequivalentdistance, D E,

D E = _/(60)(63.66) = 61.8.

Step3. _bl = -90, _b2 = 0.

Step 4. Use Figure 13.2 to determine Leq (/I)i for each vehicle group. Example:
EB Lane -- automobiles.

(Continued)
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r_ PROBLEM13(Continued)

1. Refer to Figure 13,2. Draw a straight line from the starting point tbrough the
75 km]h point on the automobile speed scale. Extend the straigbt line to turn
Line A. Note the "+'s" are used to locate the dots on Line A,

2. Draw a second straight line from the intersection point A-1 to 598 vph point on
:: the volume scale. Iviark the intersection of tbis line with turn Line B as B.1,

3. Draw a third straigbt line from point B-1 to the 62 metre point on the DF,scale.
. The intersection of the third line with tile Leq(h) scale gives the predicted Leq (11),1.

;:: Step 5. Repeat Step 4 for eacb of tbe vebicle classes

}
:; L_W(II)A = 59dBA

Leq(h)M T = 57dBA Leq(h ) = 65.2dBA.

Leq(h)liT = 63dBA
V;

i Step 6. TIle values shown above are for an infinitely long highway where the site is
:._ hard. Therefore, reduce each value by 10 log (90/180) = ~ 3 dBA and enter this value
: i
;,,. onLine 18, Table 13-1,

Step 7. Compute the Lt,q(/Z) froul Segment A.

_ Leq(h ) = lO log [105,6 + 105.'1 + 106.01 = 62,2dBA.

_,, (From Problem 6, Leq(ll ) = 62.1 dBA.)

i:
SI'_GMENT B

Step 1. Repeat Steps 1-4 from Segment A except that Fit,,.=ro13-3 must be used.

':_: L_q(h)A = 54.bdl_A "_
!

_:_ Leq(h)M T = 53, dBA _Lcq(/I) = 60,SdBA.
/

i: L_q(/*)nT = 58,5 dBA)

:i Step 2. The values simwn in Step 1 above are for all infinitely long highway where the
_,:' site is soft. Use Figure 7 to adjust these values for a finite length roadway.

1. ¢J1 = -90, _2 = +90, Adjustment =-1.2 dBA, (Built into nomograph.)

2. ¢1 = O, @2 = +90, Adjustment = -4.2 dBA.

3. {-4.2} - (-1.2} = -3.0dBA.

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

(Continued)
M._.J
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PROBLEM 13 (Continued)

Stop 3. Compute tbe Leq (h) from Segment B.

Leq(h) = 10 log [105.]5 + 105.oo + 10s.55J = 57.8 dBA.

- " (From Prol)lem 6, Le,l(h)l t = 58.1 dBA.)

+ COMPUTELeq(h ) FROM ROADWAY

SLop 1. Compute the Leq(h ) heard by tbe observer.

l.eq(ll ) = 10log [106.22 + 105.78 ] = 68,6 dBA,

(From Problem 6, Leq(h ) = 63.6dBA,)

(

(Continued) _m_
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PROBLEM13(Continuod)

:! NAME, pROJECTDESCRiPTiON PROQ¢_M13
DATE

B_QMENTA IEGM_NTa
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3. BarrierNomograph

Tim Barrier Nomograph (Figure 21) is identical, except for tile metric scales, to tbe Barrier
Nomographs contained in References 6 and 8. Barb the Barrier Nomograph (Fi_,_Jre21) and the
FtIWA mamml metbod start with the same basic expression-an integration of tile point source
attenuation function for an infinitely long barrier.

" I ._in

Attenuation = 10log tTJ__/2 10-A'l°d¢} . (34)

Tim major difference between the barrier homograph and the FHWA method is in tbe treatment of
finite barriers, i

The manual method is applicable to a straight roadway of any length protected by a parallel,
constant-height barrier. Tim FHWA method locates the barrier end points by tbe angles

eL, _PRrelative 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 ands of tbe barrier may
include ground effects--i.e., 3 dBA/DD or 4.5 dBA/DD is used, depeading on site conditions. The
barrier attenuation values shown in the tables in Appendix B are to be applied to the noise levels
emanating from the shielded highway section-l.e., tbe roadway must be broken down into seg-
ments, one of which is shielded by the barrier.

The barrier nomograph _Lqsumesa straight and hffioitsly long higbway witb a parallel and

constant-height barrier. The barrier nomograpb translates all finite harriers, regardlessof actual posi. !
tion to ¢/, =-90 °, _,r = A¢ - 90 °. This means that a barrier located by the angles _L, _rt would
be treated as a barrier located at -90 °, A¢ - 90 ° wbere A¢ =¢_1,- ¢;_. For example, a barrier i
located by the angles _1, = -25°, _R = 40° would he treated as if it were located at ¢/, = -90 °,
_R = -25°' A barrier located by tbe angles _/. -- -45, 0R = +45°, or a barrier Iocatsd at q_ -=0 °, r'_"''
?PR= 90° would both be treated as if they were located at ¢.5 =-90°, OR = 0°' Tbe barrier name- _.,_ '11
graph also asaumes tlmt tbe spreading losses over the top of the Imrrierare tim rate of 3 dBA/DD and i
the spreading losses around the ends are at the rate of 4.5 dBA/DD. Since the nomograph assumes
an infinitely long highway and the relation of tim observer to tim barrier is fLxed, the attenuation
provided by tbe barrier is applied to the noise levels coming from dm infinitely long bigbway. The
highway does not have to be broken down into sections. The nomograpb only provides an estimate
of the attenuation.
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PROBLEM 14 i_

Refer to Figure 14-1. Compute tbe sound level at tim observer ulldar tile following
conditions:

a, No barrier {Le,, free field).

b. In finitely long concrete barrier,

c. Finite concrete barrier wllen (b/, = -20 °, _lt = 70°.

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

is covered with grass. (c_= 1/2), Use equivalent lane distance, and the nomographs
to solve this problem.

'rile observer height is 1,5 m.

INFINITELY LONGHIGHWAY .e-. WB 3.66

16,. T E6 t

l
BARRIER

OL- 1/2 60m

OEEERVER

Figure 14-1

,
TRAFFIC DATA

Vehicle 1

Class EB WB

A 317 281
MT 24 12
HT 22 25

S = 75 km/b.

a. CompGte the free field SouNd levels.

Step 1. Use Figure 20--"FHWA Iligbway Traffic Noise Prediction Nomograph (Soft
Site)," to compute tile sound level at tile observer without the barrier.

DI,: = _= 62m,

Step 2, Leq(h ) = 60.8 dBA. (From Problem 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 DL,.

(Continued)
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, PROBLEM14(Contit_uod)

13,54m

f r

FIg_m 14.2

DE = _ + ,18.17 = 61.71m.

i
_. SOLUTION

!i Step 1, Determine the perpendicular break in the L/3.

( x .1.5_':: _A -- d - :: _ d - .33 :- 3.67nl
la 51 aI.7]

.i_ ( x13.:.54 61.7"8)_ 3.12m
5MT _ 3.3 - :: -

=@ ( )_,a _ x .9,1 _ 1.77 Ill.
_ 511T _ 2.5 - ,18.17 :: 61,7 -

V: Step 2. Use Figure ld-3 and determine the attentnltiml provided by the barrier. The
_" values are shown it1Table ld-1.

1, Starting at the imttom, draw a line from tile L/S scale (62 m) through the barrier
position scale (13.5 in) to Turn A. The intersection at the line with Tufa A is
marked A-l. From point A-l, project a line vertically upward.

• - 2. Starting at the left. draw a line from the L/S scale (62 m) throul_h the harrier breuk
in L/S (3.67 m) to Turn B. The intersection of this line with Turn B i_ nmrk_d B-].
From point B-l. project a line horizontally to the right.

e "O3. Th intarsect_ n of the line from A-1 and the line from B-1 locate the top of the
barrier nn an attenuation curve. Follow the attenuation curve on whicll the Lop of
the barriars lie upward and to the right to Turn C, The intersection of this line with
Turn (2 is marked C-1.

d. From C,1 drmv a line Lothe L/S scale (62 m). The intersection of this line with the
pivot line is marked P.1. Frum P-l, project a line horizouLally to the right until it

i O * t * ( * r h _intersects witll tile curve c rrcsponding to the pr )per An_le Subtended,
i

5. At the intersection with the Angle Subtended curve, project upward L_the Barrier
Attenuation Scale.

Aij (Automobiles) = -13.5 dB.

] (Contimmd)
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/a%
PROBLEM 14 {Conlinund) _ _

Repeat Stop 1 for medium trucks and heavy trucks,

L_/] (Medium Trucks) = ]l.B dB

,',,,_ (}Ieavy Trucks) 9.3 dB.

Step 3, Determine the sound level at the observer.

Note: Since tile site is soft, ground effects (a = 1/2) have to be taken into account. (Use
Figure 190

Leq(h)A = 59 - 13.5 = d5.5dBA

Leq(h)f,,l T = 57 - 11.8 = 'I5,2dBA

Leq(h)H T = 63 - 9.3 = 53.7dBA }

Leq (h) = 5,1.8 dBA (From l'roblem 9. Leq (h) = 55.7 dBA). i

c. Compute the sound levels with tile finite barrier.

Step 1. Since ¢/, = -20 ° and _lt = 70° tile angle subtended is 90 °.
f-..

Step 2. Use Figure 21 and determine the barrier attenuation using &_ = 90 °. /l
A B = 3 dB. _"

Step 3. Determbm tile sound level at tile observer. This problem is fairly eoml)licntod
because the site was initially soft (v¢ = 1/2). The roadway must now be broken down
into tbree segments as was the case with Problem 10. Figure 20 is used to calculate tile
sotmd levels from Segments A and C. Figaro 19 is ased to calculate the sound level

from Segment B. Since tile barrier attenuation values shown ill the barrier homograph

are applied to the infinite roadway values, the sound levels from the tbree segments
must be added before tile barrier attenuation is subtracted.

Segment A Leq(h) = 56.5 dBA (Figure 20)

Segment B Leq (h) = 62.2 dBA (Figure 19)

Segment C Leq(h ) = ,18.6 dBA (Figure 20)

Leq(h ) = 10 log [105.65 + 106.22 + lO't'st;J = 66.4dBA.

Therefore, the sound level at the observer is

Leq(h) = 63.d - 3 = 60.d dBA.

(From problem I0,Leq(h ) = 58.6 dBA.)
(Continued) f
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r , PROBLEM 14 (Continued)

,ha

._['f'lh" .mTI_/FTT T • . _. , , t
_,_-,-,t , t it+ + Ii:':_¢_ .[ ',I' Ill,ll,l'_!l ;; i:;:li I ;/! _'[

--" * P_I m 14.* r • w* i} _ lp *1
.P "_ L '÷¢*'1"........... , ......... I_,...............

r ,. ' ,_ .L : I ' =

_:__,..,.,-__ t-_I..... ,_,¢_ .::..,,,. ,,,,'_

[; f , i i , i. _, L¢,.I H I I * I. I I1.1,_ EXAMIIL[

_'J [ h°tl¢l: [......?:

Y_: Figure 14-3, Barrier Nomograph
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(Continued)
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PROBLEM 14 (Continued)

NAME-- pRQJECTDESCRIPTJDN , PROB_EMI4
DATE__
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iii _ c. Programmable Hand.Held Calculators
The use of programmable hand.held calculators to solve ['_quations (1) and (15) has several

distinct advantages. The calculators can he used to solve the equation directly to 0,1 of a decibel.
:: Thus, they are more accurate. Tile use of the calculators eliminates the need to obtain values from
•i several charts and tables. This reduces tile potential for makingan error, Finally, band.held ealeuJa.

tors are very quick, and make it pos._ible to alter some variables without changing all of the other
,_, input data. Thus tile time required to get an answer is further reduced. Figures 22 and 23 are Flow
i: diagrams that can be used as a t,qlidein writing a program.

._i Appendix D contains a listing of a program for one such programmable hand-beld calculator.
_:_ Equipment manufacturers are continually improving the capability and efficiency of these ealeula-

_:,i tors. The program shown in Appendix D could be improved considerably by using a calculator with
_ more storage capacity. Such ealculstors are available for less than ,$400.

,!ii

i:!

, Ii I
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i

I

MEg. TRUCKS, NO, DF I¢BAVY TRHSKS. UIETANCE, SPEED, -

SITE DESCDIP] 01; ((_), LEE ANGLE, EIgHT ANGLE)

Fog

DEFINE LABEL
DEFINE LABEL DEFINE LABEL

FOR

FOB AUTOS MEDIUM TBUEKS HEAVY TRUCKS I

I I_ _[__P

SALE. ENERGY MEAN | DALD. ENERGY MEAN CALB, EMEIIOY MEAN

EMISSION LEVEL & ITUBE / EMISSION LEVEL & STORE EMISSION LEVEL & STOBE(38.1 LOS S -- 2.41 (33.9 LOG S _"1G.41 124.6 LOG S _"38.5/

CALC. TRAFFIC FLOW CALC. TRAFFIC F LOlq/ BALE. TRAFFIC FLOW

ADJUBTP.IENT AND AgO ADJUSTMENT AND ADD ABJ UBTMEMT ANO AUD

TO EMISSION LEVEL TO EMISSION LEVEL FD EMISSION LEVEL

(N,oc/ ( (MMOo// (M,,Uo)
I ] --]---

CALB, DISTANCE AUJUSTM EMT

ANll)AO0 TO EACH VEHICLE's

CM,SSION LEVEL

D 11'_)'oLog(_?/ _

f EALD. SOFT SITE FINITE
ROADWAY ADJUSTMENT ANO

. CALD, HARD SITE AUO TO EACH VEHICLE'S

FINITE BOAOWAY EMISSION LEVEL
ADJUSTMENT & ADD

USE SIMPSON'B APPROXIMATION

t O'S'LE: :OurF LBL °/" J

--[
I OIBPLAY]OTAL Lg0

FOR HEAVY TRUCKS

1

[_.._ADD LED FOR ALL

VEHICLE TYPES

AND DISPLAY

Figure 22, Flow Chart for Free Field Calculations
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P l
I DEFINE ALL INPUT VARIABLES _DISTANSEFROM SBUDDE|

F TO BABBLER ICl),DISTANCE FROM BABBLERTO BE(;EPTO,R(C_),REIGHT OF BARRIER ABOVE DOADWAY ELEVATION

..... )h),SOURCE HEIGHT ABBVE ROADWAY iSiLRECEPTOR
UEIGHT WITH RESPECT TO ROADWAY (B},LEFT ANGLE

DUBTENOED BY BARRIER (0_),BLURT ANGLE SUBTENDED

--I _ BY BARB ER ('_R) J

CALCULATEPATHLENGTH

DIFFERENCE(" i) FOB CHECKFOBNEGATWDFBEENEL
EACHVEHICLE TYPE

IX

,B,_A,RD, fCALBOLATEFREBRELROI
,_ I---,, (X + It _((h - D,)G,JCI} * h}

V=I , ,,,.,,/_ /l INo=3.21,'),I lj RX*Bi R= =>)*)FRESNELNUMBERJ

z

(D i

\,', ", • =21 I ((X.h) - B_ >(-J FBEDNELNUMBER)

:_:: (¢_= "_C1 + C2)2 + (N -SiJ2}j

p_ .__

i//

: / IS FREDNELNO,

_} NEGATIVE?

!: I 1 / -"
DISPLAY IS DISPLAY

•_ RARR)ER _ < . BARRIER

i_ ATTENUATION 0 Noc°$ ATTENUATION

• _.(

_',?_ CALCULATEBARRIER ATTENUATION CALCULATEOAI1RJERATTENUATION

'_: ':,DLBo"',_",,.o,,PAN_._Ro,O,_,_'___D,_ ((''C'"'A_R'"'N°'°'ODo)):: ,_. If,.'L)I_JLLDO,RoOO,o,_j _._,DLOO_)(_). _
USE$1MPDON'SAPPROXIMATIONDR USEDIMPSON'DAPI DOXIMATJDNOff

i ] RAPEZOIDALAPPBOXRRATION TflAPDZDJBALAPPROXIMATION i

I .-- "_ .......... 1 ............

ADOTHE flESPECTIVEDARRJERATTENUATIONT0 EACH

VEHICLETYPE FOR HARD SITE LEOAND O/SPLAY

Figure z3, Flow Chart for Barrier Attenuation Calculations
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PROBLEM15

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

SOLUTION

Figures 22 and 23 show the equatior_s as used izl the chwciopnleut of tbe program shown

in Appendix D.

The values shown in Tables 15-1 and 15-,° are accurate to O,1 of a decibel.

Problem 9 (reworked usblg Imnd-held calculator).

Step 1. Free Field: Leq(h) = 61.0 dBA.

Step2. Infinite Barrier: Leq(h)= 55.SdBA,

Step 3. Insertion Loss: LL, = 51. - 55.8 = 9,2 dBA.

Problem l0 (rcworked using band-held calculator).

Step,t. Finite Barrier: Leq(h) = 58.2 dl]A.

Step 5. Insertion Loss: I.L. = 61.0 - 58.2 = 2.8 dBA.

HAME PROJECTDESCI_IPrlON paOILEMII
DATE

Table15.1. NaisaPredictionWorkshae¢

(Continued)
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/_'_ PROBLEM 15 (Continued)

=-- NAME pROJECTDESCRIPTION PRD|LEMt6
DATE

=EGMENTA SEGMENTB SEGMENrC

Table 15.2, NoisePredlclion Workdloet

!i

!'i
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J
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d. Summary (_'_t
TIIree different computational procedures have heen presented for arrivblg at a prudietudsouad

level usint]the FHWA Highway Traffic Noise Prediction Model--n manual method, homographs,end
a program for iLhanddm]d calculator. 'fables 5 and 6 are summariesof tile sound levelspredicted by
the computational procedures in Problems 9 through 15. Comparisonsof the values shown in
Tables 5 and 6 indicato that the three methodsprovide almost identical answers. Although the proL'-
lems used here are simpleexamples, tile manual method and tile useof progrnmmable band-bold
e=deulatorsshotdd _ways provide tile sameanswers. This is true beeausethe program for tbo hand.
held calculators is basedon tile manual method and containstile sameassumptions.

Tbe nomogrephs for predicting tbe sound level in the absenceof barriers arealsoaccurate.
However, the barrier nomograph(Figure 21) hasassumptions in it tbet ere not consistent with tile
barrier procedureused in tlle manual method. Although the differencesshown in Tables 5 and 6 are
insignificant, there may be situations where the barrier homograph would introduce significant
error. The barrier nomograph should neverbe used for final design.

Table 5. Comparisonof PredictedSound Levelsfor Problems9, 14, and 15 !
(Infinite Barrier), dBA Basedon Different Corn _utationalProcedures ':

MANUAL M_rHOD NOMOGRAPHS CALCULATOR

Problem9 (_= I/2) Problem14 (_= 112) Problem15 (c¢= 112)

Free Infinite Free Infinite Free Infinite
Field Barrier Field Barrier Field Barrier =.....

(
61.1 55.7 60,8 54.8 61.0 55.8 ' '}

Table 6. Comparisonof PredictedSound Levelsfor Problems 10, 14, and 15
(Finite Barrier), dBA Basedon Different Corn _utationalProcedures

MANUAL M_PIIOD NOMOGRAFIIS CALCULATOR

Problem10(_= 112) Problem14(c_= 1/2) Problem15 (¢z= i12)

Free Finite Free Finite Free Finite
Field Barrier Field Barrier Field Barrier

61.1 58.2 60.8 60.4 6].0 58.2
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5.0 ACCURACY OF TItE FHWA METHOD

a. Introduction

Tile final test of any noise prediction method is accaracy, flow well do the predicted noise
9

levels for a particular location compare with he measured noise levels for th t loc t on. If tile pr0-
dieted noise levels were equal to tile measured noise levels, the predicted values would correlnts
perfectly with the mnasared data-i,e,, the correlation coefficient (r) would equal one (r = 1). Tbe
mean difference between measured sound levels and predicted sound levels {_) would eqmd zero
(_'= 0), The standard deviation (s) of tile differences between measured sound levels and predicted
sound levels (x's) would equal zero (s = 0). At that location, it could be concluded that tile predic.
tion method performed perfectly. If tile location were chnnged, or if any condition nt tile locution
changed that would affect tile wlriables used in tim prediction muthod, tile nccarucy of tile predic-
tion method could also lie affected,

Consequently, before nny positive stntcamnt is made about the accuracy of the methed, it must
be tested under a wide variety of conditions at n large nmnber of locations. Tbe FHWA noise predic-
tion model bas undergone only limited evaluation. The following sections discnss the ewduntion
which has been done,

b, Accuracy Bnsed on Data Collected in Four State Noise Inventory [ 3]

_,Z Figures 24 and 25 are plots of the measured smmd levels versus predicted sound levels at Site#2i in Florida. This data was collected over n 2d-hour period in whicb traffic speeds remained fairly
constant but traffic volumes and track percentsges varied considerably.

Noise level measurements were made over a 24.hour period at a distance of 15 m, 3Ore, and
60 m from the centedise of the near traffic lane. Data wns also collected on noise mnission levels
of the automobiles, medium trucks, and heavy trucks.

The predicted valuesshown in Figure 24 are based upon national noise emission levels. The
predicted values shown In Figure 25 are hosed on the noise emission levels of vehicle, measured at
5 sites in Florida, one of wbich included Site #2,

Table 7 shows tile results of the ewduation using tbe national emi_ion levels. Table 8 shows
tile results of the evaluation using tbn Florida emission levels in the FI IWA method.

Tbe data in Tables 7and 8 illustrate three points that one could have intuitively suspected:
1, The FIIWAmodel is ant perfect,
2. The FHWAmodel is slightly more accurate in Florida using Florida's noise emission

levels.

3. The accuracy of the FIIWA model decreases with hlcreasing distsnee from the roadway.
However tbe overall accarncy is quite good at this site,

c. Accuracy Based on Data Contained in Research Report FI[WA.ItD.76.54
"Noise Experience Attenuadon: Field Experiences"

Because of tbe large amount of measured data contained in this report, only n partied evalun-
tion of this data has been done to date. The data analysis shown in Research Report FIIWA-RD-

_ 76-54 is based on the NCIIRP 174 procedure. This procedure and the one contained in thn FHWA
model are almost identical. Consequently, the results sbould be the same. The problems in Chnptar 7

; _ are based on the data contained in Research Report FHWA-RD.76-54.
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MEASURED vs. NATIONAL PREDICTED
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Figure 24. Comparison of the Florida Sit_ 2 Data with Predicted Values Using National Noise Emission Lovels
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,._/ < MEASURE D vs. FLORIDA PREDICTED
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Table7. Evaluationof FHWA PredictionMethod at

Site 2, Florida UsingNational Noise EmissionLevels

Location Sample
Size r ._ s

15m 22 -.05 1,64 I

30111 22 -.95 1,82 ]
60m 22 -1.3 2.39

All locations 66 -.78 2.02

Table 8. Evaluationof FHWA Prediction Method at
Site 2, Florida UsingFlorida Noise EmissionLevels

Location Sample
Size r 5 s

15m '_2 .95 +.58 1.39

30m 22 .93 -.23 1.63

60m 22 .86 -.57 2.31

All locations 66 .94 -.09 1.86

k
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6.0 FI'tWA MODEL-MANUAL METHOD (D <: 15 Metres)

a. Introduction

Tbe discussion of the FHWA model up to this point has been limited to situatious where D is
equal to or greater than 15 metres, Over the past several years, questions bare been raised concern-
ing situations where D is less than 15 metres, Appendix A treats one general cue where this occurs.
In this case, the observer is located along the extension of the roadway. D 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 occurs whenever the distance from the observer to the
closest approach point of the vehicles 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.
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_! Figuee26, SituationswereD < 15MatersbuttheVehicle=areStillTreatedasPointSources

b. When D is Lass Than l5 Metras and when Obssrver is Not lmmediately Adjaeent to the High.
way or Highway Section

Although D can vary from 15 metres to 0 metres (the observer is on tile extended centedine),
tile observer is often quite removed from the roadway. The sound level in this situation is com-
pu ted using the following generalequation:

L,,q(h)i=(_)E+ 10 log (_)

+10log _ LkR°] - - :_0 (as)
where

i, _..... R. is the distance in metres between the eenterline of the near end of the roadway segment
',k.._ and theobserver.
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R[ is the distance in metres between the centerline of tile far end of tile roadway segment
and the observer.

w
When c_= 0, Equation (21) reduces to

Leq(ll)i = (_'QO)F.I+ 10log + 101og I_R_,/- -30 (361

for u reflective site.
When c_= 1/2, Equation (211 reduces to

10 log 'NiD'J)L°q(hl_ = ('ff_°)F'l + t S_ ,

+lOlog [-'_L_'_. ] - _"_'[) .jj - 30 (37)

for an absorptive site.

The total Leq(/I I from all sources is rhea computed by decibel addition.

e. Accuracy

The accuracy of Equations (36) and (37) has not been established, There is agood possibility
that a calibration constant will be needed to account for vehicle shielding. This is p,'trticularly true
when D approaches 0. In this case the leading vehicle may significantly shield the noise generated
by the vehicles behind it. It is expected that Equations (3fi) and (371 are conservative, perhaps

overly so. f_'_l
r ¢t
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C?! PROBLEM 16

Wbat is the noise level generated by tbo traffic on tile section of one lane ramp shown
in Figure 16.1 at the observer. S = 50 km/h. IIourly volumes are 400 automobiles,
40 medium trucks, and 20 heavy trucks, The site is acoustically hard,

",_ - ]= RAMP A

Fisuru 16.1

SOLUTION

Refer to Table 16-1.

Step 1, Complete Lines 1 through 4, Table 16-1.

Step 2. D = 5 metros. Record on Line 4, Table 16.1,

Stop 3. Since D is less tilun 15 metres, tbe position of tbe ramp will be specified as R n

and Rf. R n _- 50 m and Rf _ ,lOO m. Record these values on Lines 6and 7,Tablel6-1.

O Step 4, Use Figure 2 and S = 50 km/h to determine the reference energy mean emis-
:_ sion level. Enter this value on Line 8, Table 16-1.

i Step 5. Use Figure 3 to determine the traffic flow adjustment factors; record those
_, values on Line 9, Table 11-1.

: i'_ Step 6. The distance adjustment factor and the finite length segment adjustment are

_: included in the expression:

}" iO log -

tberefore adjustment factor
i

16
:1

g(26)= l0 1o .
!'i

:_ = - 5,8 dB,

Record tbis value on Line 10(a), Table 16.1.

Step 7, Add up the values in each column and complete the Leq(h ) at the observer.

Leq(h ) = 1Olog [10 't'73 + 104.90 + 105'23] = 54.SdBA.

(Continued)
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PROBLEM 16 (Continued) _/'0"=_

NAME pROJECTDES(;RIPTION FROIILBJm11
DATE
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7.0 PROBLEMS

Most of the problems in this section are based on situations where actual measurementshave
been made, Table I isused in eachproblem as acomputational guide.

i
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PROBLEM17 (_l

Refer to Research Report FHWA-RD-76-5,t, "Noise Barrier Attenuation: Field
Experience." Compute the noise level at (1) the reference station and (2) Station 1,
height equal l0 feet, for run no. ,1at site 01. See Figure 17-1. Usa one equivalent
lane. Please note that in the metric conversion there is some rounding error in the
distances.

Scale

Site01: SR7- SM395 1" = 15m
STA, I

2,1 n

oo .oo Jo.,,ml_a.ta .I
/

F(_u_ 17.1

TRAFFIC DATA

(Page C-2, Report FJ.IWA-RD-76-4)

I_.unNo. 4

N8 f
V,* = 3241vph VA = 3252 vph

VII w = 305 vph Vii,r = 378 vph

Speed = 85 km/h

VA (Total) = 6493 vph

VIIT (Total) = 683 vph

SOLUTION

Compute the noise level at the reference station. Refer to Table 1.

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

Step 2. Since the reference station is beyond the limits of the barrier, Equation (20) is
to compute the equivalent lane distance. Although it is not discussed in the report, it
is assumed that the western most lane is an acceleration or deaecelaration lane, and it
is ignored.

i
I

DE = ._/(DN)(Dp)

= _/(13.11 + 6.71 + 1.83)(13.11 + 6.71 + 16.29 + 4.88 + 18.29- 1.83)

= _/(21.65)(59.45) = 35.88 in.

(Continued) _i
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_/ PROBLEM17(Continued]

Note: The author of Report FHWA-RD-?6.4 did not use center]inndistancesfor the
computation of DL,. Therefore, tbere will be somediscrepanciesbetween thecomputed
valuesshownhere and those in the report,

Stop3. Refer to Figure 5. Infinite highway ¢1 = -90°, _b2= +90°.

Step 4. Refer to Figure 2, end determine the referencemean noiseemissionlevel at
85 km/h.

Step 5. Re.ter to Figure ,3and compute the tmfflc flow adjustment factor (DO = 15 m,
SO = 85 km/h).

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

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

_ Step 8.

_'_ Leq(h ) = 76.2 dBA calculated

Leq(h ) = 75.9 dBA measured (Page D.2)

_ L10(h) = 78,9 dBA calculated
i!'

;i_ L10(h) = 78.8 dBA measured (Page D-2).

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

_ SOLUTION

2 Computation of tim LL. requires two computations: the noise level at Station 1 before
_'_ the barrier is built and the noise level after the barrier is built,

_;" Before the Barrier

Step 1, Refer to Table 1. Complete Lines 1 through 4, Table 1.

Stop 2. Computation old bern assumesthat the barrier is not present.

DE = _.(6.10 + 6 7]. + 1.83)(6.10 + 6,71 + 18.29 + 4.88 + (15.29- 1.83))

= _ = 27,71m.

; Step 3. The distance adjustment factor is based on 4,5 dB/DD since it is assumed that
:.. ...... (1) the barrier has not been built and (2) the report indicates that the siteis soft.

,c°n,ino.d,i
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PROBLEM17(Continued) _ !

Step4.

Leq(/I) = 77.9 dBA calculated

Leq(h) = 75.9- 15]og(1898)

(See Page 18, Report FHWA-I_D-76.54)

= 77,7 dBA measured

Lt0(h) = 79.6 dBA calculated

L10(h) = 78.8-15log(8_9)= 8O.6dBA measured.

After tile Barrier is Built

Step 1. Construction of the barrier now requires that the equivalent lane be based on !
the battler's location

[

DE ==_/(6.71 + :1.83)(6,71 + 18.29 + 4.88 + 16.,i6) + 6.10 m fP_./

= _ + 6.10

= 19.89 + 6.10 = 25.99 m.

Step 2. Construction of the barri_r }InSeffectively raised tile height of the noise source,
The distance adjustment factor is now based on 19 log (Do/D).

Step 3. The finit_ 12ngth adjustment factor is now based on 10 log (A_b/n')= O.

Step 4. Since the barrier is infinitely long, 0L = -990 and _R = +99=.

Step 5. Compute the patidength differences.

5A = ,_/19.89) 2 + (3.66) 2 + _/(3.66-2.1,3) 2 + (6.19) 2

-_/(2.13) 2 + (25.99) 2 = .44 m

_lt'I' = "./(19.89) 2 + (3.66-2.'4) z + _/(3.66- 2.13) 2 + (6.10) 2

-._(2,44- 2.13) 2 + (25.99) 2 = .22 m.

(Continued)
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.... PROBLEM17 (Cantlnuod)

Stop 6. Compute the Fresnel numbers

No= 3.21_

A: NO = 3.21(.4,1) = 1.41

., liT: NO = 3.21(,22) = ,71

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

' I 103{x{t,2.0 _ -12.3

_/j(lIT} = -0.3 dBA.

_ Step 8.

_: Leq(h ) = 70.9 calculated
!;

i _ ,

!_¢_ Leq (h)=67'6 mea_ur(_d

i! The calculated value is 3.3 dBA higher than the measured value. Two possible cause_
a_o now under investigation.

(1) The marco height for trucks - 2.44 metres - may be too high.

(2) The barrierattenuation in tile table is based on a thin screen barrier. The wall,
berm combination may act more like a berm in which Case 3 dBA should have
been added to the attenuation given in the barrier attenuation tables.

I,L, = 77.9 - 70.7 = 7.2 dBA predicted

I.L. = 75.9 - 15log(_-67.6= 10dBA measured

ICon,,.°o

97



PROBLEM 17 (Continued)

Tablo 17.1. Noise PrudJcli_n Worksheet
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_ _ PROBLEM18

What would he the I.L. at Station 1 (Problem 17) if tile harrier occupied the position
shown in Figure 18-1 below.

Equlvol_rlt Lancf (Infinlto hlQhway)

Wall and

Figure 18.1

i.

SOLUTION

J
,, Two sets of calculations must be made. 'Tile first set deals with the sound level at tile

station without the barrier. Tide level is identical to tile level computed for Problem 17
!i without the barrier. In the second set of calculations, the sound level after the barrier
_ is built must be computed. To do this the roadway must be broken down into 3 seg-

ments. Refer to Figure and the sketch above.

:_ ' Segment l _bI -90" (P2 -60°_l = =

{
Segment ]l ¢1 = -60° ¢2 = +60°

Segmentll/ ¢1 = +60° 42 = +90°.

_. Sound Level at Station 1 Without the Barrier

_,i See Table 1. This level is identical to that computed ill Problem 17 for Station 1
_'_ without the barrier.,r

SEGMENTS I AND ItI

Refer to Figure 5. Figure 7. and sketch of the problem. A9 angles are measured from
the perpendicular between the observer and tile roadway. Thus in Segment 1.
_bl =-90°. ¢2 = -60°' In Seglaent [II. ¢1 = 60°, 42 = 90°. Figure7 indicates that
the adjustment factor for finite length roadways for absorbing sites is -11.0 dBA in
both eases. 2'his is because the segments have tile same relative position. Note that for
a 30° segment located anywhere tdsu. the adjusttlmnt is different.

For exanlple if C)1 = -30..._:_ -=O. then tile adjustment is - 8.0 dB.

See Table 18-1 for values.
I=X.,.

k..)
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PROBLEM18 (Continued)

SEGMENT II

Step 1. D = 25.99 (Eased on harrier position).

Step2. See Figure5. ¢1 = -30°. _2 = +60°.

Step 3. Because of tile barrier, use 10 log (DO/D) for tile distance adjustment factor.

Step 4. Finite length roadway adjustment

/120\120

10 log /_-_- ) = -1.3 dE.

Step 5. See Figure 10. _L = -60, _bR = +60.

Step 6. See Problem 17 (witl_ harrier).

Step7, Barriar tables. 0L = -60, _R = +60

,41 x -2,8 _"_
1.41 1.O -15.0 l,___

2.0 J

x .41
-2.8 = -_. x -- -1.2

therefore hB (Auto) = -13.4 dB

AB (H. Trucks) = -10.9 dE.

Step 8.

Leq(h ) = 10 log[106'80 + 106.7'1 + 106.80 ] = 72,6dBA

[I.L. -- 77.9- 72.6 = 5.3dEAl

(Continued) _lli_:
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_f"_i PROBLEM18(Continued)

Table 18-1, NoiN Prodlct]on Wodcdleet
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PROBLEM 19

Refer to Research Report FIIWA-RD,76.5d, "Noise Barrier Attenuation: Field Experi-
ence," Site 02, I605-STA-769 (Page B-3). Compute the noise level at tile reference sta-
tion based on Itun 2. Compute tbe I.L. at Station 1, Height-9.0' for Run 2. This is a
bard site.

nEF,SrA. S'rA.i

SCALE 1" = 12,19 m _l__

4,42

SB NB 1,37m 2.74m

14,63 m 10,97 m ( 14,63 m )1 11,28m P

4@3.66 m 4@ 3.66 m
701m

Figure 19-1

TRAFFIC DATA
(PageC-3) Run 02 I

SB NB

VA = 4056vph lrA = 3527vph

VHT = 66 vph VHT = 61vpht

S = 103 km/h (Note: Use 1O0 kin/h) \_"_ :

VA (Total} = 7583 vph

VilT(Total) = 127 vph, i

(a) Compute the Noise at the Reference Station

See Table 19-1.

Leq(h ) = 79.6 dBA calculated

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

(b) Compute the I.L. at Station 1, lleight = 9'

Leq(h } = 77.3 dBA calculated without barrier

Leq(h) = 75.9 dBA measured without barrier

Leq(h) = 65.1dBA calculated witb barrier

Leq(h) = 63.2dBA measured with barrier

(c) I.L. = 77.3 - 65.1 = 12.2 dBA calculated

I.L. = 75.9 - 63,2 = 12,7 dBA measured

Note: Since this is a bard site, tile barrier attenuation and tile field insertion loss are

equal. (Continued) _i
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PROBLEM 19 (Continuod)
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PROBLEM 20 _

Refer to i/,ssearch Report FtP, VA-R,D-76.54, "Noise Barrier Attenuation: Field Experi.
once." Site 06: 194.STA-213, Use two equivalent lanes, soft site. Note: Berms add
3 dBA to the attenuation.

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

(b} Compute the insertion loss at Station 2, beight = 1.52 m, Run 3 assmning that

the earth berm is infinitely long.

(c) Compute the insertion loss at Station 2, height = 1.52 m, Run 3 reran earth bern1

that subtends tile following angles eL = -50% _bR = +70 °,

SCALE 1"" 12.19m

T ne,. S,,. STy2

I

: I_ IS.97m L ' 10.97m , = Hl.OTm , i 21.64m , , 7.62m . ,7.62nl 'l

Figura20-1

SOLUTION ,_
I

See Table 20-1. i

(a) Reference Station j
J

Leq(h) = 72,1dBA calculated

Let/(ll) = 71.SdBA measured.

(b) Leq(ll) (Before) = 70.9 dBA calculated Ii
,

Leq(h) (Before) = 70.7 dBA measured i
I

i

Leq(h) (After) = 653 dBA calculated i

Leq(h) (After) = 63.4dBA measured

I.L, = 70.9 - 65.8 = 5.1dBA calculated

LL. = 70.7 - fi3,4 = 7.3 dBA measured

(o) Leq(h) = 10 log [10 fi.:] + 106.a_ + 105.85 ] = 67.1 dBA

LL. = 70.9 - 67.1 = 3.8 dBA calculated.

(Continued}
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PROBLEM 20 (Continued)

NAME ,. PROJECTDESCRIPIrlON PROWLEM20
DATE , .

,__FERENCESTATION STATION_, t(T. 1 52m STATION7. HT. t bTr,_
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PROBLEM20 (Continued)

NAME pROJECTDESCRIPTION P,¢iGdlLf'M ;1_¢1 pINIT! L|NQ1HEARRI|N
DATE

' SEGMENT I ISEGMENTII |IGMENt*IU

Tsl_fe 20-2. Noim Pridlctlon Wo fk_laet

106



(f"_ REFERENCES
1. "Sound ProceduresforMeasuringHighwayNoise,"ReportNo. FIIWA.DP-d5-1,Feder_d

i Ilighway Administration, Washington, D.C. 20590, May 1978.
2. "Statistical Analysis of FHWA Traffic Noise Data," Research Repot t FIIWA-RD-78-64, Federal

! Highway Administration, Wasl|ington, D.C. 20590, July 1978. i

3. "Highway Noise Measurements for Verification of Prediction Models," DOT-TSC.OST-78-2/
DOT-TSC.FI1WA-78-1, Federal lIigbway Administration, Washington, D.C. 20590, January
1979.

4. "Update of TSC Highway Traffic Noise Prediction Code ( 1974}," Research Report FI1WA.I_.D.
77-19, Federal Highway Administration, Washington, D.C. 20590, January 1977.

5. "Highway Noise-Generation and Control," National Cooperative lligbway Research Program
Report 173, Transportation Research Board, Washington, D.C., 1976.

6. "Highway NoiseiA Design Guide for Prediction end Control," N tional Coo er Livellighw y
Research Program Report 174, Transportation l}.esearch Board, Washington, D.C,, 1076.

li 7. "l'lighway Noise Barrier Selection, Design, and Construction Experiences," Implementation
"_ Package 76.8, Federal Highway Administration, Washington, D.C. 20590, 1976.

S, "Noise Barrier Design Handbook," Research I_.eport FHWA-RD-76-58, Federal I[ighway

_ Administration, Washington, D.C. 20590, Febnlary 1976.

9. "Noise Barrier Attenuation: Field Experience," Research Report FIIWA.I_.D.76.54, Federal

_. Highway Administration, Washington, D.C. 20590, February 1976.

:O 10. "Manual for Highway Noise Prediction," Report No. DOT-TSC-FBWA-72-1, Federal lligbwuyAdministration, Washington, D.C. 20590, March 1972.

•" 11. "Attenuation of Highway Noise by Narrow Forest Belts," Report No. FIlWA-RD-77.140,
_'! FederalHighwayAdministration,Washington,D.C,20590,Marcb 1978,

I 12. "Determination of Reference Energy Mean Emission Levels," Report No. FIIWA.OEP/IIEV-
,'.. 78-1, Federal Highway Administration, W_shington, D. C. 20590, July ] 978.
:,_

pl

f;

J:
107

i



H

Appendix A

TRAFFIC NOISE MODEL FOR UNIFORMLY FLOWING {CONSTANT SPEED) TRAFFIC

The object of tbis appendix is to present a means whereby, given certain traffic flow inform_l-

tion, it is possible to calculate or predict tile equivalent sound eve, Leq , for un form y f ow ig
traffic. This objective will be accomplished througb the development of an Lcq noise prediction
model. In developing this model, the following steps will be taken:

Step 1 -An expression will be derived that specifies tile position of a single vehicle on a flat,
infinitely long highway, as it passes an observer adjacent to tile highway.

Step 2--Using first principles of acoustics, the equivalent sound ]eve] for a single vehicle will
determined.

Step 3-Noise level statistics for real traffic flows will be incorporated to expand the single
vehicle model to cover actual traffic situations.

Step 4-A correction factor for finite length roadways will be derived.
q

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

i O Step 6-The final step will be to summarize the Lcq noise model in two equations and illus-trate their use through an example.

_i Step 1, Single Vehicle on a Single-Lane Highway

_. Consider a single vehicle traveling with a constant speed, S, past an observer situated next to a
straight, flat, infinitely long, single-lane roadway as illustrated in Figure A-1. In the illustration, D

_i is the perpendicular distance from the observer to tbe roadway ccnterlinc, and R is the distance
_! between the observer and the vehicle. Since it is assumed tbat tile vehicle is traveling witb constant
_) speed,R willvarycontinuouslywithtime,

ii'

I.

,: // ./! i

i t_ FigureA-l, RelationshipBetweenObserverandVehicle
I

A-1

,i
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To mathmnetically specify its time dependence, consider tile plan view of tile site shown in f_'_
FigureA-2. For convenience, thetime frameisdefined such thstt (t is the timeinsoeonds)isequalto
zero when the vehicle is closest to the observer, that is, t = 0 when R =D. When t > 0 tlmvehicleh_
moved some distance x, which is simply tile speed of tile velliele, 5', multiplied by tile time, t. Thus
tile observer-vebicle distnnee is given by tile expression,

R = v'-5-_+x'-'= _ + (St)". (A.I)

t<o t=g t>O

OeS_RVER

FigureA-2. PlanViewofRelationshipBetweenObserverandVehicle

[ _l:

Step 2, EqulvaMnt SoundLevel for e SingleVehicle

Having specified the source.observerdistsneorelationship for thls simplesite, someacoustic
considerationsmay now be introduced. The first major assumptionis the noi_ chemcteristlcsof
tbe single vehicle are adequately representedby an acousticpoint source. With this essumption,
first principles show tbet the relationship betweentile meansquaresoundpressure,U_2),at some
distance R, and tile reference mean square pressure, _P,_),mdnlted by tile po nt source vch=cle at
somereferencedistanceDo isgve hy

Do (A.2)
-_. = (st)""(p2) = (po) D; (p_) D s +

To insure tile validity of the point source vehicle model, limits must be placed on the minimum
reference distance D o. Intuitively, as the observer gets closer and closer to the vebiele (decreasing
Do) ' tile vehicle looks less and less like u point source and more and more like an extended source.
When this begins to happen, tile mathematical statement of tile point source aSSumption (Equa-
tion (A-2)) breaks down and is no longer wdid. Practically, the reference distance should not be less
than 15 metres, and as a matter of practice I5 metres is usually tile distance at which tile reference
measurements are taken. By applying this restriction, it is implied that the minimum observer dis-
tance, D, should "alsohe 15 metres.

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

¢pz_p2
L 10 log _ dB [decibel) (A.3) _,'

(P2od
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_/ where= means defined;Prufisthereferencepressureand iseqaalto2 X 10-5 pascal(Pal.Applyingthisdefinitiontothemean squarepressureradiatedby apointsourceeel'cle(Equa-
tion(A-2)),thesoundpressurelevel,L,attheobserverisgivenby:

(P_or) L(P_of)D2 + (st)2J
• Using the rule log (AB) = log A ÷ log B, Equation (A-d) may be written

(e_>_. D_ (A-s)
i_:' L = 101og (P_ef)+ 101og D 2 + (St)2

and finally,

On
"= L =L o + 10 log D 2 + (5"t)2
. ' (A-6a)

where

:_ Lo _ 10 log . (A-6b)

f.l In highway work, to, is called the noise emission level of the vehicle and is referenced to the
distauce D o. In general L will depend on the vehicle class (c_m, truck, has, etc.) and the vehicle

_@ speed, gquation(A.6)givesthesoundpmssurelevelthatwouldbemeasur_dbytheobserversituated: D metres away from the roadway. D o and L o are constanL% and since R-' =D 2 + _2t2, Equa.
, finn(A-6)isessentiallyoftheform

_?: L = constant + lOlog ,

))_i As the source.observerdistanceR increases,the sound levelL decreases,1or each do hling el
source-receiverdistance,L will decreaseby 6 decibels, i.e., 10 log (1/22) = -6 (lB.

_ EXAMPLEPROBLEMNUMBER1

.'_, Problem= Supposethe emissionlevel L,o at 15 metres for an automobile travehngat
80 km/h is 67 dBA. Investigatethe sound level as ofunction of distanceand time.

"_ Determine at what source-receiverdistance the vehicle's sound levelwill be 10dBA
'_ below an existing sound level of 50 dBA. (The sound pressure leveland the soundlevel
_I have the same meaning.)

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

_'. L _ Lo + 101og
D 2 + (St)2

i_ I CoIW[tlLI Bd '

A-3
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EXAMPLE PROBLEM NUMBER 1 (Continued)

aad from the information il'=the problem, we know

L o = 67 dBA

DO = 15 m

S = 80km/h = 22.2m/s

so that

152

L = 67 + 10log D 2 + (22.2t) 2

Usingti_erelationlog(A/B)= logA -logB, tilelastexpressionbecomes

L = 67 + 191og152 - 101og[D 2 + (22.2t)2]

L = 90.5 - 10log[D2 + (22.2t}2]dBA.

(a) Intermsofsource.receiverdistance,replaceID2 + (22.2t)2]byR 2,

L = 90.6 - 101ogR 2. (

Wben R = 75mtllesoundlevelis

L = 90.5- 10 log(75)2 = 53.0dBA

and when this distance is doubled, R = 150

L = 90.5 - 101og(150) 2 = 47.0dBA

which illustrates the 6 dB doubling of distance attenuation rate inherent in a
point source.

(b) In terms of time and vehicle speed we return to

L = 90.5 - 10]og[D 2 +(22.2t) 2].

If the observer is 30 m from the roadway,

L = 90.5 - 10log[302 +[22.2t) 2].

When t = O,

L = 90.5 - 10]og[302 ] = 61.0dBA,

(Continued)
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EXAMPLEPROBLEMNUMBER1 (Continued)

and after 15 seconds

L = 90.5 - 101ogl302 +(22.2× 15) 2 ] = 40.0dBA.
i

Wilco t = O and tile observer is 1B m from tile roadway tile sound level and tile
noise emission level are equal,

L = 90.5- 101og[152] -- 67.0dllA.
N

(c) To determine tba distance at which tile vehicle's instantaneous level is 10 dBA
below the existing sound level of 50 dBA, calculate R when L = 50 - 10 =
,,0dBA,

L = 90.5 - 101ogR B

: ,tO = 90.5 - lOIogR 2

logR 2 = 90.5 - 40 = 5.05l0

!
R = _ _ 335 m.

Thus, when R = 335 m, L = 40 dBA.

ii
h_,__ It is important to realize at this point in the analytical development, that tile decrease in soundlevel radiated by tbe point source vehicIe with increasing source.observer distances is due solely to

geometric spreading of the sound waves and does not include any sound level attenuation resulting
from atmospheric absorption or ground cover effects. As seen in the first example, geometric spread-
ing results in a 6 dB decrease in the instantaneous smmd level per doubling of th_ source.receiver
distance when the vehicle is treated as a point source.

EXAMPLEPROBLEMNUMBER2

Problem: Using the information provided in Example Problem 1, plot the Limehistory
of the sound level between t = -15 seconds and t = +15 seconds for an observer sit-
uated 15 ra from the roadway. Take the existing sound level into account.

Solution= From Problem 1, extract tbe expression relating tile level and time,

L = 90.5 - 101og[D u +(22.2t) 2]

_: where D will now eqnal 15 m. Table A-I shows the calculation of tile total sotlnd level
at various times taking into account tile existing sound level. These values are used to
construct Figure A.3.

(Continued)
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EXAMPLE PROBLEM NUMBER 2 (Continued) _ '

TableA,1, Computationof InstantaneousSound PressureLevelsfor VariousTimes

Time Existing Total

Seconds L -- 90.5 - 10log[152 +22.22t 2] dBA Level, DBA Level, dBA

0 67.0 50 67.1
.5 55.1 50 65.2

1,0 61.9 50 62,2

1,5 59.2 50 59.7
2.0 57.1 50 57.9
2.5 55,3 50 56.4
3,0 53.3 50 55.3
4.0 51.4 50 53.8
5.0 49.5 50 52.8
6,0 48.0 50 52.1

7,0 46.6 50 51.6

8.0 45.5 50 51,3
9.0 44.5 50 51.1

10,0 43.6 50 50.9
11,0 42,7 50 50.7
13.0 41.3 50 50.5

15.0 40,0 50 50.4

t =- 15ioc Z=0 115m t= +151ec

'° OEEERVE.I
g5

g EC

3
w

_ ES

5S ................ EXISTINGLEVEL..... COMBINEDLEVEL

• TOVEHICLEALONE
45

40
-15 -10 -5 0 E 10 15

TIME, SECONDS

FigureA.3,CombinedSoundLevelEnvelopeRecordedbyanOblerver15m fromtim Roadway

Figure A-3 shows that tile presence of the existing sound level can significalltIy alter tt
the sound envelopof the passing vehicle.
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,,_-_ Equation (A-6) permits the calculation of the sound pressure level at any ahserver location as
I : the vehicle moves along tile roadway. A quautity of considerably more interest, however, is the

:. equivalent sound level associated with the traverse of the vehicle. Tim equivalent smmd level is
representative of the level of average intensity for tile time period uader consideration. Specifically,
the equivalent sound level of the mean square prnssnre {p2) is defined as

Leq _ 10lag 1 I t.'-' '_
= 7----7, dt dB (A-7)

t_ fl , (Pi_t)

where t_ - t_ is the time interval of interest. Before this noise metric (tile equivalent sound level) is
applied to the highway problem, consider calculation of the equivalent sound level in the case of a
transient noise in the presence of a continuous but constant ambient sound level (similar to Example

Problem 2 in which the level due to the vehicle (transient) W_LSobserved in tile presence of tile
existing level). With reference to Figure A-4, the mean square pressure, (P'-') is approximately !

(P2)ex + (P2)tr t I < t < ta i(A-7a)

(p2) __ L(Pe)ox elsewhere

where (P2)ex is the existing sound leveland (Pa)tr is the transient sound level. The equivalent ,sound
level over the period (t_, l_) is calculated as

O Leq = ]0log t,2 -_ t_ ft t__ (Prier) dt (A-T,))

_= Leq _- 10log -- ' (Peer) "t_ (P_f)ii_ (pr2t.f)tit + ., dt + ,, d .

i_ (A-7c)

- ' ......... ....... IAMU,ENTLSVEL

I
2 / " TIME BANn OF eFF_CT[VE .... TRANS,ENT 1

tl' tl 12 12'

TIME-

_ Figure A-4, Cornbin0d Sound Level Envelope Showing the Influonce of the ExistingSound Level on the Transient Sound L_vel Envotope
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Since the existing mean squure pressures are constant, they may be taken outside each integr_fl,
so dlat L i

I0 log 1 I(t 1 - t_ ) (P2)°x (P2)exLcq _- 7---- + it"-to) •

(p'2),_x .ta (P2)tr ]
+(t2-/l) + ] o dtl. (A-7d)3

Combining terms,

Leq_lOlog 1 [ (P2)exl't"(P2'ta" ]- --""-'7t2tl (t'o-t]) (Pr%r)°+ . " (Pr_r)" dr, (A-7e)

or

('_P2)ux t_ --_ f 12 (P2)gr]t_ 11Leq _ 10log L(P ori'÷ tit . (a-7f}

This lust expression indicates that tlle total equivalent sound level is calculated by computing the
contribution from the transient signal between {tl, t2) averaged over the time interval of interest,
T = t_ - t] and adding it, on an energy basis, to the existing sound level.

Applying this principle, the equivalent sound level associuted with the traverse of a point (
source vehicle between tile pointsx I = St 1 and x 2 = St 2 can be calcuhlted. For tile averaging .......
interval T, which will be greater than or equal to the interval to - tl, the cquivMent sound level is

1 Qt'a (p2)dt (A-8)Leq = 10 log . (Pref)

1 I"t'' (P_) D_ ,It. (A-8a)
Leq 10log

l" (P_,2f)D- + (St) 2

As a rule, tile greatest portion of acoustic energy received by the observer from tile moving
vehicle takes place when tile 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 further 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 pariml of time. This concept is
illustrated in Figure A-5. Note that it takes the 25 m receiver's level 3,5 seconds to drop 15 dBA be-
low its peak value of 75 dBA, about 6.9 seconds for the 30 m level to drop 15 dBA below its 69 dBA
peak and much greater than 10 seconds for tile level at 120 m to fall 15 dBA below its 56.9 dBA
peak. If one considers integration ss a automation, it is clear from the figure that it takasinarm_singly
greater lengths of time for tile more distance receivers to record tile significant portions of a passing
vehicle's sound level. A mathematical statement of this observation is that when

[St I >>1 (A-8b) _ Jt1 < 0 < t2 and _tl.t.,

A.8
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FigureA-5la), SoundLevelaRdEnvelopeRecordedby Ob_Plers 15 m,

t_ 30 m and120 m from the Roadway
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Figuro A.5(b), Graph of Difference Between Peak
, --_ Pass.BySoundLevelsand the Time DependentLevels

as a Functionof Time for Receiversat 15 m, 30 m,
_/' and 120 m
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tile following approximation may be used,

(I',_) Do

3, }'l */__ °
q (l_,f) 82 ÷ (St) a (P_,,f) D 2 + (St) 2

Thus, for a sufficiently long averaging time, T, the following o(laatioll may be written

Leq = 10 log I dr. (A.9)7'
,_,_r (lr_,r)_2D2 + (St).°

Bringing the constant terms outside tim integral and factoring out arts 2

(ADO)
il. q = 101og_ _,, $2 J o t2(l_r) "= (D/S)" +

Using integral tables

J] '_ d l rra 2 + t 2 fl

Let a --"(D/S) in Equation (A-10), there results

Lest = 10log ,2 _ * " (A-I1)(/re f)

After canceling terms, (A-] 1) may be expanded, _ _.

= ]Olog-_ + 101og . {A-12)
L,.q 10 Io_ (P,_,r) +

i

Recalling the definition of the noise emission level for a single vehicle, Equation (A-12) can he re.
. written as

L.,= L o + 101og-_ + 10log . (A-13)

The last result is an expression which permits one to calculate tile equivalent sound level for n single
vehicle traversing nn "effectively infinite" roadway, Tile phase "effec Lively infinite" isused beeanse
of the approximation made in evahmting the integral in Equation (A-8). This expression is valid for
any consistent set of units,
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/_ EXAMPLE PROBLEM NUMBER 3

Problem: Using the information ill Example Problems 1 and 2, calculate the eqtdwdent
sound level far 15 minutes, and one hour for an observer d0 m from the roadway. Cal-

culate the minimum stand.off distance for a 5 minute Leq to be below ,t0 dBA.

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

(9)Leq = Lo + lOlog_- + 10log

15 T¢ Io, [ 15L_,_= 67 + 10log v---_-_+ 10 _(,';i-5-)

Leq = 60.0- lOlogT.

:; (a) For the 15 minute L,,q check the validity of the inequality

!'i

)i >> 1
:_i q,t=

i! if the Leq is symmetric about the passage of the vehicle then,

5' t 22.2 X TX 60

= -_ 250 >> 1.

Therefore,

Lea : 66.0 - 1O log T

may be used to ealctdate the 15 minute equivalent sound level. Note that the

_ equivalent sound level now only depends on the time period of interest.

= 66.0 - IOIog(15X 60) = 36,5dBA

Leq = 66.0 - 1Olog(6OX 60) = 30,,idBA, i

These Leq vahles just calculated are artifically low. When the contribution from
the ambient (50 dBA) is added to these values,

Leq = 10 log [1O 3'fl5 + 105] = 50,2 dBA

Leq = 1O]og[1O TM +105] = 5O.0dBA.

It is important to remember that these Leq values are based on the passage of one
vehicle during the time interval,

(Continued)
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EXAMPLE PROBLEM NUMBER 3 (Continued)

(b) To ca)cuhtte the minimum stund-o ff distance, first check the validity of the
inequality

22.2 × 6
>> 1; D = >> 1

which is valid for D, say less than fi5 m, so proceed to solv_ Rquatim_ (A-13)
forD,

lrDo (Do)Lcq = Lo + 10log _ + 10log

Leq = L o + I0 Iog_SDT }

o ,"-eq-L o

. =(ogk); in ,a
L _-£eq

.'. D = SI--";-i0 to

Substituting the propel'values ""- i

z?15 2 67 -,la
D = I0 1o _ 53 m.

22,2 (5 X 60)

Step 3, Noise Level Statistics for Uniformly Flowing Traffic

In steps 1 and 2 tile instantaneous and equivalent sound pressur_ levels were derived for a single
point source vehicle. The single vehicle mode] must now be expanded to a muitivehicIe model caps-
ble of addressing real traffic flows.

Following essentially the same development as hcf ore, the first requirement is to specify tile

total s(_und pressure level for a flow of, say N, vehicles. Since uncorrclatcd noise sources arc added
Jo _

on an energy }nLsis(or in practical terms, a (I -) basis), the total mean square pressures a.csociated
with the N vehicles is

N

(lJ2),roT ---(P2)1 + (I'2),2+ "..+ (P2)N = _ (P2)i . (A-14)
i=l

Now, tilemean square pressurefrom each vehiclewillhavetilegeneralform expressediu Equation

(A-2),so forthe ithvehicleinthe flow

(1'2)/ = (1_) i (A-15) _
I)"-* (Sd})_"
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whore (P_) is tile referencemeansquarepressure,Si is the itb vehicle'sspeed,and t I isthe time frame
! for tile ith vehicle, arranged so that wben t; = 0, the ith vehicle is closest to the observer. Because

the vehicles are usually randmnly spaced along tile roadway, the time frame for each vehicle will be
different, tbut is they pass the coordinate origin at different times. If t i is the time at whicb the ith
vehicle passes the origin, (A-15) may he recast in tile form

(p2)i = (po2)i o 2 (A.16)
D a ÷ S_'(t-t i)

where t; = t - t i. Thus the total mean square pre._sure is

,v D_

(P2)TOT = _ (P"2)iD e 2 2' (A-17)i=1 .,-Si(t - ll)

For a sufficiently long averaging time T (the requirement being tbat all N vehicles pass the
observer in the interval T), the eqaiwdent sound pressure level is obtained from

1 f_ (l'2)TO'rLe_ = 10log _r ,_ dt. (A-18)
(lret)

Substituting Equation (A-17) into Eqnation (A.18)

l21 •_ at. (A.191I,_,q

(_ Exchange the order of integration anti summation, and make the substitutions _i = t - ti, d_l = dt

Leq = 10 log -- -'C'- (A-20)
i-1 <Pilr) " + S_

recalling again that

,. I "= dt =
J__ e2 + t2 a

where a = (D/SI), the above expre._sion simplies to

Leq = ]0log o o (A.21)
i=l (PrSr>SF D

or

', ,v

Leq = 101og"/_-L, -- 1 . (A.2_!:,

If the vehicle speeds are identical for each of the N vehicles passing the observer in the integrati_n
interval T, and if the reference mean square pressures are also identical for each vehicle, (A.22)
becomes

"""' Do2rt N (P_)

__./I Leq = 10 log DT S (pref) (A-23)
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EXAMPLE PROBLEM NUMBER 4

Problem: To illustrate the vehicle spaciag model in aa example, eonsicier three veilicles
passing an observer situated 30 m frmn the roadway. 'rraveling =it differeat speeds, tile
emission levels are as indicated:

Vehicle Speed, km/h (m/s) Emission Level, dBA

1 89 (2,1.7) 75
2 8O{22.2) 72

3 77 (21.4) 7t

Suppose when tile second vehicle is closest to tile observer, vehicle 3 had already passed
three seconds before and vehicle 1 is due to pass in four seconds. Investigate the indi-

vidual and combined sound level envelopes recorded by the observer. Also 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

L,= + ,o,I 16"o,...'l"302 + Si'(tl) J

Then from Equation (A.16), for vehicle 1 due to pass in four seconds ('-*"

L 1 = 75 + 10log _" 152 .[],
L302+ 24.72(t-,1) ,j

For number 2, closest to the observer
i

.lL 2 = 72 + 101og 0_ + 22.22t_ j

and for vehicle 3 wMch passed three seconds before,

L 3 = 71 + 10log [3 152 -],0 _- + 21.d2(t +3)2J

The observer will record the combi.ed level of the three vehicles,

LTO T = lOlog 10 T'_ + 10 TS" + 10 dBA.

(Continued) t
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EXAMPLE PRORt.EM NUMBER 4 (Continu0d)

Figure A-6 (a) illustrates tile distance relationship among the three vehicles as a function

of time. Figure A-6(b) illustrates the individual and combined sound level envelopes.

-lo _ ,,_,p -i1_

t = 0 SECONDS _ _"_

' ' ' _I'/'_/,2 i , ,

-480m -360m -240m -12Zorn 30m 12Ore 340m 3flOra
ROADWAY DISTANCE

10 ,,_ ,,Ji= ?_

_: FigureA.gla], Illultr/tlon of the Alaproximite Time.Distance

_ R=ladanahipof the Vehicles in Example Problem 4

X:
_3

_._ LI = 98,5 - 10 LOG [302 + 34.72 11-4121

::' L2 = 95,5 - 10 LOG {302 + 22.22 Z2]

?O L3 _ 94.5 - 10 LOG [302+ 21,42 (t + 312I

60 2 L COMSINEO

>w 1 SOUND
.J LEVEL

_ 55

go

4S
-IE -10 -5 0 5 10 15

TIME, SECONDS

G) FigureA,O(b}, Sound LevelTImQHi[tory of Throe Patting Vehicle=
i
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which upon expansion gives
i

Leq =L o + 10log 7-'_" + 10log . (A-24)

Thus, given an identical speed S for N identically noisy vehicles pa_ing an observer situated D metres
from tile roadway, Equation (A-24) permits the calculation of the cquiwdent sound level under
these conditions. Comparison of Equation (A-13) and (A-24) shows that for identically noisy vehicles,

Leq_v = Leq + 101ogN (A-25)

where

Leq,v = equivalentsoundlevelforNidenticalvehiclespas_singtheobserverinthetimeintervalT

Lea = equivalent sound level over tile time period 7' for a single vehicle

N = Number of identically noisy veblcles.

Equation (A-25) shows that the noise metric L,.q.v is independent of tbe spacing between vehicles.
Since the noise sources were assumed to be mlcorrehltod and since Leq is a nleasure of averngo
energy, the result shonld have been anticipated.

EXAMPLE PROBLEMNUMBER 5

Problem: Calculatethe hourly equivalent sound level for a flow of 1580 identical vehi- f ....

cles traveling at 72 km/h (2 Ores) if their noise emission level is 68 dBA and tile receiver i ....
is 56 m from the roadway.

Solution: Using (A-24}, calculate Leq as

Leq = La + 10log _ + 10log

1580n X 15 ,1(51._)Leq = 66 + 10log (60× 60}20 + 10log

Leq = 62.4dBA.

The identical vehicle noise model of Equation (A-24) and (A-25) suffers from tbe fact that real
traffic flows newJr consist of identically noisy vehicles. To accmnmodate real traffic flows on a
practical basis, it is necessary to deal with tim statistics of the noise emi_inn level distributions of
real traffic flows. In this model, traffic flow wUl be separated into three distinct classes: auto-
mobiles, medium trucks, and heavy tracks. Within eaeb c_Iaasthe speed dependent noise emission
levels are assumed to be normally distributed with mean L o and standard deviation oo. Figure A-7
shows example emission level distribndons at different speeds. To shorten the following presenta.
tion, the equations will be developed for only one vehicle class, realizing that with proper su bstitu.
tion of the mean levels and standard deviations, the eqnstions will he applicable to tim other vehicle
classes.
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ReturningtoEquation(A-22),a_umetbat allN vebicleswithinthisclassaretravelingat the
sameaveragespeed,therefore,

Leq = 10 log "T-if'8 o ' (A-26)

]t isobviously not praetieal to determine the noise emission level for each vehicle in the flow. This
problem must be approached ['real astatistical aspect. In the statietiea]sense, we want to know tim• , _ *) s
expet:ted valuu of the sum, that Is, what Is the uverugcvalue of - [ (Pi;>IAPruf)]. Tl_eexpected wdue
of an arbitrary funetion H(X) of a continuous random variableX with probability density function
fx(x) is given by

E(It(X)} = f ._l(x)f.x.(x) dx (A-27)
v.

whereE{ }denotes the expected valueor"the argument. The problem is to determine

i=1 (Pier) J

Sinee it has already been assumed that the noise emission levelsere nommlly distributed within each
vehicle class, the probabilitydensity function is givenby

(,',o-Eo]2
_ 1 2o_

! ",.._./ [.,.(x) = r_o(no) no _ e (t,-28)
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where f._
L o = Speeddependent noiseemission level of tile ith veldcle,

Lo = Speeddependent meannoise emission level for the vehicle class,

oo = Speed dependent standard deviation for tile vehicle class.

In order to deal with a mean square pressure sum (A-26) sad sound level distributions, the mesa
pressures must be expressed in terms of sound levels (that is to avoid comparing apples and oranges).
To make this transformation,

L o = 10log --
(l;_r)

and

Lo U_)
10"i'_ -

so that the mean square pressure sum may be written in terms of levels,

i=! i=l

A fundamental theorem of expeetiona shows that /,.......

E{H(X)* G(X)}= E{/[(K)} + _{Gt,X),. ......

Apply this theorem to tile problem,

E l _ =_E _ _ =NE _0_ (A.a0)
i=1 i=1

whereL o now represents an arbitrary sample emission level from tile vehicle population. Invoking
the expectation theorem (A-27), tbe probability density function in (A.28), and the result in
(A-30)

{ Lo} _= L,, L"'r'o"

I

NE 10'T'_ N ]OT_" 20,2,
aox/_ =o e dL o . (A-31)

Using the rehltionship

Lo In10
0) L.10_ = e (A-32)

Equation (A-31) becomes

Lo-L-.)=

f L°} N ].= l,,10 - J; ,t
.o o

NE 10T6. = oo_,v_" .=o e e dL o. (A-33)
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r/-'_ With a little algebra the exponents in thc iutegrand can be written as
/

- (_) <°'_":¢,_,,_).,,,,0<,.,,+,._o,_°,InlO I, 2u_ L_ 2a_ (A-33a)ae -_C C

_r__/_,,,,o',_]
= e L2o_ i' . -i_'r'/./w_+ J.o+2o;j. (A-33h)

Thus, it is neceSSary to now evaluate the integral

L_ L,l Ini0 Lo

N __: " 2o--_- + I--5"Lo+2o--_ dLo 9 (A-34)O° _ - e -_ .

Consultation of integral tables gives tbe relationship

o_ bU'4ac

C-(ax'+bx+c} dx = C .
-oo

Inspection of the integral indicates that the following substitutions should be made

I -'
,_ x=L o, s= 2o_' _o;> ' 2o_,

4_

Then the integral is

: _ o -q

I +
JT,, inte,.,,a'--.,Fe.,<pv_r<'°'°5--t_:"-i_(_)j

e
:i

= oox/_ ei 76" o_ et--i-5-] .o. (A.30)

!2 Recalling the multiplicative constants indicated in Equation (A-34) which had been momentarily
"_ dropped,
J

" ,"'_ , f Lo) 1 hlO 2 2 InlO -

O0 _ e
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Tills result can now he substituted in (A-26)

Leq = 10 log _ (Pr,,f)

= 101og Ne" 1o u,, e (A.38)

with a little rearranging and recognizing that

10lnge7 _ o,; = 0,115o_ (A.39)

and that

101°g e(_)'_" = Lo

Equation (A-38) will reduce to

- N_Do (_)Leq = L o + 0.115o_ + 10log _ + 10log . (A-40)

This result is fairly important. Equation (A-40) permits the e,'fleulation of the equivalent sound level

generated by a flow of vehicles from a single class traveling on a 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

-_ heavy

LeqTo T = 10log 1 _ + 1 t_,_sl + 10 m_o_ . (A-41I

EXAMPLE PROBLEM NUMBER 6

Problem: A highway noise survey showed the 15 m automobile mean emission level to
be 74 dBA with a standard deviation of 2.5 dBA at 88 km/h with the medium track
valued to be 84 dBA and 3.2 dBA at 80 km/h respectively. Calculate the hourly equiva-
lent sound level for a flow of 1250 automobiles and 200 medium trucks per hour for
receivers at 30 and 60 metres.

Solution: Solution of this problem requires separate calculatioa of the automobile and
medium truck equivalent levels with the final solution obtained by Iogrithmic summing:

AutomobiIes--

Leq = L o + 0.11502 + lOlog + 10log

1250_(15) 15
(3600)24A ;

= 74 + 0.115 _2.5, 2 + 10 log + lo log ._- (Continuedl i
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EXAMPLE PROBLEM NUMBER 6(Continued)

.'.Leq = 84.7- 101ogDdBA.

Medium Trucks--

t 200_(]5) 15
' . Lea = 84 + 0.]15(3.2) 2 + 10log (3600)22.2 _ 101°g-D-"

: .',Leq = 87,7- lOlogDdBA.

Total Leq

84.7 -101ugD 87,7-101ogD

LeqTo = 10log[10 "_'(] +10 10 ]

LeqTo v = 89.5- 101ogDdBA.

For a receiver at 30 m

LenTov = 89.5 - 10 log (30) = 74.7dBA

_=_ and for a receiver at 60 m,

.... L_qro r = 89.5 - 10log(60} = 71.7dBA.

: 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 into a line source model.

Step 4. Roadways of Finite Length When There Are No Excess Propagation Losses

The development to this point luls assumed that the restraints on calcuintion of tile equivalent
sound level (see page A-8)

ItS[ >>1
l1 < 0 < t2 nnd _" tl,t'-'

have been met. These conditions being fulfilled, iLis quite acceptable to make the approximation

l "t'_ dt _ f.: fit
I

• D 2 + (St) 2 .. D 2 + (St) °"1

With this approximution, th0 roadway is assumed to be infinitely long in both directions. However,
"" . there are many eases in which this approxbnation will not be wdid. Examples would include curved

_) roadways, roadway sections hidden by topogruphy, sections where there are significant changes in
traffic volume, speed, mix, etc.

A-21



This problem of sectioned roadways will now be solved, Referring to Figure A-8 for IIdistribu- (,,_"_
tion of N single class vehicles traveling with the game average speed over tile segment, tile equivalent
sound levelis givenby

Leq = 10log o dt (A-42)
. , +tl (P_ef) D 2 + S2(t-ti) 2 "

....... __ __
/ ,,./ _ ¢ .-/ ./-

/ " I _'_<.-_ .// I

/ t e

/ _.f i .,/7

ff_* RECEIVER _'!

OBSERVER "SEES" ONLY A PORTION OF THE ROADWAY

FigureA.8. FiniteRoadway(Segment)

- In (A-42), the limits of inte_adon are arrangedso that eachvehiclepassesthrough tile segment_i.e.,

S(t - ti)lt=/._+t_ = St_

and

_(t--( )]t=tl+t * = _t I .

To simplify evaluation of the integral, make the substitution

S(t - t i) = D tan ¢ (A.d3)

in which _ is defined as the angle in Figure A-8. Since S dt = D sec2¢ de, the integral is trans-
formed to

(",,,.,,o_._.,,_,,,.oo=.I°"_'°°_°_o.,_2_o_,°o_o _-,,_.,
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f_'-_ To further tile simplification, use tile trigonometric identity tml 2 ¢ + 1 = sac 2 ¢,
f

f

/1 s°°-_°c,_=_ =see_c,_ (_-_)D2(1 + ten 2 ¢) see2 _b

and after cancelling

1 [_"- ¢2 - _l _ (A-46)b_. de = DS = D--S"
1

Returning to Equation (A-42)

Loq=_ologIT-C-c-,._'_;_)j (a.47)
Implementing the previous statistical treatment for the summation (i.e., Equations (A-29), A-38))

" Leq = 10log DS Ne½

and with a little arranging

ELo 1 MlO 2 . 2

Leq = 10log 10T6 e_ t1_ NvDS . (A-49)

so that

= /'_o + 0.115o_ + 10 log _ + 10 log + 10 log . (A-50)

Note again that the equivalent level is independent of the vehicle spacing.
The criteria for determining when a road is infinite now hoils down to how well the

approximation

lOlog -_ -_ 0

holds.Forexample, when the roadway subtends145°,tile correction fornoninfinlteness is

10 log _-_ = -0.94 dB.
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EXAMPLE PROBLEM NUMBER 7 _ i

Problem: Consider the scenario indicated in the illustration wbore automobiles are the

only vehiclls present.

D NI _,B50 vph NI +N2"* 10eivph
nl

_1 aiu _4 61 m _

,+.+,++.++,o.,+`'+' 38m

Suppose for automobiles,

o
_o + 0+11o o_ = 32 + 80logs i

z

where S is tile vehicle speed in metres/second. If the speeds on the indicated roadway
Segments I, II, and II1 are 88, 56, and 80 km/h respectively, calculate the hourly equiv-

alent level contributed by each segment to the observer also calculate tbe total Leq. (_,_.. !

Solution: Considering the first segment, +_....

88 km/h (24.4 m/=)

91m = -1 91 =. o
_ N,_55mph q_2 "taa ('_/ 67.3

_. I ¢1 " "90_

(=_._)1 = - 67+3° - (- 90° ) = 22.7° '_' ._.._. _2 aim

Using l-_qaation (A-50)

N+Do (_/Lee + = I+o + 115a ° + 10log TS + 10log + 10log A_._._+r

NI 7rDn D(D__) _ 1Leq = 32 + 80 log S 1 + 10 log _ + 10 log + 10 log _.

N,vrX 15 1(._85) 22.7 °f+cq _ 32 + 301og(2,1.,t} + 10log 8600(24.4) + 10log _+ 10log 180.-----_

Lcq = 27.9 + 1OlogN I. (Continued) [ j
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"__ EXAMPLE PROBLEM NUMBER 7 (Continued)

For Segment i]

30° 01 91 m L.

_ _ 1_'*_" = -[90 - (30° * = -37.3 °¢2 22.70}]

_,_" ¢_12- -37.3_- I-oo°(=02._° ¢1="_°°

N.TrDo Do\ ,_¢_

Leq--32+80,ogso+ lO(o__ +10(o_t_) +10)o_" . 2 71

LefI = 32 + 3010g(15.6) + 10log (36"_0)15.6 + 10log +lO]og 52.7• 180°

(_=_ Lcq = 24.5 + 101ogN 2.I

For Segment Ill

NI + N2 _ 80km/h (22,2m10)

Olm

30m
¢I o r I/nl_] o

N.IvcDo /D,,\ _3

Leq = 32 + 30 logs a + 10 log T8 a + 10 log _) + 10 log =

Leq 32 + 30 log(22.2) + 10 log (N] +N2)_ X 15 15= 3600(22,2) + 10 log _-_

157,3 °
+10 Iog 180=

Leq = 35,5 + 10Iog(N I +N2).

,i) (Continued)
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EXAMPLEPROBLEMNUMBER7 (Continued) _

For vehicle flows of 850 and 240 vehiclesper hoar for Segment i and SegmentII,
respectively

1. Leq # 27.9 + 10log(850) = 57.2dBA

2. Leq = 24.5 + 10]og(240) = '18.3dBA

3. Leq = 35.5 + 101og{850+240) = 65.9dgA

hence,

LeqTov = 10 [105.72 +104.83 + 106.59 ] = 66.hdBA.

Step 5. Excess Attenuation

In derivingthe model in Equation (A-50), it was assumedthat the smmd level attenuation with
increasing receiver.source distance was entirely due to geometric spreading of tile sound waves over
a hard flet site. Under certain conditions, this spreading loss (3 dB per distance doubling) is oh- t_.,
served in the field. However at many highway sites, field data has shown tbis rate to be too low.
The observedincrea_ in sound level attenuation rate is primarilyclueto local environmental factors
(ground cover effects, atmospheric absorption, etc.) and must be considered in tile model. To
mathematically specify this effect, the original acousticexpressionfor the point sourcevehiclemust
be reexamined,

D_
(p2) = (1_) R e (A-51)

and smodification of the form is postulated:

[ Excc_s ?

(PS)ob_erved = (P2)geometr;c X _Attelnlstion_. (A-52)
gprea¢_ L i'actor J

Specifically the form is modified to

o = (A-53)_'>_ <P?;>n-

where a, is a parameter dependent on tbe ground cover at the particular site, The soand level is now
calculated by dividing through by tile reference mean square pressure and maki,qg the logaritblnic
transformation,
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Expanding,

La = 10 log (p_ot) + 10 log + 10 log • (A-55)

Since the sound level for a point source exhibiting only geometric spreading isL = Lo + 10 log
D_/R 2, Equation (A-55) may be condensed to give

L_ = L + 10log . (A-56)

When R = Do, Equation (A-56) shows that the sound levels at the sites with excess attenuation
are equal to the ]lard, flat site without excess attenuation no matter what the value of c_,that is

L_ = L + 10 log (._)c_ if R = DO

_ then
Lc, =L.

_! This attenuation model does not recognize any site dependent differences in noise omission levels.
_!_ 2'0 better appreciate the effects of the site parameLer c_,L_ is plotted "mIr'lgureA-9 as a function

of t for several wdues of c_.

_'_ To calculate the equivalent saund level of a site characterized by _, it is permissible to utilize
;_i_ previous developments.

U

_!I 70

;!i

ss,.J

¢n 50

45

15 I I I4010 _ O 5 IO

• " -_ TIME. SECONDS

L _ FigureA.9. SoundLevelRecordedby anObserver60m fromtheRoadwayfor ThreeOilforent
SiteType=-HardSite,AbsorptiveSite,andVeryAbsorptiveSite
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Equation (A-42) can be modified to account for the excessattenuation, t_ I

=lO,og No½"'° ,/tJ ¢A.57)

and sineeR = _, the above becomes,after expanding,

N f t_ D_+eLeq =I'_ a + 0.115oo + :10]og + 10log _+2 dr. IA-58)

q (D2 +Sntn) 2

(As indicated before, headway spacingdoesnot affect the equivalent soundlevel, thus the problem
can becastin terms of all vehiclespassingthe origin at tile same time.) Working only with the
integral, it is convenient to make the substitution St = D tan ¢ and S dt = D ace 2 ¢ de

t2 D_o+n .¢.. _ sea--"¢d¢

. ._ ,,,__.Z_at=o_o*' J¢ _¢,.,de. (A-59)
(Dn+Sntn) _. I (De +D otann¢) ._

Since D 2 + D 2 tan 2 ¢ = D 2 see 2 _b,the right side of (A-59) becomes

D re= see"CJd0 D_ _2 (¢"_ dec_2 = SDO,+1 .,,_ (A-60) f"*"'l
Dg*: S J¢, (D.Osea,.,¢) 2 _, (secC)a

and since see ¢ = (cos ¢)" 1
r

i ft_ Dg÷2 dt = D_÷2- t_a(¢i,¢ 2) (A-61)a* °. SDr=+I
; t, (Dn +sntn) 2

where

¢_(¢1, _.")=_ f_= (e°s¢)_ de, (A-61°)
J_¢l

Substitution (A-61) in (A-58)

Leq = ff,o + 0.1150_. + 10log N + 10log SDC_+lOa_+--_"¢2c_(¢1,¢2) (A.62)

and with a little rearranging

Nr:D o (__)Leq = /_o + 0.115o_ + lOlog---_-- + lOlog

¢c,(¢,,¢'_.) I
+t01og (D-_/c= + 10log (A.63)\D/ _r
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The first lille in (A-63) is recognized _ tire equivalent sound level generatedby u flow of vehiclesfrom usingleclass traversingan effectively infinite, flat roadway(Equation (A-40)), Thesecond line
.... of terms representsdistance and visible road length adjustmentsto be applied when the sitesI|avo

excess attenuation.

Various field studies }rave indicated that a reasonable range for tire site p_trameter c_is between
0 and 1, When ce= 0, tlre site is reflecting (i.e,, ] srd), Equation (A-63) will cnlhpse to (A-50). There
is strong evklence indicating most absorbing sites may be characterized by c¢-_ 1/2. For apoint
source this implies a 71AdB sound level drop-off rate, i,e,

Aps = I0 log (1/2) 1/2+2 = -7.5 dB

end a 4.5 dB decrease per distance doubling for theLeq level,*J

!!

AL_4 = 10 log (1/2) 1/2+1 = -4.5 dB.

'_i Adopting a value of c¢= I/2 for absorbing sites,

¢._)
= 1__f¢= _ de, (A.64)

7r 77 "_I

_: This integral is ratimr difficult to evaluate and so a graph of tire factor is presented in Figure A-10 us

i) a function of ¢2 with _b1 us a parameter. Witb c_= 1/2, tile equivalent sound level is now given by

Leq = ff,o + 0,11o05 + 10log _ + 10log

._, +10 log + 10 log _1/2(¢l, Ca). (A-65)ff

If similar terms are combined,

i} = +0.115o+iolog +15log\u/
q

+10 log dB (A-66)
ce)

for the absorptive site. When _ = 0, tire equivalent sound level is given by

I,e0 = I"o + 0.1150,; + lOIog _ + lOlog

+i0 log _ dB (A-57)

for the nonuttenuated site which is tire same as Equation (A.50).
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/'-x In using (A-66) and A-67) to cnlculnte equivalent sound levels for roadway segments, it.is neces_
() sary to properly identify the angles of the segment relative to the receiver Proper angle identlfica-

tier requires use of the ride:

RULE: Roadwayangresareleft,justified

==...... -&--

FigureA,11, ProperAngleIdentificationof RoadwaySegments

EXAMPLEPROBLEMNUMBER9

Problem: Determine the segmentadjustments for the following 3 scenarios,usingthe
!_ rule indicated in Figure A-1 I.

ii 1. Completely negative segment
V

il ROADWAY SEGMENT 220 km

\
'_ 200 krn

!:i _1 = -,un-1 (200 + 220/=-64.5ok _uo /

i' _2 200 _ -47 7°

Thus the segment adjustment for the negative, segm,ent is

10log ¢1g - ¢_1 -47'7° - (-64'5°) 10Iog (16.8_
= 10 log 180o = _1-"8_] = -10.3 dB7r

for the reflective site and

i / t_112(_64.5o ' _47.7 o}
10 log _/1"2(_b1' ¢2) = 10 log = -11.6 dB7r _T

l_ for an absorptive site. (Continued}
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EXAMPLE PROBLEM NUMBER 9 (Continued) : '

2. Completely positive segment

ROADWAYSEGMENT
200m

150m I _1 _ /

, -I 200
_1 _ tan (_)= 53,1°

+tan_1 200 + 250 = 716°°_ (,00/ ,
reflective site

,o,o,(_)=lO,O,'"°°,so°-53.,o=,o,o,_,8.o°._/_) =-o.9dB
absorptive silo

_'l12(_t, _2) _1/2( 53.'°, 73,6°)
,8 log - 10 log -- -11.2 dB.1T 1T

3. Mked segment ,"_"
i

1E5m 290m
I-, ¢_

165 - o

t 290 + - o

refleetivd site

10 log '_q_ 10 log 5S'2° - (-42'5°) (100'7°/ = -2.5 dB
"_= 180o = lOlog \'80° ]

absorptive site

_1/2(-,i2.8 °, 58,2 ° )
lOIog ¢112(¢1'_b2) lOIog = -2,8 dB.

/f = 7¢ _J
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r _ EXAMPLEPROBLEMNUMBER70

Problem; Repeat, Example Problem Number 7 only now assume the site is absorbing
(_ = 1/2).

Solution: Since all parameters otber than site type remain the same, subtract the non-
absorbing angular correction and attenuation rate and write, immediately,

Segment [:

[Leq = 57.2 + -10log A¢I' - 10 log7r

forc¢= O

+[15log_-_ + 10log _1/2(-9_ '-67'3°)]

for c_= i/2

Leq = 57.2 + 9.0 + ,t,0 - 6.1 - 12,8 = 51.3dBA.

:_ Segment II:

i0
"_¢2 + 5 log D_ + 10 log ¢'119(-90°'_ -37,3")Leq = 48,3 - 10log

.Leq = 48.3 + 5,3 - 3,6 - 7,4 = 42.5 dBA.

_ Segment III:

Leq = 65,9 - 10log Lt¢3 + 5 log Do 10 log -'_1/2(-67'3°'
90=)

since _)1/2(¢1, _b2)= t_l/2(-_b2, -_bl ), we rewrite the above expression,

Leq = 65.9 - 10 log A¢--'_37r+ 5 log _-_ + 10 log _blt2(-90°'_r67'3°')

Leq = 65.9 + 0.6 - 2.0 - 1.5 = 63.0dBA.

LeqTo T = 1O log [105.13 + 104.26 + 106"3] = 63.3dBA.

(Continued)
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/_, Two Special Cases
One restriction given in step 2 which limits the application of Equations (A-66) and (A.67) is

thatno receivermay bephysicallyclosertitan15m totheroadway.Theremay besituationshow-

ever in which a receiver is close, D << ISI[, to an extended portion of a roadway segment (ease 1).
In special case 1 (see Figure A-13) ¢ is in the neighborhood of ±7r/2 and tile subtended angle of the
roadway segment is small. In case 1, the roadway segment adjustment chart does not contain suf-
ficient detail to permit determination of the adjustment.

In case 2, the receiver is located on the extension of tile roadway sol=_snt (me Figure A-14).
In these situations D = 0 and it is not wdid to talk in terms of subtended angles, As a result Equa-
tions(A-f6} and (A-67) are not correct for case 2.

:, ROADWAY SEGMENT

OF INTEREST ROADWAY SEGMENT

,!I i
RECEIVER O

io 'RECEIVER

Figure A-13. Case 1= Two Situations in Which a Receiver is

Very Close to an Extended Portion of a Roadway Segment

•_i il III
,f

:,' "_ EXTENSION OF
I:: _. ROADWAY SEGMENT I

,, RECEIVER
: i

::: _ Figure A.14. Case 2: Example of Situation in Which the Receiver

is ontheExtensionof a RoadwaySegment

A-35



It is possible to handle cases i and 2 simultaneously by reorganizing (A-58),

- r. " _ ["_ D_ +"
Lea = Lo + 0.11aog + 10log__+ 10log J, a+2

dl (A.58)

", (De+Sete) z

wben D << [Stl. Witb this condition, (A-58) becomes

Leq = Le 0.11505 + 10 log -_r + 10 log "-i - dr. (A-68)

Performing the integration

NDo 1 [(Do_ l+" (Do_ l+_]

Leq = -Lo + 0.1150o + 101og _ + 101og _ Lk'_l ] - \'_.o1 j" (A.69)

By definingSt 1 as the distance, R n, between tile receiver and the near end of tbe roadway segment,

and St, as the distance, Rt, between tile receiver and the far end of the roadway segment, (A-69)
becomes

NDo l I_D,A l+a Do

l+a

which is the desired result. Equation (A-70) is useful for situations in whicb 0 ,_ D << ISll. (_'_
\ '

EXAMPLEPROBLEMNUMBER11

Problem: Considerthe highway site illustrated below. Calculate the equivalentsound
level for SegmentI for both an attenuating and nonnttenuatingsite for a single classof
vehicles.

Ao0m..,. ,-_'2C),eC_ii om

- In

Solution: Since the problem does not specify vehicle volume, speed, or time period
for Leq, leave the answer explicity in terms of N, S, and T. From the illustration,

¢1 =-90 ° _2 = -tan-l(41--_) = -88.6°

ltf = oo R n = _ + 102 ._- 400 m,

(Continued) _J,Y
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i

EXAMPLEPROBLEMNUMBER11IContinued)

Since the angles are very close to -7r/2 and R n >> D, it is nppropriaLo to use (A-70),

o NDo 1 Do l+a Do l+a

(u) Absorptive Site, c_ = 1/2 I

Leq -- /_o + 0.1150o 2 + ±01og-'--_-'- + 10log i + 1/2 !

il Leq = fro + 0,115oo2 + 10 _- ll.4dB,

(b) Hard Site, _ = 0

r, Leq = /]o + 0,115o_ + 101og"""ff_ + 10log _ -

i; Leq = T.o + 0,115a] + 10 log - 2.5 dB.

_i' Step 6. Summary

_"':'!,. Ill steps 1 through 5 a model to predict tile equivalent sound level for freely flowing traffic w_

i_ developed. In developing the model, three major sssumptions were made:(1) vehicles,are adequately represented by acoustic point sources,
F

_ (2) vehicle emission levels within a vehicle group are normally distributed, and
'_; (3) propagation losses are adequately modeled by including an excess attenuation factor
!_, (DoR) 112.
i_, Field observation consistent with these assumptions have been made in a number of separate

studies. Accepting these assumptions, the hourly equivalent sound level was shown to be given by
i

", /_ D°; t_l/2(_1' _2)
!i ND 15 log --5" 10 log rr "

_!;I b..q(h) = (.r.o)B * lOlog 22_2- +'_ _ *_L A¢ - 25dBA:. ,,.,., Llolog lOlog "r,'

!=_ (A-T1)
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where (I,o)l,: is the reference energy mean emission level for a ela_ of vehicles and isgiven by ._ 1

(I,o) E = E o + 0.115o2o

L o = arithmetic mean mnission level

no = shmdard deviation around the arithmetic mean emi,_-_ionlevels

N is tile number of vebieles traversing a roadway segment defined by the _mgles(¢1, _'2) in
one bout at. the average speed S in km/b

D o is the reference distance in metres at wbich I_"o was determined

D is the perpendicular distance in metres from the centerllne of the traffic lane to tile
receiver

A_ is the subtended angle of the roadway, _2 - ¢l, relative to tbe reeeivm'

_'1/o.(_1,_. o) 1 _%
re - 7r _ de is tile segment adjustment factor to account for ground

1 ahsorption effects,

On the special eases of very small or near zero observer distances, tim hourly equivalent sound level
was shown to be given by

2 [/Do_3/2 IDoOl2_
- l 10 log _- -

U- _J

where (A-72)

R n is tbe distance in metres from the observer Lo tile near end of tile eenterline of the traffic
lane segment,

Rf is tile distance in metres from tile observer to the far end of tim centerline of tile traffic
lane segment,

EXAMPLEPROBLEMNUMBER12

Problem: Consider the highway site shown in the figure below. Calculate the hourly
equivalent level at tile receiver if:

{a) the site is reflective, tx = 0

(b) the site is absorptive, a. = 1/2

Assume the vehicle speeds on Segment IlI are the same as oil Segment 1.

(Continued) _ :

A.38



/ EXAMPLEPROBLEMNUMBER12 (Continued)

!
; I

I38m
I

60m [

i:

p

On Segment I, the flow and reference energy mean emission levels are:

= 680 automobi[es = 69 dBA at 88 km/h (Do =15 m)
110 medium trucks = 80 dBA at 80 km/h

42 heavy trucks = 85 dBA at 80 km/h

On Segment II the flow and reference energy mean emission levels are:

O 240 automobiles = 68 dBA at 80 km/h50 medium trucks = 79 dBA at 72 km/h

15 heavy trucks = 84 dBA at 72 kin/it

_ Solution:

[(a) HardSite I

•_ Segment I

6U m

- -1 _ .--,on 0"°
_2 = 90°

Alp= _3 -- _51= 90° - 57'70= 32'30

...._, (Continued)
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EXAMPLE PROBLEM NUMBER 12 (Continued) _t

Segment I:

Automobiles Medium Trucks lleavy Trucks

Volume, N 680 110 42
Speed, km/h 88 80 80

D, metres 38 38 38

(£o) e 60 B0 85
10 log (NDo/S) 20.6 13.1 9.0
10 log (DoD) -4,0 -4.0 -'L0
10 )og (A_/_') -7.5 -7.5 -7.5
+ constant -25.0 -25.0 -25.0

Leq 53.1 56,6 57.5

Leq(/I)i = 60.9 dBA

Segment II:

L= 6o,o.=e*=_e,o_ _, .... -t(_)= eze°
n = (3e-28is]n650 =9,1m d/2 = 90a

R n = _/602 + 382 = 71.0 C = _= 70.4m

Rf=oo

Since D << fSt I. that is 9.1 << 70.4 it is appropriate to use the Leq expression in-
volving R n, R[.

(Continued) _
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EXAMPLE PROBLEM NUMBER 12 (Continued)

Segment Factor F(Ra, R[) ° = l0 log C_Rn / -- _./--_f/J

[(15)(15)]F(Rn, Rf) ° = 10{og "_- - _ = -6,8dB

Automohilcs Medium Trt=cks lleavy Trucks

Volume. N 2,)0 50 15

Speed. km/h 80 72 72
D, metres 9.1 9.1 9.1

(Eo)_. .. 68 79 8,t
10 log (NDoI,', 16.5 20.2 ,1.9
F(R n, R[) ° -6.8 -6.8 -6,8
+ constant -30.0 -30,0 -30.0

Leq 47.7 52A 52.1

,_ Leq(h)l I = 50.OdBA

/ Segmenl, 1II:• Automobiles Medium Trucks lleavy Trucks

i) Volume, N 920 100 57

Speed, km/h 88 80 80
D, metres 38 38 38

(_'o)_ 69 80 85
10 log (NDo/S) 22.0 1,t.8 10.3

10 log (Do/D) -4,0 -4.0 -4.0
10 log (&¢/_r) -.9 -.9 -.9
+ constant -25.0 -25.0 -25.0

Leq 01,1 6,t.9 05.,1

Leq(h)ltl = 08.9 dBA

To calculate the equivalenL sound level at the receiver duo to all three segments, calculate

{Continued)
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EXAMPLE PROBLEM NUMBER 12 (Continued)

F L_,,Un. M,U,I. M,UO..7
1,_,(1,)=10,ogLlO;_ +10,o +1o_ j
Leq(h ) = I01og]106. o9 F 105,6o + 106.89] = 09.TdBA

Leq(h) -_ 70dBA.

[ (b) AbsorptivoSite ]

Using file information from part (a), construct the tables

Segment 1:

Automobiles Medium Trneks Ileavy Trucks

(Lo)l_, 69 80 85
10 log (NDo/S) 20.6 13,1 9.0

25 log (Do/D) -6.1 -6.1 -6.1

I0 log _]1/2(58'90) -ZO.fi -10.6 -10.6

+ constanl -25.0 -25.0 -25.0 _ ,

Leq 47.9 51 .,t 52.3 k..... :

Leq(h) I = 55.7dBA

Segment Ih

= jSegment Fnetor F(Rn, Rf)II _ 10 log 3 L\ Rn/

2F(Rn, Rf)ll 2 = 101ogwL_y) - = -ll.9dB

Automobiles Medium Trucks Heavy Trucks

(Eo)I,: 68 79 84
lO Io_ (ND [S) 16.5 10,2 4.9

F(Rn. Rf)ll_ -11.9 -11.9 -11.9
+ constant " -30.0 -30,0 -3O.O

Leq ,12.6 ,t7.3 47.0

Leq(h)l I = 50.9dBA
(Continued)
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2

f "_ EXAMPLEPROBLEMNUMBER12(Continued)
/

/

Segment lII:

Automobiles Medium Trucks i le[lvy Trucks

(_'0)I.: 69 80 g5
10 log {NDo/S) 22.0 14.8 10.3

15 log (Do/D) -6.1 -6,1 -6.1

_1/,,(-90,5s)
10 log " - -1.7 -1.7 -1.7

+ constant -25.0 -25,0 -25.0

Leq 58.2 62,0 62.5

Leq(h)m = 66.0 dBA

Thus the total Leq at the receiver for the absorbing site it

Le_,(h) = 66,5 dBA = 67 dBA

Note: Decimal points are shown for illustrative purposes only. Numbers should be
rounded off to the nearest half dBA.

iO
i
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Appendix B

TRAFFIC NOISE BARRIERS: ATTENUATION AND INSERTION LOSS

INTRODUCTION

Appendix B is intended to provide the tools with which the highway engineer may obtain
estimates of how well a wall or berm 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 calculation of barrier effects rather than the measurement
of barrier effects. The barrier model utilized is based on an analytic approximation [4] to labora-
tory data with field verification [5]. The treatment of barrier effects is consistent with tile equiva-
lent energy methodology of Appendix A.

The information in Appendix B is presented ill three steps:
(1) definitions and principles
[2) barrier attenuation of equivalent sound levels
(3) example problem.

Stop ]. Def n t ons and Barr er Principles

_'-_'_ le tile of this tile term barrier is considered to include walls and barms. Barriers
context report

affectseundby interruptingitspropagatlonandcreatinganacousticshadowzoae.(SeeFigareB-].)
The soundlevelintheshadowzoneislowerthantherespectivefreefieldsoundlevel.Intheillu-
minatedzone,thesoundlevelmay ormay notbelowerthanthefreefield]eve]dependinguponhow
farthereceiverisintothezone.The reductioninsoundleveldepemlson thesourceangle,angleof

diffraction,frequencyofsoundradiatedby thesourceandthepathlengthdifference.Formost
practicalsituationsthereductioninsoundlevel(attenuation)providedbyabarriermay beexpressed
usafunctionofasinglevariablecalledtheFresnelnumber.The Fresnelnumber,N, isdefinedby

N _ _ [_ (B-D2T=2 T

where 5 is tile patlflength difference (see Figure B-l), _. is tile wavelength of sound radiated by tile
smlrce,/'is the frequency of sound radiated by tile source, and c is the spend of sound (343 n/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 - 0.0635e

:! 5(1+0.6e) + 20log tan _ (-0.I916-0.0635e) _ N _ 0
[ A =< (B-2)

x/2;rN
5(1 + 0.6e} + 20log 0 < N _ 5.03

tanh _/2_N

20(1 +0.15e) N _ 5.03
.J
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I ILLUMINATED
ZONE _ "_" _

_;" _ SHADOW

_ 8 ZONE

SOU__ RECEIVER

_'__ B RECEIVER

SOURCE _''_ e° _ nAft_

DIFFERENCE, _0

6_ •= :I:IA+B_oiPATHLENGTHDIFFERENCE _ + FOR RECEIVERS IN EHADOWZONE

]_o = MAXIMUM PATHLENGTH DIFFERENCE
6o • ±iAo _. Bo - Co I ~ FOR RECEIVER_ IN ILLUMINATED ZONE

Figure B,1. General Source/Receiver/Barrier Geometry

where

e = 0 for n wall

e = 1 for a herin.

From field experiments herms appeared to perform about 3 dB better tilan predicted when they
were mathematically treated as a wall. Thus, the e factor was included in(B-2) to take thisobserved
performance difference into account.

Step 2. Attenuation of Equivalent Sound Levels by a Barrier

Consider the source-receiver-barrier geometry sbown in Figure B-2. 3.'he problem is to deter-
mine the souad level at the receiver due to the roadway-barrier segment (_b:.,_/_). When treating _=_J"
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SH IELDED PORTION OF( ROADWAY

ROADWAY

n

!:

- RECEIVER

Figure B.2. Source/Receiver/Barrier Geometry Used Ior the
Determination of Barrier Attenuation

_;_ roadway-barrier scenarios, it is a=umed that ground effects for the shielded portions are negli-
_._ gible (c¢= 0). In the absence of the barrier and with negligible ground effeeLs, tile mean square

• 'C 'S "pressure (p2) due to n single vehl le source I given by

(B3,
where

D o = reference distance

/2 = source-receiverdistance

(Po2) = meansquare pressuremeasuredat referencedistance.

The effect of the barrier is that each sound ray will be atteuuated by the factor 10 "A/l°, that is

2 _A(pE) = (po2) 10 lo (B-4)

where A is given by Equation (B-2).
Using the identical methods and teehniquesdeveloped in Appendix A forcalculating equivalent

sound levels for a flow of vehicles, (B-4) is integrated over position (time) to give

10"1"-5de - 25 (B-5)
Leq(h) i = (Lo)Ei + 10log + 10 log + 10 log _r _L

wltere
Leq(h) l is the hourly equivalent sound level for the ith class of vehicles
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(f,o)_h is tile reference energy mean emission level fordm classofvehicles -

N i is the number of vehicles in the ith cla_ traversing tlle roadway in one boar

D O is tim reference distance, taken as 15 m

S i is the average speed of fire ith class of vehicles (kin/h)

D is the perpendicular distance from the centerlbm of the traffic hme to the receiver, m

A is tbe attenuation of point source levels (Equation (B-2)) provided by a wall or herin

A

10 log 1_."/Stl 10-1-5 d_b is tbe attenuation in equivalentsound level provided by a ',vail or
J_
_/, barm subtending the angles _I, and _1¢ relative to the receiver.

In order 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 log [ A0(1/A¢0 ] where 40 = 01¢ -Ol,,

h_ - AI P

+10log A-_ _ 10 ]O ¢'1_ -- 25. ("-6)

If the equivalent level attenuation term is designated _,_, tile hourly equivalent soundlevel for

a receiver near e roadway _egrnent (¢I,, eR) shielded by a barrier subtendiug the m_glos¢i,, 01¢ is .,---.

Leq(h)i =(Lo):,: + 101o_ + lOIog('_£)+ lOIog_+ A/i - 25. (B-7) ........

It is important to note that (]]-7) is used only for Le,l(h) i contributions from shielded segments, If
the roadway element has unshielded portions as in Figure B.3, segments I and III, their contribu tions
are separately calculated using earlier results according to

NIDo (_o) t+_ _'a(_51'_2) - 25 (B-8)Leq(h) i = (_o)_'_ + 101og_ + lOlog _ + lOIog Tr

tbe results ofwhich would be appropriately added to the shielded Lea(h) i wdue to obtain the total
equivalent sound level.

Twoproblems remain: (1) performing the indicated integration in (B-6) requires that the func.
tional relationship between N and ¢ be determined, and (2) deciding if h n is the same for all classes
of vehicles for a given site geometry,

The _ dependence of N is determined by the approximate relationship

N _- N O cos¢ (B-9)

in which N o is the Freshet number determined along the perpendicular between tile receiver and the
source (line).

For barrier calculations only, the source vehicles are treated as being located at the following
positions'.

automobiles 0 metres above the centerline of the lane
medium tracks 0.7 metres above the centerline of the lane
heavy trucks 2.44 metres above the eenterIine of tim lane. _'
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' 1 ROADWAY ROADWAY ROADWAYSEGMENT SEGMENT SEGMENT

* } rl I "J I

RECEIVER

Figure9-3. Finite Roadway/FiniteBarrierGeometryforInsertionLossCalculations

These elevated positions take into account the many individual noise sources contributing to the
ovor=dl noise radiated by medium and heavy trocks. Since tbe source positions vary, An will vary,

and hence, must be indexed to indicate vehicle class, i,e., AIjc Then,

(9)Leq(h)l = (Lo)Et + 10log -J + 10log + 10log -- + ABt - 25 (B-10)

where

_'n . ;'._L(,

/'n{ =101o / a0,0 (B.11)
da
_L

0 N I < -0.1916 - 0,0635e

_cos¢
5(1+0.6e) + 201og (-0,1916-0,0635e) <N i < 0

tan
&i =_ (B-12)

_/'_'N_ l cos ¢ 0 _; N l < 5,03
5(1 *0,6e) + 20log tanhv/_.N_._ieos_

20(1 + 0,15e) N i _ 5.03

and

; _._ N t = (No) ieos¢
i = automobiles, medium trucks, heavy trucks,

t _-5

,J



To put(B-11)and (B.12)inamore useableform notethat

3e = 10log(10°.3_)
5+36

5(1+ 0.6e) = 101og I0 1o = 101og(v/T0 100,3c)
20+ 3c

20(1+0.15e) = 10log 10 I0 = 101og(100× I0 TM)

which when combined with the log terms in (B-12) gives

20 ]og (1) Ni < -0.1916 - 0.0635e

r_ 10o.0_2.1Noliease]
10Iog|--__| (-0.1916-0.0635e)<N i< 0

L tan- X/2rdNdi cos'# J

Al = _-_-_ 100.ae 2rr(No) ' case] (B-18)
101og I' _ "] O'_N i < 5.03

L tanb- x/2rc(No) i COS¢ J

10iog[100X 10 TM ] N i ;_ 5.03.

The integrand in (B-11) involves the antilog of negative _,1/10, so that (B-11) may be rewritten
using the result (B-13) ;'--"

1 ] N i "g -0.1916 - 0.0635e

t

io-otn.-'
X/T'O2_lNoli cos¢ J (-0.1916 - 0.0635e)<Ni<0

i ff,, . _,]B I = lOlog CR - eL _t. lO-O.ae tenb 2 d_

lO-O'3e Ni _ 5.03.
100

(B.13)

The integral in (B-14) has been numerically integrated for a range of wduesof No, -0.2 _ N O< 100,
and is presented in ten degree increments in a series of tables appearing at tile end of this appendix.

Insertion Loss

Insertion loss, IL, is tile direct measure of the field effectiveness of a barrier. Insertion loss is
simply the difference in sound levels at a receiver before and after construction of the barrier,

( Sound level before'_ _ ( Sound level after / (B-14)
IL = \barrier construction/ kbarrier construction/"
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_ In general, in_rtion loss will depend upon tile barrier's attenuation A_, transmission loss character-
) isties, 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 tile
traffic information ill tile accompanying table, determine (1) the traffic noise level at

the receiver before construction of the barrier, (2) the level at the receiver after con-
struction of the barrier, and (3) the field insertion loss provided by the barrier.

ROADWAYSITE(Not toScale(

' I( 133m )1( 434 m P
i /
I / • 2 lanes

,* 3,66mwide
I f (each)/

¢ I / 2 lanes
_i _ 3,S6mwide

i _ 120m _ 15m/ leach)

e'-_18m i J Barrier,4 mhigh
,1

/ t SOFTSITE
i:! 65 m /

'.:i / /t" /

Receiver. }.5 m hlIIh

[_ .Traffic Information

:_; N (vph)
_i Vehicle Class S (kin/h) (L0) E (dBA)All Lanes

*'i Automobiles 2,150 88 72
Medium Trucks 195 84 82

Heavy Trucks 260 82 86

Solutiml:

Using the Noise Prediction Worksheet, fill in the traffic data.

Calculation of Equivalent Lane Distances

1. No Barrier

D E = [(Receiver--nearlaoe CLdistance) × (Receiver--i'arlane (_distaare)] I/2

Dy = 76.61 Ill. (Continued)
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EXAMPLE PROBLEM NUML_E R 1 (¢3onti._==_d)

2. With Barrier i

D E = RQceivL,r.b=_vricL'tJi:;L;ll_L,t,(perl)ondicular )

+ [( Jurl'_,:---zl _r hm_, 4: distance) X (Ban" er--far az o _ d 5tance)] /2

D E = 50 4 15., --_--/2/(l.,_ + 3.66 _. 10 + 3.66 _-

D E = 75,23 m.

Calcu|ation of Roadwl_y S,,g,,_.c._,/_,=gh_5

,, 133m .... *[_ ........... 434.,- )

I / t _"
'L;fl _11 L= .* • / _' _"

• 1 "1. _" 50in

¢,j- J,

33

• °'-°" C
I 15 o

¢11"t= ,,_n-'(_) _- ,a ¢_

-3 434 =

_b2= ,_'n ('/_)::80

Calculation of _., N O

Redrawil|g the barrier in a cross.section

A .LOre e'_ ....... __ "_ ,l
25,23 in 50 rn

H'r '_o= v_._ '" "

• (Continued) '_
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' EXAMPLEPROBLEMNUMBER1 (Continued)

No = 2 =: .'_ c"

f Isusu_llVtDk,_l_,_ 5511HZ
c = 343m/s

2(550(_o :J21,'_,No= 343

A NO= 3.21(0,36}= 1,16

MT 140= 3.21(0.27)= 0.87
HT No= 3.21(0.10}= 0.32,

Calculation of e,_

Using the attenuation tables at the end c,f :\ppcndi× B

A N O = 1.16 _,5 = 20° No : 1 An .... 11.39

_I_ = 70° h'. 2 ',5._1,_ -I,l.09

By linear interpolation A/j _ -11.39 • 0.16(]4.09 _ 11,39}

(_ h B = -lJ :;

MT No = 0.87 No = 0.8, _\rs .... IU.60

No = 0.9, =_[: = -11.01

d=B _ -10.60 - 0.7(i1.01--10.60)
¢-j

A B = -10,9

HT N O = 0.32 N o = 0.3, Ate : -7.S3

N O = 0.4, h_; : -8,52

_'B _- -7,83 - 0.2{8.52-7.83)

_._ _- -8,0

From the Noise Prediction Workslmet,

_: noise l_vel at the receiver before construclio_ ,_ the barrier

'_' I L_q(h) = 66.7 dBA]

(Continued)
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EXAMPLE PROBLEM NUMBER 1 (Continued)

noise level at the receiver after construction of the barrier

L_q(h) = 65.5dBA[

I.L. -- L_q(h)- L_q(h)= 66.v- 65.5

I '.L.=i.:dBA I

NAME PItOJECTDESCRIPTION |X_I'LI m,I

DATE.

i

Tebla B.1.1. Nolm Prediction Werklhut

i

_ B-IO
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NOISE ATTENUATION BY A BARRIER DEFINED BY (No, _L. _)R)

MAXIMUM FRESNEL NUMBER. NO _ -0.91

RIGHTMQST BARRIER AI_GLE, _
q

-89 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 99 ]

-90 -5,0 -5.0 -5.8 -4.9 -4.9 -4.9 -4.9 -4.9 -4.9 -4.9 -4.9 -4.9 -4.9 -4.9 -4.9 -4,9 -4.9 -4,9

-80 -6.0 -4.9 -4.9 -4.9 --4.9 -4.9 -4.9 -4.9 -4.9 -4.9 -4.9 -4.9 -4.9 -4.0 -4,9 -4.9 -4,9

-70 -4,9 -4.9 -4.9 -4.9 -4.9 -4.9 -4.9 -4.9 -4,8 -4,9 -4,8 -4.8 -4.9 -4.9 -4.9 -4,9

-60 -4,9 -4.9 -4.9 -4.9 -4,9 -4.5 -4.8 -4,8 -4.8 -4.8 -4.8 -4.8 -4.9 -4.9 -4,9

-50 -4,9 -4.9 -4.9 -4.8 -4.8 -4,8 -48 -4.B -4.8 -4.8 -4.9 -4,8 -4.9 -4,9

o_ -40 -4.5 -4.8 -4.5 -4,8 -4.8 -4.9 -4,9 -4.5 -4,8 -4.8 -4,8 -4,9 -4,9

_ -30 -- - -4,8 -4.8 -4.8 -4.8 -4,9 -4.8 -4,8 -4.8 -4.8 -4,8 -4.9 -4,9

'< -20 - -4,8 -4,8 -4.9 -4,5 -4.8 -4,8 -4.8 -4.8 -4.8 -4.9 -4,9

.10 - -4,8 -4.8 -4.8 -4.8 -4.8 -4,8 -4.8 -4,9 -4.9 -4.9

_o O -4.8 -4.8 -4.8 -4,9 -4.8 -4.8 -4.9 -4,9 -4.9

10 -4,8 -4.8 -4,8 -4,8 -4.9 -4,9 -4.9 -4.9

20 -4,8 -4.8 -4.9 -4.9 -4,9 -4,9 -4,9.J

30 - -- -4.8 -4.9 -4,9 -4,9 -4.9 -4.9

40 - -- --4.9 -4.9 -4.9 -4,9 -4.9

50 -- -4,9 -4.9 -4.9 -4.9

60 -4.9 -4,9 -5.0

70 - -5,0 -5.0

BO -5,9



NOISE ATTENUATION BY A BARRIER DEFINED BY (NO, _L, ¢n)

MAXIMUM FRESNEL NUMBER, NO = -0,02

RIGHTMOST BAI_RIEI] ANGLXZ,¢'_i_

10 20 30 40 50 62 70 OO 90 J
_0 I_O _wS0 I_ 0 _30 _20 0

-90 -5,0 -4.9 -4.9 -4,9 -4.0 -4,8 -4.8 -4.8 -4.8 -4.7 --4,7 -4.7 -4.7 -4,7 -4,7 -4,7 -4.7 -4.6

-80 - -4.9 -4,9 --4,9 -4.9 -4.8 -4.6 -4.8 -4.7 -4.7 -4.7 -4.7 -4.7 -4.7 -4.7 -4,7 -4.7 -4.7

-70 -4,8 --4,9 -4,9 -4.8 -4.7 -4,7 -4.7 -4.7 --4,7 -4.7 -4.7 -4.7 -4,7 -4.7 -4.7 -4.7

-60 --4,8 -4.8 -4.7 -4.7 -4.7 -4.7 -4.7 -4.7 -4.7 -4.7 -4,7 -4.7 -4.7 -4.7 -4.7

-50 -4.7 -4.7 -4.7 -4.7 -4.7 -4.7 -4.7 -4.7 -4.7 -4.7 -4.7 -4,7 -4.7 -4.7

o_ -40 -4.7 -4,7 -4.7 -4.7 -4.6 -4,6 -4,6 -4.7 -4.7 -4,7 -4.7 -4.7 -4.7
_ -30 ..... 4.7 -4.7 -4.6 -4,6 -4.6 -4,6 -4.6 -4.7 -4.7 -4,7 -4.7 -4.7
;t
< -20 -4.6 -4.6 -4,6 -4.6 -4.6 -4.6 -4.7 -4.7 -4,7 -4.7 -4.7
,=.

-10 ..... 4.6 -4.6 --4.6 -4.6 -4.6 -4,7 -4.7 -4,7 -4.7 -4,7

m 0 ....... 4,6 -4,6 -4,6 -4.7 --4,7 -4,7 -4.7 -4.7 -4.7

o 10 ..... 4.G -4.7 -4,7 -4.7 -4.7 -4,7 -4.8 -4.8

=, 20 ...... 4.7 -4.7 -4.7 -4.7 -4.7 -4.8 -4.6

30 -- -4.7 -4.7 -4.7 -4.8 -4.8 -4.0

40
- --4.7 -4,8 -4,6 -4.0 -4.8

50 - -4.8 -4,2 -4.8 -4,9

B0 - -4.2 -4,9 -4,9

70 - -4.9 -4.9

90 .... -- - -5.6



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, _"L. _"F¢)

MAXIMUM FRESNEL NUMBER, NO = -003

RIGHTMOST RARRIER ANGLE, _(1_ I

-80 -70 -60 -EB -40 -30 -20 -10 O 10 20 30 40 50 5U 71-J BD 99 I

-90 -5,0 -4.9 -4,0 -4.8 -4.8 -4.7 -4,7 -4_7 -4.6 -4.6 -4.6 -4.6 -4.6 -4.G -4.6 -4,6 -4.6 -4.6

-80 -4.0 -4,8 -4.8 -4.7 -4.7 -4,7 -46 -4.6 -4,5 -4.6 -4,6 -4.6 -4.6 -4.6 -4,6 -4.6 -4.6

-70 -4.8 -4.'/ -4.7 -4.G -4.6 -4,6 -4.6 -4.5 -4,5 -4.5 -4.5 -4.5 -4.5 -4.6 -4.6 -4.6

-60 - -4.7 -4.6 -4,6 -4.6 -4,5 -4.5 -4.5 -4.5 -4,5 -4,5 -4.5 -4.5 -4.5 -4,0 -4,6

-50 -4.6 -4.6 -4.5 -4,5 -4,5 -4,5 -4.5 -4.5 -4.5 -4.5 -4,5 -4.5 -4.0 -4.6

-40 -4.5 -4.5 -4,5 -4.5 -4.5 -4.5 -4.5 -4.9 -4.5 -4,5 -4.5 -4,6 -4,6

,= °-_ -30 -4,5 -4.5 -4.5 -4.5 -4.5 -4,5 -4.5 -4.5 -4.5 -4,5 -4.6 .-4.6

GO -4.4 -4,4 -4.4 -4,4 -4,4 -4,5 -4.5 -4.5 -4.5 -4.6 --4.6
,_ -20

-10 .... -4.4 -4.4 -4.4 -4.4 -4,5 -4.5 -4,5 -4,5 -4.6 -4,6

a: -4,4 -4.4 -4.5 -4,5 -4,5 -4.5 -4.6 -4.6 -4.6

-4.4 -4.5 -4.5 -4.5 -4,5 -4.6 -4.6 -4,7
o 10

-4.5 -4,_ -4,5 -4,6 -4.6 -4,7 -4.7

_ 2B
-4.5 ,-4.6 -4.6 -4.6 -4.7 -4.7

30

- -4,6 -4.6 -4,7 -4.7 --4.8
40

- -4.7 -4.7 -4.8 --4.5
50

- -4,B -4.5 -4.9
60

_ -4.9 -4,9
70 - -

--5.0
80



NOISE ATTENUATION BY A BARRIER DEFINED BY (No . eL. d_R)

MAXIMUM FRESNEL NUMBER ` No = -0.04

RIGHTMOST BAR'RIER ANGLE. _1

--80 --70 --60 --50 -40 --30 --20 _10 0 10 20 30 40 50 60 70 80 90 1

--90 --4.9 --4.9 --4.8 --4,7 -4.7 --4.6 --4.6 --45 --45 --4.5 --4.5 4.4 .4A --4.4 -4.4 -4.5 -4,5 -4.5

--80 - -4.8 -4.7 -4.7 -4.5 --4.6 -4,5 -4.5 -4.5 -4.4 --4.4 -4.4 -4.4 -4.4 -4.4 -4,4 --4.5 --4.5

--70 - -4.7 -4.5 -4,6 --4.5 -4.5 -4.4 -4.4 -4A -4.4 -4,4 -4.4 --4.4 -4.4 -4.4 -4.4 -4.5

-60 -4,6 -4,5 -4.5 -4,4 -4.4 -4,4 -4,3 -4.3 -4.3 -4,3 -4.3 -4.4 -4.4 -4.4 -4.4

-50 - -4.5 -4.4 -4.4 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.4 -4.4 -4.4

o_ -40 - -4.4 -4,3 -4.3 -4.3 -4.3 -4.3 -4,3 -4.3 -4.3 -4.3 -4,4 .-4.4 -4.4

_ -30 -4.3 -4,3 -4.3 -4.3 -4,3 -4,3 -4.3 -4,3 -4.3 -4.4 -4.4 -4.4

< -20 .... 4,3 -4.2 -4,2 -4.2 -4.3 -4.3 -4,3 -4.3 -4.4 -4.4 -4.5

-10 - -4,2 -4.2 -4.2 -4,3 -4.3 -4.3 -4.3 -4,4 -4.4 -4,5
cc

= 0 - - -4.3 -4.2 -4 3 -4.3 -4.3 -4,4 -4.4 -4.5 -4,5

o 10 - - -4.3 -4.3 -4,3 -4,3 -4.4 -4.4 -4.5 -4.5

20 - -4.3 -4,3 -4.4 -4.4 -4,5 -4.E -4,6

30 - -4.4 -4,4 -4,5 -43 -4,6 -4.6

40 - -4.5 -4,5 -4.6 -4.6 -4.7

50 - - -4.6 -4.6 -4.7 -4.7

50 -4.7 -4.7 -4._]

70 -4.E -4,9

80 - -4.9



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, _L. ,_RI

MAXIMUM FRESNEL NUMBER, No = -0.05

RIGHTMOSTBARRIERANGLE,_

I --80 --79 -6B -EB -40 -30 -2B -10 0 10 2B 30 40 50 60 70 80 90 1

--gB -4.9 -4,8 -4.8 -4.7 -4.6 -4,5 -4.B -4.4 -4.4 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4,4

--80 - -4.8 -4,7 -4.6 -4.5 -4.5 -4.4 -4,4 -4.3 -4,3 -4.3 -4.2 -4.2 "4.2 -4,3 _4.3 -4.3 -4,3

--70 -4.6 -4.5 -4,5 -4.4 -4,3 -4.3 -4.3 --4.2 -4.2 -4.2 -4.2 -4,2 -4.3 -4.3 -4,3 -4.3

-60 I - --4.5 -4.4 -4.3 -4.3 -4.3 -4.2 -4.2 -4,2 -4,2 -4.2 -4.2 -4.2 -4.2 -4,3 -4,3

-50 I - -4.3 -4.3 --4,2 -4.2 -4.1 -4,1 -4,1 -4.1 -4.1 -4,1 -4,2 -4.2 -4,2 -4,3

o_ -40 I - - -4,2 -4,2 -4.1 -4.1 -4,1 -4.1 -4.1 -4.1 -4,1 -4,3 -4.2 -4,2 -4,3
_. _ -30 I - -4.1 -4.1 -4,1 -4.1 -4.1 -4,1 -4.1 -4,1 -4.3 -4,2 -4.2 -4,3Ot _3

Z -2B I - -4.1 -4.0 -4.0 -4,B -4.1 -4.1 -4.1 -4.2 -4.2 -4.3 -4.3

-tO ] -4.0 -4,B -4.B -4.1 -4.1 -4,1 -4.2 -4.2 -4.3 -4,3a:

0 t - - -4,0 -4,B -4.1 -4,1 -4,1 -4,2 -4.3 -4,3 -4.4

o lO I -4.1 -4.1 -4,1 -4,2 -4.3 -4.3 -4,4 -4.4

"P 2B I - -4.1 -4.2 --4,2 -4,3 -4,3 -4.4 -4.5=,
30 I - -4.2 -4.3 -4,3 -4.4 -4.5 -4.5

40 I - -- -4,3 -4,4 -4.5 -4.5 -4.6

50 I - - -4,5 -4.5 -4,B -4.7

6B J - - -4.6 -4.7 -4.B

70 _ - -4.B -4,B

80 I ....... 4.9



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, ¢'1..OR)

MAXIMUM FRESNEL NUMBER, NO _ -0,OB

RIGHTMOST BARRIER ANGLE, _5_t

--90 --70 -B0 _50 -46 -30 -20 -10 O l0 20 30 40 50 60 ?O 80 90__

-90 j -4.9 -4,8 -4.7 -4.6 -4.5 -4.4 -4.4 -4,3 -4.2 -4.2 -4,2 -4.1 -4.1 -4,1 -4.1 --4.2 -4.2 -4,2
I

-90 - --4,7 -4,6 -4.5 -4.4 -4.4 -4.3 -4,2 -4.2 -4.1 -4.1 -4.1 -4.1 -4.1 -4.1 -4.1 -4,2 -4.2

-70 -- -4.5 -4.4 -4.3 -4.3 -4.2 -4,1 -4.1 -4.1 -4.0 -4.0 -4.0 -4.0 -4.1 -4.1 -4.1 -4.2

-69 -4.3 -4,3 -4.2 -4.1 -4.1 -4.0 -4.0 -4,0 -4.0 -4,0 -4,0 -4.0 -4.1 -4.1 -4.1

-50 - -4.2 -4.1 -4.0 -4.0 -4.0 -3.9 -3,9 -3.9 -3,9 -4.0 -4.0 -4.0 -4.1 -4.1

I_ =4. -40 - - -4.0 -4.0 -3.9 -3.9 -3.9 -3.9 -3.9 -3,9 -3.9 -4.0 -4,0 -4.1 -4.1
' -30 -3.9 -3.9 -3,0 -3.8 -3.B -3.9 -3.9 -3.9 -4,0 -4,0 -4.1 -4.1

'_ -20 -3,8 -3.8 -3.8 -38 -3.8 -3.9 -3.9 -4.0 -4,0 -4.1 -4,2

.,=,
-19 -3,9 -3.8 -3,8 -3,9 -3,0 -3,9 -4.0 -4,1 -4,1 -4,2

m 0 -3,0 -38 -3.9 -3.9 --4.0 -4.0 -4.1 -4,2 -4.2

c_ 10 - - -3.8 -3.9 -3.9 --4.0 -4.1 -4,1 -4,2 -4,3

_" 20 ..... 3.9 -4.0 -4,0 -4.1 -4.2 -4,3 -4.4

30 -4.0 --4,1 -4,2 -4,3 -4.4 -4.4

40 --4.2 -4.3 -4.3 -4,4 -4,5

50 - -4.3 -.4,4 -4,5 -4.6

60 - -4.9 -4.6 -4.7

70 .... 4.7 -4,8

B0 - -4.9



f-_x f'_l S '''¸'

NOISE ATTENUATION BY A BARRIER DEFINED BY (No, @L,#PR)

MAXIMUM FRESNEL NUMBER, NO = -0,07

RIGHTMOST BAI_RIEI_ANGLE, _'_

--80 --70 -60 -50 --40 --30 --20 --10 O 10 29 32 40 50 80 70 B0 99

-9{ -4.9 -4.8 -4,7 -4.6 -4,4 -4.3 -4.2 -4+2 -4.1 -4.0 -4.9 -4.0 -4,0 -4,0 -4.0 -4.0 -4.1 -4.1

-8{ -4.7 -4.5 -4.4 -4.3 -4,2 -4.1 -4,1 -4.0 -4,0 -3,9 -3.2 -3+9 -3,9 -3.9 -4,0 -4,8 -4.1

-7C -4.4 -4.3 -4,2 -4.1 -4,0 -4,0 -3,9 -3.9 -3,9 -3.8 --3,8 -3,0 -3.9 -3,0 -4,0 -4.0

-6( -4.2 -4,1 -4,0 -4.0 -3,9 -3,8 -3,8 -3,E -3.8 -3.8 -3.8 -3,8 -3.9 -3,9 -4.D

-5C -4,0 -3,9 -3.9 -3.8 -3,8 -3.7 -3.7 -3.7 -3,7 -3.9 -3,8 -3.2 -3,9 -4.0

o_. -4C -3,0 -3.8 -3.7 -3.7 -3.7 -3.7 -3,7 -3,7 -3.7 -3.8 -3,8 -3,9 -4.0

_ -3C -3.7 -3.7 -3.6 -3,8 -3,6 43.9 -3.7 -3.7 -3.8 -3,B -3,0 -4.0

'_ -2(_ - -3.0 -3.6 -3.6 -3.6 -3,5 -3.7 -3.7 -3,8 -3.8 -3.9 -4.0

¢ .10 - -36 -3,6 -3.6 _3,6 -3,7 -3,7 -9,6 -3,2 -4,9 -4,0

0 ..... 3.6 -3,6 -3.6 -3.7 -3,8 -3,8 -3.9 -4,0 -4,1
k,-

IO - - -3,6 -3,7 -3.7 -3,8 -3.8 -4.0 -4.1 -4,2

20 - -3,7 -3,8 -3.0 -4,0 -4,8 -4,1 -4,2

30 - - -3,9 -3,9 -4.0 -4.1 -4.2 -4.3

40 ........ 4.0 -4.1 -4,2 -4,3 -4,4

50 ......... 4.2 -4.3 -4.4 -4.5

60 ....... 4,4 -4.6 -4,7

70 ........ 4,7 -4.8

80 ..... 4.9



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, CJL.¢'R)

MAXIMUM FRESNEL NUMBER, NO = -0,05

RIGHTt_tOSTBARRIER ANGLE, <_I_

-80 -70 -00 -50 -40 -30 -20 -10 0 10 30 30 40 50 50 70 80 90 /
J

-BE -'4.9 -4,7 -4.6 -4.5 -4.3 -4.9 -4.1 -4.0 -3.9 -3.9 -3.9 -3.9 -3.8 -3.9 -3.8 -3.9 -3.9 -3,9

-9C -4.6 -4.5 -4.4 -4.2 -4,1 -4.0 -3.9 -3,8 -3.9 -3.7 -3.7 --3,7 -3.7 -3.6 -3.8 -3,9 -3.9

-7C -4.4 -4,2 --4.1 -4,0 -3.9 -3.8 --3,7 -3,7 -3.7 -3.6 -3,6 -3,7 -3.7 -3,7 -3,8 -3.9

-9£ -- -4.1 -4.0 -3.9 -3.8 -3,7 -3,7 -3,6 -3.6 -3.6 -3,9 -3.5 -3.7 -3.7 -3,8 -3.8

-5C - -3,9 -3,8 -3,7 -3,5 -3,8 -3.5 -3,9 -3.5 -3.5 -3,5 -3,6 -3,7 -3.7 -3.8

,_ o_. -40 - - -3.7 -3,(3 -3.5 -3.5 -3.5 -3.5 -3,5 -3.5 -3.5 -3.0 -3.5 -3.7 -3.8
_ -30 - -3,6 -3.5 -3.4 -3.4 -3.4 -3,4 -3.5 -3.5 -3,6 -3.6 -3.7 -3,8

< -20 -3.4 -3.4 -3.4 -34 -3.4 -3.5 -3.5 -3.5 -3.7 -3.7 -3,8

.,_=
rc -10 .... 3.4 -3.4 -3.4 -3.4 -3,5 -3.5 -3.6 -3.7 -3.9 -3.9
¢

m< 0 - -3.4 -3.4 -3.4 -3.5 -3.6 -3.7 -3.7 -3.8 -3.9

o 10 - -3.4 -3.5 -3.5 -3.5 -3.7 -3.8 -3.9 -4.0

20 - -3.5 -3.6 -3.7 -3.9 -3.9 -4.0 -4,1

30 - -3.7 -3.8 -3.9 -4.0 -4.1 -4,2

49 - - -3.9 -4.0 -4.1 -4,2 -4,3

SO - - -4. I -4.2 -4,4 -4,5

69 - -4,4 -4,5 -4.6

70 - -4.6 -4,7

99 - -4.9



NOISE ATTENUATION BY A BARRIER DEFINEDBY (No. _L. _,_R}

MAXIMUM FRESNEL NUMBER,No = -,0.09

RIGItTMOST1BARRIERANGLE,_
I

-BO --70 -60 -50 -40 -30 -3B -10 O 10 20 30 40 50 60 70 50 90 J

-EO _4.9 -4,7 -4.6 -4,4 -4,3 -4.1 -4.0 -3.9 -3.6 -3.7 --3.7 -3,6 -3.6 -3.6 -3.7 -3.7 -3.7 -3,8

-50 - -4,6 -4.4 -4.3 -4.1 -4,0 -3,9 -3.8 -3,7 -3,6 -3.6 -3,5 -3.5 -3,6 -3.5 -3.6 -3.7 -3.7

-70 - -4.3 -4.1 -4,0 -3.9 -3.7 -3.6 -3,6 -3.5 -3,5 -3.5 -3,5 -3.5 -3.5 -3.6 -3.6 -3.7

-60 -4.0 -3.9 -3,7 -3,6 -3,5 -3.5 -3.4 --3.4 -3.4 -3.4 -3.4 -3.5 -3.5 -3,6 -3.7

-50 - -3.7 -3.6 -3.5 -3.4 -3.4 -3.3 -3.3 -3.3 -3.3 -3.4 -3,4 -3.5 -3.6 -3.6I

o_ i -40 - -3.5 -3.4 -3.3 -3.3 -3.2 -3.2 -3.2 -3.3 -3.3 -3,4 -3.5 -3.5 -3.6

_. _ -30 - -3,3 -3.2 -3,2 -3,2 -3.2 -3.2 -3.2 -3.3 -3.4 -3.5 -3.5 -3,6

< -30 - -3,2 -3.1 -3,1 -3.1 -3.2 -3.2 -3.3 -3.4 -3,5 -3.6 -3,7¢¢

¢ -10 - -3,1 -3,1 -3,1 -3.2 -3.2 -3.3 -3.4 -3.5 -3.6 -3,7

'B -3.1 -3.1 -3.2 -3.3 -3,4 -3.5 -3,6 -3,7 -3,B

10 - -3.2 -3.2 -3,3 -3,4 -3,5 -3.6 -3,8 -3,B

28 - -3.3 -3.4 -3.5 -3,5 -3,7 -3.9 -4.0

30 - - -3,5 -3,6 -3.7 -3,9 -4,0 -4.1

40 ...... 3,7 -3.9 -4,0 -4.1 -4,3

50 - - -4.0 -4.1 -4.3 -4.4

50 - - -4,3 -4.4 -4.6

70 ..... 4.6 -4,7

88 .... 4,B



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, 0L,_,_R)

MAXIMUM ERESNEL NUMBER, No = -0,10

RIGtlTMOST BARmER ANGLE,_l
1

-00 -70 -60 -50 -40 -30 -20 -10 8 I0 20 30 40 50 60 70 B0 90 J

-90 -4.8 -4.7 -4.5 -4.3 -4,2 -4.0 -3,9 -3.7 -3.0 -3.6 -3.5 -3.5 -3.4 -35 -3,5 -3.5 -3.6 -3.0

-80 - -4,5 -4.3 -4,2 -4,8 -3.0 -3.7 -3.6 -3.5 -3.4 -3.4 -3,4 -3,3 -3.4 -3.4 -3.4 -3,5 -3.0

-70 - -4,2 -4,0 -3.9 --3.7 -3.6 -3.5 -3.4 -3.3 -3.3 -3,3 -3.3 -3.3 -3.3 -3.4 -3.4 -3,5

-60 -3,9 -3.7 -3.5 -3A -3,3 -3,3 -3,2 -3.2 -3,2 -3.2 -3.2 -3.3 -3.3 --3.4 -3,6

-50 -3.6 -3,4 -3,3 -3.2 -3,1 -3.1 -3.1 -3,1 -3.1 -3,1 -3,2 -3.3 -3.4 -3.5

o_ -40 - - -3.3 -3.2 -3,1 -3,0 -30 -3.0 -3.O -3,0 -3,1 -3,2 -3,3 -3,3 -3,4

_ -30 - -3,1 -3,0 -3,0 -2.9 -2,9 -3,0 -3,0 -3.1 --3.2 -3.3 -3,4 -3.5
o

'_ -20 -2,9 -2.9 -2,9 -2,9 -2,9 -3.0 -3.1 -3.2 -3,3 --3.4 -3.5

-10 -2.9 -2.9 -2.9 -2.9 -3.0 -3,1 -3.2 -3,3 --3.4 -3.6

,¢
= 0 -- -2,9 -2,9 -3.0 -3,0 -3.1 -3.3 -3,4 --3.5 -3,6
p,

10 - -2,9 -3,0 -3.1 -3,2 -3,3 -3,5 -3.6 -3.7

20 - - -3.1 -3.2 -3,3 -3,4 -3,6 --3,7 --3,9

30 ...... 3.3 --3.4 -3,6 -3.7 --3,9 --4.0

40 .... 3,5 -3.7 -3,9 --4.O -4.2

50 ...... 3.9 -4.0 --4,2 --4.3

80 ........ 4,2 -4.3 -4.5

70 ....... 4.5 --4,7

80 ......... 4.8



f

NOISE ATTENUATION BY A BARRIER DEFINED BY (N o, _L, CR)

MAXIMUM FRESNEL NUMBER, NO = -0,12

RIGHTMOST BARRIER ANGLE, _
3

-80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90 J

-9C -4.8 -4.6 -4.4 -4_2 -4.0 -3,8 -3.6 -3,4 -3.3 -3.2 -3,1 -3,1 -3.1 -3.1 -3.1 -3.2 -3.2 -3,3

-80 - -4.4 -4.2 -4,0 -3.8 -3,6 -3.4 -3.3 -3.1 -3.0 -3.0 -2,9 -2.9 -3.0 -3.0 -3.1 -3.1 -3.2

-7E - -4.0 -3.8 -3,6 -3.4 -3.2 -3.1 -3.0 -2.9 -2.8 -2.8 -2.8 -2.9 -2.9 -3,0 -3,1 -3,2

•6(3 - -3,6 -3.4 -3.2 -3,1 -2,9 -2.8 -2.8 -2,7 -2.7 -2.7 -2.8 -2.8 -2.9 -3.0 -3.1

•50 - -3,2 -3.1 -2.9 -2,6 -2.7 -2.6 -2.6 -2,6 -2.0 -2.7 -2.6 -2.9 -3,0 -3.1

o._ .40 - - -2.9 -2.8 -2,7 -2.6 -2.5 -2.5 -2.5 -2.6 -2.6 -2.7 -2.8 -2.9 -3.1

¢P _" .30 - -2.6 -2,5 -2.5 -2.4 -2,4 -2,5 -2.5 -2.6 -2.7 -2.6 -2.9 -3.1t_

< .20 - -2,4 -2.4 -2,4 -2.4 -2,4 -2,5 -2,6 -2.7 -2,8 -3.0 -3.1
.=,

,10 -2.3 -2.3 -2.4 -2,4 -2,5 -2.6 -2.6 -2.9 -3.0 -3.2

0 - -2.3 -2.4 -2,6 -2.0 -2.7 -2.8 -3,0 -3,1 -3,3

_o 10 ...... 2,4 -2,5 -2.7 --2,8 -2.9 -3,1 -3,3 -3.4

20 ......... Z6 -2.8 -2,9 -3.1 -3.2 -3.4 -3.6

30 ........ 2.9 -3.1 -3.2 -3.4 -3,6 -3.8

40 ........ 3.2 -3.4 -3.6 -3.8 -4.0

50 ........ 3.6 -3.8 -4,0 -4.2

60 ....... 4.6 -4.2 -4.4

70 -- - -4.4 -4,6

80 - -4.B



NOISE ATTENUATION BY A BARRIER PEFINED BY (N o, _L, ,_R)

MAXIMUM FRESNEL NUM2ER. NO= -0,14

RIGHTMOST BARRIER ANGLE, _

--10 O 10 20 30 40 50 99 70 80 99 [

l

_0 _70 150

-9{ -4.8 --4.5 --4.3 -4,0 -3.5 -3,5 -3,3 -3,1 -2.9 -2.8 -2.7 -2.7 -2.6 -2,7 -2.7 -2,8 -2.8 -2.9

-8C -4.3 -4,1 -3,8 -3.5 -3.3 -3,1 -2.9 -2.7 -2,5 -2.5 -2.5 -2.5 -2.5 -2.6 -2,7 -2.7 -2.8

-7C -3,8 -3.6 -3.3 -3.1 -2.9 -2,7 -2.6 -2.5 -2.4 -2.4 -2.4 -2,4 -2,5 -2.6 -2.7 -2,8

-6C - - -3.3 -3,1 -2.9 -3.7 -2,5 -2.4 -2,3 -2.2 -2.2 -2.3 -2.3 -2.4 -2.5 -2,6 -2.7

•5E - - -2.9 -2,7 -2.5 -2,3 -2.2 -2.1 -2,1 -2,1 -2.1 -2.2 -2.3 -2,4 -2.5 -2.7

o_,J -4E - - -2.5 -2.3 -2,2 -2.1 -2.0 -2.0 -2,0 -2.1 -2.1 -2,3 -2.4 -2.5 -2.6

-38 - - -2,1 -2,0 -1.9 -1.9 -I,9 -1,9 -2.0 -2.1 -2.2 -2.4 -2,5 -2.7L_

z "20 - -I,9 -1,8 -1,8 -I.8 -I,9 -2.0 -2,1 -3,2 -2.4 -2.5 -2.7
,=,,

• 10 ..... 1.6 -1.8 -1.8 -1.9 -2,0 -2.1 -2,3 -2.5 -2,6 -2,8
a:
<c
== Q - - -],8 -L8 -1.9 -2,1 -2.2 -2,4 -2,6 -2.7 -2.9

10 ....... 1.9 -2.0 -2,2 -2.3 -2.5 -2.? -2,9 -3,1

20 ....... 2,1 -2,3 -2,5 -2.7 -2.9 -3.1 -3,3

30 ...... 2,5 -2.7 -2.9 -3.1 -3,3 -3.5

40 - - -2.9 -3.1 -3,3 -3,6 -3,8

50 - - -3,3 -3,6 -3.8 -4,0

68 ..... 3,8 -4.1 -4.3

20 ....... 4.3 -4.5

80 ........ 4,8



NOISE ATTENUATION BY A BARRIER OEFINED BY (No.0 L, _,R)

MAXIMUM FRESNEL NUMBER, No = -0.16

RIGi_TMOST BARRIER ANGLE. _

--80 --70 --60 --50 --40 --30 --30 --10 O 10 20 38 40 50 60 70 90 98

90 --4.7 --4,5 -4.2 --3.9 --3.6 -3.3 --3.6 --2.7 -3.E -2,4 --2,3 -2.3 -2.2 -2.2 -3,3 -2.3 -2.4 -2.5

88 -4.2 -3.9 -3,6 -3.3 -3.0 -2,7 -2.5 -2,3 -2.2 -2,1 -2.0 -2,0 -2,1 -2,1 --2.2 -2.3 -2,4

70 -3,9 --3.3 -3,0 -2,9 -2.5 -2.3 -2,1 -2.0 -1.9 -1,9 -1.9 -1.9 -2,0 -2.1 -2.2 -2.3

60 - -3.1 -2.8 -2,5 -2.3 -2.1 -1.9 -1.5 -1.7 -1.7 -1.7 -1.8 -13 -2.0 -2.1 -2,3

50 -2.5 -2.3 -2.0 -1.8 -1.7 -1.6 -I.6 -1.9 -1,6 -1.7 -1.8 -1.9 -2.1 -2.2

o._ 40 -2.9 -1.8 -1,9 -1.5 -1,4 -1.4 -1.4 -1,5 -1.6 --1.7 -1.9 -2.0 -2.2
t_ _ 30 ..... 1,9 -1.5 -I.3 -1,3 -I.3 -I.3 -1,4 -1,6 -1.7 -1.9 -2.0 -2.2

•_ 20 -1.3 -1.2 -1.2 -1.2 -1,3 -1.4 -1.6 -1,7 -1,9 -2,1 -2.3

_- 10 -1,2 -1.2 -1.2 -1,3 -1.4 -I.6 -I.9 -2,0 -2.2 -2,4
cc
= 0 -1,2 -1.2 -I.3 -1.5 -1.7 -1.9 -2.1 -2.3 -2.5
p=

10 - -1.3 -1,5 -1.6 -1.8 -2.1 -1.3 -2.5 -2.7
p-

20 -- - -1.9 -1.6 -2.0 -2,3 -2.5 -2.7 -3.0

30 - - -2.0 -2.3 -23 -2,8 -3.0 -3.3

45 - - -2,5 -2.8 -3,0 -3,3 -3,6

50 ....... 3.1 -3,3 -3.6 -3.9

90 ....... 3,6 -3.9 -4.2

70 -- - ...... 4,2 -4.5

80 - - .... 4.7



NOISE ATTENUATION BY A BARRIER DEFINED BY (N0,0 L, _*Jl{)

MAXIMUM FRESNEL NUMUER, NO = -o.18

RIGHTMQST BARRIER ANGLE, _
q

-80 -78 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 78 80 00 J

-9( -4.7 -4.4 -4.0 -3.7 -3,3 -3,0 -2.6 -2.3 -2,1 -1.9 -1,B -1,7 -1.7 -I,7 -1,5 -1.0 -2.0 -2.1

-8( -4.1 -3.7 -3,4 -3.0 -2,7 -2.4 -2, I -t,B -1,7 -1.5 -1.5 -1.5 -1,5 -1,fi -1.7 -I.9 -2.0

-7( - -3.4 -3.1 -2,7 -2,4 -2.1 -I,5 -I,6 -.1.4 -1,3 -1,3 -I,3 -1.4 -I.5 -1.6 -1.7 -1,9

-61 - -2,8 -2,4 -2,1 -1,8 -1.6 -1,4 -1,2 -1.1 -1.1 -1.2 -1.2 -I,4 -1,5 -1,fi -1.0

-5( -2.1 -1,8 -1.5 -1.3 -I.1 -1.0 -1.0 -1.8 -1,0 -1.1 -1.2 -1.4 -1.5 -1.7

¢_ _ -4( -1,5 -1.3 -1.1 -0,0 -0,8 -O,B -0.8 -0.9 -1.0 -1.2 -1.3 -1.5 -I.7
t,_ _ -3C - - -I.8 -BB -0.7 -0.6 -0.7 -0.7 -0.0 -1,0 -1,1 -1.3 -I,5 -1.7

< -2C - -0.7 -0.6 -0,5 -0.6 -0,7 -8,8 -1,0 -I,1 -I,3 -1.6 -1,8

== -10 -0.5 -0,5 -0.5 -05 -8,5 -1,0 -1,2 -I.4 -1.7 -1.9

0 -- -- --0,5 --0,0 --0r7 --0,9 -1.1 -1.4 -1.0 -1.8 -2.1

o 10 ..... 0,7 -0,8 --lrl --1.3 --1.0 --1.0 --2.1 --2,3:@

08 -- --1,0 --I,3 --1.5 --I,5 --2.1 --2,4 --2.8

38 -- -- --1.5 --1.0 --2,1 --2.4 --2.7 --3,0

40 -- -- --2,1 --2.4 --2.7 --3,8 --3,3

50 --2.8 --3.1 --3.4 _3.7

60 ..... 3.4 -3,7 -4.0

70 - - -4.1 74.4

80 - -4.7



, fi i I

NOISE ATTENUATION BY A BARRIER DEFINED BY (No,0L, OR I

MAXIMUM FRESNEL NUMBER, NO = -0.30

RI_IITMC_T RAR[flFR ANGI F, tl*__

--80 --70 --80 --50 --40 --30 --20 --10 0 10 20 30 40 80 80 70 80 90

-90 --4.7 --4.3 --3.9 --3.5 --3,1 --2,7 --2.3 41,9 --1,6 --1,4 --1.3 --1.2 --1,2 --1.2 --1.3 --1,4 --1,5 --1,4

-80 --4.0 --3.6 --3.2 --2.8 --2.3 --2.0 --1.6 --I,4 --1,2 --1.1 --1,0 --1,O --1,1 --1.1 --1.3 --I,4 --1,5

-70 -- --3,2 --2.6 --2.4 -.2.- --1.6 --1,3 --1,1 --1.0 --0.8 --0.8 --0.8 --0,0 --1,0 --1.1 --I,3 --1,4

-60 --2.5 --2.1 --1.7 --1.3 --1.0 --0.8 --0,7 --0.6 --0,6 --0,6 --0.7 --0.8 --1,0 --I.1 --1.3

-50 -- --1.7 --1.3 --1.0 --0.7 --0,5 --0.5 --0.4 --0.4 --0.5 --0.6 --0.7 --0.9 --1.1 --1,2

o_ -40 -- --1,O --0.7 --0,5 --0,3 --0.3 --0.2 --0.2 --0.3 --0,5 --0.6 --0.8 --1.0 --1.2

_;_ _ -30 --0,4 --0,2 --O,l --0.1 --0.1 -0,I --0,2 -0,4 -0.6 --0,8 --1.0 -1.2

< -20 -- -0.0 -0.0 -O,0 -0.0 -0.1 -0.2 -0.4 --0.6 --0,8 --I,1 -1,3

-10 - 0,0 0.0 -0.0 -O.I --0,3 -0,5 --0,7 --1,0 --1,2 -1.4

=_ 0 - 0.O -O.0 -0,1 --0.3 -0,5 -0.8 --1.1 --1,4 -1.4

o 10 - -0,0 -0.2 -0,5 -0.7 --1,0 --1.3 -1,6 -1.9

i 20 -- -0.4 -0.7 -1.0 --1.3 --1,6 --2,0 -2,3

30 -- - -1,0 -I.3 -1,7 -2.0 -2,3 -2.7

40 .... 1.7 -2.1 -2.4 -2,6 -3.1

50 ..... 2.5 -2,8 -3,2 -3.5

60 ...... 3,2 -3,6 -3.9

70 ........ 4,0 -4,3

80 ....... 4,7



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, OL, _R)

MAXIMUM FREBNEL NUMBER. No = -0,30

_IGHTMOST BARRIER ANGLE, _

--83 --70 -63 --50 -40 --30 -20 --10 0 10 20 30 40 50 60 76 B0 EOJ

-90 -4.5 -3,9 -3,2 -2.4 -1.8 -1,5 -1.2 -1.0 -0.9 -0.8 -0,7 -0.7 -0.6 -0.6 -0.6 -0,7 -3.8 --0,9

-B0 - -3,4 -2,2 -1.9 -1,4 -1,0 -3.9 -0.7 -0.6 -0,8 -0.5 -0.4 -0.4 -0.4 -0.4 -0.5 -0.6 -0.B

-73 -1,2 -1.3 -0.8 -0,6 -05 -0.4 -0,3 -0,3 -0.3 -0,2 -0.2 -0,2 -0.2 -0.3 -0,5 -0,7

-63 - -0.7 -0.3 -0.2 -0.2 -0,1 -0,1 -0,1 -3,1 -0,1 -0.1 -0,1 -0.1 -0,2 -0.4 -0.6

-50 - -O.O -O,0 -0,0 -0.O -0.0 0,0 0.0 0.0 0,0 0.0 -0.1 -0,2 -0.4 -0.6

N_ -40 - -0.0 -0.0 -3.0 -0,0 -0.0 00 0.0 0.0 0.6 -0.1 -0,2 -0.4 -0,8

t__ _ -33 O.0 0,0 O.0 0,0 0,0 3,0 0.3 O.O -0.1 -0.2 -0.4 -0,7

< _23 - 0.0 0,0 0.0 O,O 0,0 0.0 0,3 -0.1 -0.3 -0.5 -0.7

-13 - O.O 0,0 0,0 0.0 0,0 O.O -0.1 -0.3 -0.6 -0.0
==

n : - 0,0 0.3 0.0 0.0 O.O -O.1 -0.3 -0.6 -0.9

o 10 - - - 0,0 0,0 0,0 0.3 -0,1 -0.4 -0,7 -1.0

_, 20 - - 0.0 0,0 0.0 -0,2 -0,5 -0,9 -1.2

30 - - 0.0 O,O -0.2 -O,G -1,0 -1,5

40 - 0.0 -0.3 -0,8 -1,4 --1.8

53 ...... 0,7 -1,3 -1.9 -2,4

60 ..... 2,1 -2.7 -3,2

70 ......... 3.4 -3,9

83 ...... 4.5

=_. _ .....



.t p[

NOISE ATTENUATION BY A BARRIER DEFINED BY (No, I_L, _R }

MAXIMUM FRESNEL NUMBER, NO = -0.40

RIGHTMQST BAI:tRtERANGLE, _

--80 -76 -60 --50 --46 --36 --20 --10 0 10 20 30 4Q 60 60 70 86 90

-9C -43 -3.4 -2,4 -1.6 -1,3 -1,6 -0.0 -0.7 -0,7 -O.0 -0,5 -0.5 -0,4 -0.4 -6,4 -0.4 -0,5 -0,7

-80 - -2,7 -1,6 -1.0 -6.7 -OE -O,E -0.4 -0.4 -0,3 -0.3 -0.3 -0,3 -0.2 -0.2 -0.2 -0,4 -0.5

-70 - -0.B _0,4 -0.2 -0,2 -0.1 -0,1 -0,1 -0,1 -0.1 -O,1 -0.1 -0,1 -O.l -0.1 -0.2 -0.4

-60 -0,0 -6.0 -6.0 -0,6 -0.6 -6.6 -0.O -0.0 -0.0 -6,0 -63 -0.0 -0,1 -0.2 -0.4

-56 -0.0 -0.0 -0.6 -06 0,0 -0.0 0,0 0.6 0.0 0.0 0.6 -0, I -6,2 -0.4

o_, -40 -6.6 -0.0 _0.0 -0.6 6.0 0.0 0,0 6.0 0.0 6,0 -0.1 -0,2 -0.4

_" -30 - 0.6 o.o 6.6 6.0 0,0 0.6 6.0 6.0 0.0 -0.1 -0.3 -0.5
-,I (3

._ -20 0.0 0.0 0.0 6.0 0.6 6.0 6.0 o.o -0.1 -0.3 -0.5

-10 0.0 6,0 0.6 0,6 0.0 6,0 6.0 -0.1 -0,3 -O.O

<{
= 0 6.0 0.0 0.0 0.0 0.0 6.0 -0,1 -0A -0,7

o 10 0.0 0.0 0,0 6.0 0,0 -0.1 -0.4 -0.7

20 0,0 0.0 6.6 0.6 -O,1 -0.5 -03

30 ~ O.O 0,6 6.0 -0.2 -O.G -1.0

40 - - - 6,0 6.0 --0.2 -6.7 -1.3

50 _ -- 0.0 --0.4 -1,0 --1,6

66 - - -0.B -1,6 -2.4

70 - - -3.7 -3.4

60 -4.3



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, I_L, _R)

MAXIMUM FRESNEL NUMBER. NO = -0,50

RIGHTMQST BARRIERANGLE, _
1

-BO -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 09 90 J

-9( -4.1 -2.9 -1.B -1.2 -1.0 -0.8 -0,7 -0.6 -0.5 -0.5 -0.4 -0.4 -O,3 --0,3 -0.3 -0.3 -0.4 -0,5

-EC -2.0 -0,9 -0.6 -0.4 -0.3 -0.3 -0,2 -0.2 -0.2 -0,2 -0,2 -0.1 -0,1 -0,1 _0,1 -0.2 -0.4

-7C -0.1 -0.0 -O.O -0,0 -0,0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.0 -0.1 -0,3

-6C -0.0 -0.0 -0.0 -0,0 -0.0 -0.0 -0,0 -0,0 -0.0 -0.0 -0,0 -0.0 -0.0 -0.1 -0.3

-5C - -0,O -O.0 -O.O -0.0 -0,0 0.0 0,0 O.O O,0 0,0 0,0 _0,0 -0.1 -0,3

a_ -40 -0,0 -0.0 -0.0 -0.0 -0.0 0.0 0.0 O.0 0.0 0.O -O.O -0.1 -0,3

; _ -30 0.0 0.0 0,0 0.0 0.0 0.O O.0 0.0 0.0 ~O.O -0.2 -0A
-20 : O.O 0.0 0,0 0.0 O.O 0.0 0.0 O.O -0.0 -0.2 -0,4

==
•10 0.0 0.0 0,0 0.0 0.0 0,0 0.0 -0.0 -0.2 -0.5

m 0 0.0 0,0 0.0 0.0 0.0 O,O -0,0 -0.2 -0.5

o 10 0.0 0.0 0.0 0.0 0,O _0.O -0.2 -0,0

20 .... 0.0 O,O 0.0 O.O -O.O -0.3 -0,7
,.J

30 0.0 0.0 0.O -0.0 -0.3 -0,8

40 - 0.0 0.0 -0.0 -0.4 -1,0

50 0.0 -0,0 -0,6 -1,2

60 -0,1 -O.O -1,B

70 - -2.0 -2,9

80 - -4,1



[

NOISE ATTENUATION BYA BARRIER DEFINED BY (No,oL,H¢R]

MAXIMUM FREBNEL NUMBER. No_ -0,00

RIGHTMO++TEIARRIERANGLE, 0_

]

-80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 00 90

-00 -3.9 -2.3 -1,4 -1.0 -O.B -0.6 -,0,5 -0.5 -0.4 -0.4 -0.3 -0.3 -0.3 -0.3 -0.2 -0,2 -0,3 -0,4

-80' - -I,2 -0,5 -0.4 -0.3 -0.2 -0.2 -0,1 -0,1 --0.1 -0.1 -0,1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.3

0.O -0.0 -0.0 -0.0 -0,0 -0.0 -03 -0.0 -0,0 -0.0 -0,0 _0.O -0.0 -0.D -0.1 -0,2

-60 I - -0,0 -0.0 -0,O -0+0 -0.0 -0,0 -O.0 -0,0 -O+0 -0+0 -0,0 -0.0 -0.0 -0,1 -0,2

-50 i - -0.0 -0.O -0,0 -0.0 -0+0 0,0 0.0 O.0 0,0 0,0 0.0 03 -0,1 -0,3

o_ -40 I -0,O -0.0 --0.0 -0.0 -0,0 0.0 O.0 0,0 0.0 0.0 0.0 -0.1 -0.3

"+_._" -_ -30' - - 0,0 0.0 0,0 O,O 0.0 0.0 0.0 0.0 0.0 0.0-0.1 -0.3
z
< -20 J 0.0 0.0 0,0 0.0 O.O 0.0 0+0 0.0 0.0 -0.I -0.3

2 -10 i - 0.0 03 0,0 0.0 0.0 0,O 0.0 0.0 -0,1 -0.4

m 0 I 0.0 0,0 0.0 0.0 0.0 0,0 0.0 -0.1 -0,4

O 10 I - o.o 0.0 oo 0,0 0,0 0.0 -0.1 -0.5

20 I - 0,0 0,0 0.0 oo 0,0 -0,3 -0,5

30 ] - 0.0 0,0 0.0 0.0 -0,2 -0.6

40 I - 0.0 0,0 0.0 -0+3 -0.8

50 I - - - 0,0 0.0 -0,3 -0,8

60 I .... 0.0 -0,B -1,4

70 I - -1.2 -2.3

E0 I - -3.9



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, _"L' _'JR)

MAXIMUM FRESNEL NUMBER. No = -0,70

fHGHTMOST BAllRIER ANGLE, I%_

-80 --70 -00 -50 -40 -30 -20 --10 O 1O 20 30 40 50 60 70 00 90 )--o

-gO -3.7 _1._ -I.2 -0,8 -0.7 -0.5 -0.5 -0,4 -0,4 -03 -0,3 -0.3 -0.2 -0.2 -0,2 -0.2 -0.2 -0,4

-8C _0.6 -0.3 -0.2 -0,2 -0.1 -0.1 -0,1 -0,1 -0,1 -0,l -0.1 -0.0 -O,0 -0,0 -0,0 -0.1 -0,2

-7C 0.0 --0,0 -0,0 -0.0 -0,0 -0.0 -0,0 -O.0 -0,0 -0.0 _0.0 -0,0 -0,0 -0.0 -0.0 -0.2

-6C --0,0 -0.0 -0.0 -0.0 -0,0 -0.0 -0.0 -0,0 -0.0 -0.0 -0,0 -0.0 -0.0 -0.0 -0.2

-5C - -0.0 -0,0 -0.0 -0.0 -0,0 0.0 0,0 0,0 0.0 0,0 00 0.0 -0,0 -0.2

•4C - - -E0 -0.0 --0.0 -0.0 -0.0 0.0 0,0 0.0 0.0 00 0.0 -0.0 -0,2

c_:. _ .3o - - o.o o.o o,o o.o o.o o,o o.o o,o o,o o.o -o.i -o.3I
z
,¢ .20 - 0,0 0.0 00 0.0 00 0.0 0,0 00 0.0 -0.1 -0,3

.1C - - - 0.0 0O 0.0 0,0 0.0 0,0 0.0 0,0 -0.1 -0.3
==
_= 0 - - O.O 0,0 O.O 0,0 0,0 0.0 0,0 -0.I -0.4

IO 0,0 O0 0.0 O0 0,0 0.0 -O.l -0,4

E 20 - 00 0.0 0.0 00 00 -0.1 -0,5
,.J

30 - O,0 0,0 0.0 O.O -0.1 -0,5

40 0,0 0.0 0,0 -0.2 -0.7

50 - 0.0 0.0 -0,2 -0,8

60 0.0 -0,3 -1.2

70 -0,6 -1,9

80 ..... 3,7

L. ,,_ ,_.J/



r.. rg

NOISE ATTENUATION BY A BARRIER DEFINED BY (No, 0L, OR)

MAXIMUM FRESNEL NUMBER, No = -0.80

R_GHTMOSTBARMEn ANGLE, 0_1
I

-6B -50 -40 430 -20 -10 0 10 20 30 40 50 60 70 80 90 I_7_

I

-90 -3,4 -1.6 --1.0 -0,7 -0,0 -0,5 -0,4 --0,3 -0,3 -0,3 -0,3 -O.2 --0,2 -O,2 -0,2 -0.2 -0.2 -0,3

-80 -0.3 -O,2 -0,1 -0,I -0.1 ~0.1 -0.0 -0.0 -0,0 -0.O -O,0 -O,O -0,0 -0,O -0.0 -0,0 -0.2

-70 0,O -O,O -0,0 -0,0 -0,0 -0,O -0.0 -O,O -0.0 -0,0 -O,O -0.0 -0,0 -0.0 -0,0 -0,2

-60 -0,O -0.0 -0.0 -0.O -0.0 -0.0 -0,0 -0,0 -0.0 -0.O -0.0 -0.0 -0.0 -O,0 -0.2

-50 -0.0 -0,0 -0,0 -0,0 -0.O 0.0 0,O O.0 0.0 0.0 0.0 O.O -0.0 -0,2

o_ -40 - -0,0 -0,0 -0,0 -0.0 -0,0 0,O O,0 0,0 0,0 O,O 0,0 -O,O -0,2

; ; -30 - O,0 0.0 0.0 0.0 0,0 O.0 O.O 0.O 0.0 0.O -0,0 -0,2
'¢ -20 - 0,0 0,0 0.0 0,O O,0 O0 0.0 O.O 0,0 -0,0 _0.3

¢ -10 - 0.0 0.0 0.0 O,0 O,0 0,0 0,O 0.0 -0_0 -0,3

=_ 0 - - 0,0 O,O 0,0 0.O 0,0 0,0 0.0 -0.0 -0,3

10 - - 0.0 0,0 0.O 0.0 0.0 0.0 -0,0 -0,3

20 0_0 0.O 0.0 0.0 0,0 -0,1 -0.4

30 - - 0.0 0.O 0.0 0.O -0,1 -0,5

40 - - 0,0 O.O 0,0 -0.1 -O,B

50 ...... O.O 0.0 -0,1 _0,7

EO - 0,0 -0.2 -1,0

70 ....... 0,3 -1,6

80 ..... 3.4



NOISE ATTENUATION BY A 0ARRIER DEPINED 0Y IN0, OL, OR)

MAXIMUM FREONELNUMBER,No = -0.90

RIGHTMOSTBARRIERANGLE,_

--_0 79 0O -50 --40 -30 -20 --10 0 i0 20 30 40 bD 60 70 00 S0 j

l

-90 -3.2 -1,4 -0.9 -0.6 -0,9 -0.4 -0.4 -0.3 -0,3 -0.2 -0.2 -0.2 -0.2 -0.2 -0,2 -0.2 -0,2 -0,3

-00 -0.1 -0.1 -0.0 -0.O -0,0 -0,0 -0.O -0.0 -O,0 -0,0 -O.0 -0.O -0,0 -0,O -0,O -0.0 -0,2

-70 0.0 -0.O -O,O -0.0 -0,0 -O.O -0.0 -0.0 -0.0 -0.0 -0,0 -0.0 -0.O -0.O -0.O -0.2

-60 , -0,O -O.O -0,0 -0.0 -0.0 -0,0 -0,0 -O.0 -0.O -0,0 -0.0 -0.O -O,0 -0,0 -0.2

-50 -0.0 -0,0 _0.O -0.0 -0,0 0.0 0.0 0.O 0,0 0,0 0.0 O.O -0,O -0.2

0o_ -40 -0.0 -O,O -0.0 -0.0 -0.0 O.O 0.0 0,0 O.O 0.0 O.O -O.O -0.2_" -30 - O.Q 0.0 0.0 O,O 0,0 O.O 0.0 0,0 O,O O,O -0.0 -0.2

z -20 - 0.O 0.0 0.0 0,0 0,0 0,0 0,O 0.0 O,0 -0.0 -0.2

E -10 - 0.0 0.0 0.0 0,0 0.0 0.O 0,0 O.0 -0.0 -0.2
¢

0 - 0.0 0.0 O.O 0.0 0,O 0.O O.0 -0,O -0,3

10 - 0.0 O,O O.0 0.0 0,0 O.0 _0.0 -0,3

=_ 20 - 0.0 O,0 0.0 0.0 O,0 -0.0 -0.4

30 O.O 0,13 O.O O,O _0.0 -0.4

40 .... 0.0 O.O 0,0 _O.O -0.5

50 .... O.0 0,0 --O.O -0.O

00 ..... 0.0 _0.1 -0.9

70 I ..... 0.1 -1.4

80 J ...... 3.2
i

i



NOISE ATTENUATION BY A BARRIER DEFINED BY (No _1 CR)

MAXIMUM FRESNEL NUMBER, No = -1,00

RIGIITMD$T BA_IFtIEHAN_I._, _(_

-80 -70 --68 -50 -40 -30 -20 -10 e 10 20 30 40 50 60 70 80 90 J

-B( -2,9 -1.2 -0,8 -0.6 _0.4 -0.4 -0.3 -0.3 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0,1 -0.1 -0.1 -0.2

-8[ -0.0 -0.0 -0.0 _0.0 -O.0 -0.0 -0.0 -0.8 -0.O -0,0 -0.0 -0.0 -0.0 -0.0 -0,0 -0.0 -0.1

-7C 0.0 -0.8 -0,0 -0,0 -0,0 -0.0 _0,0 -0.0 -0.0 -0.0 _0.0 -0.0 -0.0 -0.0 _0.0 -0.1

-6( -0.0 _0.0 -0.0 -O.0 -0.0 -O0 -0.0 -00 -0.0 -0.0 --0,0 -0.0 -8.0 -O.0 -8.1

-5£ -0.0 -0.0 -0.0 -0.0 -0.0 0.0 0.0 0.0 0.0 0.0 0.8 8.8 _0.0 -0,2

-4£ -0.8 -0,0 -0,0 -0.0 -0.O 0.0 0.0 0.0 0.0 0.8 O.O -0.0 -0,2
o.#

-_ _ -3c oo 0.0 00 BE 00 0.0 BE 0.0 0.8 00 -oo -o_
¢4

-_0 - 0.0 00 oo 0,0 0.0 0,8 0.0 08 00 -00 -02
-IO - 0,0 0,0 0.0 0.0 O0 0.0 0,0 0,0 -0,0 -0.2

O - - 0.0 0.0 0.0 00 O0 0.0 0.0 -8.0 -8.2

o l(] - - 0.0 0.0 O.0 0.O 0.0 0.0 -0.0 -8.3

20 - - 0.0 0.O O.0 0.0 0,0 -0.0 -0.3

30 - 0.0 8,0 0,0 0.0 -0.O -0.4

40 0.0 0,0 0.0 -O.0 -0,4

50 - 0,0 0.0 -0.0 -0,6

60 - 0.0 -0.0 -0.8

70 - - -0.0 -I,2

80 ........ 2.9



NOISE ATTENUATION BY A BARRIER DEFINED BY tNo, OL, ,_R)

MAXIMUM ERESNEL NUMBER, N0- -2.00

RIGHTMOST BARRIER ANGLE._

--80 --70 -60 -EO --40 -30 -20 -10 O 10 20 30 40 50 60 70 BO 90 J

-90 I -1,2 -0.6 -0.4 -0.3 -0.2 -0.2 -0.2 -0.1 -0,1 -0.1 -0.1 -0.1 -0.1 -0.1 -0,1 -0.1 -0,I -0.1

-80 I 0.0 0,0 -O.O -0,O -0.0 -0.0 -0.0 -0,0 -0,0 -0.0 -0.O -O,O -O.O -O,O -0,0 -O.O -0,1

-70 I 0.0 -0,0 -0.0 -0,0 -O.O -0.0 -0.O -0.0 -0,0 -0.O -O.O -O,O -0,0 -O.O -O.0 -0.1

-60 -O.O -0.0 -O.O -0.0 -0.0 -O.O -O.0 -0.0 -O,O -0,0 -0,0 -0,0 -O.O -0.0 -0.1

-50 -0.0 -O.0 -0.0 -0.0 0.O 0.O 0,0 0,0 0.O 0.0 O.O O.0 O.O O.0 -0.1

o_ -40 - -0,O -0.0 -0,0 -O,0 -0.0 0.0 0,0 0,0 0,0 0.O O.O O.0 -0,1

¢.o _ -30 OO O,O 0.0 OO 0,0 0.0 0,0 O.O 0.0 O.O 0.0 -0.1
z
'_ -20 - - 0.0 O.O 0,0 O.0 0.O 0.0 O.O 0.0 O.0 0,0 -O. 1

E: -10 - - 0.O 00 0.0 0.0 0.0 0_0 O.O O.O 0.0 -0_1

= 0 - _ - O.O O.0 O.O 0.0 0.0 0.0 O.O O,0 -0.1
k.

10 _ - O.0 0.0 0.0 0.0 0.0 0.0 0,0 -0.1

20 - 0.0 0,0 0,0 0,0 O.O 0.0 -O,1
,.J

30 O.O 0.0 0.0 O.O O.O -0.2

40 I - 0.0 0.0 0.0 O,O -0,2

50 0.0 O.0 0.0 -0,3

60 0,0 O.0 -0,4

70 - - 0.0 -O,B

B0 -1,2



_' / i/

NOISE ATTENUATION BY A BARRIER DEFINED BY (No, _L' _R)

MAXIMUM EREENEL NUMBER, No = 0,01

RIGHTMOST BARRIER ANGLE,_

--88 --78 --60 --50 --40 --30 --20 --10 O 10 20 30 40 50 60 70 B0 90 /
I

-_RC -5,0 -5.0 -5,0 -B,1 -5,1 -B,1 -5.1 -E, 1 -5.1 -5.1 -5,1 -5,1 -5.1 -5.1 -5.1 -5,1 -5,1 -5,1

-8(J - -5,0 -5,1 -5.1 -5,1 -5,1 -5.1 -5,1 -5.1 -5.1 -5.1 -5,1 -5,1 -5.1 -5,1 -5,1 -5,1 -5,1

-70 -5.1 -5,1 -5.1 -5.1 -E,1 -5,1 -5.1 -5,1 -5,1 -5,1 -5.1 -5.1 -5.1 -5,1 -5,1 -5,1

-50 -B,1 -5.1 -5.1 -5.1 -5,1 -5,1 -5.2 -5.2 -5,2 -5,2 -5.2 -5.1 -5.1 -5.1 -5.1

-50 .... 5.1 -5,1 -5,1 -5.B -5,B -5.2 -5,2 -5.2 -5.2 -5,2 -5,2 -5,1 -5.1 -5.1

o,o_ -40 -- -5,1 -5.2 -5,2 -5.2 -5.2 -5.2 -5,2 -E,2 -5.2 -5,2 -5.1 -5,1 -5.1

= -30 -- -5,2 -5,B -5.B -5,2 -5.2 -5,2 -5,2 -5.2 -5.2 -5,1 -5.1 -5,12
'¢ -20 -- - -5,2 -5.2 -5,2 -5.2 -5,2 -5,2 -5.2 -5,2 -5.1 -5.1 -5.1

==
_: -18 -- -5.2 -5.2 -5.2 -5.2 -5.2 -5,2 -5,2 -5,1 -5.1 -5,1
G:

m< 0 -5,2 -5,2 -5,2 -5.2 -5.2 -5.1 -E.1 -5,1 -5,1

18 - - -5,2 -5.2 -5,2 -5.2 -5.1 -5,1 -5.1 -5.1

28 - - -5.2 -5,2 -5.1 -5,1 -5.1 -5,1 -5,1

30 - - - -5.1 -5,1 -5.1 -5,1 -5.1 -5,1

48 - - -5,1 -5,1 -E,t -5,1 -5.1

50 ....... 5.1 -5.1 -5.1 -5.1

60 ....... 5.1 -5,1 --5,0

70 .......... 5.1 -5,0

BO ........... 5,0



NOJSE A"FFENUATION BY A BARRIER DEFINED BY (No.._L. _nl

MAXIMUM FRESNEL NUMBER. No ° 3.32

RIGHTMOST BARRIER ANGLE, ,_

--80 --70 -60 -50 --40 --33 --23 --10 0 10 20 30 40 50 63 70 E0 30

-g( -5,0 --5.1 -5,1 -5.1 -5.1 -5.2 -5.2 -5,3 -5.2 -5.2 -5.2 -5,3 -5,3 -5.3 -5.3 -5,3 -5.3 -5,2

-8( --5,1 -5.1 -5.1 -5,2 --5.2 -5,2 -3,2 -5.2 -5.3 -5,3 --5,3 -5,3 -5.3 -5.3 -5.3 -5.2 -5.2

-7C --5,2 -5.2 -5,2 -5,2 -5.2 -5,3 -5.3 -5.3 -5.3 -5.3 -5.3 --5,3 -5.3 -5.3 -5,3 --5,3

-3C -- - -5.2 -5,2 --5,2 -5,3 -5.3 -5.3 -5,3 -5.3 -5.3 -5.3 --5.3 -5.3 -5.3 -5.3 -5.3

-5C - - -5,3 -5.3 -5,3 -5,3 -5.3 -5.3 -5.3 -5,3 -5.3 -5,3 -5,3 -5,3 -5.3 -5,3

o_ -4_ ...... 5.3 -5.3 -5,3 -5.3 -5,3 -5.3 -5,3 -5,3 -5.3 -5.3 -5.3 -5.3 -5.3

3° ....... 33_53_33_53_53_53_33_53_53_33_53_53
'_ -30 ........ 5.3 -5.3 -5.3 -5,3 -5.3 -5.3 -5,3 -5,3 -5.3 -5.3 -5.2

==_
= -10 ....... 5.4 -5.4 -5.3 -5.3 -5.3 --5.3 -5.3 -5.3 -5.3 -5.3
¢c

<= 3 ...... 5,4 -5,3 -5,3 -5.3 --5.3 -5.3 -5,3 -5.2 -5,3

o 13 .... 5.3 -5,3 -5.3 -5,3 -5.3 -5,3 -5.2 -5.2

u.
23 -5,3 -5,3 -5,3 -5,3 -5,2 -5.2 -5,2

33 -5.3 -5.3 -5,2 -5.2 -5,2 -5,2

43 -5,3 -5.2 -5.2 -5.3 -5.1

50 -5,2 -5,2 -5,1 -5.1

63 - -5,2 -5.1 -5.1

70 ...... 5,1 -5,1

80 ......... 5,5



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, OL. _R)

MAXIMUM FREBNEL NUMBER. No • 0,03

RIGHTMOSTBARRIER ANGLE, ,_

-BO -70 -60 --50 --40 -30 -20 --10 O 10 30 30 40 50 60 70 R0 90 I

,B0 -5,0 -5.1 -5.1 -5,2 -5.2 -5.3 -5.3 -5.3 _5,3 -5,4 -5.4 -5.4 -5,4 -5,4 -5.4 -5.4 -5.4 -5,3

.80 -5,1 -5.2 -5.2 -5.3 -5.3 -5,3 -5,3 --5,4 -5,4 -5.4 -5.4 -5,4 -5,4 -5.4 -5,4 -5A -5,4

•70 -5.3 -5.3 -5.3 -5,3 -5.4 -5.4 --5.4 _5,4 -5.4 -5,4 -5.4 -5,4 -5,4 -5,4 -5,4 -5.4

"60 -5.3 --5,3 -5.4 -5,4 -5.4 --5,4 -5.4 -5.5 -5,5 -5,5 -5.4 -5.4 -5,4 -5.4 -5,4

.50 - -5.4 -5.4 -5,4 -5,4 --5.5 -5.5 -5.5 -5,5 -5,5 -5.5 -5,4 -5,4 -5,4 -5.4

Od_ ,40 -5,4 -5.5 -5.5 --5.5 -5.5 -5.5 -5.5 -5,5 -5.5 -5.5 -5,4 -5.4 -5.4

_ .30 -5,5 -5,5 --5.5 -B,B -5.5 -5.5 -5.5 -B,E -5,5 -5.4 -5,4 -5.4--i "=< .20 .... 5,5 -5,5 -5,5 -5.5 -5.5 -5,5 -5,5 -5.5 -5,4 --5,4 -5.4

.10 .... 5,5 -5,5 -5.5 -5.5 -5.5 -5.5 -5,4 -5,4 --5,4 -5.4==
O -- _ -5,5 _5.5 -5.5 -5,5 --5.5 -5,4 -5.4 --5.4 --5,3

tO .... 5.5 -5.5 -5.5 --5.4 -5.4 -5.4 --5,3 --5.3

20 ..... 5,5 -5,5 -5.4 -5,4 -5.4 -5.3 -5,3

30 - -- -- -5.4 -5.4 -5.4 -5.3 -5.3 -5,3

40 -- -- -5,4 -5.3 -5.3 -5,3 -5.2

50 ....... 5,3 -5.3 -5,2 -E,2

50 ........ 5,2 -5,2 -5,1

70 ........ 5.1 -5,1

50 _ _ _ - - - -5,0



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, _L, _R )

MAXIMUM FRESNEL NUMBER, NO = 0,04

RIGHTMQST [IARRIER ANGLE,_

--80 --70 --65 -50 --40 --30 --20 --10 O 10 20 30 40 50 S0 70 50 90 (

--90 I -5,1 -5,1 -5.2 -5.2 -5.3 _5.3 -5,4 -5.4 -5.4 -5.5 -5.5 -5.5 -5,5 -5,5 -5,5 -5.5 -5,5 -5,4

--80 -- -5.2 -5,2 -5.3 -5.3 -5,4 -5.4 -5.5 -5,5 -5,5 -5,5 -5.5 -5,5 -5.5 -5.5 -5,5 -5,5 -5.5

--?0 -- -5,3 -5,4 -5.4 -5.4 -5,5 -5.5 -5.5 -5.5 -5.5 -5.5 -5.6 -5.6 -5.6 -5.5 -5.5 -5.5

-EO -5,4 -5.4 -5.5 -5.5 -5.6 -5,6 -5,5 -5,6 -5.6 -5,5 -5.5 -5.6 -5.5 -5,5 -5.5

-55 -5.5 -5.5 -5.5 -5.6 -5.6 -5,6 -5,6 -5,6 -5.6 -5,5 -5.6 -5.6 -5.5 -5.5

o.d_ --40 -5.6 -E,6 -5,6 -5,6 -5,6 -5,6 -5.6 -5,5 -5.6 -5.6 -5.5 -5,5 -5.5

=O _ -30 -5.6 -5,5 -5.7 -5.7 -5.7 -5.7 -5.6 -5,6 -5,5 -5,5 -5.5 -5.5

_o < -20 - -5.7 -5,7 -5.7 -5.7 -5.7 -5.6 -5.6 -5.6 -5.5 -5.5 -5,5

_: -10 -5,7 -5.7 -5,7 -5.7 -5,6 -5.5 -5.6 -5,6 -5,5 -5.5
g:
¢¢
m O ..... 5.7 -5.7 -5,7 -5.6 -5.5 -5.6 -5,5 -5.5 -5.4

10 .... -.5.7 -5,5 -5.6 -5,6 --5r6 --5.5 --5,5 --5.4

20 ...... 5,6 --5.6 --5.6 --5,5 --5.5 --5,4 --5.4

30 ....... 5,6 --5.5 --5,5 --5,4 --5.4 --5,3

40 ........ 5.5 -E,4 -5,4 --5,3 -5,3

50 ........ 5.4 -5,4 --5,3 -5.2

60 I ...... 5.3 --5,2 -5,2
I

70 I ..... 5,2 -5.1

5oJ ...... 5,1



NOISE ATTENUATION BY A BARRIER DEFINED BY (No. eL, _n)

MAXIMUM FRESNEL NUMBER, No = 0,05

RIGHTMOSTIBARRIERANGLE, _

-80 --70 -66 -50 -40 --30 -20 -10 O 10 20 30 40 50 60 70 80 50

.EO -5.1 --5.2 --5_2 -5.3 -5.4 -5.4 -5.5 -5.5 -5.5 -5.6 -5,6 -5,6 -5,6 -5.6 -5,6 --5.6 -5,5 -5.5

•80 --5.2 -5,3 -5.4 -5,4 -5,5 -5,5 -5,6 -5.6 -5.6 -5.6 -5,7 -5.7 -5.7 -5,6 --5,6 -5.5 -5,5

•70 -- -5.4 -5.4 -5,5 -5,5 --5.6 -5,6 -5.7 -5.7 -5.7 -5,7 -5,7 -5,7 -5,7 -5.7 -5.6 -5,6

.BO - -5,5 -5.E -5.6 -5,6 -5.7 -5,7 -5.7 -5,7 -5.7 -5,7 -5,7 -5,7 -5,7 -5.6 -5.6

.50 - -5.6 -5.7 -5.7 -5,7 -5,7 -5,8 -5,8 -5.8 -5,5 -5,7 -5,7 -5,7 -5.7 -5.6

40 - - -5.7 -5,7 -5.8 -5,8 -5.5 -5.8 -5.8 -5,5 -5.6 -5.7 -5,7 -5.7 -5,60¢
5 .30 - -5+e -5.5 -S.5 -5.5 -5.5 -5,B -5.5 -5.5 -5.7 -5.7 -5.7 -s.e

¢J_ z_ .20 - -5,8 -5.8 -5.8 -5,S -5,8 -5.5 -5,E -5,7 -5.7 -5.6 -5,6

-5.8 -5,8 -5.5 -5.7 -5.7 -5,6 -5,6
_5_ 8 I5_ _

"_ -5.8 -5.8 -5,6 -5.8 -5,7 -5,7 -5.7 -6.6 -5,5m O

10 -5,8 -.5_8 -5,5 -5,7 -5,7 -5,6 -5,6 -5.5

-5,8 -5,7 -5.7 -5,6 -5.6 -6,5 -5.5
= 20

30 -5.7 -5.7 -5.6 -5,5 -5,5 -5.4

40 - - -5.6 -5,6 -5,5 -5.4 -5.4

50 - - -5,5 -5,4 -5.4 -5.3

50 ..... 5.4 -5.3 -5,2

70 .... -5,2 -5,2

80 ....... 5.1



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, ¢L, ,_R)

MAXIMUM FRESNEL NUMBER, No = 5.06

RIGHTMOST BARRIER ANGLE,_

-50 -70 -60 -50 --40 --30 -20 -10 0 10 20 30 40 50 60 70 EO 90 I

•90 -5.1 -5,2 -5.3 -5.3 -5,4 -5.5 -5.5 -5.6 -5,6 -5.7 -5.7 -5.7 -5.7 -5.7 -5,7 -5.7 -5.7 -5,6

•80 -5.3 -5,4 -5.4 -5,5 -56 -5.6 -5.7 -5,7 -5.7 -5.8 -5.8 -5.8 -5,8 -5,8 -5,7 -5.7 -5,7

•70 -5,4 -5.5 -5,6 -5,7 -5,7 -5.8 -5.8 -5.8 -5,8 -5.8 -5.8 -58 --Bf_ -55 -5.7 -5,7

-60 -5.6 -5.7 -5.7 -5.8 -�R -55 -.5. c} -58 -59 -59 -5! -58 -58 -58 -.5.7

.50 .57 L _} --55 _ '" --5.9 • 5 _; _J 59 -5.8-.'.J -59 .59 .58 -5.5 *,57

.40 • 5,5 59 -5._) -t, (] -5 _1 - 5t3 -5_1 _'J -.!',.9 -=!_ -55 -5_ - 5.7
o#

_ _ ,30 - -5.9 -5.9 -L;.O 59 5 u 6 O 5,9 5fl .-5,9 -5_ -5.5 -5.7

= _ _5 .... 5.5-50 -50 -50-BD-5.B_'., -_8 -50-5E-,.,
,5 .... G.O-0.O-50 -B.5-5.0-6B-5.8-5, -5., -0.,

¢
0 .... 5,0 -5,0 -6.0 -5,9 -5.9 -5,8 -5.5 -5.7 -5.6

o 10 ..... fi0 -5.9 -5.9 -5.9 -5.8 -5,7 -5.7 -5,6

20 .... 5.9 -5.9 -5.8 -5.5 -5,7 -5.6 -8,5

30 - - -5.8 -5.8 -5.7 -5.6 -5,6 -5,5

40 ..... 5.7 -5.7 -5.5 -5.5 -5,4

50 .......... 5.6 -5.5 -5.4 -5.3

60 ........ 5.4 -5.4 -5,3

?O ........ 5.3 -5,2

80 .......... 5.1



NOISE ATTENUATION BY A BARRIER DEFINED BY (No. q_L._R )

MAXIMUM FREENEL NUMBER, No = 0.67

RIGHTMOST BARRIERANGLE, _

--80 --70 -50 --50 --40 --30 --20 --10 O 10 20 30 46 50 50 70 86 90 /

--90 --5,1 --5,2 -5.5 --5.4 --5.5 --5,6 -5,E -5.7 -5,7 -5.8 -5.8 -5,8 -5,8 -5.8 -5,8 --5,9 -5.8 -5.7

-BO -5,3 -5.4 -5.5 -5.6 -5,7 -5,7 -5,8 -5.8 -5.9 -5.9 -5.9 -5,9 -5.9 -5.9 -5,9 -5,8 -5.8

--70 -5,5 --5.6 -5.7 -9.7 -5.8 -5.9 -5.9 -5.9 -6.0 -6.0 -6.0 -6,0 -5,9 -5.9 -5.9 -5.8

-69 --5,7 -5,8 -_,;_ -5,9 -.5._1 -G O _ 60 -5.0 -6,6 -6_0 -6,0 -6,0 -5,6 -5.9 -5.8

-50 - -5,8 --59 - 60 .._O -60 -5.['P -G I -5 I -50 -6.0 - _ 0 -6.0 -E 9 _5,5

-40 - -56 ::;.0 -.50 -5.1 -51 -El =-5_ -5t -6.0 ._0 -60 --.5,9 ,E.L]

_O _ -30 ,_,l -_il -51 -6.1 t;_ 6.1 -El _5,I -t'_0 -EO 5.!_ -.58

'_ -_0 ..... 51 --El _} T 5,1 -¢J.? -(Jl .-G,1 • _._ C() _,,'l t_EI

--I0 _ -52 --5.;? -G.I .-_,,1 -.51 -G.O .-_50 .5.13 ,5.t_ -b.5

'_ 6 - t) 2 --Gt 6.1 -61 -5.0 -_L_ 5.9 -5.8 -_7

10 .-_.1 -6 I -50 -6,0 "-5.9 f_.9 • 5_ 57

20 - - 5 t -GO _6_] --5 _ -5.9 -5,/ -5.0

30 .... 6_0 -5.9 --5,8 -5.7 -5.7 -5.6

40 .... 5,8 -5.8 -5.7 -5.6 -5,5

90 - - -5,7 -5.6 -5.5 -5.4

66 - - -5,5 -5.4 -5.3

70 ...... 5,3 -E.2

80 ..... 5.1



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, _L,0R)

MAXIMUM FRESNEL NUMBER No = 0,65

RIGHTMOST BARRIERANGLE. d_

--60 --70 --60 --50 --40 --36 --20 --10 O 10 29 30 40 50 EO 70 80 00 I

m

--9( --5,1 -5,2 -5.4 -5,5 -5,6 -5,5 -5,7 -5.8 -5,8 -5.0 -5.9 -5,9 -5.9 -5,9 -5,9 -5,9 -5.9 -E,8

-8( - -5,4 -6.5 -5,6 -5.7 -5,7 -5,8 -5.9 -5,9 -6.0 -6,0 -6,0 -6.0 -5,0 -6.0 -6.0 -5.9 -5.9

-7C -5,6 -5,7 -5.8 -5.E -5,9 -6.0 -6.0 -6,1 -6.1 -6.1 _6.1 -E,l -6,1 -6.0 -E,O -5.9

-6C -5,8 -5.9 -5,9 -6,0 -6.1 -6,1 -5,1 -6,1 -6,1 --6.1 -E,t -6.1 -5,1 -E.5 -5.9

-50 - -- -5.9 -6,0 -6_1 -6.1 -6,2 -6,2 -E.2 -6.2 -6,2 -6,2 -E.I -6,1 -6.0 -5.9

odJ -40 -- -6.1 -6,1 -6.2 -6,2 -6,2 -6,2 -E,2 --6.2 -6,2 -6,1 -6,1 -B.O -5,9

_t_ _ -30 -6,2 -5.2 -6,3 -6,3 -6.3 -6,3 --6,2 -6,2 -6,1 -5,1 -E,O -5.9
-20 I -5,3 -6.3 -E,3 -6.3 -6,3 -6,2 -6,2 -6,1 -6,1 -6,0 -5.9

==
_. -19 -6.3 -6,3 -6.3 -6,3 -6.2 -6,2 -6.1 -6,1 -6,0 -5.9
c=
=< O I - -6,3 -6.3 -6,3 -6.2 -6,2 -6,1 -6,0 -5.0 -5.8

o 10 I - -E,3 -6.2 -6.2 -6,1 -E,1 -6,0 -5,9 -5.8

20 -6.2 -6.1 -6,1 -6.0 -6,9 -5,8 -5,7

39 .... 6.1 -6.0 -5.9 -5,8 -5.7 -5.6

40 - - -5.9 -5.9 -5,8 -5,7 -5,6

50 ....... 5,8 -5,7 -5,6 -5.5

60 ...... 5.6 -5,5 -5.4

70 ........... 6.4 -5,2

80 .......... 5,1

(_ _ _i _-I



NOISE ATTENUATION BY A BARRIER DEFINED BY* (No. _L, CR)

MAXIMUM FRESNEL NUMBER. NO = 0,09

RIGHTMOSTBARRIER ANGLE,t_

--80 --70 --60 --50 -40 --30 -20 410 O 10 20 30 40 50 66 70 60 90 /

-60 --5,1 -5,3 --5,4 --5,6 -5,6 --5,7 -5,6 --5,9 -5,9 -6.0 --6,0 --6,0 -6,0 -6,1 --6,0 -6,6 -5,0 -5.9

-60 -5,4 --5,5 -5,6 -5,7 -5,5 -5.9 -6.0 -6,0 -6,1 --6.1 --6.1 -6,1 -5.1 -6.1 -6,1 -6.0 -6,0

-70 -5,7 -5,5 -5.9 -5,9 -6.0 -6,1 -6,1 -6,2 -6,2 -6,2 -6,2 -6,2 -6,2 -6.1 -6.1 -6,O

-60 -5,9 -6,0 -6,O -6,1 -6,2 -6,2 -6,2 -6.3 -6,3 -6,3 -6,2 -6.2 -6,2 -6,1 -6,0

-50 - - -6.1 -6.1 -6,2 -6.2 -6,3 'L6,3 -6.3 -6,3 -6,3 -6,3 -6.2 -6,0 -6,1 -6.1

o._ -40 .... 6.2 -6,3 -6,3 -6.3 -6.4 -6,4 -6.4 -6,3 -6,3 -6,3 -6.2 -6,1 -6,0

_ _ -30 ...... 5.3 -6.4 -6,4 -5,4 -9,4 -6,4 --6,4 -6,3 -6,3 -5,2 -5,1 ..6,0
< -20 ..... 6,4 -6.4 -6,4 -6,4 -6.4 -6,4 -6,3 -6,3 -6,2 -6,1 -6.0
..=.

-10 ..... 6,4 -6.4 -6.4 -6,4 -6,4 -6.3 -6.2 -6.2 -6,1 -6.0

O .... 6,4 -6,4 -6.4 -6.3 -6.3 -6.2 -6.1 -6.0 "-5,9

10 .... 6.4 --6,4 -6,3 -6,2 -6,2 -6,1 -6,0 -5,9

20 ..... 6.3 -6,3 -6,2 -6,1 -6,0 -5,9 -5,6

30 ....... 5*2 -6,1 -6,0 -5,9 -5,8 -5.7

40 .... 6,1 -6,0 -5,9 -5,7 .-5,6

50 ..... 5,9 -5,8 -5,6 -5.5

60 .... 5,7 -5,5 -5,4

70 .... 5.4 -5,3

80 ...... 5,1



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, eL, ,_R)

MAXIMUM FRESNEL NUMBER, No = 0.10

RIGHTMOST BARRIER AN3LE. _

--80 --70 --60 -50 --40 --30 -20 --10 O 10 20 30 40 56 60 70 80 g0 )

-9( --5,2 --5.3 -5.4 -5,6 -5.7 -5.5 -5.9 -6.9 -6.0 --6,1 --6.1 -6.1 --6.2 --6.2 --6,1 -6.1 -6.1 -S,0

-6C - --5+5 -5,6 -5,7 -5.8 -5.9 -6.0 -5.1 -6.1 -6+2 --6.2 -6,2 -6,2 -6.2 -6.2 -6.2 -6.1 -6,1

-7C - -6,7 -5,B -5.g -6,0 -6,1 -6.2 -6.2 -6,3 --6,3 -6.3 -6,3 --6,3 -6,3 -6,2 -6.2 -6.1

"6C - -6,0 -5.1 -6.2 -6.2 -6.3 -6.3 -6.4 -6.4 -5.4 -6+4 -6,4 -6,3 -6.3 -6,2 -6.1

-56 - -6.2 -6.2 -6,3 -6,4 -6.4 -6,4 --6.5 -6.5 -6.4 -6+4 -6.4 -6.3 -6.2 -6.2

_d: +40 -6.3 -6,4 -6,4 -6.5 -6,5 -6.5 -6,5 -6,5 --6,4 -6.4 -6.3 -6.2 --6.2

_ +30 -0.5 -6,5 -6.5 -6.5 -6.5 -6.5 -6.5 -6,5 -6.4 -6,3 -6.2 -6.1
< -20 -5,5 -6,5 -6,6 -6.6 -6.5 -6.5 -6.5 --6,4 -6.3 -6.2 -6.1

=.,
#" -16 -6.6 -6,6 --6.6 -6.5 -6,5 -6+4 -6,4 -5.3 -6.2 -6.1
¢;

m_ 0 .... 6.6 -6,5 -6+5 -6+6 -6,4 -6.3 -6+2 -6.1 -6.0

10 ...... 5.5 -6,5 -6,4 -6,4 -6,3 -6,2 -5+1 -5,9

20 ..... 6.5 -6.4 -6.3 -6,2 -5.1 -6.0 -5.9

30 ........ 6,3 -6.2 -5.2 -6.0 -5.9 -5+8

40 ........ 6.2 -6,? -5,9 -5+8 -5.7

50 ...... 6,0 -5.8 -5,7 -5.6

60 ...... 5.7 -5.6 -5.4

70 ..... 5,5 -5.3

80 ...... 5.2



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, OL. CR)

MAXIMUM FRESNEL NUMBER, No = 0.20

RIGHTMOST BARRIERANGLE,_R 1

--80 --70 --60 --50 --40 --30 --20 --10 0 10 20 30 40 50 60 70 80 90 [

.96 -5,3 --5,6 --5,8 -6,0 --6.2 --6,4 --6,6 -6,7 -6,8 -6,9 -7+0 -7,0 -7,t -7,1 -7.0 -7.0 -6.9 -6.8

66 -5.9 -6.1 -6,3 -6.5 -6.7 -6.6 -6,9 -7,6 -7.1 -7.2 -7,2 -7,3 -7.3 --7,3 -7.1 -7.0 -6,9

•76 -6,4 -6.6 -6,8 -6,9 -7,0 -7,2 -7,2 -7,3 -7,4 -7,4 -7.4 -7.4 --7,3 -7.2 -7.1 -7,0

•60 -6.8 -7.0 -7.1 -7,2 -7,3 -7,4 -7.5 -7.5 -7.5 -7,5 -7,5 -7.4 -7.3 -7.2 -7.0

•50 -7.1 -7.3 -7.4 -7.5 -7,5 -7.6 -7,0 -7,6 -7.6 -7.5 -7.5 -7,4 -7.2 -7,1

od .40 -7.4 -7.6 -7.6 -7,7 -7.7 --7.7 -7.7 -7.7 -7.6 --7,5 -7,4 -7.2 -7.1

C_ _ -30 - --7.6 -7,7 -7,7 -7,8 --7.8 -7,7 -7.7 -7.6 --7.5 -7,4 -7,2 -7.0

1"_ _ -20 -7,8 -7.6 -7.6 -7,8 -7,8 -7.7 -7.6 -7.5 -7A -7,2 -7,0

=¢ -7.8 -7.8 -7.8 -7,6 -7,7 -7.6 -7.5 -7.3 -7.1 -6.8
_: -10

- - -7;8 --7.0 -7,7 -7,7 -7.5 --7.4 -7,2 -7.0 -6.5

_; _ - -7,6 -7,7 -7.6 -7.5 --7,3 -7.2 -6,9 -6,7

-7,6 -7,5 -7.4 --7.2 -7.0 -6.8 --6.5
22 - - -

- _ -7,4 -7,3 --7,1 -6,8 -6.7 -6.4
3_

- _ -7.1 --7,0 -6,8 -6,5 -6.2
4C

--6,8 -6.6 -6.3 -6.0

-6.4 -6,1 -5.8

-- -5.9 -5.6

-5,3



NOISE ATTENUATION BY A BARRIER DEFINED BY (N0, fPL, _R)

MAXIMUM FRESNEL NUMBER, No = 0.36

RIGHTMOST BARRIERANGLE,0_

-86 -76 -60 -50 -40 -30 -20 -10 0 10 26 30 40 50 60 76 80 S0

-90 -5,4 -5,8 -6.2 -6.5 -8.7 -7,0 -7.2 -7.3 -7,5 -7.6 -7.7 -7,B -7,8 -7.8 -7.8 -7,7 -7.6 -7.5

-80 - -6.3 -6.6 -6,9 -7.1 -7.3 -7,5 -7.7 -7.8 -7.9 -8.0 -8,0 -8,1 -8,1 -8.0 -7.9 -7.8 -7.6

-76 -6.9 -7,2 -7.5 -7,7 -7.8 -B.6 -8.1 -8,2 -8.2 -8,3 -8.3 -8,3 -8.2 -8.1 -7.9 -7.7

-60 -7,5 -7,7 -7.9 -8,1 -8,2 -8,3 -8.4 -8.4 -5.5 -8.4 -8,4 -8,3 -B,2 -8,0 -7.8

-56 - -8.0 -8.1 -B.3 -8,4 -8,5 -8.6 -8.6 -8.6 -B.S -8.5 -8,4 -8,3 -8.1 -7.8

o<_ -40 ..... 8.3 -8.5 -8.6 -8,6 -8,7 -8.7 -B,7 -8.6 -8,6 -8,4 -8.3 -8.1 -7.8

_ -36 .... 8,6 -8,7 -8.7 -8.8 -8.5 -8,7 -8.7 -8.6 -8,5 -8.3 -8.0 -7.8

< -26 - - -8,8 -8,8 -8.8 -8.8 -8,8 -8.7 -8,6 -84 -8.2 -8.0 -7,7

_: -10 .... 8.9 -8,9 -8,8 -6,8 -8.7 -8.6 -8.4 -8.2 -7.9 -7.6
<=
= 6 -- - -8,9 -8,6 -8.7 -8.6 -8.5 -8+3 -8.1 -7.8 -7.5

16 - -8.8 -8.7 -8,6 -BA -8,2 -8,6 -7.7 -7,3

-8,6 -8,5 -8.3 -8.1 -7.B -7.5 -7.2
26

30 - - -8,3 -8,1 -7,9 -7.7 -7.3 -7,0

46 - - -8,0 -7,7 -7.5 -7,1 -6,7

50 - - -7.5 -7.2 -6.9 -6,5

60 - - -6,9 -6.6 -6,2

76 - - -6.3 - 5.8

86 - -5.4



•, ,,_

NOISE ATTENUATION BY A BARRIER DEFINED BY (No, _L, ¢'R)

MAXIMUM FRESNEL NUMBER. No =0.40

RIGHTMQSTBARRIERANGLE. _

-80 -70 -60 -59 -40 -30 -20 -10 O tO 20 30 40 50 69 70 BO 90 J

-95 -5.6 -6.1 -6.5 -0.9 -7.2 -7.4 -7.7 -7.9 -8.0 -8.2 -B,3 -8.4 -8.4 -8,4 -8,4 -8.4 -8.2 -8,0

-BC -- -6,6 -7,0 --7.4 -7.7 -7.9 -9,1 -9,3 -8.5 -8.6 -0.7 --8.7 -9,6 -B.B -B.7 -8.6 -B,5 -8.2

-75 - -7,5 -7.8 -8.1 -8.3 -B.5 -8.7 -8,8 -8,0 -0.0 -9,0 -9.0 -9.0 -8,9 -8.8 -9.6 -6,4

-BO -- - -8.2 -BA -8.6 -8.8 -9,0 -9.1 -9.2 -9,2 -9,2 -9.2 -9,2 -9.1 -8,9 -8.7 --8,4

-50 ..... 8.7 -8,9 -9.1 -9,2 -9.3 -9,4 -9.4 -9,4 -9.4 -9.3 -9,2 -B.O -8,9 -8,4

"40 -- -- -9.1 -9.3 -9.4 -9.5 -9,5 -9.5 -9,5 -9,5 -9.4 -9.2 -9.O -8,6 -8.4o_

,'J_ -30 ....... 9.4 -9.5 -9.6 -9.6 -9.6 -9.6 -9.5 -9.4 -9.2 -9.0 -8.7 -8.4".4
,_ .20 ....... 9.6 -9.7 -9.7 -9.7 -9.6 -9,5 -9.4 -9,2 -9,0 -8,7 -8,3

•10 ....... 9.7 -9,7 -g.7 -9.6 -9,5 -9,4 -9.2 -8.9 -8,6 -8.2D_
CC

0 ....... 9.7 -9.7 -9,6 -9,5 -9.3 -9.1 -8.9 -8.5 -8.0

....... 9.6 -9.5 -9,4 -9,2 -9.0 -8,7 -8.3 -7.9
10

L:" 20 ....... 9,4 -9,3 -9.1 -B.B -8.5 -8,1 -7.7

30 .... 9,t -8.9 -9.6 -8.3 -7.9 -7.4

40 ..... 8.7 -8.4 -8.1 -7.7 -7.2

50 - -B.2 -7,8 -7,4 .-6,9

- - -7.5 -7.0 -6.5BO

70 -- -6,6 -.6.1

BO -5,6



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, @L,@n)

MAXIMUM FRESNEL NUMBER, No - 0,50

RIGHTMOSTBARRIER ANGLE,_]

-80 -79 -60 -50 -40 -30 -;_O -16 0 10 20 30 40 50 60 70 50 99

-5,7 -6,3 -6.8 -7.2 -7.9 -7,8 -8, t -8,3 -8.5 -8.7 -8,8 -8.9 -9.0 -9,0 -9,0 -8.9 -9,8 --8,5

-- -7,0 -7.4 -7.8 -8,2 -9,4 -8,7 -8,9 -9.1 -9.2 -9.3 -0.4 -9.4 -9.4 -9,3 -9.2 -9.I --8,8

-9,9 -8,3 -8,6 -8.0 -9.1 -9_3 -9,5 -9.9 -9.6 -9.7 -9.7 -9.7 -9,6 -9.5 -9.2 --9.9

-8.7 -9.9 -9.3 -9.5 -9.6 -9.8 -9,9 -9.9 -9.9 -9.9 -9,9 -9.8 -9,9 -9,3 --9.0

-9,3 --9,6 -9.7 -9.9 -1O,O -10.1 -10.1 -16.1 -19,1 -10,0 -9.9 -9,7 -9,4 --9,0

0_._ -9.8 -10,0 -10,1 -10.2 -19.2 -10,3 -10.2 -19,2 -19,1 -9.9 -9,7 -9.4 --9,0

_ - -10,1 -10.9 --19.3 -10.3 --10,3 -10.3 -19.2 -10,1 -9,9 -9.7 -9,4 --8.9
¢3

- -19,3 -10,4 -10.4 -19,4 -10.3 -10,3 -10,1 -9,9 -9.6 -9,3 --8,8

,,=,
E - - -10.5 -10.5 -10.4 -19,3 -10,2 --10.1 -9,9 -9,6 -9.3 --8.7

= 0 ....... 19.5 -19.4 19,3 10.2 --lO.O -9,8 -g.B -9.1 -8.5

10 ...... 10.3 -10.2 -10.1 -9,9 -9.6 -9,3 -8.9 -8.3

=, 20 ...... 10,1 -10.0 -9,7 -9,5 -9.1 -8,7 --8.1

30 ....... 0,8 -9,6 -9,3 -8.9 -9,4 --7,8

40 ......... 9.3 -9.0 -8,6 -8,2 -7,5

50 ...... 9,7 -8.3 -7,8 -7,2

60 .... 8,0 -7,4 --6.8

70 - - -7,0 -9.3

80 .... 5,7



NOISE ATTENUATION BY A BARRIER DEFLNED BY (No. eL, _R ]

MAXtMUM FRESNEL NUMBER, ND= 0,60

RtGHTMOST BARRIERANGLE.¢_

--80 --70 --60 --50 --40 --30 --20 --16 0 10 20 30 40 60 60 70 80 90_

-90 --5.8 -6.E -7.0 -7.5 -7,9 -8,2 -8.5 -8.7 -9.0 -9,1 -9.3 -0.4 -9,4 -0.5 -9.5 -9.4 -0.2 --9.0

-60 - -7.3 -7.0 -8.2 -8.6 -B.9 -9.2 -9.4 -9.6 -9.7 -0,8 -9.9 -9.9 -9.9 -9.9 -9,8 -9.6 -9.2

-70 -8,4 -9.8 -0,1 -9.4 -9.7 -9.9 -10.0 -10.1 -10.2 -10.3 -10.3 -10,3 -10.2 -10,0 -B,B -9.4

-60 -0.3 -9.6 -9,E -10.0 -1O.;t -10,4 -10,5 -10.5 -10.5 -10.5 -10.5 _10.4 -10.2 -9.9 -9.5

-60 ..... 9.9 -10,2 -10.3 -10.5 -10,6 -10,7 -16.7 -10.7 -10.7 -10.6 -10.5 -10.3 -9.9 -9.5

o_ --40 ..... 10,4 -10.6 -10.7 -10,8 -10.9 --10,9 -10,9 -10,8 -10,7 -10.5 -10,3 -9,9 -9,4

_ -30 .... 10,8 -10,9 -10.9 -11,0 --11.0 -10.0 -10.9 -10,7 _10.5 -10,3 -9,6 -9.4
L_

-20 - -11.9 -11.0 -11.1 --11.0 -11.0 -10.9 -10.7 _10.5 -10.2 -9.8 -9,3

¢ -10 - - -11.1 -11,1 --I1.1 -I1,0 -10.9 -10,7 --10,5 -16.1 -9.7 -0.1=.
<= O -11.1 --11.0 -10.9 -10.8 -10.0 -10,4 -10,O -9.6 -9.0

O 10 ..... 11,0 -10,0 -10.7 _10.5 -10,2 -9,9 -9.4 -8.7
I

901 ...... 109-,OE-100-10067 -0, -5E
30 I ..... 10.4 -10,2 -9.8 -9,4 --6.9 -8,2

40 I .... 9,9 -0.6 -9.1 -0.6 -7.9

EO I .... 0,3 -9.8 -8.2 -7.5

60 ] .... 8.4 -7.8 -7,6

70 t ........ 7,3 -6,6

00 I ......... 0,6



NOISE ATTENUATION BY A BARRIER DEFINED BY (NO, OL, OR)

MAXIMUM FRESNEL NUMBER, NO = 0.70

RIGHTMOSTBARRIERANGLE, r_,_

--80 --79 --69 --50 --40 _30 --20 -10 O 10 20 30 40 50 60 70 BO 99 J

"9C --6.0 -6.7 -7.3 -7.8 -8,2 -8.6 -0,9 -9.1 -9.3 -9.5 -9.7 -9.8 -9.9 -9.9 -9.9 -9.9 -9,6 -9.3

-8B -7.6 -8.2 -8,6 -9.0 -9.3 -9,9 -9.8 -10.0 -10,3 -10.3 -10.4 -10.4 -tO.4 -10.4 -10.3 -10.0 -9,8

•70 -8.8 -9,2 -9,6 -9.9 -10.2 -10.4 -10,5 -10,7 -10.7 -10.8 _19.8 -10.5 -10.7 -10.5 -10.3 -9.8

'60 -9,7 -10.1 -10.3 -1O.G -10.7 -10,9 -11.9 -11.1 -11,1 --11,1 -11.0 -10,9 -10.7 -10,4 -9.9

.50 - -10.4 -10,7 -10.9 -11.0 -11.2 -t1.2 -11.3 -11,3 -11.3 -11,2 -11,0 ,-10.8 -10.4 -9,9

,40 - -18.9 -11.1 -11,3 -11.4 -11.4 -11,4 -11.4 -11.4 -11.3 -11.1 -10.8 -10.4 -9,9

,= °6_" 30 - -11.3 -11,4 -11,5 -11,6 -11,6 -11.5 _11,4 -11.3 -11,1 -10.8 -10.4 -9,8
0

,_ 29 .... 11.5 -11.5 -11.6 -11.5 -11.6 -11.4 -11,3 -11,1 -10.7 -10.3 -9,7

.10 .... 11.7 -11,7 -11.6 -11.6 -11,4 -11,2 -11.0 -10.7 -10,2 -9.5
==

0 ..... 11,7 -11,6 -11,5 -11.4 -11,2 -10.9 -10,5 -10,0 -9,3

O_ 10 ..... 11.6 _11,4 -11.3 -11.0 -10,7 -10,4 -9.8 -9,1

20 ........ 11,3 -11,1 -10.9 -10,9 -10.2 -0.8 -8,9

30 ........ 10.9 -10,7 -10.3 -9,9 -9.3 -8.6

40 .......... 10.4 -10,1 -9.6 -9.0 -9.2

50 ...... 9.7 -9,2 -8.6 -7.8

60 ....... 5.8 -8.2 -7,3

70 ........ 7.6 ,-6,7

80 ........ 5.0

................ ,................................ .....



NORSEATTENUATION BY A BARR(ER 0EF(NEO BY (No, OL,¢_RI

MAXIMUM FRESNEL NUMBER, No = 0,BO

RIGHTMOST BARRIER ANGLE,d;_

-B0 --70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 7Q B0 90 I

-90 -6.1 -6,9 -7,5 -8.1 -8,5 -8.9 -9.2 -9.5 -9.7 -9.9 -10.0 -10,2 -10.2 -10.3 -10.3 -10.2 -10.0 -9.7

-90 -7.9 -8.5 -9,0 -9.4 -9.7 -10.0 -10.3 -10.5 -10,6 -10,7 -10.B -10.9 -10.9 -10,8 -10.7 -10.5 -10,0

-70 -9.2 -9.G -10.0 -10.3 -10.6 -10.8 -11.0 -11.1 -11.2 -11,3 -11.3 -11.3 -11,2 -11.0 -10.7 -10.2

-EO - -I0,2 -10.5 -10.8 -11,0 -11,2 -11,4 -11,5 -11,5 -11.6 -11,9 -11.5 -11.4 -11,2 -10.8 --10.3

-58 - -10,9 --11,2 -11,4 -11.5 -11.7 -11,7 -11.8 -11,9 -11,8 -11,7 --11.5 -11.3 -10.9 -10,3

o_ -40 ...... 11.4 -11,6 -11.8 -11.9 -11.9 -12.0 -11,9 -11,9 -11,9 --11.6 -11.3 -10.9 -I0,2

_1_ _ -30 ....... 11.8 -11.9 -12.0 -12.1 -12.1 -_9,0 -11.9 -11,6 -11.6 -11.3 -70.6 -10,2
L_

W._ _ -20 ........ 12.1 --12.1 -12.I --12,1 --12,1 --12,0 --11.8 --11.8 --11,2 --18.7 --10,0

,=,,
-10 ...... 12.2 -12.2 -12.1 -12,1 -11.9 -11.7 --11.5 -11.1 -10.6 -9.9

_= 0 ....... 12.2 -12.1 -12,0 -11.9 -11.7 -11.4 -11.0 -10.5 --9.7

0 10 ..... 12.1 -11.9 -11.8 -11,9 -11,2 -10.0 -10.3 --9.5

........ 11,8 -11.6 -11,4 -11.0 -10,6 -10.0 -9,2
20

30 ...... 11.4 -11,2 -10,8 -10.3 -9.7 -8,9

40 ...... 10,9 -10,5 -10,0 -8.4 -8,5

50 ..... 102 -9.6 -8.0 -8,1

60 ........ 8.2 -8.5 -7,5

70 - - -7.0 -6.9

80 .... 0,1



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, _L, _f_)

MAXIMUM FRESNEL NUMBER, NO = 0,90

RIOHTMOSTtlARRIER ANGLE, _

-80 --70 --60 --50 --40 -30 -20 -10 0 10 20 30 40 50 60 70 80 98 J

--6.2 --7,1 --7.7 --8.3 -8.8 -9.1 -9.5 --9,8 --10,0 --10.2 --10.4 -10,5 --10.6 --10.6 --10.6 -10.6 -10.4 --10,0

- -8,2 -8,8 -9.3 -9.7 -10,1 -10,4 -10.6 -10,8 -lT,O -11.1 -11,2 -11.3 -11,3 -11.2 -11.1 -10,8 -10.4

- -9.5 -10.0 -10.4 -10.7 -11.0 -11,2 -11.4 -11,5 -11.6 -11.7 -11.7 -11.7 -11.6 -11.4 -11.1 -10.6

-10,6 -10.8 -lh2 -11.5 -11.7 .-11.8 -11.9 -12.0 -12.0 -12,8 -11.9 -11.8 -11,6 -lh2 -18.6

- -11.3 -11.0 -11.8 -12.0 -12.1 -12,2 -12.2 -12.2 -12.2 -12,1 -11.9 -11.7 -11,3 -10,6

o_ - - -11.9 -12.1 -12.2 -19.3 -12,4 -12,4 -12.4 -12.3 -12.2 -12,0 -11,7 -11.3 -tO,B

_/_ _ - - -12,3 -12,4 -12,5 -12.5 -12.5 -12.5 -12.4 -12.2 -12,0 -11.7 -11,2 -10,5
¢j1

,_ - -12,5 -12,6 -12.6 -12,6 -12.5 -12.4 -12.2 -12.0 -11.6 -I1,1 -18,4

==
_: - - -12.7 -12.7 -12,6 -12.5 -12.4 -12,2 -11.9 -11.5 -11.0 -10.2
CC
< - - -12,7 -12,6 -12,5 -12.3 -12.1 -11,8 -II.4 -10,8 -10,0

0 .... 12.5 -12,4 -12,2 -12,0 -11,7 -11,2 -18,6 -9.8

_" - - -12.3 -12.1 -11,E -11.5 -11,0 -18,4 -8.5

- - -11,9 -lh6 -11,2 -10.7 -10.1 -8,1

.... 11.3 -10.9 -10,4 -9.7 -8,8

.... i0.6 -10.8 -9.3 -8.3

- - -9,5 -8,8 -7,7

- - - -8,0 -7,1

- - -6.2



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, 0L, _R)

MAXIMUM FRESNEL NUMBER, No = 1.00

RIGHTMOST BARRIERANGLE,dd_

--80 -76 --60 -50 -40 -30 --20 --10 6 16 20 30 40 50 60 70 60 BO I

I

-BE -6,3 -7,2 -7.9 -8.5 -0.0 -9.4 --9,7 -10.0 -10.3 -10.5 -10.7 -lO.B -10.9 -11,0 -11.0 -10.9 --10.7 --10,3

-8C -8.4 -9.1 -9.6 -10.1 -10,4 -10,7 -11,0 -11.2 -11,4 -11,5 -11,6 -11.7 -11,7 -11,6 -11,5 --11,2 -10.7

-7C -9,9 -10.4 -10,6 -11,1 -11.4 -11.6 -11,8 -11,B -12,0 -12.1 -12,1 -12.1 -12.0 -11.8 -11,5 -10,9

-6C] - -10.9 -11.3 -11,6 -11.9 -12,1 -12.2 -12,3 -12.4 -12,4 -12.4 -12.3 -12,2 -12,0 -11,6 -11,0

-5C - - -11,7 -12,0 -12,2 -12.4 -12,5 -12,6 -12.7 -12,7 -12.9 -10,5 -12,3 -12,1 -11,7 -11,0

o_ -4C - - -12,3 -12,5 -12,0 -12,7 -12,8 -12,8 -12,6 -12,7 -12,6 -12,4 -12,1 -11,7 -19.9

_ -30 - - -12.7 -12,8 -12.0 -12,9 -12.9 -12,0 -10.9 -12,7 -12.4 -12,1 -11,6 -10.8

_,, ==
¢'_ < -20 - - - -13,0 -13,0 -13.0 -13.0 -12,9 -12.8 -12,7 -12.4 -12.0 -11,5 -10,7

_: -10 - - -13,1 -13.1 -13,6 -12.9 -12,8 -12,6 -12,3 -11,6 -11,4 -10,5

=0 O - -13.1 -13,0 -12,9 -13,7 -12.5 -12.2 -11,0 -11,2 -10.3
t..

10 .... 13,0 -12.8 -1_6 -12.4 -12.1 -11.6 --11.0 --lO,O

- - -12.7 -12.5 -12.2 -11,9 -11.4 --10.7 -9,7
20

30 ...... 12,3 -12,0 -11,6 -11.1 --10.4 -9,4

40 ...... 11.7 -11,3 -10.0 --10,1 -0.0

50 ....... 10.6 -10,4 -9.0 --9,5

60 ......... 6.6 -9,1 -7,9

70 ..... -8,4 -7.2

80 ...... -6,3



NOISE ATTENUATION BY A BARRIER DEFINED BY INo. 0L , _R }

MAXIMUM FRESNEL NUMBER, N O = 2,00

RIGHTMOSTBARRIERAI_GLE,_

--30 --70 --60 --50 --40 --30 -20 --10 0 10 20 30 40 50 60 70 80 90 J

--90 --7.2 --8.6 --0.5 "-10.2 -10,8 -11,3 -11.7 --12,1 -12,3 -12.6 -12,8 -13.0 -13,1 -13,2 -13.2 -13.2 --13.0 -12.3

-80 - -10.5 --11.3 -12,0 -12,5 -12.9 -13,2 --13,5 -13.8 -14,0 -14.1 o14.2 -14.3 -14.3 -14.3 -14.1 --13.8 -13.0

-70 - -- -12.4 -13,0 --13.4 -13.8 -14.1 -14.3 -14.5 -14.7 -14.8 -14.9 -14,9 -14.9 -14.8 -14.5 --14.1 -13.2

-60 -13,6 -14.1 -14.4 -14.7 --14.9 -15.0 -15.2 -15,2 -15.3 -15.3 -15,2 -15,0 -14.8 -14,3 --13.2

-50 ..... 14.5 -14.8 -15,1 --15.2 -15.4 -15,5 -15,6 -15.5 -15.5 -15.4 -15,2 -14,9 -14,3 --13,2

o_ -40 ..... 15.1 -16.4 --15.5 -15.6 -15,7 -15.7 -15.7 --15,6 -15,5 -15.3 -14,9 -14,3 -13.1

I_0 _ -30 ...... 15.6 --15.7 -15.B -15,8 -15.8 -15.8 --15,? -15.5 -15.3 -14.9 -14.2 --13.B

"_ -20 - -- -15.9 -15,9 -15,9 -15.9 -15.8 --15.7 -15.5 -15.2 -14.8 -14.1 -12.8
,=,
¢_ -10 - -16,0 -16,0 -15.9 -15.8 --15,7 -15.5 -15.2 -14.7 -14,0 -12.B

= 0 - -16.0 -15.9 -15.8 -15,E --15.4 -15.0 -14.5 -13.0 -12.3

10 - - -15.9 -15.7 --15,5 --15.2 -14.9 -14.3 -13.5 --12.1

-15.E -15.4 --15.1 -14.7 -14.1 -13.2 --11.720

30 ...... 15.1 --14.8 -14.4 -13.8 -12.9 --11.3

40 ...... 14.5 -14.1 -13.4 -12.5 --10.8

50 ..... 13.5 -13.0 -12.0 --10.2

60 ...... 12.4 -11.3 -9.5

70 ......... 10.5 -8.6

EO .......... 7.2



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, _L. _R)

MAXIMUM FRESNEL NUMBER, No = 3.00

RIGHTMOST BARRIER ANGLE__

--80 --70 --60 --50 --40 -3Q -20 -10 0 10 20 30 40 50 6O 70 50 90

-90 -E.O -9,5 -10.6 --11.4 -12,0 -12,5 -13,0 --13.3 -13.6 -13.9 -14.2 -14.3 -14.5 -14.6 -14,6 -t4,6 --14.4 --13.6

-80 -- -12.0 -12,9 --13,6 -14.1 -14.5 -14.9 --15.2 -15A -15.6 -15.8 -15.9 -16.0 -16,0 -10.0 -15,8 -15A -14.4

-70 - - -14,0 -14,6 -15.1 -15.5 -15.8 -16.0 -16.3 -16,4 -16.5 -16,6 -16,6 -16.6 -16.5 -16,3 -15.8 -14.6

-60 - - -15,3 -15,8 -16,1 -16,4 -16.6 -16,8 -16.B -17,0 -17.0 -17.0 -16.9 -16,8 -16.5 -16,0 -14,6

-50 - -16,2 -16.E -16.8 -17.0 -17,1 -17,2 -17.3 -17,3 -17,2 -17,1 -16,9 -15,6 --16,0 --14,6

o_ --40 - - -16.9 -17.1 -17.3 -17.4 -17,4 -17.5 -17.4 -17.4 -17,2 -17.0 -16,6 -16,0 -14.5

_ -30 ...... 17.3 -17.5 -17.5 -17.6 -17,6 -17.5 -17,4 -17.3 -17.0 -16,6 -15,9 -14,3
= ...O1

'_ -20 ..... 17.6 -17,7 -177 -17.7 -17.6 -17.5 -17,3 -17,0 -16,5 -15,8 --14.2
,,=,

-10 .... 17.7 -17,7 -17.7 -17.6 --17,4 -17.2 -16.9 -16,4 --15,6 --13,9

m 0 ..... 17,7 -17.7 -17.5 -17.4 -17.1 -16.8 -16,3 --15.4 --13.6

10 ...... 17.6 -17.5 --17,3 -17.0 -16,5 -16.0 --15,2 --13,3

20 -- -- -17,3 -17.1 -1E.5 -16.4 -15.6 --14.9 --13.0

30 ...... 16.9 -16.6 -16,1 -15,5 --14.5 --12,5

40 ....... 16.2 -15.8 -15.1 --14.1 --12.0

50 ....... 15.3 -14,6 --13.5 --11.4

60 ...... 14.0 -13.9 --10,6

70 ...... 13,0 -E.5

80 ...... 8.0



NOISE ATTENUATION BY A BARRLER DEFINED BY (NO, ¢'L,¢R)

MAXIMUM FRESNEL NUMBER, No = 4.00

RIGHTMOST BARRIER ANGLE,_

--70 --60 --50 --40 --30 --20 -IQ 0 10 20 30 40 50 60 70 90 80 I

-9[ -8,6 -10,3 -11.4 -12.2 -12.9 -13.4 -13.9 -14.3 -14,6 -14,9 -15.1 -15.3 -15.5 -15.6 -15.7 -15,6 -15,4 -14.6

-8( - -13.1 -14.0 -14.7 --15.3 -15.7 -16,1 -16.4 --16.8 -16,8 -17.0 -17,1 -17.2 -17.2 -17,2 -17.5 -16.6 -15.4

-7( - -15,2 -15.9 --16,3 -16,7 -17.0 -17.3 --17,5 -17.6 -17,8 -17.6 -17,9 -17,8 -17.7 --17.5 -17.0 -15,6

-6C - -16.6 -17,0 -17.3 -17,6 -17,8 -1B.0 -18.1 -18.2 -IB,3 -18.2 -18.2 -18,0 -17.7 --17.2 -15.7

-5E - --17.5 -17.8 -18,0 -16,2 -18.4 -18.5 -18,5 --18,5 -18,5 -18.4 -18.2 -17,5 -17.2 -15,6

-4Q -16,1 -19,3 -18.5 -18,6 -15.7 -19,7 -18,7 -19.6 -18,5 -18.2 -17,9 -17.2 -15,5

_ -30 - - -18.6 -18,7 -18.8 -18.8 -18.8 -18.8 -18.7 -18.5 -18.3 -17.5 -17.1 -15.3

O_ <Z -20 - -18.8 --18.9 -19,9 -18,9 -18,5 -18,7 -18,5 -18,2 -17,8 --17,0 -15,1

"¢' -10 - -19,0 --19.0 -18.9 -1B.B -18.7 --18,5 -16+1 -17,6 --16.8 -14.9E
gc

m< O -- -19,0 -18.9 -18,5 -18+6 -18.4 -18,0 -17,5 --16,6 -14,6

O 10 - -18,8 -18,7 -18,5 -18,2 -17,8 -17,3 --16,4 -14,3

20 - -18,6 -18,3 --18,0 -17.6 -17,0 --16.1 -13.9

30 .... 1R,1 -17.8 -17,3 -16,7 -15.7 -13,4

40 ...... 17.5 -17,0 -16,3 --15,3 -12,9

50 ...... 16.6 -15,9 -14,7 -12,2

60 ...... 15,2 -14,0 -11,4

70 ......... 13,1 -10,3

80 ....... 6.6



r'7

NOISE ATTENUATION BY A BARRIER DEFINED BY (No, '_L, ¢'R)

MAXIMUM FREBNEL NUMBER, No = 5,00

RIGHTMOSTBAI_RIER ANGLE,_

--80 --70 --60 --50 --40 --30 -90 --10 0 10 20 30 40 50 60 70 80 90J

-96 -9.1 -10.9 --12.1 -12.9 -13.6 -14.1 --14.6 -15,0 -15,3 -15,6 -15.9 -16,1 -16.3 -16.4 --16.5 -16.4 -16,3 --15.3

-86 - -14.0 -15,8 -18,7 -16,2 -16.7 -17,0 -17.3 -17,6 -17.8 -18.0 -18.1 -18.2 -18.2 -18,1 -18.0 -17.6 --16.3

-76 - --16,2 -18.8 _17,3 -17,7 -18.8 -19,2 -19,5 -18,6 -18.7 -18,8 -18,6 -18.8 -18,7 _18.5 -16.0 -16,4

-65 _ -17.5 418,0 -18,3 -18,6 -18,8 -19,0 -19,1 -19.2 -18,2 -19,2 -19,1 -19,0 -18.7 -18,1 -16.5

-50 - - -18,5 -18,8 -19.0 -19.2 -19,3 -19.4 -19.8 -19.5 -19,4 -19.3 -19,1 -18.8 -18,2 --16,4

¢,_J -40 _ - -19.1 -19.3 -19,5 -19,6 -19.7 -19.7 -18,7 -19.6 -19.4 -19.2 -18,8 -18,2 -16.3

,t:_0 _" -30 ..... 19.6 -19.7 -19,8 --19,8 -19.8 -19,8 -19.7 -19,5 -19.2 -18.8 -18,1 --16,1
¢.tt

z -20 -- - -19.8 -19,9 --19,9 -19.9 -19.8 -19.7 -19.5 -19,2 -18,7 -18,0 --15.9

,=,
E -10 .... 19,9 -19,9 -19.9 -18,8 -19.7 -19.4 -19.1 -18.6 -17,8 --15.6

=_ O .... 19.9 -19.9 -19,8 -19,6 -19,3 -19.0 -18,5 -17.6 --15,3

10 _ -- -19.8 -18.7 -19.5 --19.2 -15,8 -18.2 -17,3 --15.0
p,
,_' 20 ...... 18.5 -19,3 -19.5 -18,6 -18.0 -17.0 --14.6.J

30 ..... 19.1 -18,8 -18.3 -17.7 -16,7 --14,1

40 .... 18,5 --18.0 -17.3 -16.2 --13,6

58 ..... 17.5 -16,8 -18.7 --12,8

60 ...... 16.2 -15.0 --12.l

70 ...... 14.0 --18,9

80 ..... 9.1



NOISE ATTENUATION BY A BARRIER DEFINED BY IN o. _1.. CR)

MAXIMUM FRESNEL NUMBER, No = E.OO

RfGHTMOST[]ARRIERANGLE, _

t --80 --70 -60 --50 --40 -30 --20 --1O O 10 30 40 50 60 70 80 90
20

-90 I -0,5 -11.4 -12.6 -13.5 -14.2 -t4.7 -15.2 -15.6 -15,9 --16.2 -16,4 -16.6 -16,8 -18.6 -17.0 -17.0 --18.5 -15,9

-80 - -14,8 -15.7 --16.4 -17,0 -17,4 -17.6 -18,0 -15,2 --18.4 -18,5 -18,5 -18.7 -18.8 -18,7 -15,6 -19,2 -16,8

-70 - -17.0 -17.5 -18.1 -18,5 -18,7 -10,9 -19,1 -19.2 -19.2 -16,3 -19.4 -10,4 -19,3 -16,1 -_8,6 -17,0

-60 -- --15.3 --18.8 -19.1 -19.3 -19,4 -19.5 -10,8 -19.6 -15,7 -19.7 -19.7 -19.5 -19.3 --16,7 -17.0

-56 I - -16.2 -10.5 -19.7 -16,8 --15,8 -19.8 -16.0 -19.9 -15.9 -15.8 -19.7 -19,4 --16.8 -15,9

o_J -40 - - -15,9 -10.9 -20.0 -20.0 -2O.O -20.0 -20.0 -2O,B -19.9 -16.7 -16.4 --18.7 -15.8

_ -30 .... 20.0 -20.0 -2O.O -20.0 -20.0 -20,0 -20.0 -15,0 -19.7 -10.3 -18.6 -15.6

< -20 ....... 20.0 -20,0 -20,0 -20,0 -20.6 -20,0 -19,9 -19.6 -19.2 -16.5 -16,4

==
_: -10 t ........ 20,0 -2B.O -2O.O -20.0 -20.6 -19.8 -19.6 -10.2 -18.4 -16.2

O ........ 20.0 -2O.0 --20,0 -_O.O -19.8 -19,5 -16,1 -18.2 -15,0

10 ....... 25.0 --26.0 -2O.O -19,8 -19.4 -15.9 -18,0 -15.6
¢
=, 20 ....... 20.0 -19,9 -19,7 -19.3 -15.7 -17,5 -15.2

30 ...... 10,9 -19,5 -19.1 -18.5 -17.4 -14.7

40 ..... 10,2 -18,0 -15.1 -17.0 -14,2

50 ...... 15,3 -17,6 -15.4 -13,5

60 ..... 17.0 -15,7 -12.6

70 ...... 14.9 -11.4

80 ...... 9,5



NOISE ATTENUATION BY A BARRIER DEFINED BY (NO. ¢'L, Ch)

MAXIMUM FRESNEL NUMBER, No = 7,00

RIGHTMOSTBARRIER ANGLE.0,_

-BO -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90 I

m

-E0 -5.6 -11.9 -13.1 -14,0 -14,7 -15.2 -15,? -10,0 -16,3 -16.6 -16.8 -17,0 -17.2 -17.3 -17.4 -17,4 -17,3 -16,3

-86 - -15.4 -16,4 -17,1 -17.6 -18,0 -16,3 -18.5 -18.7 -18.6 -18,8 -18,0 -19.0 -19,1 -19,1 -1B,O -18,7 -17.3

-70 - - -17.5 -18,3 -18.7 -19.0 -19.2 -19,3 -19.4 -19,5 -19,5 -19,6 -19,6 -19.6 -15.6 -19,4 -19.0 -17.4

-60 - - --1B,O -19,4 -19.6 -19.7 -19,B -19,6 -19.6 -19,B -19,9 -1E.9 -19.9 -19,6 -19.6 -19,1 -17,4

-50 - - -19.9 -19.9 -20,0 -20,0 -20,0 -20.0 -20.0 -20,0 --20,0 -20,0 -19.9 -19.6 -19.1 -17,3

oda -40 I - -20,0 -20,0 -2O.B -20,0 -20,0 -20,0 -20,0 -2O.O -20,0 -19.9 -19,6 -19.1 -17,2

_ -30 - - -20.0 -20,0 -2O,O -20,0 -2O,O -2O,O -20,0 -20,0 -19.9 -16,6 -16,0 -17,0

*,.0 < -20 - -20,0 -20.0 -2O,O -2O,O -20.0 -2O,O -20,0 -19,8 -19,5 -18.9 -16.8

,,=,
_: -10 - - -20,0 -20,0 -20,0 -20,0 -20,0 -2B,O -19.9 -19.6 -18,8 -16,6
m

=< O .... 20.0 -20.0 -20.0 -20.0 -20.0 -19.8 -19,4 -18.7 -16.3

10 .... 20.0 -20.0 -2O,O -20,0 -19.8 -19.3 -18.5 -1B,O

20 ..... 20,0 -20,0 -20,0 -16.7 -19.2 -18.3 -15.7

36 ....... 20.0 -19,9 -19,6 -19,0 -18,0 -15,2

40 ....... 19,9 -19,4 -16.7 -17.5 -14.7

EO ........ 19,0 -18,3 -17.1 -14,0

60 ......... 17,6 -16,4 -13,1

70 ......... 16,4 -11,9

80 I ........ 9,9



NOISE ATTENUATION BY A BARRIER DEFINED BY (NO,_L._R )

MAXIMUM FRESNEL NUMBER, NO = 8,00

RIGHTMOST BARRIER ANGLE, d#_

-E0 -70 -60 -59 -40 -30 -20 -10 6 10 20 30 40 50 60 70 80 90 J

-96 --10,3 -12.3 -13,5 -14,4 --15.1 --15.6 -16,0 -16.4 -16.6 -16,9 -17.1 --17,3 -17.4 -17,6 -17,7 -17.7 -17,6 --16,6

-80 - -16.0 -17,0 -17,7 -48,1 --18,5 -18.7 -18.8 -19.0 -19.1 -19,2 --19.2 -19.3 -19,3 -19A -19.3 -19,0 --17,6

-70 - -18.2 -18.0 -19,2 --19.4 -19.5 -19.6 --19,6 -19,7 -19,7 --19.7 -19,9 -19,8 -19,0 -19.6 -19,3 --17,7

-60 - -19,6 -19.8 -19.9 -19.9 -19,9 -19.9 -19.9 -19.9 -19.9 -20.0 -2O,O -19.9 -19.6 -19,4 -17.7

-50 - - -20.0 -20,6 -20.0 -26,Q -20.0 -20.0 -20.0 -20.0 -20.0 -20,0 -20,0 -19,9 -19.3 -17,6

o_ .-40 --20.0 -20.0 -20.0 -20.0 -20,9 -20.0 -2O,O -20.0 -20.0 -20.0 -19.8 -19,3 --17.4

_ -30 ....... 20.0 -26.0 -29,0 -20.0 -20,0 -2O,O -20.0 -2O,O -19,9 -19,7 -19,2 -17.3
_,, ==
0 < -20 ..... 20.0 -20,0 -20,9 -20.0 -20.0 -20,0 -2O,O -19,9 -19.7 -19,2 -17,1

2 -10 ....... 29.0 -2O,O -2O,O -2O.O -20.0 -20.0 -19,D -19.7 -19,1 -16,B
D:

O ....... 20.0 -20,0 -2B,O -2O,O -2B,O -19.9 -19.6 -19.0 -1B,R

o_ 10 ..... 20.0 -20.0 -2O,O -20.0 -19,9 -19,fl -1E,8 -16.4_E

_7 20 .... 20.0 -20,0 --20.0 -19,9 -19.5 --18,7 _19.0

30 ..... 2O,O --20,0 --19,9 --19.4 --16.5 --15,6

40 .... 20,0 --19,9 -19,2 -18,1 --15.1

50 .... 19.9 -18,8 --17,7 --14.4

60 .... 18,2 --17.0 --13,5

70 .... 16,0 -12,3

90 .... 10,3



i I f

NOISE ATTENUATION BY A BARRIER DEFINED BY (NO, eL, OR)

MAXIMUM FRESNEL NUMBER, No " 9.00

RIGHTMOSTBARRIER ANGLE. _J_
q

-BO -70 -EO -EO -40 -30 -20 -10 9 10 20 39 40 50 E9 70 90 99 I

-90 -10.6 -12,9 -13.9 --14,8 -19.4 -15.9 -16,3 -16.6 -16,9 -17.1 -17,3 -17.5 -17,7 -17,9 -17,9 -17,9 -17.8 -16.9

-80 - -16.5 -17.5 -18.1 -18.5 -18.8 -19.0 -19,1 -19.2 -19,3 -19.4 -19.4 -10.5 -19.5 -19.5 -19,5 -19.2 -17,0

-70 - - -19,7 -19.3 -19,5 -19,6 -19,7 -19.7 -19.8 -19.9 -19,8 -19,8 -19.9 -10.9 -19,9 -19,8 -19,5 -17.9

-60 .... 19,9 -29.0 -20.0 -20,9 -20.0 -20,0 -20.0 -20,0 -20.0 -90,0 -20.9 -20,0 -10,9 419.5 -17,9

-59 .... 20,0 -29.0 -30.0 -20.0 -20.0 -20,0 -20.0 -20,0 -20.0 -29,0 -20,0 -19.9 -19.5 -17,8

oo_ -40 .... 20.0 -20.0 -20.0 -20.0 -20.0 -20.0 -20.0 -20,0 -20.9 -29.0 -19.9 -19.5 -17.7

_" -30 ..... 20,0 -20,0 -90.0 -20.0 -2O,O --20.0 -20,0 -90.9 -20,0 -19.0 -19.4 -17.5

P-_ z -20 ...... 20,0 -20,0 -20_0 -20,0 -20,0 -20,0 -20,0 -20,0 -19,8 -19,4 -17.3

==
_: -10 -- - -20,0 -20.0 -20,0 -20,0 -20.0 -29,0 -20,0 -19,8 --19,3 -17.1

= 0 .... 20.0 -20.0 -20,0 -20.0 -20.0 -20.0 -19.8 -19.2 -19.9

o 10 .... 20.0 -20.0 -20.0 -20,0 -20,0 -19.7 -19.1 -16,6,=

20 ..... 29,0 -20,0 -20,0 -29.0 -19.7 -19.0 -16,3

30 ..... 20.0 -20,0 -2O.O -19,6 -18.8 -15,9

49 - - -20.0 -20.0 -19,5 -18.5 -15,4

50 ..... 19.9 -19.3 -18,1 -14,8

60 - - -18,7 -17.5 -13,9

70 .... 16.5 -12.6

90 .......... 10,6



NOISE ATTENUATION BY A 9ARRIER DEFINED BY (No. _JL.,_R)

MAXIMUM FRESNEL NUMBER, NO = 10,00

RIGHTMOST,3ARRIE_tANGLE. _

--80 --70 --50 -50 --40 --30 --20 -10 0 10 20 30 40 50 50 70 50 9OJ

-9C --10.9 --12.9 --14,2 --15.1 --15,7 --16.2 --16,6 -10,9 --17.1 --17.4 --17,5 --17.7 --17.8 -18.0 -18.1 --18,1 --18.1 --17.1

-80 -- --17,0 --17.0 --18.5 --19.8 --16,0 --19,2 -193 --19.4 --19.4 --19.5 --19.5 -19.6 -19.6 --19.5 --19.6 --18,4 -18.1

-70 I -- -- --19,2 --19,6 --19.7 --19.8 --19,8 -19,9 --19.9 --19.9 --19.9 --19.9 --19,9 --10.9 --10,9 --19.9 --19.6 --18,1

-60 J -- -- --20.0 --20.0 --20.0 --20.0 -00,0 --20.0 -20.0 --20.0 --20.0 --20.0 --20.0 --20.0 --19.9 --19.6 --18.1

-58 I - - -20.0 -20.0 -20,0 -20,0 -20.0 -20.0 -20.0 -20.0 -20,0 -20.0 -20,0 -19.9 -19.6 -1E.O'

o_ -40 .... 20,0 -2O,S -20,0 -20.0 -20,0 -20.0 -20.0 -20.0 -20,8 -20,0 -10,8 -19,6 -17.8

I_ _" -30 .... 20.0 -20,0 -29,0 -20.0 -200 -20.0 -20.0 -0O.O -20.0 -19.8 -19.5 -17.7

t_ '_ -00 - -20.0 -20,0 -20.0 -20,0 -28,0 -20.0 -20.0 -20.0 -18.9 -19.5 -17.5

"7" -10 - - -20.0 -20.0 -20.0 -20,0 -20.0 -20.0 -20,0 --19.9 -19,4 -17.4¢

< O .... 20.0 -20.0 -20,0 -20,0 -20,0 _20.0 -18,9 -194. -17,1

0
l0 .... 20.0 -20.0 -20,0 -20.0 -20.0 -19.9 -19.3 -16.9

20 .... 20,0 -20.0 -20.0 -20.0 -19,8 -19.2 -16,6

30 { .... 20.0 -20.0 -20,0 -19,8 -19,0 -16,2

40 - - -20,0 -20.0 -19,7 -18.8 -15,7

50 - -20.0 --18.6 -19*5 -15,1

60 .... 19.2 --17,9 -14,2

70 - - -17.0 -12.8

80 - - -10.0



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, '_L.0R)

MAXIMUM FRESNEL NUMBER. NO = 20,00

RIGHTMQST BARRIER ANGLE._

-00 -70 -60 -50 -4Q -30 -20 -IB O 10 20 30 40 50 60 70 00 90 /

-90 -12,9 -15.1 -16.2 -16.9 -17.3 -17.7 -17,9 -18.2 -18.3 -18.5 -18.0 -18.7 -18.8 -18,9 -18.9 -19.0 _19,0 -18,3

-00 - -19.6 -10.0 -19.9 -19.9 -19.9 -19.9 -19.9 -20.0 -20.0 -20.0 -20.0 -20.0 -20,0 -2B.O -20.0 -2O,O -19.0

•70 - -20,0 -20.0 -20.0 -OO.O -20.0 -20.0 -20.0 -20.0 -20.0 -00.0 -20,0 -20.0 -20.0 -20.0 _20.0 -19,0

-GO - -20.0 -20,0 -20.0 -20,0 -20,0 -2O,O -20.0 -20.0 -20,0 -2O.B -00.0 -2D,B -20,0 -20.0 -18.9

•50 - --20,0 -20.0 -20.0 -20,0 -20.0 -20.0 -20,0 -20,0 -20.0 -20.0 -20.0 -20,0 -200 -18.9

o4 .40 - -20.0 -20.0 -20.0 -20.0 -20,0 -20.0 -20.0 -20.0 -20.0 -20.0 -20.0 -20,0 -18,8

¢0 _ "30 - - -20.0 -20,0 -20.0 -20,0 -20.0 -20,0 -20.0 -20.0 -20.0 -20.0 ~20,0 -18.7

C,_ "_ '20 - - -20.0 -20,0 -20.0 -20.0 -00.0 -2O.O -20.0 -20.0 -20,0 -20,0 -18,6

.10 - - -20.0 -20.0 -00.0 -20,0 -20.0 -20.0 -20.0 -20.0 -20.0 -18.5
¢

O - -20.0 -20.0 -20,B -20.0 -20.0 -20,0 -20.0 -20.0 -18.3

10 ........ 20.0 -20.0 -20.0 -20,O -20,0 -20.0 -19.9 -1B.2

20 ....... 20.0 -20.0 -20.0 -20.0 -20.0 -19,9 -17.9

30 ........ 20.0 -20.0 -20.0 -20.0 -19.9 -17.7

40 ........... 20.0 -200 -20,0 -19,9 -17.3

50 .......... 20,0 -20.0 -19.9 -16,9

GO ........... 20.0 -19.8 -16.2

70 ............. 19.6 -15.1

EB ......... 12.9



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, _L, _R )

MAXIMUM FRESNEL NUMBER, NO = 30.60

RIGHTMOST BARRIER ANGLE. _
I

-80 -70 -60 -50 -46 -30 --20 -10 0 10 20 30 40 50 fi0 70 30 96 [I

-01 -14.1 --16.1 --17,1 -17,6 --16,0 -16.3 -16.5 -16.7 -IB,S -18.9 -19,0 -19,1 -16.1 -19.2 -19.2 -10.3 -16,3 -18.6

-8( - -20.0 -20,0 -23,0 -20.0 -20.0 -20.0 -20,0 -2O.O -20.0 -23,3 -2O.O -20,0 -20.0 -20.0 -20,6 -2O,O -19,3

-7( - -2O.O -20,3 -2O.O -20.0 -2O.O -2O.O -20.0 -20,0 -20.0 -23,3 -20.0 -20.0 -20,3 -20.0 -20.0 -19.3

-6C -- - -20,0 -26,0 -20.0 -20.0 -20.0 -20,0 -20.0 -20.0 -20.0 -20.0 -20.0 -26,0 -20,3 -20,0 -19.2

-5C - -20.0 -20.0 -20,0 -20.0 -20.0 -20.0 -20,0 -20.0 -20.0 -20,0 -23,0 -20.0 -20,0 -19.2

o_ -4C - -20,0 -20.0 -20.0 -20.0 -20,0 -20.0 -20,0 -20.0 -2O,O -20.0 -20*0 -2O,O -19.1

¢0 _" -30 - - -20.0 -20,0 -20.0 -20.0 -20,0 -20,0 -20.0 -20.0 -20.0 -20,0 -20,0 -19.1

<" -20 .... 20,0 -20.0 -2O.O -20,0 -20,0 -20.0 -20.0 -20.0 -20.0 -20.0 -19.0

==
¢m -10 - - -20.0 -2O.O -20,0 -20,0 -20,0 --20.0 -20.0 -20,3 -20.0 -18,6

m< O .... 20.0 -20,0 -20.0 -23.0 --20.0 -23.0 -2O.O -20,0 -18.8

O_ 10 .... 20,3 -2O,O -20,0 --20,0 -20.0 -20,0 -20,0 -18.7

20 .... 20.0 -20.0 -20.0 -20.0 -20.0 -20.0 -16,3,,J

36 .... 20.0 -20.0 -26,0 -20,0 -20,0 -16,3

40 .... 20.0 -20.0 -20.0 -20.0 -18,0

50 ....... 26.0 -20.0 -20,0 -17,6

60 ......... 20.0 -20,0 --17.1

70 ........ 20,0 --16,1

30 .......... 14,1



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, eL, CR)

MAXIMUM FREENEL NUMBER, No = 40,00

R_GHTMOSTBARRIER ANGLE,,_

-80 -?B -60 -50 -40 -39 -20 -10 O 19 20 30 40 50 60 ?0 80 90 1

-90 -14.8 -19.7 --17,5 -1R,0 -18,4 -18,6 -19,8 -19,9 -19.0 -19.1 -19.2 -19,2 -19,3 -19.3 -19.4 -19,4 --19.5 -19.0

-80 - -20,0 -20.0 -29,0 -29,0 -20.0 -20,0 -29.0 -29,0 -20.0 -20,0 -20.0 -20.0 -20.0 -20,0 -20,0 -20,0 -19,5

-70 - -20,0 -20.0 -20.0 -20,0 -20,0 -20,0 -20.9 -20,0 -20.0 -20.9 -20.0 -20,0 -20,0 -2O,O --20,0 -19.4

-60 - - -20,0 -20,0 -20.0 -20.0 -20.0 -20,0 -20.0 -20,0 -20.0 -20.0 -20.0 -20,0 -20.0 -20.0 -19,4

-50 -20,0 -20.0 -20,0 -20,0 -20.0 -20,9 -20.0 -29.9 -20,0 -20.0 -2O,O -20.0 -20.0 -19.3

o,_ -40 .... 20,0 -20.9 -20.0 -20,0 -20.0 -20,0 -20,0 -20.0 -20.0 -20.0 -20,0 -29,0 -19.3

_" -30 - -20,0 _20,0 -20,0 -20,0 -20,O -20.0 -20,0 -20,0 -20.0 -20.0 -90.0 -19.2

¢J1 _ -20 - - -29.0 -20,0 -20,0 -20,0 -29,0 -20.0 -20.0 -20,0 -20,0 -20,0 -19.2

.,=,
_: -10 .... 20.0 -20.0 -2O.O -20.0 -20.0 -20.0 -20,0 -20.0 -20.0 -10,1

m O .... 20.0 -20.0 -20,0 -20.0 -20.0 -20.0' -20,0 -20,0 -19.0

10 ...... 20.0 -20,0 -20.0 -20.0 -29,0 -20.0 -20,0 -18,9
w 20 ...... 20.0 -20.0 -20.0 -20.0 -20,0 -20.0 -18.8

30 ...... 20,0 -20,0 -20,0 -20.0 -29,0 -10.6

40 ..... 20,0 -20,0 -20.0 -20,0 -19,4

50 ....... 20.0 -20,0 -20.0 -19,0

60 i ....... 20,0 -20,0 -17.5

79 J ........ 20.0 -19,7

00 J ....... 14,8



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, _L. _R)

MAXIMUM FRESNEL NUMBER, No = 50.00

RIGHTMOST BARRIER ANGLE,_,_

--80 --70 --60 -50 --40 --30 --20 --10 O 10 20 30 40 50 60 20 80 90 /

-91 -16.3 -17.1 -17,8 -16,3 -18.6 -18.8 -18.9 -19.1 -1E,2 -19,2 --19,3 -19,4 -19,4 -19.4 -19,5 -19.5 -19,5 --19.2

-B( - -20.0 -2O.O -20.0 -20.0 -20.0 -20.0 -20.0 -2O,O -2O,O -20.0 -20,0 -20,0 -2O.O -20.0 -20.0 -20.0 -19.5

-7£ - - -20.0 -2O.O -20.0 -20.0 -20.0 -20.0 -20,0 -20.0 -20.0 -20,0 -20.0 -20,0 -20.0 -20,0 -20.0 --19,5

-6( -20.0 -20,0 -20,0 -20,0 -20.0 -20,0 -20.0 -20.9 -20.0 -20.0 -20.0 -2O,O -20,0 -20.0 --19.5

-5C ..... 20.0 -20.0 -29,0 -20.0 -20.0 -20,0 -20,0 -20,0 -20.0 -20,0 -20.0 -20,0 -20,0 --1BA

o_:_ -4C .... 20.0 -20,0 -20.0 -20.0 -20,0 -20,0 -20,0 -20.0 -20,0 -20,0 -2O,O -20,0 --19,4

,_ _ -3C - - -20.0 -20.0 -20,0 -20,0 -2O.D -20.0 -20,0 -20,0 -20.0 -20.0 -2O,O --19.4

O'= z'_ -20 - -20,0 -20,0 -20,0 -20.0 -20,0 -20.0 -20,0 -20,0 -20,0 -20,0 -19.3

,,=,
_- .10 .... 20,0 -20.0 -20.9 -20.0 -20,0 -20,0 -20,0 -20.0 -20.0 --19.2
g;

0 ..... 20.0 -20.9 -20,0 -20,0 -20.0 -2O,O -20.0 -2O,O --19.2

o 10 ..... 20,9 -20.0 -20,0 -20,0 -2O,O -20,0 -20,0 --19.1

._ 20 ...... 20.0 -20.0 -20.0 -20.0 -20,0 -20,0 --18,9

30 .... 20.0 -20.0 -20.0 -20,0 -26,0 -1B,8

40 ........ 20.0 -20,0 -20,0 -20,0 -18,6

50 ........ 20.0 -20,0 -20,0 --18,3

60 ....... 20,0 -20,0 -17,8

70 ....... 20,0 --17,1

80 ..... 15,3



"iJ_̧ _r, , '• - ........... ¸1,..̧..... , . . , ..... • •

NOISE ATTENUATION BY A BARRIER DEFINED BY (NO. _L' _R )

MAXIMUM FRRSNEL NUMBER, No = 90.09

RIGItTMQST BARRIER ANGLE.dp_

--00 --70 --60 --50 --40 --30 --20 --10 O 10 20 30 40 50 60 70 80 90

--9[ --15.7 --17.3 --18.1 --18.5 --18.7 --18.9 --19.1 --19.2 --19.2 --19.3 --19,4 --19.4 --19.5 --19.5 -10.5 --19,6 --19.6 •-19,2

--8C --20.0 --20.0 --20.0 --20,0 --20.0 --20,0 --90,0 --20.0 -20.0 -20.0 "-20.0 --20.0 --20,0 --29,0 -20.0 -20.0 -19.6

-7C - -20.0 -20.0 --20.0 -20.0 -20.0 --20.0 --2O,O -20.0 -2O.O --20,0 -20.0 -20.0 -20.0 -20,0 -20,0 -19.6

-6(_ -- -20.0 -90.0 -20.0 -20.D --20,0 -20.0 -20.0 -20.0 -00.0 -00.0 -90,0 -29.0 "20.0 -200 -19.5

-50 - -20.0 -90.0 -20.0 -SO,O -20.0 -20.0 -20,0 -20,0 -2O,O -20,0 -20,0 -2D,O -20,0 -19,5

o_ --40 - - -20.0 -20.O --20,O -90.0 -00.0 -20,0 --20,0 -20.0 -EO,O -20,0 -20.0 -20.0 -19,5

I_ _" -30 - -20.0 -20,0 -20,0 -20.0 -20,0 -20,0 -29.0 -200 -29,0 -20.0 -90.0 -19,4
= ==
•,,1 < -20 ...... 20.0 -20.0 -20.0 -2O.O -20,0 -20.0 -20.0 -20,0 -20,0 -20,0 -19,4

,.=.
-10 ......... 20.0 -�O,O -20,0 -2D,O -2O,O -20,0 -20.0 -20,0 -20,0 -19,3

=' 0 .... 20.0 -SD.O -20.0 -00,9 -20,0 -2O,O -20,0 -20.0 -19,2

o 10 ...... OO,O -20,0 -2O,O -2O,O -20,0 -20.0 -20.0 -19,2

20 ...... 20.0 -20,0 -20,0 -20.0 -OO.D -20,0 -19,1

30 ..... 2D,0 --20,0 -20,0 -20,0 -20,0 -18,9

40 .... 20,0 -20.0 -20.0 -20,0 -18,7

50 - - -20,0 -2O.O -20.0 -18.5

60 - -2O,O -20.0 -18.1

70 - - -20.9 -17.3

00 .... 15.7



NOISE ATTENUATION BY A BARRIER DEFINED BY (NO, _L,¢'R)

MAXIMUM FRESNEL NUMBER. No -. 70,00

RIGHTMOST BAI]RIER ANGLE. _

0 10 20 30 40 50 60 70 BO 00 /
_B0 170 _60 _50 140 _3_

110

-90 -15.9 -17,5 -18.2 -18.6 -18,0 -19,0 -19.1 --19.2 -19.3 --19.4 -19,4 -19.5 -10.5 -19.5 -19.6 -19.6 -10.6 --Ig.3

-80 - -20.0 -20,0 --20,0 -20.0 -20.0 -20.0 -20.0 -20.0 -20.0 -20,0 -20.0 -20,0 -20.0 -20.0 -20.0 -20.0 -19.6

-70 - -20.0 --20,0 -20,0 -20.0 -20,0 -20.0 -20.0 -20,0 -20.0 -20.0 -20.0 -20.0 -20.0 -20.0 -20.O --19.6

-60 - --20,0 -20.0 -20.O -20.0 --200 -20.0 -20,0 -20,0 -20.0 -20,0 -20.0 -20.0 -20,0 -20.0 -19.6

-SO -20,0 -20.0 -20,0 -20.0 -20,0 -20.0 -20.0 -20,0 -20.0 -2O.O -20.0 -20.0 -20,0 -19.5

o,_ -40 ..... 20.0 -20,0 -20.0 -20.0 .-200 -20,0 -20,0 -20.0 -20.0 -20,0 -20.0 -20,0 --19,5

_ 130 ..... 20.0 --200 --20.0 m2O.O =20,0 --20,0 --20,0 --20,0 --00.0 --20,0 --20.0 --19,5

_ "20 -- -- -- --20'0 --20.0 --20'0 --20'0 --20,0 --20'0 --20'0 --20,0 --20"0 --20"0 --19.4

E "10 -- -- -- --20'0 --20.0 --20"0 --20'0 --20'O --20.0 --20,0 --20,0 --20'0 --19,4

m 0 -- --20.0 --20'0 --20'0 --20'0 --20,0 --20.0 --20,0 --20,0 --19"3

o 10 .... 20.0 -20,0 -20,0 -20,0 -20,0 -20.0 -20,0 -19,2

-- - -20,0 -20.0 -20.0 -20,0 -20.0 -20.0 -18.1
20

30 ........ 20,0 -20,0 -20.0 -20,0 --200 -19,0

40 ......... 20.0 -20.0 -20.0 -20.0 -18.8

50 .......... 20,0 -20.0 -20.0 -18.6

60 ..... -20,0 -20,0 -18.2

70 ..... ..... 20,0 -17,5

80 - - - .... 15,9

.... • • . . . . .



NOISE ATTENUATION BY A BARRIER DEFINED 8Y (No, _L. CR)

MAXIMUM FRESNEL NUM8ER, No = 80.00

RLGHTMOSTIBARRIERANGLE, _R

--90 --70 --60 --50 --48 --30 --20 -10 0 10 20 30 40 50 68 70 80 90 l

--98 --16.1 --17,6 -18.3 -18.7 --18.8 --19.1 --18.2 --19,3 --19.4 --19.4 --19,5 --19.5 --19,5 --19.6 --19.6 --19.6 --19.6 --18.4

--80 --20.0 --20.O -20,0 --20,0 --20.0 --28,0 --20,0 --20,0 --28.0 --20,0 --20.0 --20,8 --20,0 -EO,8 -20.0 -20,0 -10,6

-70 - -20,0 -20,0 -20.0 -20,0 -20.0 -2O,O -20,0 -20,0 -2Q_O -20.0 -20.0 -20.0 -20.0 -20.0 -20.0 -19.6

-60 -- -20,0 -20,0 -20.0 -20.0 -2O.O -20,0 -20.0 -200 -20.0 -20.0 -20,0 -2O.O -20.0 -20.0 -19,6

-50 - -20,0 -28,0 -20,0 -20,0 -20,0 -20,0 -20_0 -20,0 -20,0 -20,0 -20,0 -20.0 -20.0 -19,6

o_ --40 - -20.0 -20.0 -2O.O -20.0 -20.0 -20.0 -20.0 -20.0 -2O.O -20,0 -20.0 -2O.O -19,5

t_ _ -30 .... 2O.O -2O,O -20,0 -20.0 -28,0 -2O,O -20,0 -20.0 -20.0 -20.0 -20.0 -19.5
o, ==
¢,D < -20 .... 20.0 -2O,O -20,0 -2Q,O -20,0 -20,0 -20.0 -20,0 -20.0 -20,0 -19.5

,,=,
-10 ..... 20,0 -20,0 -20,0 -28,0 -20.0 -20.0 -20.0 -20.0 -20,0 --18.4

¢:
,¢
m O ...... 20,0 -2O.O -20.8 -20.0 -2O.O -20.0 -20,0 -20.0 -19.4
k.

10 .... 20.0 -20.0 -20.0 -20.0 -20,0 -2O.O -2O,O -19,3

20 ...... 20,0 -2O,O -20.0 -20.0 -20.0 -20.0 -18,2

36 ...... 20,0 -20.0 -20,0 -20.0 -2O,O 418.1

40 ....... 20.0 -20.0 -20.0 -20.0 -18.9

50 ....... 20,0 -20.0 _26.0 -19,7

60 .... 26.0 -26,0 418,3

70 .... 20.0 -17,6

EO ...... 16,1



NOISE ATTENUATION BY A 9._,RRIER DEFINED BY (No, _L, CR)

MAXIMUM FRESNEL NUMBER, No = 90.00

RIGHTMOST BARRIER ANGLE,_J_

--80 --70 --60 --50 --40 --30 --20 -10 O 10 20 30 40 50 60 70 90 90 I

-90 --10,3 --17.7 --10,4 --18.7 --19.0 --19,1 --19.2 --19,3 --19.4 --19,4 --10,5 --19,5 --19,6 --10.6 --19.6 --19,6 --19.7 --10,4

-BO - -20.0 -20,0 -20.0 -20,0 -20.0 -20.0 --20.0 -20.0 -20.0 -20,0 -20.0 -20.0 -20,0 -20.0 -20,0 -20.0 -19.7

-70 - -20,0 --20,0 -20.0 -20.0 -20.0 --20.0 -20,0 -20,0 -20,0 -20,0 -20.0 -20.0 -20.0 -20.0 -20.0 --19,6

-60 - -20.0 -20.0 -20.0 -20.0 --20.0 -20.0 -20.0 -20.0 -20.0 -20,0 -20,0 -20,0 -20,0 -20,0 -19,0

-50 - -20.0 -20,0 -20,0 --20,0 -20.0 -20,0 -20.0 -20,0 -20.0 -20.0 -20.0 -20,0 -20,0 --19,6

o_-_ -40 - -20.0 -20.0 --20,0 -20.0 -20.0 -20.0 -2O,O -20.0 -20,0 -20,0 -20.0 -20.0 --19,0

_ -30 - -20.0-20.0-20.0-20.0-20,0-20,0-20.0-20,0-20.0-20.0-20,0-10.9-20 - -20,0 -20.0 -20,0 -20.0 -20.0 -20.0 -20.0 -20.0 -20.0 -20.0 -19.9

-10 - -20,0 -20,0 -20.0 -20,0 -20,0 -20,0 -20,0 -20.0 -20,0 _19,4

0 .... 20.0 -20.0 -20,0 -20.0 -20.0 -20,0 -20,0 -20,0 _19.4

10 - - -20,0 -20.0 -20,0 _20,0 -20.0 -20,0 -20.0 -19.3

_P - -20,0 -20.0 -20.0 -20.0 -20,0 -20.0 -19.2
20 - - -
30 ....... 20,0 -20.0 -29,0 -20,0 -20,0 -10,1

40 ....... 20,0 -20.0 -20,0 -20.0 -10,0

50 ....... 20,0 -20,0 -20.0 -18,7

60 ..... -- -20,0 -20,0 -19.4

70 .... - -20,0 -17.7

89 ....... 16,3



NOISE ATTENUATION BY A BARRIER DEFINED BY (No, _L, _R)

MAXIMUM FRESNEL NUMBER, No = 100.00

RIGHTMOBTBARRIERANGLE, 0_

--80 --70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90

-90 -16.4 -17.8 -10.4 -18.0 -19.0 -19.1 --10,3 -19,3 -19.4 -19.5 -19,5 -19,6 -19.6 -19.8 -19.6 -19.7 -19,7 -19,4

-EO - -20,0 -20.0 -20.0 -20.0 -20,0 --20,0 -20.0 -20.0 -20.0 --2D,O -20,0 -20,O -20,0 -20,0 -20,0 -20,0 -19.7

-70 - - -20,0 -20,0 -20,0 -20,0 -20.0 -20.0 -20,D -20.0 --20.0 -20.0 -20.0 -20,O -20,0 -20,0 -20.0 -19,7

-60 -20.0 -20.0 -20.0 -20.0 -20.0 -20.0 -20,0 --20,0 -20,0 -20.0 -20,0 -20.0 -20.0 -20,0 -19.6

-50 ..... 20.0 -20,0 --20,0 -20,0 -20.0 -20,0 -20,0 -20,0 -20,0 -2D,0 -20,0 -20,0 -20,0 -19.6

-40 ...... 20,0 -20,0 -20,0 -20,0 -20.0 -20,0 -20,0 -20,0 -20,0 -20,0 -20,0 -20.0 -10,8

=o °_'
,_ _ -30 ....... 20.0 -20.0 -20.0 -20,0 -20,0 -20,0 -20.0 -20,0 -20.0 -20,0 -20.0 -19,6

< -20 ..... 20,0 -20.0 -20,0 -20,0 -20,0 -20.0 -20,0 -20,0 -20,0 -20,0 -19.5

==
-10 ..... 20.0 -20.0 -20.0 -20.0 -20,0 -20,0 -20.0 -20,0 -20.0 -19.5

¢ 0 ..... 20.0 -20,0 -20.0 -20.0 -20.0 -20.0 -20,0 _20,0 -19.4oo

o 10 ..... 20.0 -20.0 -20,0 -20,0 -20.0 -20.0 -20,0 -19.3

20 ..... 20,0 -20.0 -20.0 -20.0 -20,0 -20,0 -10,3

30 _ .... 20.0 -20,0 -20,0 -20,0 -20,0 -19,1

40 ...... 20,0 -20+0 -20,0 -20.0 -18.0

50 - -- -20,0 -20,0 -20,0 -18,8

60 .... 20,0 -20,0 -18,4

70 .... 20.0 -17.8

80 ....... 16.4



. / • r
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Appendix C

ROADWAY SEGMENT ADJUSTMENTS--SOFT SITES

At a soft site, tile adjustment to the equivalent sound level for a roadway segment defined by
theangles(_I,¢2)is

Segmentadjustment= 101og _'I/s(e_1'0s)Tt= 101og_'If_201x/-c'_'¢d0. (C-I)

The indicated integration has been performed numerically and tbe segment adjustment appears
in Figure 7 of the text as a family of curves with 01 as a parameter and O2 as the independent
variable.

Becauseoftheinherentdifficultieswithgraphicrepresentationofthesegmentadjustment,
Figure7 becomesdifficulttouseinanumberofsituations,To extendtheusefulnessofFigure7,

theevenfunctionpropertyofthecosinefunctloaisused toderivethefollowingrelationship

o2)= (c.2)
_ The property of the segment adjustment in (C-2) allows the user to reflect the roadway segment

into the portiou of Figure 7 wbich gives the finest delineation of the adjustment. For example,
IZ.O

determinlng theadjastmentfor aroadwaysegmentsubtendingtheangles(6a ,90 )isratherdiffaeult
since an interpolation between the 60" and 70 ° curVes is required. Using (C-2) tbe roadway 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, i.e., cos (-¢) =
cos O, is invoked. The proof begins by switching the limits of integration

_l/2(_),,Os) = _:" x/_'_"_ dO = __¢J1_.__ d_.

Now let -0 = _p, and -dO = dO,

"_1 _ (-dO) = f_i:' cx/_'o_dO._I12(01,0,.,)= -"O__

Since0 isactuallyadummy variable,we havethefinalresult

_ll..(_z,02)= _12(-0o.,-01).

The resultsofthenumericalintegrationsusedtodevelopFigure7 appearinTablesC-1told
E-2 in 5Q increments.These tablesmay be used insteadofFigure7 to determinesegment

'_ adjustments.
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AppendLxD

PROGRAM FOR CALCULATING TRAFFIC NOISE LEVELS USING THE

FHWA TRAFFIC NOISE PREDICTION MODEL (TI.59)

A computerprogrambasedon hand.heldcalculatorh_sbeendevelopedandisavailablefrom
FHWA, The programisbasedupon theflowdiagramshown inFigures22and23.

Itwas decidedatthelastminutenottoincludetheprogrambecauseitwillrequirefrequent
updatingthatcan bestbe handledthroughFHWA TechnicalAdvisorySedes.(Referto FHWA

TechnicalAdvisoryT 5040.5,"Hand-HeldCalculatorListingsforthe FI[WA Highway Traffic
NoisePredictionModel.")

©
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Appendix E

RELATIONSHIP BETWEEN NOISE LEVEL AND LEVEL OF SERVICE

INTRODUCTION

In most highway traffic noise analyses, tire noise impacts of tile highway arc normally based
upon the traffic condition that produces the higbest noise i_,ve], Many people have argued that this
is not the best way. The noise evaluation should be based on tile traffic situatiml that is most
annoying to tile highway neighbor. This is probably true, Unfortunately this time period is often
very difficult to identify or forecast. Another difficulty is forecasting the traffic that will he carried
by tile highway during that annoying period. Determination of the traffic condition that will pro-
duce tile ilighest noise level is relatively simple.

RELATIONSHIP BETWEEN LEVEL OF SERVICE AND NOISE LEVEL

The capacity of a highway depends upon the interretetionships between tile type of highway,
its geometries, and the traffic conditions, These characteristics will then establish tile noi_ level
generated by tile traffic operating nn the highway. Tbis can be illustrated rather easily by examples_

I-"_'_ Tables E-I through E-5 show tile noi_ levels that would be produced by a single lane of traffic
operating under various levels of service with increasing hsevy-trucl_ traffic. Those tables assume
freeway conditions, level roadway, ,m average highway speed of -[i3 kin/h, and ideal geometries.
The site is [lard (n = 0) and tile observer is located 15 metres from tile higbway.

Case 1. T (Percent Heavy Trucks) = 0

Tile values shown for tile automobile volume and the speeds for eacll level of service are taken
directly from the Highway Capacity Manual (E-l).

Table E.1. Noise LevelsversusLevel of Service(T = 0%)

Level of Capacity (e/It) Speed Leq (h)i Leq(h )

Service A HT (kin/h) A HT (dBA)

h 700 100 69.0 69.0
B 1OOO 90 69.3 69.3
C 1500 80 69.6 69.6

= D 1800 65 67.9 67.9
I E 2000 50 65,1 65.1
r F .....
I

Case 2, T = 1%

In terms of capacity, one truck in the situation described here is equiwdent to two aetomo-
I_'-'J hiles. This must be taken into account in computing the new capacity. Thus, for level of Servicel
i A, tile truck volume is 700 COD = 7 vph. Tile automobile volume becomes 700 - 7 (2) = 686 vph.

E-1



Note that this 2 for 1 exchange in terms of capacity changes greatly depending on tile highway. The
speeds shown m Table E-1 for the different levels of service must be insintained.

Note that at 1% heavy trucks, automobile noise dominates at all levels of service.

TableE-2. Noise LevelsversusLevelof Service(T = 1%)

Level of Capacity (v/h) Speed Leq (h)i Le,(h)

A HT (kin/h) A liT (,tBA)
Service

A 686 7 100 68.9 62.9 70.0
i B 980 l0 90 69,2 63.8 70,3

C 1470 15 80 69,5 64,8 70.8
D 1764 18 66 07,8 64.3 89,4
E 1960 20 50 65.0 63,1 67.2
F ......

Case 3

Table E-3 shows that at 27oheavy trucks, the trucks begin to dominate the noise level at level
of service E.

TableE-3. Noise Level vnrsusLevelof Service(T = 2%)

Level of Capacity (v/h) Speed Leq (h)i Leq(h) I II

} Service A HT (kin/h) A HT (dBA) "-- :

h 672 14 100 68.8 65.9 70.7
B 980 20 90 69.1 66.8 71.1

Pl C 1440 30 80 69.4 67.8 71.7
i D 1728 36 65 67.7 67.3 70.5

E 1920 40 50 64.9 66.1 68.6
F .....

Case4

Table E-4 shows that at 8% heavy trucks, the trucks dominate at Level of Service C, D & E.

Table E-4, Noise LevelversusLevel of Service(T = 3%)

Level of Capacity (u/h) Speed Leq(h)i Leq(h)

Service A HT (hm/h) A tlT (dBA)

A 658 21 100 68.7 67.7 71.3
B 940 30 90 69.0 68.6 71.8
C 1410 45 80 69.3 69.6 72.5

I D 1592 54 65 67.6 69.1 71.4
E 1880 60 50 64.8 67.8 89.6
F ......

E-2



(_'_ Case 5
• ./ Table E-5 shows that at 4% heavy trucks, the trucks dmninate at all levels of service,

Table E-5. Noise LevelversusLove/of Service(T = 4%)

: Level of Capacil.y (v/h) Speed Leq {ll)i Leq(h)

Service A liT (kin/h) A I{T (dBA)
i:

A 644 28 100 68.6 68.9 71.8
B 020 40 90 68.9 69.8 72.4

C 1380 60 80 69.2 70.8 73.1
' D 1656 72 65 67.5 70,3 72.1

E 1840 80 50 64.8 69.1 70.5
F ......

_ Reference

_i E-I. "Highway Gapacity Manual - 1965," I-Iighway Research Board Special Report 87. National
• _ Academy of Sciences, Washington, D.C., 1965.
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Appendix F

COMPUTATION OFL_q!T) AND LDN

INTRODUCTION

Although theLeq(h) or theLlo(h) is used for highway work, there may be times when tile
equivalent sound leveller some other time period is of interest. The FIIWA model can be modified
rather easily to bandle different time periods. This is dons by reevaluating tbe traffic flow adjust-
ment factor, (the FHWA model cannot be modified to compute LI0 wduas ['or any other time
period)

10 log (NiTrDo/TSi). (F-l)

COMPUTATION OF Levi(T}

Suppose the equivalent sound level over a 24-hour period, Lcq (24) is desired. One way to do
this is to compute the Lcq(h) for each hourly period during tile 24 hours and add them together on
an energy basis. Unfortunately, we are unable to predict tile future traffic volumes oil an hour-by-
hour basis. However, if we let N i represent tile average aneu,'d daily traffic (AADT) for tile itb clans
of vehicles, and ifS i represents the average highway speed over a 24 hour period, the traffic flow

adjustment factor becomes
[(N(._AD.r ),/(Tr)(D o metres)]

10 log C (s i kin/h) (24 hours) J' (F-2)

Tbis reduces to

10log L S l j - 38.8. (F-3)

• Substitution of Equation (F-3) into the Equation (1) will give LL._ (2d).

/'N(AADTltDo _ l*C_

Leq(24)l= (Lo)E,+ ]0 logk "_/ "/ ÷ 10leg(-_)

+10 log [_a(_' _b2!] - 38.8. (F-4)

( / '-/]}! La. = 10log 15 1 + 9 10_ (F-5)

!
COMPUTATION OF LDN

,,J The same reasoning used in Computation of (T) is used here.Leq

i F-1



L d = Equiwdent sound level from 7:00 a.m. to 10:00 p.m. - 15 hours
L n = Equivalent sound level from 10;00 p.m. to 7:00 a.m. - 9 hours

/Ni_rDo\ lkm + 10 log (D_) l÷aL,t,= U:o_s,* lologI_2 looomm

+10,o or ,F0,
- 10 log NID°

Ld, = (/,o)Z + ( Si )+ 10log (_-R) '+_

+10 log [_(¢_ ¢2!] - 36.8 (F-7)

where

Ni = Volume of the ith chlss from 7:00 a.m. to 10:00 p.m. !

S i = Average speed of the ith class from 7:00 a.m. to 10:00 p.m. i

/Do\ 1+c_ [¢'_(¢_r. _o }]Ln, = (/_),, + 10log (_)+ 10log/'-D-,} + 10log - ' - 34.6 (F.8) _!

where f_._

N l = Volume of the ith class from 10;00 p.m. to 7:00 a.m. \_,._,

S i = Average speed of the ith class from 10:00 p.m. to 7:00 n.m.

F-2



AppendixG

COMPUTATION OF NOISE LEVELS WHEN D <:15 METRES AND THE

OIiSERVER ISADJACENT TO THE ROADWAY

INTRODUCTION

Many situations arise where D is less than 15 metres and the observer is located adjacent to the
roadwayasshownin Figure0-I.Althoughthemethod ofanalysissuggestedherehasnotbeen
verified in thefield,the procedureseemsreasonable.

CENTERLiNE OF NEAR LANE
\

\
_ D<C ibm

Figure G-1. SituationsWhero D is Less than 15 Metres

WHEN THE MODEL CAN BEUSED

,_y_ One of the basic aseumptions in the FHWA model is that traffic noise decreases at a uniform
rateasthenoisepropagatesawayfrom thehighway.Itwas indicatedinChapter2 thattheFHWA
modelusesarateof3 dB/DD or4.5dB/DD (basedon averageenergy)dependingon siteconditions,

Thisuniformrateonlyoccurswhen theobserverislocatedintheacousticfarfield.IntheFHWA

model,itisassumedthatthefarfieldbegins15metresfrom thecenterlinuofthenearlane.Thisis
illustratedinFigureG-2.

3 TO 4,5 da/nu

I
NEAR_ * _ FAn

I

15m "* LOG D (rn)

Figure G.2. Noiso Levels Verms Distance

"- " G-1



[,oeation of where the far field begins is stroegly influenced by the size of tile noise source.
There is some evidence to suggest that for automobiles and medium trucks,/9 is approximatdy equal
to 7.5 metres. All ewduation of the data in Table CI,.1shows that when only automobiles lind me- /- "_
dlnm trucks ;ire present (Location A), the drop.off rate from 7.5 metres to 15 metres is 4.1 dB/DD,
Since a = 1/2, the expected rate would he 4,5 dB/DD. This suggests that automobiles and medium
trucks are point sources at 7.5 metres.

Table G.1. Measured SoundLevelsat 7,5 and 15 Metres
(Source: FHWA Region 15)

_ _ fvih) iv/h)

F , I S MT liT Le'/(/l) Drop-Off Li°fh)l Drop.Off
( klil/h ) 7.51n ]hi lie e-* 7.5 thin Rate

....... ........ (dll/I)D) {dl]/l)D)
I,t-bine.nil I

A I In°dilln I _6 42 0 68.6 6-L .LI 73. 68.9 4.1
la = I/2',

.I-lime, rJ
[3 niedilin I 52 ,18 gO 75.5 73., 2,1 78, 76,9 1,8

c_= 12
6.1;ill_,

C median 58 7-.2 270 77.2 7,t. ,3.2 80. 76,9 a.l

_ = 1/2
f
\

At locations B and C. helivy trucks are present, and the expected decrease from 7.5 metres to .........
15 metres is not observed. This would imply that at 7.8 metres the observer is in the acoustic near
field of the heavy tracks. Tills result is not surprising when one compares the length of a heavy
track to 15 metres.

Figure G-2 shows that the sound level does not increase at a uniform rllte in the near field.
Rough field measurements indicate that tbe emission level from trucks 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 on'or as long as D is greater than 7.5 metres.

WHEN MEASUREMENTS ARE NEEDED

Future noise levels for all situations involving heavy trucks 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 sever;d 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 o£ tllese
sound levels generally requires that the data be recorded and analyzed by mechsnic_ means. Data
will also have to be developed on volumes, mixes, and speeds that occur during (be measurement
period.

On tile positive side, tile data acquired at one site should be applicable to other sites. It seems
reasonable to assume that when D is less than 15 metres, tile highway is infinitely long (the roadway
must he visible to the observer from 60 metres in either direction for D = 15 m) and corrections for
specific site conditions can be ignored (less than 1 dE).

'..,.
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In developing e plot of sound levels versus vehicles, user may want to try the following egua.

_=_ tions (it has never been field tested).
NEDF,

Leg(future) = Leg(measured)- lOlog (N_-_ z) + lOlog (NF-_F.tur, 'Ex_ins

where

N E is the number of equivalent automobiles

D_: is the equivalent laud distance, and
• O

S is the speed.

To calculate N E assume that the rehtive noise level relationship shown in Figure 2 exists between
the vehicles when D is less than 15 metres. Then

":'i N E = NA + 10NI_jT + 32NHT.

If the future speed increases theLeq (measured) should be adjusted upward based on Figure 2.

Ix

L

_)
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Appendix H

GRADES

INTRODUCTION

The reference energy mean emission levels shown in Figure 2 are based on vehicles operating
under cruise conditions on level terrain. The effects of grades upon these emission levels have not
beenstudied.However,NCHRP Report117 andNCHRP Report174 describeprocedureswhich
canbeusedtoeccotlntfortheeffectsofgrades.The two proceduresgivedifferentresultsand

neitherappeartobe basedupon any eubstanti,'dfieldstudy.The adjustmentgivenfrom these
procedures is applied in the same manner. A positive adjustment is made only to the truck levels,

Leq(k)HT , and it is never negative, i.e., there is no adjustment for a downhill grade.
NCHRP Report 117 suggests that the correction can be applied to the noise level based on the

totaltruckvolume.The NCHRP Report174suggeststhatthetrafficbesplitand theadjustment
appliedtothelevelsproducedby thetrucksgoingup thegradient.Itisrecommendedherethatthe
traffic be split and the correction from the NCHRP Report 117 method (Table H-l) be added to the

Leq(h)forheavytrucksgoingup thegrade(i.e.,thecorrectionistobe addedtothevolumeshown
on line18,Tablei forheavytrucks).

l Note that after the grades exceed 7%, trucks cannot operate at constant speed and Equation (1)
is not valid.

NCHRP REPORT 117 METHOD

Table H-1. Noise LevelAdjustments
for Trucks on Grades

Gradient (%) Adjustment (dB)

_2 0
3 to 4 +2
5to6 +3

>7 +5

NCHRP REPORT 174 METHOD

The adjustments for grade are based upon the following equation:

A G = 7.3 - 3.3logs + G (H-l)

where

S is thespeedin km/h

G is the percent grade.

.... TableH-2 isb_tsedupon Equation(H-I).The valuesappeartobetoohighearltheiruseisnot ree-

i onnnended until they have been verified by the user in the field./
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Table H.2. Noise Level Adju_ments for Tru_a on Grades

Speed (kin/h) _ _
Orade

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 5.7 5.4 5,2 5 4.8 4.7
5 6.7 6.4 6.2 6 5.8 5.7
6 7.7 7.4 7.2 7 6.8 6.7
7 8.7 8.4 8.2 8 7.8 7.7

II-2
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_ Appendix l

l INTERRUPTED FLOW ([_TOP-AND-GO TRAt"F1C)

INTRODUCTION

A review of the literature indicated that a recent English study has been reported by Gilbert I l-I I.
In this study an equation was evaluated for predicting curbside noise frmn iuterrupted flow. The
equation was of the form

L = 55.7 + 9.181ogQ(I+.09H) - 4,201og Vy + 2.31 '1'

where

Q is the traffic voheue (vph)

H is the proportion of vehicles exceeding 1.525 Mg (%)

y is tile roadway width (m)
V is tile mean speed of traffic (lun/h), and

i T is the index of dispersion.

Alternate forms of tile equation are suggested, and users may want to obtain Ihe refereuce and
.¢_,_% study it in detail. No detailed study ou the effects of interrupted flow was found in the U,S. The

NCIIRP 117 provides some guidelines and these are reproduced in Table I-1. Since no refertmce is
cited, these shoukl he treated as rules of thumb.

.<

li Table 1.1. Adjustment forInterrupted Flow

;i Adjustment (dB)
!_ Vehicle Type
, L,_0 Llo

,_ A 0 +2

•_ HT 0 +4

The NCIIRP Report 117 assumes that iaterrupted flow imposed I y a traffic control si_ual
influences the operating noise of a vehicle over a distance of 1000 feet cenlered a{ the center of the
signal area. This is probably based upon the fact that a truck accelerating from a stopped ccmditkul
_ ould produce a maximum noise level over this distance while aecduratiug to eruis, e,mditiou. This
distance is a function of both the grade and how heavily the track is loaded.

, SUGGESTED TECHNIQUE

T_ This is another procedure that hi.s not been verified in tile fiehi but seems reasonable. This
': procedure is based upon au examination of Equation (I) frum the standpoint of stop-aud-f!, mfffic.
:"" ", All of Hie variables in Equation (1) are valid for intcrnlpted flow except for the lefelem'f, ene!,!v) -

...J mean emission lards and Ihe traffic flow adiustment fac tor.

; I-1

-!
i!



ReferenceEnergyMean EmissionLevels _'
Interruptedflowinvolvedspeedbelow50 km/h.At thesespeedsheavytruckswillbeaccel-

erating.The noise levelsa_ocinted with acceleratingconditions are peaklevels. Thus for heavy
trucks use n reference level of 87 dBA. For automobiles nnd medium trucks use tile reference
levels at 50 km/h. Assumethat thesevaluesare independentof speed.

Traffic Flow Adjustment Factor

This adjustment factor assumes that the vehicles operate at constant speed. This value should
be replaced by the mean speed of the vehicles takinginto account the traffic signal. Hopefully,
with the above two changes the FIIWA model will provide a reasonable estimate of the noise level.

Reference

I-l. Gilbert, D., "Noise from Road Traffic (Interrupted Flow)," Jourmll of Sound and Vihration,
5I (2), 171-181, 1977.

C
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Appendix J

ADAPTION OF TItE Leq METHODOLOGY TO DEAL WITIISPECIAL IIIGHWAY SITES

INTRODUCTION

In Appendix A a methodology was predated for determining the equivalent soaad level at
highway sites whose excess attenuation effects may be completely characterized by the site param-

eter a. The Appendix A Leq methodology began by expressing the mean square pressure at the re-
ceiver ia terms of reference mean square pressure and a distance adjustment factor,

t meun square pressnre l _ f retereeee mean square l ldistaace adjnstment
at receiver J - Lpressure measured atD oJ X [ factor

_! (p2)= (p_) (J.l)

! The single vehicle equivalent sound level was then calculated by expressing the source.receiver di_
tanceR in terms of the angle_ and then integrating the mean squarepressure over the roadway

segment,

1 , 't2 (PU(t))dt _ lO,og 1 il 2 (P2(_}) DLeq = I0 log T Jq (p_et) (Prof)_ see-" ¢ de (,1-2)

wherePr_r = 2X 10 -a Pa.

The limitation 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 c_. 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 ta[lored to fit the specific eharacterixtics of highway sites that are not homogeneous,

EXAMPLE J.l-GROUND STRIPS PARALLEL TO 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 attemmtion effects of the first strip of width D 1 are characterized by
the ground cover parameter wl, while the second strip of width D 2 has its excess attenuation effects
characterizedby thegroundcoverparameterce2,

The fimt step in solving this problem is to draw a sound ray from the source to the receiver as
in Figure J-2. Propagation over tibet portion of the sound ray R 1 is characterized by geometric

spreading and exce_s attennatioa characterized by _1. At Rz, the mean square procure q_2)Rt is
given by

/Do_ 2+%

._9
!
_ J-1

/



f_OADWAY

- 7.... I--
I / o.oo osr ,P

FIECEIVER

Figure J.1, Highway Site Consisting of Two Absorptive Ground Strips Parallel to the Roadway

St -- IIOAI]WAY

t" / 'D / I STRIP I i

j." C_t i
....................... ...c/_........ ,;

-/'" I

..J ',

i
RECEIVER I

D = $¢und,off Dlllallce = D1 _ U2

A _. Soufc_,nq_eBlv_t Oltlilnce =

R=R I +R 2

R ¢o$_J= U RI cosq_= O1

Figure J-2. Roadway.Receiver Geometry for a Highway Site With

Two Ground Strips ParalJel to the Roadway

The nteau sqmirepressureat thereceiver Lp2) is equal to the mean sqLzarupressurea_Rj Limos the
appropriate distance adjustment factor,

/R,\_+",.,

" Substitution of (J-3) into (J-4) Rives

. O1 _ fro,, (l)o_ (ltt_ -

J-2
i



which may be written in tim form

• (I'2> = (P_)_"-R] k-'_l} \R] " (J-6)

From the site end ray geometry in Figure ,1.2,R 1 and R may be expressed in terms of the
variable ¢, which when substituted in (J-6) gives

o

" Do

To calmllate the singlevehicle equivalent smmd level, tile mean sqnare pressure at tile receiver, (J-7),

is integrated over tile roadway angles using (J-2),

= 101og_ [¢= (p2(¢))DLeq
.,., (/_f> S see2'bde (J-2)

)

Leq =10log ", (p;Zef) cos¢) k/-_'l cos ¢) /-'-D) _ scc2c'd¢'" (J-8}

Combining similar terms and bringing the constant terms outside the integral, (J-8) reduces to

D L,q= 10log _/ eft/ _'_IJ_, (J.o).2

or

r,.,Oo,/a o, ]
_ The first term in the brackets corresponds to the emission level, so that expanding (J.lO) results in

Leq =L o + lOlog'_" + + lumg[{-_'T_ + 101ogk-_)

i +10log ¢_I(01'¢2)+ 5. (J-ll)]T

Equation(J-11)isvalidforasinglevehicle.Fora givenclassofvehicles,(J-11)ismodified

] usingtheresultsofAppendixA,sothat

NDo (Do) /Do\ cq /D,\%Lect = (/_o)E + 10 log ST + 10 log "_ + 10 log/'_) + 10 log/"-if)

¢,_,(¢'1,¢_2)
+10 log _ + 5 (J-12)

_J which is the final result.

J.3



EXAMPLE 2--GROUND STRIPS NORMAL TO 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 parameter cq while strip 2 ischaractcrized by the ground
cover paremeter_ 2, The rseeiver is ]oeatedy u metres from the boundary of the strips. Sincey o is
measured along tile St axis, Y0 will have a sign associated with it, On the figure Y0 is to the right of
the receiver and thus Yo is positive. If tile receiver had been located in strip ], Yo would he measured
to the left of the receiver aad would be negative.

ROADWAY Ii
GROUND STRIP CHARACTERIZED ]

BYe2 -- ! _" GROUND STRIP CHARA

CTER/ZED BY (_ _'

I

ve "--'_1 iRECEIVER I

Figure J.3. Highway Site Consisting of Two Abwrprivo Ground Strips Normal to the Roadway

(

The roadway segmentdefined by the angles(el, eL)in FigureJ.4 ishomogeoeousin tlmt L,_
excesspropagationoffsetsarcdeterminedby _2,itscontributiootothetotalequivalentsound
leveliscalculatedusingtileresultsofAppendixA,hence

NOD Do\ 1*c_a _b_,,(CD¢q,)
Leq = (T,o)_ + lOIog "_" + 10 log/"-_) + 10 log _ rr + 5. (J-13)

ThnLeq contribution from tile roadway segmeat (¢L, OR) remains to be determined. The method
of solution is identical to that used in exemple.M. First the meansquarepressureatR l isexprcssed
in terms of tile reference mean square pressure and e distance adjustment factor. Then the mean
squarepressereatR 1 is adjusted to account for propagation overR 2. 'l'he mean squarepressureat
R 1 is

(P2)n_ = (P_){Doi "_+"l\R]/ (J-14)

end the mean square pressure at tile receiver Js

= =(P_)I_I)/D"\2+a' (-_-i z*% • (J-15,

Comhioiog terms, Equation (J.15) becomes

o'
(p2) = (p_) \R/ \R1/ \R/ " (J.16)

I ,].4
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f"_, From Figure J-4, the geometric relations
:

R = cOs'd End R I = R I - cote

are employed in {J-16),

°°":Io
which simplifies to

-. YO cot dl :-"z (J.18),:,:,. (-_ooEO)'(-_onsO)"(__ .

RECEIVER YO

STRIP 2 STRIP 1

C_2 C_1

Rising= St - yo St = Dtun,_ R = O/co$_

RI = sin@ = cos'--'-_- =ln-'-_ =

:.R,°R(,-_o°,0)
Figure J.4. Roadway.Receiver Goometry for Two Absorptive Strips Normal to the Roadway

To caleuhte the ectuivalent sound level, Equation (J-2) is used,

"'' Leq = 10 log 1 f@a (p2(¢))o _ soc"O d@
! "_L (P:=_>

i J.5 :
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so tbat

_- nee0)(__oos0)°'(1_-_co,0)-_se:0.
(J-19)

Bringingtheconstantsoutsidetheintegraland eombbdng similarterms,(J-19)becomes

r_,°°(9)-°,..o,, (,__cot0)""r,01Leq = 101ogl_ _ (cos¢)ch
k(P_:ef)°_ "IL . (J-20)

Expanding(J-20),thesinglevehicleequivalentsoundlevelis

L,a=zo + 10log_ +z0log(_-)_+_'

•'_,, ( .v,,-'h -cat' )%'"'•1elegy-_1 (oos_)_, i ,t_. 5. (J-21) i

Fora classofvehicles,(J-22)ismodifiedtogivetimfollowingresult:

NDo /Do\ ]*th
Lea = (L_o)E + 10lag _ * 10 Iog_'_)

+10,og_l, ,oos0,o,(1_oot°).0_0 _, ,....
Evaluation of the integral in (d-22) is best accomplished rising numeric',d integration routines. Tile
total equivalent sound level due to the roadway set,,ment (01, °t¢) is then tile decibel sunl of l_qua-
tions (J-13) and (J.22).

EXAMPLE J.3--BARRIER ATTENUATION AT ABSORPTIVE HIGHWAY SITES

InAppendixB,thehourlyequivalentsoundlevelduo toaroadwaysegmentsbieldedby a

barriersubtendingtheangles{0/,,._R)wasgivenas

(.Eo)_ _ D,, 01_ - °.'. + - 2.5Le,l(h) l = + 10log "_ 101og"ff + 10log rr _n_ (B-IO)

where _'B is tile reduction in equivalent sound level due to tbe barrier for tile ith class of vehicles.
In deve aping (B-10) t was assumed tlat n the presence of t le barr or, excess attenuat on effects
are lost. This is an oversimplification of a very complex pbysical pbonomenon. In a more rigorous
analysis of the problem, absorption 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 currently under-
way to provide practical, design-oriented procedures for these situations.

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 dm methodologies employed in
AppendtsesAandB. Consider tbeshielded rmldwaysegmentinFigureJ-5. Usingthesauleproce- ,
dures in Examples J.1 and J-2, tile mean square pressure at the receiver is

J-6
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': ..... l .... _/-- .......

x

RI_s_ =DI
RECEIVER

FigureJ-5, Roadway-Barrier-ReceiverGeomerwfora FiniteBarrierinthePre_nceof
AbsorptiveGroundStripsParallelto theRoadway

D /Do\2% _+"':<P_'>'--<P_>,/N)lo-_,''°(_) (.2a)
in which --Ai is the attenuation in point source levels for the ith class of vehlcles and is given by
Equation (B-12). Using tile relations D 1 = IF 1cOS_ alld D = R cos _ it ia possible to express (J-23)
ill teruls Of allgle,

,_ IDa ct)s_)2"t_' (/_)/)2+a_ IO-At,,IO.<J'_'>_= (PX>__-g7 (J.2.o
? ' 9Equatlou (J-.) is used to cMeulate tile single vehicle equiwdeut sound level due to the segulcnt,

[_"<p"(_)>,,) ,,L_qI= lOlog _ --
"_L (Pr_f) 8i see ¢d0,

so that

_o,,._o,ooI+,/,,_,_,,,o,,_o_oi:.,(_;-,o-,,,oo.. I-- _ sac" _de_ . (J-25)L *,. (Pr_r> \D1

Taking the constant terms outside tile iategral and combining similar terms in (J-25) results in

.... /'(P_'i Do (Duel" (__f' On 10. Xdm ], .1o,o_,=(_/\ot, .eLJ Le,sl L(P_ot>siT f (cos,b) % tic . (J-2fi)

J-7
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To put (J-26) in a form compatible with earlier results, the right side is multiplied through by f,_,

is added to tile right side, so that

Do Do , [ Do_ I /Dr\ aa
Leq ' = (Lo) i + lOlog_ + 10 log-_-+ lOlogk._-i) + 10 Iogk-if}

+10 log _,_n - ¢_ + lOlog rt fcS s (cos ¢)al 10 -afllO de. (J.27)_r Cn" Cz .

Since 10 legit = 5,

,.,--I_ol,+,01ug_+10iog_+101ogt_) +10log

z[e 'r*1olog-_ + lOlog_ (_os_)u, lO'_'nnd_÷ 5. (d.2S)
i

For a class of vehicles, Equation (J.28) is modified to yield

NiDo [Do I { D,,_ 1 / DI \a'_ !
Zoq, = (7,o)_, + 10 log TiT + 10 log _ O-J + 10 leg k'-DT] ÷ 10 log t-_) /-

+lOlog _¢ ÷ lOlog (cos_b) al 10"_fll° de + 5 (J.29)
"/r .

: which is the final result. Evaluation of the integral is best accomplished using numerical integration
routines.

(
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Appendix K

HEAVY TRUCK SOURCE llEIGIITS USED IN BARRIER ATTENUATION CALCULATIONS

INTRODUCTION

In Appendix B it was recommended that for barrier attenuation calculations heavy trucks be
located 2,44 metres above the contcrlion of the pavement and that the truck be treated as if all its
sound were radiated at 550 Hz. This single position-single frequency representation of a heavy
truck is no attempt to simplify and reduce tbc number of calculations required to determine the
attenuation of equivalent sound levels due to a barrier. It is the purpose of this appendix to indi-
cate, through an example calculation, that the gain in accuracy by resolvinga heavy truck into its
component sources each witb their own spectrum is minimal and that for amanual prediction proce-
dure, the increase in accuracy does not justify file additional calculations.

EXAMPLE CALCULATIONS

The sensitivity of barrier attenuation to changes in source height can bedetermined analytically.
The resulting relationship however is complex and unwieldy. In order to put the accuracy trade-
offs between single and multiple source heavy track models into perspective, the source-barrier-
receiver scenarios of Figure K-I were analyzed to determine equivalent sound levels at tbe receivers.

Intheanalysis,threesourcemodelswereused:(1) hl tlle first model, the beavy truek was treated as a singlc sourcc loeated 2,dd m above tbe

. pavement with a effective radiation frequency of 550 liz.
(2) Thesecondheavytruckmodelconsistedofthesinglesocrcs2.44mabovetbepavmoent

withthesourcestrengthconsistingoftheoctavebandspectrumlabeled"TOTAL" in

:_ FigureK-2. Attenuationcalculationswerethenmade octavebandby octaveband.Tbe
attenuated octave band levels were then A-weighted and logarithmically combined to give
the A.weighted sound level at the receiver.

_, (3) In the third heavy truck modal, the heavy truck was resolved into 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 attenua-
tion calculations were then made. The attenuated octave band levels were A-weighted and

_: EXHAUSTa,Um am

SIMULATED2.44m _a_ HECEIVER

il 1.b in

RECEIVER

i ENGINE

• 1.2 rn

TIRES

.,. On1 10m 3Ore

Figure K*I. Source-Barrier-Receiver Geometry Used to Examine the

-/ Effects of Source Height on Barrier Attenuation

K-1
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OCTAVE BAND FNEQUENCI_;S, HI LEVEL I
!

Figure K-2. Individual and Total Heavy Truck Noise Spoctra Used in Example Calculations (Source _-_
F,ndamontals and Abatement of Highway Traffic Noi_e," FHWA.HHI-HEV.73-7976-1) L

_JL_
L

HO

_.o,, / /-,%, _.

,,\

"\

FigureK.3. Octave Bandand A.Wei0hladSound Level=Behind tile Barrier at the 1.5m Receiver
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,_, logarithmically combined to produce the reconstructed A-weighted octave band levels at
I the receiver. The A-weigh ted levels at the receiver were then corn bined tu give the A-weighted

level at the receiver.
The site geometry for this example was selected to insure that tile exhaust stack of the truck

was clearly visible by the 3 m receiver and just barely visible by the 1,5 m receiver. 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 tile largest
discrepancy, 1.1 dglA, occurs at the 3 m receiver. Comparison of the simulated source (single posi-
tion, octave hand spectrum) and the single position, single frequency (550 Hz) A-weighted levels
shows them to be quite dose (0.2 dBA). Certainly in a manual procedure where the objective is to
estimate the effectiveness of a barrier, the additional calculations required by resolution or the
source into its frequency cumponents and source components is not justified. In a computer based
barrier design situation, the additional calculations are worthwhile. Tbe question remains, however,
as to what are the proper locations and octave band levels for the resolved heavy truck sources? The
answer to this question is tile object of current research.

90

8(I

_°o / i _

• • "l N g
/ _'m, \, 7-

eo / .N

I

40

6] 1_ IbO I_00 lO0O _000 30U_I /]{lO0 A.k'_IGII1 _O
OClAVE ttAND FII[(_UENCIE5 LtVELS

FigureK,4.OctaveBandandA.WeightedSoundLevelsBehindtheBarrierat the3 mReceiver
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EXAMPLE CALCULATIONS

*t,o

fL3'fl * 10_ i
e _..,_. 3,° .._,o}.°o°,v°r_-_oeut 0e_J_e_- ""-TJ30

Tires = 0 m Source Height Engiae = 1.2 Ill Exhaust = 3,6 nl

Barrier Attenuation, d8 Barrier Attenuation, dB Barrier Attenuadoa, dB
IFrequency, Hz

0 m Receiver 3 m Receiver 0 m 3 m 0 m 3 at

63 -6.56 -6.20 -5.76 -5.48 -5.00 --4.94
125 -7.65 -7,09 -6.39 -5.90 -5,00 -4.88
250 -9.19 -8,44 -7.41 -6,64 -4.99 -.I,77
500 -11.09 -10.19 -8.86 -7.78 -4.99 -4,52

1,000 -13.26 -12,25 -10,71 -9.86 -4.97 -3.96
2,000 -15.59 -14,52 -12,83 -1L30 -4,95 -2.53
4,000 -17.38 -16.65 -15,14 -13.48 _1.90 -0.86 f

8,000 -18.57 -18.10 -17.09 -15.80 -4.79 -0.39

Simuhted Truck --2.44 in Source ]Icight

Barrier Atteauation, dB
Froqueney, ltz

0 m Receiver 3 m Receiver

63 -5.18 -5.05
125 -5.34 -5.10
250 -5.85 -5.19
500 -6.22 -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

L.
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e"_'_, 1.5m RECEIVER

TIRE NOISE ENGINE NOISE

Freq.
Level h Levell].B. Level A LevelB.B.

63 66 6.6 59.4 74.5 5.8 68.7
125 70.5 7,6 62.9 75.5 6.4 59.1
250 74 9,2 64.8 75.5 7.4 69.1
500 74 11,1 62.9 74 8.9 65.1

1 72 13.3 58.7 70.5 10.7 59.8
2 70.5 15.6 54.9 65 12.8 52.2
4 62 17.4 44.6 59 15,1 43.9

1, 51 18.6 32.4 50 17,1 32.9
79.7 10.7 69.0 81.4 7,2 74.2

STACK NOISE SIMULATED

Freq,
Level z, 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 78,6250 85 5.0 80 85.8 5.6 80,2
500 77 5.0 72 80.0 6.2 73.8
1 70 5.0 65 75.7 7.] 68.6
2 62 5.0 57 72,0 8.5 63.5
4 54 4.9 49.1 64,2 10.3 53.9
8 45 4.8 40.2 54,1 12.3 41.8
T 88.1 5.0 83.1 89,4 5.6 83.8

LEVEL BEIIIND BARI11ER--RECONSTRUCTION

Freq. Level in Front Level B.B e =LRE -Lsl M

53 79.8 74.5 -0.1

125 83.9 78.6 0
j 250 85.8 80.4 +0.2
I 500 80.0 73.2 -0,6

I 75.7 66.9 -1.7
2 72.0 59.9 -3.6
4 64.2 51.3 -2.6

) 8 54.1 41.5 -0.3
_" T 89.4 83.8 O

i K.5



3 m RECEIVER

TIRE NOISE ENGINE NOISE

Freq.

Level A LevelB.B. Level A LevelB.B,

63 66 6.2 59.8 74.5 5,5 69
125 70.5 7.1 63.4 75.5 5,9 69.6
250 74 8.4 65.6 75.5 6.5 58.9
500 74 10.2 63.8 74 7,8 65.2

1 72 12.2 59.8 70.5 9.4 61.1
2 70.5 14.5 56 65 11,3 53.7
4 62 16,5 45.4 59 13.5 45.5
8 51 16.1 32.9 50 15,8 34.2
T 79.7 9.5 70.2 81.4 5.5 74.9

STACK NOISE SIMULATED

Freq.
Level A Level B.B. Level A Level B.B.

63 78 -4.9 73.1 79.8 5.0 74.8
125 83 4,9 78.1 83.9 5.1 78.8 i
250 85 4.8 80.2 85.8 5.2 80.6 _'_,-..
500 77 4,5 72.5 80 5.4 74,6
1 70 4.0 66 75.7 5.7 70
2 62 2.6 59.4 72 6,3 65.7
4 54 0,9 53.1 64.2 7.3 56.9
8 45 0.4 44.6 54.1 8.7 45.4
T 88.1 4.8 83.3 89.4 5.2 84.2

RECONSTRUCTED LEVELS

Freq. Level 8.B. e =L R -LsI M

63 74.7 -0.1
125 78.8 0
250 80.6 0
500 73.9 -0.7
1 67.9 -2.1
2 61.8 -3.9
4 54.4 -2.5

8 45.2 -0,2
T 84.0 -0.2 _,-

K-6



,----, A-WEIGItTING COIlRECTIONS--1.5 m RECEIVER
t

TIIIES LNGINI,

Frequency Correction
Level 9.13. Corrected Level 8.B. Corrected

Level Level

63 -26.2 59.4 33.2 68.7 42.5
I25 -]6.1 62.9 ,t6.8 69.1 53
250 -6,6 64.8 56.2 68.I 59.5

: j 500 -3.2 62.9 59.7 65.1 61.9
1 0 58.7 58.7 59.8 59,8
2 1.2 54.9 58.1 52.2 53.,t
4 1.0 44.6 45.6 43,9 44.9
8 - l. 1 32,4 31.3 32.9 31.8
T 64.1 65.9

EXIIAUST

Frequency Correction
Level B.B. Con¢ected LevelB. B. Corrected

Level Level

"_ 63 -26.2 73 46.8 74.6 48,4 i
125 -]6.1 78 61.9 78.6 62.5 i
250 -8,6 80 71.4 80.2 71.6 [
500 -3.2 72 68.8 73.8 70,6 i

1 0 65 65 68.6 68.6 I
2 1.2 57 58.2 63.5 64.7 _
4 1.O 49.1 50.1 53.9 54.9 i
8 -1.1 40.2 39.1 41.8 40.7
'1' - 1.1 74.3 75.8

RECONSTRUCTED LEVEL

1requeney Level B.B. eA = LR, _ - Lsa

63 ,18.3 -O.1
125 62.5 0
250 71.8 0.2
500 70 -0.6

1 66.9 -1.7
2 61.1 -3.6
4 52.3 -2.6

_'_ 8 40.4 -0.3
--/] T 75.2 -0.6

i
! K.7
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A.WEIGHTING CORRECTIONS--3 m RECEIVER

TIRE ENGINE 1

Frequency Correction
LevelB.B. Corrected LeveIB.B. Corrected

Level Level

63 -26.2 59.8 33.6 69 42.8
125 -16.1 63,4 47.3 69.6 53.5
250 -8.6 65.6 67 68.9 60.3
500 -3.2 63.8 60,6 66.2 63
1 0 59.8 59.6 61.1 61,1
2 1.2 56 57.2 53.7 54.9
4 1,0 45.4 46.4 45.5 46,5

• 8 -1.1 32.9 31.8 34.2 33.1
T 65.1 66.9

EXHAUST

Frequency Correction
LevelB.B. Corrected LeveIB.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 -8,6 80.2 71.6 80.6 72
500 -3.2 72.5 69,3 74.6 71.4
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

Frequency LevelB.B.

, 63 48.5
125 62.7
250 72
500 70.7
1 67.9
2 63
4 55,4
8 44.1
T 75.8

K-8
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Appendix L

TABLES,FIGURES,AND NOMOGRAPtlS
' i

This appendix contains allof the tables, figures and nomogrsphsneeded to predict a noise level
fromhighway traffic using the FHWAmodel.
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_'N I:EDERALLY COORDINATED PIiOGRAM OF IllGIIWAY
.." RESEARCII AND DFVELOI'MENT (FCP)

The Orates el ]lcsearch and Development of tim _. Erivlroumenlal (.( lsilleratilbns in Iligh-
Federal Illghway Adminblratlon are rcspolasilile way Design, Localion, Consh'uction, nud

for a braad Ilrograln of researrh with r,,smirc'rs Operation

htc[udhlg ils olwl staff, contract programs, aml a Environnwilta[ I{_,1) is diri,ett,d Inward idi'nlify.
F'ederabAid program which is c(llldUCh,tl }))" or i[tg slid Ig'ii]ualli)g highway t,]q.iiu.nts whidl
through tile SIIIIt! highway dd'l}llrlllll'iils aild whic'h affect Ihc qualily' ol lilt, hulrian rnv[lllnml,rll.
8]SO fillallCt*s tht! Natlona] Coop,'rative }[ig}lWlt)' 'rht* idt[inat{, gilaisare reihu'thul ,ll 8i]vi,r_.l*}l[g]l.
I]esearch ]lrogrant nzanagi,d b)' tilt, Trailsportalion wily lilld traffic imparts, lllll] 13rt,h'rlifm and
]{est,arch l|oard. Thr Fi,dcra]])' Coor{]hmlcd Pro- erlliallrl,lilczll ttl tiLt*cn'*'iroilllieid,
gram of Higin_'ay Ilesearch and l)l'l'r]npmenl

(FCP) is a carefully selected group of projecis .I. Improved Materials Ulilizalion and Dura-

ainlt.d at urgt.nt, nathmal llrobh,nls, wh[di com'vn, bilily
trates tht*:;e resources oil [hl'se prolJh4ns to ohtailt

timely soJLllioIIs, Virttudly all el the availaldt. Mah'rials I{,_I1 is i'ollcl,rnct] _itlL rXlULrtllhtgthe

fumls and staff rt.sources are It part _;i the FCP. kn(iwlt41ge o[ mah'rlols prlll.,rlie_ and ti,l'hnology
together wltnl as IiIlleh nt Ihe l"ederai.alf[ re,earth Io full_" utilize availabh, lnaturally ilccurring :<
funds of Ilu* Stah,s and th{, NCIIIIP rl'_llri'cs as rash,rials, tll dilvcloj) t.xh,llch,r or suh_lihlto lll_l- _

the States agrt.e to ill".'oh, o these projects.° terials hlr materials ill short srpply, and to ,
IIt'li>t' llrllci*durl._ for clinvi.rlhig indLl_lrliil and '_
idhi.r Wll_4h*_hllo uy.l.lll] highway prilihlclS. ''
Thl'_-i*llelk ilit.s are a][ lllrt'ch'll Iowarll the etlnl.

FCP Cnll_gory Descripliotis ilion girds ill" hnvcrlng Ihl. cost lit highway

1. Improved Highwny Design and Opera- I'OllstlTli'llon ilnl[ I'xtt'lli]ing thl, ir'rhlll fit lnllill. : I

lion for Safely ii,lllllli,t,-tri4, ilii(.rllliiJii.
Safety II&I) addrt._es prllhhrins colineilll'll wlih
the resllonsillllilll.s of lhe Ig,deral lllgllway 5. Improvell Design lu lieduee Cosls. Exlend

Adnllnislratlon umh'r the Highway Safety Aci Life _xlleClllnfy I aIld Insure Structural

Mid inchldi's investigation of apllrllpritite ile_ilgn Safely ' ?
standards, read,lib, hilrdwarc, sigiilllg, anll SilUChtrill II&l) is collc(.rllt.d wilh I'llrllli.rillg Ihl.
pliysieal and i_cienli_c lilihl f(ir Ilw tllrllliilalioli lah.st h'i'hlioltlgical llilvtilitTS hi _+lrlicliira[ de. '

of iZlllirovi.¢l sal'i.ty regulations, signs, fiilirleaiion lirlict.s.l._, lillll i*liil_lrlll.llOll
li'C]lllJflill41* hi llrllvldl ' ._atl', i,_icJi.la hilhwily_i

2. Reduction of Trnflle Congestion anti rt rl.a_.llllililh*cosl.

Improved Operalional Eflleiency

Traltle ll$1) is conc-t.rm.d with [llcrt.aslng the 6. Proiolype I)evehlpmenl and lmDlemenla.
Oln.ratlonal elficlenc)' of t.xistlng highways by liolt (if research

advaneilig titcliliology, ll), illllii'lll'illg lli,!IigliS for This clltl,giiry is eorll'l,rlu,d I_ilh dl'lt']ilp]llg llllll

I.'xistiilg as well as ileW facllilh.s, llllll by kl'cil, Irllll_l't.rrillg rrsrarch lind h,i>hlllllllg}, illlll prac-
ing the demand-calmclty rehitlonshill ill better lit'**, or. ll_ it liiis be'i'll ('lllllllllllll)" ich'rilil]cd.
lolllallCe lhl'oilgh Irllfc illanilgeilil.nl h'rhniquc_ "ll'chnolllgy irallsl'l,r._'
slwh li_; bus lind carpotll prelt_relllhl] Ilclltllleill.

motorist hiformation> and rcroutlng or"tratfic. 7. Improved Teehnoloffy ['tic | _ _ ' t'/%lilln-
lenanee

Malniclliinrt. 1111)objvetives include tit' &'vdr)p.
• _llil I'llllllih'lll '_'%'fllllllio 1311h'llII lllalelili'lll lit llll' I"CP I_ ilIPII[ iilld al_llllcalhlll of lll'W h'clllloh44y hi hll-
ii, alhllih_ fr=llli tlll_ ,Nallnlilil 'l'*.l,hllll,ll] lllfl_rlilllllllll St,trill,
(NIl8 L _lirl_llhllil, Vlrglilht 221fli (Order _ll, PII 2420717, I Irt)ll' lliZlllllgi'llll*llll I(I llllgllll'nl I}li' ulillzallon

rirL_l* $1,_ ]mgllilkld I SIIll_h' t'¢lllh4t lit Ih@ hiirildi]l_lill_Y (if r('_)llrc('_i_ lllld Io ili('rl'll_l' opl.ralion_d i,_(_il*llcy

I'nlllllll' lll'll lililllllllllili' _llllll*lll t'llllrilll fl'lllll lirtllgflIIII lllid _11_1'l%' hi Iht' Ilillillll'lllIIICi' of highwayAlllilyllll IltllD-21. Olllei*# lit Ul,l_f,lirl'h llllil tll4*PIi4'_llli,nl,

_#} I"lqll*rlll llllhway Alllgllfillilrlltl_lli, ll*al*hllllliill, DI _. 20_1), facililles.


