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PREFACE

The LS. Department of Transportation, Research and Special Programs Administration, John A. Velpe
Transportation Systems Center (Volpe Center), Acoustics Facility, in support of the Federal Highway
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and Development. FHWA contacts are Robert E. Armstrong and Steven A. Ronning, HEP-41, Office of
Environment and Planning. Volpe Center contacts are G. Fleming and C. Lee. This study was supported
through pooled funds by the highway agencies of the following states: AZ, CA | FL, GA, HIL, IL, IN_ 1A,
EY, MD, MA_MI, MN, NI, NY, NC, OH, OR, PA, TN, TX, UT, VA, WA and WI.

The authors are grateful to the members of the U.5. DOT data collection team from the Volpe Center’s
Acoustics Facility, including G. Fleming, C. Lee, A. Rapoza, and D. Read, as well as K. Polcak of the
Maryland State Highway Administration and L. Smith of the Tennessee Department of Transportation.
They also expréss appreciation 1o the staff of the Tennessee, Kentucky, and Florida DOTs for their
assistance in site selection and provision of equipment such as radios, tadar, and traffic cones. The
assistance and advice of G. Anderson of HMMH, Inc., is also acknowledged in helping shape the sampling
and data analysis procedures. Finally, appreciation is expressed to the students of Vanderbilt University
and the University of Central Florida who assisted in the data collection, and the many State DOTs
participating in the overall pooled-fund study.

11



(2661 Amnuer paswey) Bjiup) jo woieds |edojiewelu) B o) oawds Byl s ,

yaui erenbg yzul omrnbs N
psd J1ed sosojpunod Skl 0 sjoasedo)y Ty L] sjmrsndojy GRS 10d easajpunod isd
__ Ja o ojpunad g2z n sUamaL M H SUDIAMEU Gir'p eaapunod 19
SS3HLS 10 IUNSSIHJ PUE 3DHOA SSIYLS 10 IHNSSIAH PUE IIHO4
— ] SLIBGILE] - 00) GlEZ O { W DpUE D MITE v 1P 1 U/ejnpuE BZV'E TUequir-joo) ]
2 S0|pUE-jon) 62600 un| ¥ I xn| 8l0l S0jpuEa-100) )
NOILYNINNTTI NOLLYHINNTI
oinedediuem ainjaiediiog | oineiodwa) m..-hm.m-n: 1o eanjelsduwe)
ds HayueE 4 ZE+ OF'l sma(e D= Ds L & bt 6ize-dls Hayuaaye el
(12exa) IuNLYHIdNTL (108xa) JUNLVHIdWIL I
191 0oo2) sue) ueys £0l | sumsbofaw By By swuibobow fo'o (g pooz) suoh Loys 1
a spunod Zng g sweiflopy fiy By swaiBajy FSr 0 spunod q
o SEE3URO SE0 D swmib fi i} swell T EOAOUNG 10
S5V SSYIN
(W U] UMOYS B (|BYS | 000t ey ereal sewnjop 310N
oA spawh aigna 108} paqna sselew ol A paqna siejow 5940 sprek signa ok
e 128 ;N3 145 pagnz siajow R ol PeOna sJalow 9200 iBaj 2gna 1]
i suoyed FO92 0 sa011) I I B0 S8. € suoyef jed
10 sEaUND piay FEOD B0 i Juu [ am LGBE SEIUNG PINg oy
FNNTOA FNNTOA
so|iw amnhg aEE 0 pomnbs siElewo)y R Y parenbg smeiewopy 652 gapw omnby i
NI spoe e EEIT T ay oy saiEay SOF0 sanw B1]
__ aw spid annbs g6l pemnbs 906U S e pamnbs Lajow BER O spaed aenby el
| KTl 188) nranky oL 0l pomnbs sielew R w pamnbs sioimu EBOD 18a| nmnbs i
(A SEaU| mEnbs 9lp0g  pasanbs sio) e gLl U pesanbe Sielew)w 2'Gra seyoU| amEnbs o
I vauy vauy
et LI 1250 SIEIBLO)Y iy iy sJajpLuojy 191 sojiw nw
__ ph spuh 601 s10]01L 1w w slalew FLED spred pd
| [ EL] B2E EXLILEI i w siBjaw SOE0 188 ]
[ 5 YL BEDD 311 LI (T b slojoujw ¥z seyaul i
HLDNIT HLON3T
oquidg puld oy Ag Aidiinwg MOLIY NOA UBLA loquig |l| 1equig puld og Ag Midning mouy noy, ueym loquifs
SLINM IS WOHA SNOISHIANOD ILYWIXOHddY SLINN IS OL SNOISHIANOD JLYWIXOHddY

SHOLOVd NOISHIANOD (DIHLIW NHIAAOW) «IS

iv




TABLE OF CONTENTS

Section Page
(LD 4100 B B B (0 PR it s e Rty o Gy TSN S e U l
& RTEENERRCTIRNE | o bty e et S v i SR W Sl gL R L)) 3
3. MEASUREMENT PROCEDURES AND EQUIPMENT . i 4 cccosieeaniesisiosmssaiasiii. 15
3.1 FIELD PROCEDURES | | e atn et srsmse e s s e srs s s 15
3.2 VEHICLEIBENTIFIERS o cvomnansmaisrmiainm sl e naars o 17
3.3 MEASUREMENT EQUIPMENT ', . occ cvietvvvisissie oo viainains s sines e e s 18
4. DATA REDUCTION AND ANALYSIS PROCEDURES: . . cvionrieesis s s sine s eass i 21
S M B b T 2 L0 8 ) R S ey i o e N 0 e 5 A 21
A1) SO TEVELTIAtE <o s nimis sm e i s e e T e 21
o B B N O U S - 8 0 LIS 2]
42 DATA ANMALNSES ovvrrmnioa i S mrrirmmsmasss 22

4.2.1  Methodology for Determination of REMELSs and 95 Percent Confidence
Infereale st e A s e R e e e P e i L 23
4.2.2  Useof National Data Base Regression Ceefficients AandB ... ... .. ..... 25
S REHIEES oty e o e T S e e e T e s T e s e s R A T e s 27
3.1 LY SO 27
5.2 SFTRAECENCL, orcrim s e ey e e S s S b e e e 27
33 <11y Sk & 2 i L S D S S LR L DL 27
5.4 FEGBRIDATRATAC 5z 2 b i i i s e 8 S e s S 28
Sl AWMOMONIIEE. . ocoivimmenmim i i P o e B e e e 28
Dt MEdun BREeES el el a1 SR RO L 28
B THEAVN IR ot n i i S R e st e L s 28
5.5 ONERATEEATRA. | | d 0 e stestmmr ety Mo et L S SR o 28
S OEINIRERIN. v st s st s A s e R -0 000 e LN I C i S s 35
AFPPENDIX A - MEASUREMENT DIATA oo i e st 4051 e s e i b s s keiaiae 57
APPENDIX B -- STATISTICAL AND REGRESSION RESULTS FRINTOUTS . ..o cvvivininnnn. 83
B BRI IER o ch-a oot i o s e S T 0 0 T g A 95



Table

oL b =

Ln

Figure

(]
H

B

MoOEe =] O L

LIST OF TABLES

Page
Measirement sites abd CHATAOIISHOS . o cavimm s s s s L e T T St v f
Microphone heights above ground and 10ad . .. ... o.iuii i 14
Number of samiples at @l S11e 55 o o i i d i T L e v e s e e iriereeereeio oo et e e 30
Number of samples used 'in €ach teEesBION . «uvvs v v it s idansse o S voss i o s 32
REMEL regression coefficients and 95 percent confidence intervals - .. ...ovvnrrnnnnn.. .. 22

LIST OF FIGURES

Page
Ternneiseef/Rennitley site TORalOr AP « . o wv i ommasiuiis o i s s s e b i e s 7
210 0le BT et 1 e e U A S 8
ot BEROV-1 URetes T s FFRTARN o immis o s i i s S e T B 9
S TE-TN-L (0ter TV SB2BL HE),. v oe v cormie oo mm s s mim m ot e a e m e e £ il e e e 10
Snte IEETN-2mites Vs SR co o v s s st b s st e 11
aites IF-FL-1 and IF-FL-2 (note: Lmi=3 28T 1) oo vt i i et e et i o 12
A R o e e e B g R N e e e 13
Site IF-KY-1: speed vs. distance data (note: 1 ft = 3.281 m, 1 mph=1.609 km/h). .......... 33

Site IF-K'Y-1: maximum A-weighted sound level vs. distance data
(HORES 130 o SR IR e dsiimmeis wi maair cip Sie  E  e  S  E s S 34
Site IF-KY-1: maximum A-weighted sound level vs. speed data, with REMEL

regression line and 95 percent confidence intervals (note: | mph=1.609km/h). _.......... 35
Site IF-TN-1: speed vs. distance data (note: | ft=3.281 m; | mph=1.609km/h). .......... 36
Site IF-TN-1: maximum A-weighted sound level vs. distance data

T O e s O ¢ Ty 37
Site IF-TN-1: maximum A-weighted sound level vs. speed darta, with REMEL

regression line and 95 percent confidence intervals (note: | mph= 1609 km/h), ........... 38
Site IF-TN-2: speed vs. distance data (note: 1 ft=3.281 m, ; | mph=1.609%km/). .o...... 39
Site IF-TN-2: maximum A-weighted sound level vs. distance data

(note: 1 11=3281 m; Troph = L0 s s i saniadi b Sl s S s e n s i 40
Site IF-TN-2: maximum A-weighted sound level vs. speed data, with REMEL

regression line and 95 percent confidence intervals (note: | mph=1.609 km/h). ,.......... 41
All Florida sites, automobiles: speed vs. distance data (note: | ft = 3.281;

1 7 i 22 e s PO L S P A S 42
All Florida sites, antomobiles: maximum A-weighted sound level vs. distance data

(e Te T e § EEt ] [ 1 [T (IRURUe sy SN S Ot S N SR M o e 43

vi



Figure

i9;

2%
23

24,

LIST OF FIGURES (continued)

Page
All Florida sites, automobiles: maximum A-weighted sound level vs. speed data, with

REMEL regression line and 93 percent confidence intervals (note: 1 mph= 1.609 km/h). .... 44
All Florida sites. medium trucks: speed vs. distance data (note: 1 ft = 3.281;

165 T AL v 31 ) e o g S O o B 45
All Florida sites, medinm trucks: maximum A-weighted sound level vs. distance data

(ot 1I=3081 TmpR="1.609 KO oownmmmmm smmmm s g st s smsa s g aratosazsais 46
All Florida sites, medium trucks: maximum A-weighted sound level vs. speed data, with

REMEL regression line and 95 percent confidence intervals (note: 1 mph = 1.609 km/h). o LT
All Florida sites, heavy trucks; speed vs. distance data (note: 1 ft =3.281; | mph =

EAURRIRY: comm i e it s s m e e s R e e e R e R e e 44
All Florida sites, heavy trucks: maximum A-weighted sound level vs. distance data

fnoterclimphee LG00kmPhY: i nm Bt 4 T USRS e R R s 49
All Florida sites, heavy trucks: maximum A-weighted sound level vs, speed data, with

REMEL regression line and 95 percent confidence intervals (note: 1 mph = 1.609 km/h). .... 50
Owverall automobile interrupted flow REMEL regression line, with 95 percent confidence

mtervals and national constant-speed regression line (note; 1 ft = 3.281; | mph = 1.609 km/h). 51
Overall mediom truck interrupted flow REMEL regression line, with 95 percent confidence
intervals and national constant-speed regression line (note: 1 ft = 3.281; I mph = 1.609 km/h). 32
Overall heavy truck interrupted flow REMEL regression line for level grade, with 95 percent
confidence intervals and national constant-speed regression line (note: 1 fi=3.281; | mph

= G b - 2t R S R e A e Y e e e e 53
Owerall heavy truck interrupted flow REMEL regression line for all sites combined, with 95
percent confidence intervals and national constant-speed regression line (note: 1 ft =3.281:

i1 R W T S N S b 1 o R T 54

vii



1. INTRODUCTION

During the period, November 1994 through January 1996, the Acoustics Facility of the U.S. Department of
Transportation, Research and Special Programs Administration, John A. Volpe National Transportation
Systems Center (Volpe Center) conducted the National Pooled-Fund Study (NPFS), SP&R 0002-136,
titled “Highway Noise Model Data Base Development.” This study was supported by the Federal Highway
Administration (FHWA) and 25 sponsoring State transportation agencies.

This report presents the results of one portion of that study — the measurement, data reduction and analysis
of individual vehicle sound level and speed data for non-constant speed situations. These situations are
referred to as interrupted flow conditions, and include acceleration from stop signs. toll booths and on

highway ramps. The measured noise levels were used to compute regression equations on how sound level
increases with increasing vehicle speed for an acceleration condition,

The resulting Reference Energy Mean Emission Level (REMEL) equations are presented for each of three
vehicle types: automobiles, medium trucks, and heavy trucks. These REMELs are part of the data base
that is the foundation around which the acoustical algorithms in the FHWA's Traffic Noise Model,
Version 1.0 (FHWA-TNM®) are being structured.’

The results of this study are also summarized in a USDOT report on constant speed noise level
measurements made at many other sites, also in support of the development of TNM.?

The data collected on speed and distance traveled under acceleration during the sound level measurements
were also used for calibration of the speed/distance algorithms being developed for FHWA-TNM®.

This report 15 divided into six sections and two appendices after this introduction. Section 2 discusses the
sites that were used for data collection. Sections 3 and 4 describe the data collection and analysis
procedures, respectively, while Section 5 presents the results. Section 6 is a summary and Section 7 lists
the referenced reports. Appendix A presents tables of the collected data after editing. Appendix B
contains the printouts of the results of the statistical and regression analyses from the statistical software
package.



2. SITE SELECTION

The objective of the study was to sample the levels of different vehicle types during acceleration and
deceleration at both flat (less than 2 percent grade) and upgrade sites and to sample the levels of the same
vehicles while cruising at a constant speed at a tlat site. Site selection eriteria included:

1. The ability to measure levels at distances of 15, 30, 61, 122, and 244 m (50, 100, 200, 400 and
800 fi) from the start or stop line.

2. The presence of relatively flat terrain off to the side of the road at each of these distances; the goal
was for the ground elevation to not vary by more than plus/minus 0.6 m (2 ft) from the road
elevation (the negative eriterion was relaxed by a meter or so at the upegrade Kentucky site so that
the ground at two of the measurement points was approximately 1.5 m [5 ft] below the road).

g The location of an acceptable constant speed site within approximately 2 miles (3.2 km)
downstream of the interrupted flow sites with no intervening exit ramps to allow sampled vehicles
at the interrupted flow site from exiting prior to passing the cruise site.) This distance was the
expected upper limit for reliable radio communication. The plus/minus 0.6 m (2 ft} criterion for
the ground elevation was rigorously enforced for consistency with data collection at all other
constant speed sites in the LIS, DOT test program for this site, and was extended out to a distance
of 30 m (100 ft) from the center of the lane of interest o allow data collection at that distance as
well as at 15 m (50 ft). The cruise site procedure also required the ability to safely locate the
measurement leam, its vehicle and its portable tables holding the instrumentation approximately
244 m (400 ft) upstream from the microphones.

4 A density of traffic low enough to allow a reasonable amount of sampling without masking by
other vehicles traveling either in the same or opposite direction, yet high ¢nough to provide
enough sampling opportunities of the desired vehicle types.  For a “clean” passage, the difference
between the maximum A-weighted sound pressure level and the level at the beginning and end of
the vehicle passage had to be at least 6 dB with 10 dB being preferable.

5. The same pavement type at the cruise and mterrupted flow sites, with no cracked pavement or
bumps that would cause banging noise from the vehicle chassis during passage.

A great deal of time went into the location of acceptable sites. Many candidate acceleration or deceleration
sites were eliminated because of the difficulty in achieving the needed offset distance without significant
upslopes or downslopes, or because of lack of suitable cruise site.

In the end, a total of six pairs of sites were selected. Table 1 lists these sites, with a cross-reference
number to the cruise sites in reference 2 where appropriate. Figures | and 2 show the general location of
these sites. Figures 3-7 show details of each site, with table 2 presenting data on the microphone heights
above the road surface and the ground at the microphone. Each site is discussed in more detail below.

Site TF-KY-1 was in southern Kentucky just above the border with Tennessee and was the entrance ramp
onto Interstate 63 southbound from State Route (S.R.) 100. The interchange was a diamond design and
had a great deal of truck traffic using all four of its legs because there were two truck stops located on S.R.
100. Trucks entered the ramp along two paths:
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. A left tum from the local road. and
. A right curve along a channelized section from the local road.

No distinction was made between the two paths during data collection. The start point was selected near
where the two paths came together so that the passage of the first measurement point (15 m (50 ft)
downstream) would be at a 15 m (50 fi) offset from the microphone for both paths. Also, for both paths
most of the trucks did not begin their true full acceleration maneuver until they reached the start point: in
both cases they had to complete the tuming maneuvers first.

For the left tumns, the trucks would generally be at 0 kmv/h (0 mph) as they initiated the turn. They would
begin to accelerate and then coast through the tum, traveling about 18-24 m (60-80 ft) before reaching the
start line at which point they tended to begin acceleration up the ramp in eammest. They would generally be
traveling about 6.5-9.5 kmv'h (4-6 mph) at the start point.

The night-tumming vehicles had generally begun the acceleration several dozen meters (several hundred feet)
upstream as they left one of two truck stop plazas. However, the drivers intentionally accelerated slowly
along S.R. 100, knowing that they had o negotiate the right turn channelization just ahead. Thus, these
trucks tended to pass the start point coasting. cruising or braking slightly at speeds of 15-30 km/h (10-20
mph). But. as with the left-tuming vehicles, they tended to not begin their full entrance ramp acceleration
until the start point.

This site was referred to as the "4% site" in the field notes and discussions, although the average grade
from the start of the left tum at Station 10427 to the 244 m (800 ft) measurement point at Station 19411
was 2.13 percent. The actual grading of the site was;

. Flat from where the left turn was initiated, which was nominally at Station 10427 (stationing is in
English units) on the design plans for the ramp construction, to a point about 36.5 m (120 ft) along
the ramp (or about 12 m (40 fi) downstream [tom the start point) at approximately Station | 1+30

. 4.2 percent from Station 11450 to Station 15+00, where the grade began 1o decrease, and

. 0.2 percent from Station 15+00 to well past the 244 m (800 ft) site.

The cruise site for Site IF-KY-1 was approximately 1.6 km (1.0 mi) south of the start point for IF-KY-1.
The posted speed was 105 km'h (65 mph). The pavement at both the cruise and interrupted flow sites was
Portland cement concrete (PCC), being paved in 1965,

Site ITF-TN-1 was at a four-way stop sign intersection between U.S, Highway (U.5.) 41A and 5.R. 49 in
Pleasantview, Tennessee. Each of the legs of the intersection had right tumn channelization. This
channelization required a shifting of the 15 m (50 ft) and 30 m (100 ft) sites to 18.3 m (60 ft) and 35.1 m
(115 ft); these shifts were reflected in the subsequent data analysis. The intersection had more traffic than
would have been ideal, especially on the ¢ross-toad, limiting the amount of good data that could be
collected, especially at the 18.3 m (60 ft) and 35.1 m (115 ft) sites. The site was very level and flat. The
posted speed limit was 72 km'h (45 mph). The cruise site was approximately 2,4 km (1.5 mi) north of the
start point for IF-TN-1. The pavement at both the crunse and intermupted flow sites was dense graded
asphaltic concrete (DGAC) dating back 10 1988,

Site IF-TN-2 was the entrance ramp to Interstate 24 eastbound from the Tennessee Welcome Center just
south of the Kentucky border by Exit 1. This Welcome Center was used by a large number of trucks. The
Tavout of the site was such that the trucks could be stopped about 6-9 m (20-30 ft) before the starting point
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for the noise measurement and held prior to beginning their acceleration down the entrance ramp. The site
was very level and flat. The cruise site was approximately 0.8 km (0.5 mi) east of the start point for IF-
TN-2. The posted speed was 105 km/h (65 mph). The pavement at the cruise site was DGAC dating
back to 1990, while the interrupted flow site had PCC pavement of undetermined age.

Site IF-FL-1 was at a toll booth on S5.K. 417 in Orlando. Florida for traffic heading in the northbound
direction. Again, the site was level and flat and the instruments were set up 15 m (50 ft) from the center of
the putside lane of the toll booth. As with TF-FL-2, raffic cones were used to channel the vehicle flow as
the vehicles left the toll booth. The cruise site was approximately 1.6 km (1.0 mi) north of the toll booth.
The cruise data were not used in the national study. The posted speed at the cruise site was 105 km/'h (65
mph). The pavement at both the cruise and interrupted flow sites was DGAC, dating back to 1994,

Site IF-FL-2 was at the same toll booth on 8. R. 417 in Orlando, Florida as Site IIF-FL-1, but for the
southbound direction. The site was level and flat and the instruments were set upat 15 m (30 ft) from the
cutside toll booth bay. Traffic cones were used to keep vehicles using this bay at a 15 km (350 ft) offset
from the microphones as the vehicles accelerated away from the toll booth. The cruise site was
approximately 2.4 km (1.5 mi) south of the start point for site 1F-FL-2. The posted speed at the cruise site
was 105 kmvh (65 mph). The pavement at both the cruise and interrupted flow sites was DGAC, dating
back to 1594,

Site TF-FL-3 was in Orlando, Florida and was a controlled automaobile test site along the eastbound lanes of
the Challenger Parkway on the University of Central Florida campus. Because the site was on campus,
automobiles were able 1o be stopped and held at the “start point™ so that individoal samples could be made..
The site was level and flat. The posted speed limit was 56 kmv/h (35 mph). but because of the controlled
testing, the automobiles were allowed to accelerate to 64 km/'h (40 mph). The cruise site was
approximately 0.8 km (0.5 mi) from the start point. The pavement at both the cruise and interrupted flow
sites was dense graded asphaltic concrete (DGAC) dating back to 1993,



Table 1. Measurement sites and characteristics.

——— —————— — ——
Sie Site Site Description State | Main Condition Measuring Days
Number No. in Being Studied Points from | Sampled

Ref. 2 Start Point
= e _ | (m) -
IF-KY-1 - 1-65 Southbound entrance ramp, | KY Accelerating 15,30, 61, Nov. 14,
Exit 6 at 5.R. 100 (Franklin, heavy tmucks, 122, 244 15, 17 and
KY) uperade 15, 1994
= 38 I-65 Southbound, approximately | KY Cruising trucks - Mov. 14,
1.6 km south of Exit 6 15, 17 and
18, 1994
IF-TN-1 - LLS. 41 A Northbound, four-way | TN Accelerating 14.3, 35.1, Dec. 6,
stop intersection with S.R. 49 vehicles (mostly 61, 122, 1994
{Pleasantyille, TN} automobiles). no 244
erade
- 39 1.5, 41 A Northbound, TN Cruising vehicles | — Dec. 6,
approximately 2.4 km north of 1994
intersection with S.R. 49
[F-TN-2 1-24 Eastbound, entrance ramp TN Apcelerating 15, 30, G1, Dec. 7 and
from Welcome Center near heavy trucks, no 122,244 5, 1994
Exit 1 (Clarksville, TN) arade
- 40 1-24 Eastbound, approximately TN Cruising trucks Dec. 7and
(.8 km east of Welcome Center g, 1994
IF-FL-] - S.R. 417 Northbound, wll booth | FL Accelerating 15, 30, 61, Feh. 3,
{Orlando, FL) vehicles; no grade | 122, 244, 1945
305
-- - SR, 417 Northbound, FL Cruising vehicles | — Feh; 3
approximately 1.6 km (1 mi) 1995
north of wll booth
IF-FL-2 - 5.R. 417 Southbound, toll booth | FL Accelerating a0, 61,122, | Ian. 31,
(Orlando, FL) vehicles, no prade. | 244, 303 Feb. 2,
1945
- 17 5.R. 417 Seuthbound, FL Cruising vehicles | — Jan. 31,
approximaltely 2.4 km (1.5 mi) Feb. 2,
south of toll plaza 1995
IF-FL-3 - Challenger Parkway, eastbound FL Accelerating 15, 30, 61, Feb. 1,
at controlled-stop “start point” automobiles, no 122 1995
{Orlanda, FL) grade
-- 13 Challenger Parkway, eastbound, | FL Cruising vehicles | — Feb. 1,
approximately 0.8 km (0.5 mi) 1995
east of start point
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Table 2. Microphone heights above ground and road.

.Ilit:mphnme [ Height Above | Height A]}D; Micmph_une Height Above | Height Above
Position {m}_ Ground (m) Road | __ni I Position (m) Ground (m) Foad (m}
IF-KY-1 IF-FL-1
15 152 1.52 15 1.52 1.52
30 2.44 lind 30 162 153
61 274 152 61 1.62 1.52
122 3.35 1.52 122 1.62 1.52
2L 0.91 1252 244 2.04 152
305 - - 305 222 1.52
I[F-TN-1 [F-FL-2
[8.3 1.52 1.52 15
35.1 1552 1.52 30 1:52 1.52
6l 1.83 52 ] 1:52 1.52
123 122 1.52 122 1.71 1.52
244 229 152 244 1.95 1.52
305 -- 305 2.44 1.532
IF-TN-2 IF-FL-3
15 1:52 1.52 15 1.52 1.52
30 1.52 1.52 30 1.52 1:52
i} 1.52 1.52 6l 1:52 1.52
122 1.52 1.52 123 1.52 1.52
244 1:52 1.52 244 - -
305 - - 305 - £

Note: 1 m=3.28] ft




3. MEASUREMENT PROCEDURES AND EQUIPMENT

31 FIELD PROCEDURES

The basic noise measurement system for this study consisted of manually attended sound level analvzers at
each measurement poinl. COne team of measurers was located at the interrupted flow site and a second
team at the constant spead site (cruise site). Coordinators for both teams were located at the beginning of
the interrupted flow site, communicating with the interrupted flow team via walkie-talkie and with the
cruise site team by radio.

At the mterrupted flow site, typically five simultaneous measurement points were established, each

attended by one person. The site coordinator and the speed measurement person completed the team at the
site.

. 15 m (50 fi)

. 30 m (100 fi)
. 61 m (200 fi)
. 122 m (400 ft)
. 244 m (800 ft)

Speeds were determined by subsequent analysis of field-record time pulses when the study vehicle's front
dxle passed over distance marker lines painted on the travel lane. The moments of passage were signaled
by the raising or lowering of flags by each member of the measurement team at each microphone location,
at which point the speed measurer would record a tone pulse on a portable microcomputer. Time pulses
were typically recorded at the starting point and at the following distances downstream from the starting
poinlt:

- 15 m (50 fi)

. 30 m (100 f)

. 61 m (200 fi)

- 91 m (300 ft)

. 122 m (400 ft)
. 183 m (600 fi)
. 244 m (800 ft)
. 305 m (1000 ft)

The typical deployment of personnel, noise and speed measurement points was as follows:

Starting point: measurement coordinator; start point speed flag, 15 m speed flag.

1.

A4 13 m (50 ft) measurement point: noise measurement.

3. 30 m (100 ft) measurement point: noise measurement; 30 m speed flag.

4, 61 m (200 fi) measurement point: noise measurement; 61 m and 92 m speed flags.

3. 122 m (400 ft) measurement point: noise measurement; 122 m and 183 m speed flags.
f. 244 m (800 fi) measurement point: noise measurement; 244 m and 305 m speed flags.
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Prior to the beginning of the measurements at the site, the exact noise measurement and speed distance
points were determined with a tape measure and marked with spray paint. A key component of this
activity was determining the point to be used as the “starting™ point. For sites with a stop sign, the choice
was simple, being the stop line. However, for ramps where the vehicles were turning onto the ramp while
already moving at a non-zero speed, an appropriate starting point had to be chosen. This point was
determined from observation of vehicles making the turn and was selected as the point where full throttle
was lypically applied by the drivers to begin the acceleration.

Each day's measurements began by setting up all equipment at the predetermined points. Tripods, with
extension poles where necessary, were used to locate each microphone at a height of 1.3 m {3 ft) above the
road surface and performing calibration checks. Cables were used to allow the measurer 1o sit closer to the
road to be in a better position to signal vehicle axle passages over the speed pavement markings.
Acoustical calibration checks were also done several imes during the day, typically mid-mormning, mid-
day, mid-afternoon, and at the end of the day. as well as whenever analyzer batteries were changed. The
speed measuring person would be located in a van with clear view of each noise measurer. This person
would boot up the portable microcomputer and load the time pulse software.,

After all equipment was tested and several practice measurements were made, the measurements were
started, using the following procedure:

1. The coordinators would ask all measurers to report via walkie-talkie and radio that they were ready
Lo sample.

T

The interrupted flow site coordinator would decide which vehicle to sample. There were two basic
procedures used. depending on the site:

a. vehicles were asked to stop near the start line and were released when all was clear and
ready;

b vehicles were not controlled, in which case the decision was made based on the likelihood
of a "elean" measurement (unaffected by other vehicles) at as many of the measurement
points as possible; vehicles preceding or following the vehicle of interest on the ramp or
road of interest could interfere with a clean measurement, as well as vehicles on the main
line or, for intersections, the crossroad.

3 The interrupted flow site coordinator would give a radio call to the team to sample a particular
vehicle; if the vehicle's start was being controlled the driver would be told to begin normal
acceleration.

4. As the vehicle passed each time line, the speed flag would be sharply raised or lowered by the
appropriate person and the speed measurement person would press a designated key on the
microcomputer keyboard to record a time signal for that vehicle at that distance.

&, At each noise measurement point as the sound level began to rise, the noise measurer would
mentally note this pre-measurement minimum level, and press the "log data" button on the
analyzer while listening for potential interference by other vehicles.




10.

3.2

After the passage, the measurer would note the after-passage minimum level and when the level
dropped off at least 10 dB from the maximum, would stop the data logging; the maximum level

and the SEL would be read and recorded on the data sheet and the minimum levels before and
after the passage would also be recorded,

The measurer would also make a qualitative observation of the effects of other vehicles on the
measurement; the site coordinator would then make a final judgement as to the useability of the
data at each measurement point for that event (even if a vehicle was not cleanly measured at all
points for an event, its data was used for the clean points in the data analysis, as described later).

The site coordinator would call over the walkie-talkies with the event number and vehicle
description to be noted on ¢ach data sheet (described following step 11).

The cruise site coordinator would call on the radio (o the cruise team with the event number and
vehicle identification: when the vehicle arrived at the cruise site, the measurement team would try
to sample it according to the established procedure for that team; often other vehicles traveling in
the same or opposite direction would prevent a clean measurement from being made; in either

case, the cruise team would call back to the interrupted flow site coordinator with the result of the
attempted measurement.

When each member of the interrupted flow site team had recorded all needed data, he or she

would clear the analyzer's memory in preparation for the next sample and call back to the
coordinator with a "ready” message.

The speed measurer would also record the vehicle identification both on paper and within the
program so that the output file would contain this information associated with the data; the speed
measurer would note any problems with missed flag signals and would then make the program

ready for the next event; event data were continually appended to the file, creating a complete
record for that measurement session.

VEHICLE IDENTIFIERS

In addition to recording an event identifier number, the site coordinator would determing other vehicle
identifying characteristics and pass these on to the measurement people over the radio for recording on
their individual data sheets. These other characteristics included the tractor-trailer axle configuration, the
color of the tractor cab, and the type of tractor cab, The wractor-trailer axle configurations were as follows
(the alphanumeric code was recorded on the data sheets; the numeric code corresponded to the codes used
by the Volpe Center in the national constant speed data collection):

0.1 Automobile
D 2 2-axle medium truck with dual rear wheels
b 3 Single unit truck with 2 rear axles (such as a dump truck)
251 3 Tracior-trailer with 2 axles on the tractor and 1 on the trailer
252 4 Z-axle tractor trailer with two axles on the tractor and two on the trailer
3s1 4 3 axle tractor trailer with three axles on the tractor and | axle on the trailer
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" 382 5 Tractor trailer with 3 axles on the tractor and 2 axles on the trailer

. 38281 6 Tandem tractor trailer, with 3 axles on the tractor, 2 axles on the first trailer and |
axle on the second trailer

The type of tractor cab was listed as either C for “conventional” (where the engine compartment and hood
extend forward from the windshield) and CO for “cab-over” (where the engine compartment is directly
under the cab and the cab windshield extends directly above the grill for the engine compartment).

These vehicle description features were mainly used to make sure that each vehicle could be clearly
identified on each measurement point’s data sheet.

For the purposes of data analysis, the vehicles were grouped into three classes:

. Automobiles: 2-axle, 2-tire vehicles (4; 0. 1)
. Medium trucks: 2-axle single-unit trucks with dual tires on the rear axle (2D; 2)
. Heavy trucks: vehicles with 3 or more axles, including single unit trucks and tractor trailers (3D,

251,282,551, 382, 3825153, 4,5, 6)
3.3 MEASUREMENT EQUIPMENT

Mertrosonics db-308 sound level analyvzers were used to measure maximum A-weighted sound levels (1

'tllu}
and sound exposure levels (SEL) at each acceleration or deceleration measurement position.'

System acoustical sensitivity checks (“field calibration™) was done with a Metrosonics cl-304 acoustical
calibrator (102 dB at 1000 Hz).

Microphones were isolated from the analyzer via extension cables of 15-30 m (25-50 ft) in length and were
attached to tripod necks via boom-arm clamps that extended the microphone approximately 0.5 m (1.5 fi)
directly behind the tripod. Where needed, extension poles were used on the tripod neck to allow the boom-
arm to be clamped at a position so that the microphone would be 1.5 m (5 ft) above the pavemert, A 10-
em (4-1n) diameter B&K foam windscreen was placed atop each microphone to minimize wind noise.

Each measurement person was equipped with special data sheets, a walkie-talkie, an orange flag for
signaling passage over the pavement markings used to measure speeds, and a lawn chair.

The site coordinators had a walkie-talkie plus 4 short wave radio for communication with the cruise sile, as
well as a handheld Dwyer wind speed gauge. Sound level sampling was suspended when wind speeds
exceeded 12 mph (19 km/h). Speeds were determined using a portable 486 computer with a specially

"The measurement plan also called for measurement of one-thind octave band frequéncy Spectm an two poing ateach site. A Lirson-
[avis model 3200 real time snelyzer was planned for use ot the Tennessee/Kentucky sites, and o Rion real tirme analyzer was 10 be used ot the
Flarida sites. However, equipment, battery and cable problems, plos excessive data-downloading time problems led 1o modification of the plan. At
the Tennessee/Kentucky sites, onky a limited number of specira were collected at ong site (LF-KY-1) at the 30 m (100 f1) position; on other days, the
nnplvrér wak used 10 sample only overall A-weightzd maximum sound levels and SEL., At the Flarida gites, the real time-analyzer was used 1o
sample at two points: 30 and 61 m (100 and 400 ft); however, probloms were revealed in the way in which the maximuom band levels were slored by
the equipment cormpared 10 the dote collected Tor the other cruise sites decumented in reference 2,
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written time stamp program o allow manual logging of the hand signals from each noise measurement
person as well as a vehicle identifier tag and comment.

Measurements at the cruise site were made by USDOT personnel using the same equipment and
procedures as were used for all other cruise measurements at other sites. These equipment and procadures
are described in reference 2.
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4. DATA REDUCTION AND ANALYSIS PROCEDURES

The next two critical steps in the process were the reduction of the field data back in the office and the
subsequent analysis of the results. This section describes the procedures for both of these steps, with the
actual results presented in the next section.

4.1 DATA REDUCTION
4.1.1 Sound Level Data

Spreadsheets in Quattro Pro were developed for processing of the data. The first step was (o type the
following data into the spreadsheets: vehicle identifier, maximum A-weighted sound level, minimum A-
weighted sound level at the beginning and end of the vehicle passage, and sound exposure level (where
measured). The next step was a rigorous and thorough checking of the data against the field data sheets 1o
see, first, that the data were correctly entered, and to determine if any of the field notes on the measurement
person's sheet or the site coordinator’s sheet indicated problems with the particular measurement at each
point. This second step resulted in a number of samples being rejected because of problems in measuring
or recording the values, or a labeling of the data as "unacceptable™ because of interference from other noise
sources such as another vehicle. The maximum A-weighted levels were also compared to the minimum
levels at the beginning and end of the passage. The differences between the maximum and minimum
levels were used to classify the measurement at each point as follows:

. Rise and fall in sound level was greater than 10 dB: a Type-2 event.
. Rise and fall in sound level was between 6 and 10 dB: a Type-1 event
. Rise and [all in sound level was less than 6 dB: a Type-0 event.

Also, for those measurements where the field notes indicated a problem, the event was labelled as a Type-3
event (“bad™ data).

These event quality indicators were manually or autormnatically entered into the spreadsheets. In the
subsequent data analysis only the Type 2 and Type | events were used. No attempt was made to adjust the
Type-0 quality events based on the difference between the maximum level and background noise level.
(An adjustment procedure was used, however, in the larger study of constant-speed emission levels
documented in Reference 2.)

4.1.2 Speed Data

The next step in the data reduction was the processing of the time pulse data to determine vehicle speed.

In the field a time pulse was recorded as the front axle of the study vehicle passed over the distance marker
pamnted on the roadway: what was needed was the speed of the vehicle at that point. The process for
determining the speed was as follows:

L Determine the average speed on the segment immediately preceding the point of interest.
2. Determine the average speed on the segment immediately following the point of interest.
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3. Compute a weighted average of the two average speeds to determine the speed at the point of
interest.

While not totally precise because of the potential for a changing rate of acceleration, calculations based on
different vehicle dynamics equations showed that this procedure should result in a speed at the point of
interest within 1 mile-per-hour or less of the actual speed. Asan example, assume a speed was desired at
the 30 m (100 fi) point and that time pulses were recorded at the 15 m (50 1), 30 m (100 ft) and 61 m (200
ft) points. The average speed for the first segment was computed as:

S 5wz = [(time pulse at 30 m) - (time pulse at 15 m)]/ (30 m- 15 m)

The average speed for the segment following the 30 m (100 ft) point was determined as:
Ssime1m = [(time pulse at 61 m) - (time pulse at 30 m)] / (61 m - 30 m)

The speed at the 30 m (100 ft) point was determined as:
Siom-aim = [2(5 150 30m Y+ Ssmstm 113

These speeds were determined by reading the time pulse files through a small COmpULer program to
perform the needed computations. The results then had to be carefully checked to eliminate those points
where field notes had indicated that the time pulses had been incorrectly recorded or, in some cases, not
signaled or recorded. The compuied speed data were then loaded into the spreadsheet as additional
columns coinciding with the sound levels at each measurement point.

4.2 DATA ANALYSIS

After the data were reduced and the spreadsheets were completed, the spreadsheets were once again
carefully reviewed to identify any problems or bad data. The next step was to analyze the data in the
spreadsheets to determine the relationships between distance, speed, and maximum sound levels. To do
this, the Windows-based SYSTAT statistical analysis software was used.

Three basic relationships were examined:

1, The variation of speed as a function of distance;
The variation in maximum sound level as a function of distance; and

b2

Lid

The variation of maximum sound level as a function of speed.

The first relationship (speed vs. distance) was used as a calibration check on the speed-distance algorithms
being developed separately as part of the actual FHWA-TNM® development project. That derivation was
based on vehicle dynamics equations that had been developed in reference 3.° The interrupted flow data
were used Lo calibrate some of the coefficients in the vehicle dynamics equations.

22



The second relationship (level vs. distance) was not actually used in the final analysis, but was performed
to help gain a better understanding of the change of sound level with distance for accelerating vehicles.

The third relationship (maximum sound level vs. speed) was the key relationship that needed to result from
this study for incorporation into the emission levels section of FHWA-TNM®,

4.2.1 Methodology for Determination of REMELS and 95 Percent Confidence Intervals

The analysis methodology presented below is taken from reference 4* and was also used in the analysis of
the national constant speed data (reference 2). This methodology is employed for the determination of the
Reference Energy Mean Emission Levels (REMELS) used in the FHWA-TNM?, In determining the
REMELS, the level-mean emission levels are first computed by regressing the measured Limax values as a
function of vehicle speed. The REMELSs are then computed by adjusting the level-mean emission levels

upward by a fixed value, which is a function of the relationship between the level-mean regression and the
individual L, values.

To compute the level-mean emission levels, the L, data measured at 15 m (50 ft) were regressed as a

function of speed for each vehicle type, roadway surface, etc. The functional form of the level-mean
regression equation is as follows:

Lfb} = () lﬂ-g 1 [Iﬂr"'“;' 4+ iﬂ[-"'.lo:snajum]
= 101Tog ;, [10°" + (s*%)(101)]

In the above equation, L(s) is ten times the logarithm to the base-10 of the coefficient *C” (an
engine/exhaust coefficient that is independent of vehicle speed) plus an “A log ,, (s) + B” term (a
tire/pavement-term, which increases with increasing speed).

The “A log ; (s) + B” term is consistent with the function used in previous REMEL studies, as well as
employed by the FHWA STAMINA traffic noise prediction computer model. The coefficient “C™ has
been added in this study to eliminate the prediction of erroneously low sound levels at low vehicle speeds
using only the “A log ,, (s} + B" term,

In previous REMEL studies, the adjustment from level-mean (arithmetic average of maximum sound
levels) to energy-mean (arithmetic average of [ (s s=sediewtil y was computed using 0.115 o® where o is
the standard error of the regression. This adjustment is correct only if the level-mean data are normally
distributed about the level-mean regression, i.e., the level-mean data are Gaussian. However, if the level-
mean data are non-Gaussian, the adjustment is only an approximation. Since traffic noise data tend to be
scattered more widely above the mean than below the mean, i.e., skewed upward, the adjustment is not
quite correct. The following equation is a better method of approximating the level-mean o energy-mean
adjustment factor when the distribution is non-Gaussian.

AE = 10 log,, [(/m)ERE] - (1/n) ERL,

[
Tad



In the above equation, the RLi values represent the level residuals, which are equivalent to the value of
each data point () at its corresponding speed (s), minus the value of regression at s; and the REi values
represent the energy residuals, which are equivalent to 10®-19),

To correctly account for this adjustment, the adjustment must be added 1o both the engine/exhaust term

and the tire/pavement term of the L(s) equation, i.., it must be added to both the C and B coefficients, as
follows:

LE{S} — |{} lﬂgm “an.&E:-'lrJ i {Sm'm}“n;n..ﬂ;mt:ll

The AE adjustment converts the level-mean regression to an energy-mean regression. For many of the
regressions, computation of the engine/exhaust term and the tire/pavement term were performed separately
In these instances, computation of AE was performed twice, once during computation of the C coefficient.
resulting in a AEe term; and once during computation of the B coefficient. resulting in a AEb term.

For each energy-mean regression, the 95-percent confidence interval (CI) is defined as follows:
95-percent CI{s) =L ¢ (s) £ 1.96[¢,, . (s)]

In this case, the 95-percent CI defines the bounds within which one is 95 percent sure that the energy-mean
regression lies. In the above equation, E.-(s) is the standard error of the energy-mean regression as a
function of speed and is defined as follows:

€e(8) = (UVE) ([s¥" 10¥"°*{[log, (5) e’ + 573 + (107722
+ E{SNIU}?U{JEIU[SH Pam Eq Ep
+ 2(10917) (™% Uhl.m}[lﬂg'.c'[s}P.a.c €, Be+ Pic €y &)
+ ( 0y 7 0N [N(REY D

In the above equation, E = 109" + s*"“10%'% ¢ e, and e, are the standard errors of the A, B and C
coefficients. respectively: p,g, pac, and pye are the correlations between coefficients (i.e., the degree of
relative correspondence): oy, is the standard deviation of the level residuals; Ope 15 the standard deviation
of the energy residuals: RE is the mean of the energy residuals; and N is the number of data points.



4.2.2  Use of National Data Base Regression Coefficients A and B

One of the concerns in the data analysis was the potential difference in vehicle emission levels at the sites
in the interrupted flow study compared to all of the sites in the national sudy. A difference would
complicate the application of the derived value for the constant “C” to the national REMELs. If, on the
other hand, the mean maximum A-weighted sound levels for the cruising vehicles at the interrupted flow
study sites was not different from that at the national study sites, then the national values for the
coefficients A and B could be used in the regression for coefficient C for the interrupted flow data.

Statistical tests showed no difference (at the 5 percent level of significance) between the cruise data at the
interrupted flow sites and the national cruise data mn the speed range over which the interrupted flow cruise
data were collected. As a resull, the national values for coefficients A and B, as documented in reference
2, could be used in the regression analysis for the interrupted flow data. This assumption reduced the

interrupted flow regression problem to determining the value for the coefficient C. The results of the
regressions will be presented in section 5.
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5. RESULTS

The Tennessee and Kentucky sites” results will be discussed individually, followed by a discussion of the
pooled Florida sites’ data by vehicle type. In all of the graphs, a data presentation option was used that
shows the data points slightly offset from each other (“jittered”) so that when many samples had the same
abscissa value (such as distance). the points would not be printed on top of each other. All of the
spreadsheets tabulating the data are in appendix A. These spreadsheet tables include the collected SEL
data, which are not analyzed in this report. The actual field data sheets are available at the Volpe Center in
the project files. Table 3 summarizes the measurement results by site in terms of the number of Type 1 and
2 samples at each measurement point. Table 4 then presents the number of samples at each measurement
point actually used in the regressions, combing the Florida data by vehicle type as described in section 5.4.
Differences between tables 3 and 4 are due to certain valid sound level samples not being used because the
speed data was not valid at that measurement point.

51 SITE ITF-KY-1

Site [F-KY'-1, the upgrade highway entrance ramp, was studied on November 14, 15, 17, and 18, 1994,
Since almost all of the samples were heavy trucks, only heavy truck data were analyzed and are presented
herein. First, figure 8 shows heavy truck speed as a function of distance from the start point. It should be
noted that the start point chosen was the point near where the trucks typically applied full throttle. For
trucks turning left onto the ramp, they were already moving at about 6-10 km/h (4-6 mph); for trucks
turning right through the channelization, they were already typically at a speed of 15-20 km/h (10-12 mph).

Figure @ presents the heavy truck data combined for the three days, showing maximum A-weighted sound
level as a function of distance from the start point. Figure 10 then shows maximum A-weighted sound
level as a function of speed.

52 SITE IF-TN-1

Site [F-TN-1, the 4-way stop intersection, was studied on December 6, 1994, Since almost all of the
samples were antomobiles, only automobile data were analyzed and are presented. First, figure 11 shows
heavy truck speed as a function of distance from the start point. Tt should be noted that the start point was
at the stop ling for the stop sign, so that the speed at the start point was 0 kmv/h (0 mph). Figure 12 shows
maximum A-weighted sound level as a function of distance from the start point. Figure 13 then shows
maximum A-weighled sound level as a function of spead.

53 SITE TF-TN-2

Site IF-TN-2. the level Welcome Center highway entrance ramp. was studied on December 7 and 8, 1994,
All of the samples were heavy trucks. Figure 14 shows heavy truck speed as a function of distance from
the start point. At this site. one of the coordinators was able to stop the trucks a short distance before the
stop line. Safety considerations did not parmit trying to stop each truck at exactly the same spot or at the
start point. At the start point, the trucks were typically traveling at about 6-10 knm/h (4-6 mph). Figure [5
presents the heavy truck data combined for the two days, showing maximum A-weighted sound level as a
function of distance from the start point. Figure 16 then shows maximum A-weighted sound level asa
function of speed.

27



54 FLORIDA DATA

Because all of the Florida sites were level, with no grade, and the vehicles all started from a speed of 0
km/h (0 mph) at the start point (a stop sign or toll plaza booth), the data at these sites were pooled by

vehicle type. The results are shown below for first for automobiles, then for medium trucks and finally for
heavy trucks.

54.1 Automobiles

Automobile data were collected at Sites IF-FL-1 (toll booth), IF-FL-2 (toll booth) and IF-FL-3 (stop sign)
on January 31 through February 3, 1995, Figure 17 shows automobile speed as a function of distance from
the start point. Figure 18 presents the automobile data combined for the two days, showing maximum A-

weighted sound level as a function of distance from the start point. Figure 19 then shows the automobile
maximum A-weighted sound level as a function of speed.

5.4.2  Medium Trucks

Medium truck data were collected at Sites IF-FL-1 (1o0ll booth) and IF-FL-2 (toll booth) on January 31 and
February 2-3, 1995. Figure 20 shows medium truck speed as a function of distance from the start point.
Figure 21 presents the medium truck data combined for the two days, showing maximum A-weighted
sound level as a function of distance from the start point, Figure 22 then shows the medium truck
maximum A-weighted sound level as a function of speed.

543 Heavy Trucks

Heavy truck data were collected at Sites [F-FL-1 (toll booth) and TF-FL-2 (1ol booth) on January 31 and
February 2-3, 1995. Figure 23 shows heavy truck speed as a function of distance from the start point.
Figure 24 presents the heavy truck data combined for the two days, showing maximum A-weighted sound
level as a function of distance from the start point. Figure 25 then shows the heavy truck maximum A-
weighted sound level as a function of speed.

5.5 OVERALL DATA

The next step in the analysis of the results was to pool the data by vehicle type across the different sites so
that a single set of regression coefficients could be developed for each vehicle for use in the FHWA-TNM.
Figures 26 through 29 present the results of the combination of the data sets and the resultant regression
curves,

For each of these regressions, as with the previous ones, the passage of the vehicle did not have to be a
Type | or Type 2 event al every measurement point; however, only those measurement points where the
passage was Type 1 or 2 were included in the analysis for that particular passage,

Figure 26 shows the combined automaobile data from Site TF-TN-1 and the three Florida sites. Shown are
all of the valid data points collected at these sites, the regression ling, and the 95 percent confidence
intervals for that regression line. The constant C has a value of 67.01 (representing 67 dB) at the
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intersection of the regression line with the maximum sound level axis (the zero-speed intercept). Also
shown is the regression line that was derived in reference 2 for the constant speed antomobile data. The
zero-speed intercept of this Iatter line is at a value of 50 dB, which was based on the measurement of idling
automobile sound levels, as documented in reference 2.

Figure 27 presents the medium truck data. Since very little medium truck data was collected at Sites IF-
KY-1,TF-TN-1 and IF-TN-2, the medium truck regression was based on only the data at the Florida Sites
[F-FL-1 and TIF-FL-2. As with figure 26, shown are all the data points collected at all of the sites, the
regression line, the 95 percent confidence intervals for that regression line. Also shown is the constant
speed medium truck regression line that was derived in Reference 2. The constant C for the interrupted
flow data is 74.09 (representing 74.1 dB at the zero-speed intercept, compared to 66 dB for the constant
speed medium truck data).

The heavy truck data is presented in two ways. Figure 28 shows all of the valid heavy truck data at those
sites where the grade was 0 percent; these sites were IF-TN-2, IF-FL-1 and IF-FL-2. The constant C for
the interrupted flow data is 78.37 (representing 78.4 dB at the zero-speed intercept, compared to 74 dB for
the constant speed heavy truck data). Figure 29 shows all of the above heavy truck data plus those valid
samples from Site IF-KY-1, where the grade varied from 0 to 4 percent. The constant C for the interrupted
flow data is 77.57 (representing 77.6 dB at the zero-speed intercept, again compared to 74 dB for the
constant speed heavy truck data).

Table 4 summarizes the coefficients for each of the regressions for the interrupted flow data, as well as the
95 percent confidence intervals on the C parameter. As noted earlier, the values for coefficients A and B
dre the national data base values taken from reference 2.
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Table 4. Number of samples used in each regression.

Distance | Event [F-KY-1 EF-TN-!_ IE-THN-2 All Florida A!EWW
(m) Type Heavy Automobiles Heavy Sites Sites Sites
Trucks Trucks Automobiles Medium Heavy
.y | Trucks Trucks
|5 1 85 12 73 | ] 0 0
15 2 60 1 74 13 0 0
30 | 0 9 &l 1 1a 4]
30 2 0 ] 61 ] 1] 17
6l 1 635 8 37 30 13 16
61 2 127 15 87 79 53 &3
122 1 a7 14 34 0 21 12
122 2 98 13 76 2 13 23
244 1 53 7 32 I3 38 49
244 2 62 23 B2 g 14 30
305 1 0 0 0 11 21 23
305 2 0 0 4] ] 43 4

Mote: 1 m= 3.28]1 fi

Table 5. REMEL regression coefficients and Y5% confidence intervals,

Vehicle Type AF B* C Asyvmptotic | 95%-Confidence Intervals (dB)
Standard

Error Lower Upper
Automobile 41.74 1.15 67.01 0.037 66.28 G67.73
Medium Truck 3392 20.59 T4.00 0.041 4329 T4.50
Heavy Truck -- at- 3588 21.02 78.37 0.013 78:12 78.62
grade sites only
Heavy Truck --all 35.88 21.02 71.57 0.011 77.36 T1.78
sites

* A and B are the values from the national data base regressions, taken from Reference 2.
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6. SUMMARY

Thus report documents the collection and analysis of sound level data from individual vehicles in support
of the development of the FHWA Traffic Noise Model { FHWA-TNM™). This study focused on
nonconstant speed situations, referred to as interrupted flow sites, specifically where vehicles were
accelerating from a stopped position or from a very low speed.

Maximum, A-weighted sound levels and sound exposure levels were collected at two sites in Tennessee (a
four-way stop sign controlled intersection and the entrance ramp to an interstate highway from a Welcome
Center along side the road), one site in Kentucky (an entrance ramp to an interstate hi ghway near two truck
stops) and three sites in Florida (two at toll booths and one at a controlled test site where automobiles were
held and then released from a “start point”™). At each site, sound level analyzers were set at a number of

distances from a starting line, ranging from 15 m (50 ft) to 305 m (1000 ft), along the direction of travel.
All analyzers were offset 15 m (50 ft) from the center of the travel lane.

Additionally, a constant-speed site was chosen down stream from the interrupted flow area, with
microphones at 7.5 m (25 ft), 15 m (50 ft) and 30 m (100 fi) from the center of the near travel lane. The
procedures and detail results at the constant speed sites are contained in reference 2.

The resulting data were analyzed to investigate the relationships between speed and distance, distance and
maximum A-weighted sound level. and speed and maximum A-weighted sound level. Three vehicle types
were studied: automobiles, medium trucks, and heavy trucks. The first relationship was used to calibrate
the vehicle dynamics equations being used in the FHWA-TNM® development for the speed-distance-
grade algorithms as a function of vehicle type.

The third relationship resulted in the development of regression equations relating the “reference energy
mean emission level” to vehicle speed. The desired form of this relationship included a speed-dependent
tire/pavement noise component and a speed-independent engine/exhaust noise component. In the
development of this relationship, it was found that the means of the cruise site maximum A-weighted
sound level data were not statistically different from those of the national cruise site data. This finding
allowed the regression coefficients A and B in the tire/pavement portion of the relationship to be assumed
to apply to the interrupted flow data sets. This assumption reduced the problem down to finding the
constant C representing the engine/exhaust sound level component.
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APPENDIX A -- MEASUREMENT DATA

Tables Al through A-11 present the raw data collected in the field as well as the calculated speed values.
Each table is for a different site or a different day for a site with multiple days of sampling;

Table Al
Table A2
Table A3
Table A4
Table A3
Table A6
Table A7
Table A8
Tahle A9
Table A10
Table Al1

Site TF-KY-1, 11-14-04
Site TF-KY-1, 11-15-94
Site IF-KY-1, 11-17-94
Site IF-KY-1, 11-18-94
Site IF-Th-1, 12-06-94
Site TF-TN-2, 12-07-94
Site IF-TN-2, 12-08-94
Site IF-FL-1, 02:03-95
Site IF-FL-2, 02-02-95
Site IF-FL-2, 01-31-95
Site IF-FL-3, 02-01-95

The columns in each table représent the following variables:

Event [D
Volpe Type

LminB
Lmax
LminA
SEL

Speed

ET

A unique number given to an individual vehicle event for a given site.
The vehicle type:

(: Compact automaobile

It Standard automobile

2: 2-axle medium truck (with dual rear wheels)

31 3-axle heavy truck

4: 4-axle heavy truck

5: 5-axle heavy truck

6: 6-or-more-axle heavy truck
Minimum A-weighted sound level (fast response) just before the vehicle passage
Maximum A-weighted sound level (fast response) of the vehicle passage
Minimum A-weighted sound level (fast response) just after the vehicle passage
A-weighted sound exposure level of the vehicle passage, measured from the time at or just
after LminB to at or just before LminA
The calculated vehicle speed at the microphone location based on the time pulses recorded
when the vehicle passed the speed points before |, at and after the microphone location
Code for quality of event:

0: rise and fall in maximum A-weighted sound level was less than 6 dB
: rise and fall in maximum A-weighted sound level was between 6 and 10 dB
: ise and fall in maximum A-weighted sound level was greater than 10 dB

: bad event
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APPENDIX B -- STATISTICAL AND REGRESSION
RESULTS PRINTOUTS

The following tables summarize the statistics for the sampled data and for the regression analysis. The
tables are as follows:

Page 86 Summary of sampling statistics:
Site IF-KY-1
Site TF-TN-1
Fage 87 Summary of sampling statistics:
Site JF-TN-2
All Florida sites, automobiles
Page 88 Summary of sampling statistics:
All Florida sites, medium trucks
All Florida sites, heavy trucks
Page 89 Summary of regression statistics;
Site TF-KY-1
Site IF-TN-1
Page 90 Summary of regression statistics;
Site [F-TN-2
All Florida sites, automobiles
Page 91 Summary of regression statistics:
All Florida sites, medium trucks
All Florida sites, heavy trucks
Pape 92 Summary of regression statistics:
Automobiles: all sites
Medium trucks: Sites IF-FL-1, IF-FL-2
Page 93 Summary of regression statistics:
Heavy trucks (0% grade); Sites IF-TN-2, IF-FL-1, IF-FL-2
Heavy trucks (0% and 4%grade): Sites IF-KY-1, IF-TN-2, IF-FL-1, IF-FL-2
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Site: IF-K¥-1

TOTAL OBSERVATIONS: 617
ILMAX

N OF CASES 617
MINIMUM 70.600
MAXIMUM 93.400
RANGE 22.800
MEAN 77.275
VARIANCE 14.768
STANDARD DEV 3.843
STD. ERROR 0.155
SKEWNESS (G1) 1.104
KURTOSIS (G2) 1.637
SUM 47678.500
c.V. 0.050
MEDIAN 76.500

Site: IF-TN-1

TOTAL OBSERVATIONS: 110

LMAX

N OF CASES 110
MINIMUM 64.700
MAXTMUM 83.700
RANGE 19.000
MEAN 71.046
VARIANCE 11.572
STANDARD DEV 3.402
STD. ERROR 0.324
SKEWNESS (G1) 1.161
KURTOSIS (G2) 2.347
sSUM 7815.100
c.V. 0.048
MEDIAN 70.700

SPEED

617
9.700
39.700
30.000
21.082
27.004
5.187
0.208
0.433
0.021
13007.400
0.246
20.600

SPEED

110
11.300
54.700
43.400
34.026

125.507
11.203
1.068
-0.460
=0.680
3742.900
0.329
35.650
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Site: IF-TN-2

TOTAL OBSERVATIONS: 618
IMAX SPEED
N OF CASES 618 618
MINIMUM 67.000 6.400
MAXTIMUM 97.100 41.000
RANGE 30.100 34.600
MEAN 79.233 19.082
VARIANCE 11.334 59.209
STANDARD DEV 3.367 7.695
STD. ERROR 0.135 0.310
SKEWNESS (G1) 0.339 0.671
KURTOSIS (G2) 0.977 -0.469
SUM 48965.700 11792.800
X 0.042 0.403
MEDIAN 79.000 17.350

Site: All Florida Sites, Automocbiles

TOTAL OBSERVATIONS: 186
IMAX SPEED
N OF CAGES 186 186
MINITMUM 58.000 11.346
MAXTMUM B1l.800 60.848
RANGE 23.800 49.502
MEAN 67.968 31.809
VARTANCE 25.195 l44.446
STANDARD DEV 5.015 12.018
STD. ERROR 0.368 0.881
SEEWNESS (G1) 0.181 0D.751
KURTOSIS (G2) -0.455 -0.323
s5UM 12642.300 5916.560
c.V. 0.074 0.378
MEDIAN 68.000 28.176
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Site: 211 Florida Sites, Medium Trucks

TOTAL OBSERVATIONS: 242
LMAX SPEED
N OF CASES 242 242
MINIMUM 65.000 8.380
MAXIMUM 88.200 62.787
RANGE 23.200 54.407
MEAN 75.892 32.875
VARIANCE 15.574 131.173
STANDARD DEV 3.946 11.453
STD. ERROR 0.254 0.736
SKEWNESS (G1) 0.300 0.089
KURTOSIS (G2) 0.159 -0.876
SUM 18365.900 7955.712
[ 0.052 0.348
MEDIAN 75.700 33.007

Site: All Florida Sites, Heavy Trucks

TOTAL OBSERVATIONS: 341
IMAX SPEED
N OF CASES 341 341
MINIMUM 69.300 8.268
MAXTMUOM 85.300 54.8689
RANGE 26.000 46.601
MEAN 79.288 29.8972
VARIANCE 11.515 115.588
STANDARD DEV 3.393 10.751
STD. ERROR 0.184 D.582
SKEWNESS (G1) l1.246 -0.012
KURTOSIS (G2) 3.563 =1..059
SUM 27037.600 10220.291
C.V. 0.043 0.359
MEDIAN 78.5900 31.152
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Site: IF-KY-1

ITERATION
0

1
2
3

LOSsSS
.6346087D+05
-8431175D+04
.8420587D+04
.8420587D+04

DEPENDENT VARIABLE IS

SOURCE

REGRESSION
RESTDUAL

TOTAL
CORRECTED

SUM-0F-SQUARES

3676826.507
8420.587

3693439.450
9096.886

PARAMETER VALUES

-5000D+01
«7646D+01
«7641D0+01
«7641D+01

ILMAX
DF MEAN-SQUARE

1 3676B26.507
13.670

6lé

617
616

RAW R-SQUARED (1-RESIDUAL/TOTAL)

CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED)

PARAMETER
c

Site: IF-TH-1

ITERATION
0

1l
2
3

ESTIMATE
7.641

LOSS
.3412642D+06
.6874544D+04
.6871695D+04
-.6871695D+04

DEPENDENT VARIABLE IS

SOURCE

REGRESSION
RESTDUAL

TOTAL
CORRECTED

SUM-O0F-SQUARES

3B77514.969
6871.695

3BB6669.230
6993.216

A.S5.E.
0.018

PARAMETER VALUES

.5000D+01
=« 7915D4+01
- 7917D4+01
« TE1TIH0L

LMAX
DF MEAN-SQUARE

1 3B77514.969
11.137

617

618
617

RAW R-SQUARED (1-RESIDUAL/TOTAL)

CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED)

PARAMETER
E

ESTIMATE
7.917

A.5.E.

0.014

89

ion

0.998
0.074

<95%> UPPER
7.675

0.998
0.017

<95%> UPPER
7.944



Site: IF-TN-2

ITERATICN LOSs PARAMETEER VALUES
0 .6785463D+04 .5000D+01
1 .5977512D+04 .6621D4+01
2 .5975524D4+04 .6637D+01
3 .5975524D+04 .6637D+01
DEPENDENT VARIABLE IS ILMAX
SCOURCE SUM-OF-SQUARES DF MEAN-SQUARE
REGRESSTON 639522.343 Iz 639522.343
RESTDUAL 5975.524 108 54.821
TOTAT 556495.810 110
CORRECTED 1261.374 109

RAW R-SQUARED (1-RESIDUAL/TOTAL)
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED)

PARAMETER ESTIMATE
c 6.637

A.5.E.

D0.183

Site: All Florida Sites, Automobiles

ITERATION LOSS
0 .1604645D+05
1 LA4280451D+04
2 .4279863D+04
3 .4279863D+04

DEPENDENT VARTABLE IS5

SOURCE SUM-0F-5QUARES

REGRESSICN B74165.137
RESIDUAL 4279.863
TOTAL 863850.010
CORRECTED 4661.035

RAW R-SQUARED (1-RESIDUAL/TOTAL)
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED)

PARAMETER ESTIMATE
c 6.578

PARAMETER VALUES

.3000D+01
. 6580D+01
»6578D+01
.6578D+01
IMAX
DF MEAN-SQUARE
1. 874165.137
185 23.134
186
185

A.5.E.
0.048

a0

LOWER
6.274

LOWER
6.481

0.989
0.000

<95%> UPPER
7.000

0.235
0.082

<95%> UPPER
6.676



Site: All Florida Sites, Medium Trucks

ITERATION LOSS
o »1636520D+05
1 -4654511D+04
2 -4652613D+04
3 .4652613D+04

DEPENDENT VARIABLE IS

SOURCE SUM-0OF-SQUARES
REGRESSION 1418545.350
RESTDUAL 4652.613
TOTAL 1397580.890
CORRECTED 3753.275

RAW R-SQUARED (1-RESIDUAL/TOTAL)
CORRECTED R-SQUARED (1-RESIDUAIL/CORRECTED)

PARAMETER ESTIMATE
c 7.409

PARAMETER VALUES

.5000D+01
-7412D+01
- 7405D+01
. 74092401
LMAX
DF MEAN-SQUARE
1 1418545.350
241 19.305
242
241
= D.997
= 0.000

A.5.E.
0.041

LOWER <95%> UPPER
7.329 7.490

Site: All Florida Sites, Heavy Trucks

ITERATION LOSE
0 .3022642D+05
1 -4768052D+04
2 L4766540D+04
3 .4766540D+04

DEPENDENT VARIABLE IS

SOURCE SUM-0OF-SQUARES
REGRESSTON 2169900.727
RESIDUAL 4766.540
TOTAL 2147703.500
CORRECTED 3915.1590

RAW R-SQUARED (1-RESIDUAL/TOTAL)
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED)

PARAMETER ESTIMATE
c 7.785

PARAMETER VALUES
.5000D+01
.7783D+01
- 7785D+01
. 7785D+01

LMAX

DF MEAN-SQUARE

1 2169900.727

340 14.019

341

340
= 0.998
= 0.000

LOWER <95%> UPPER
7731 7.838

A.5.E.
0.027
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Automobiles: All Sites

ITERATION LOSsS PARAMETER VALUES
0 .1130839D4+05 .6000D+01
o} .6006276D+04 .6697D+01
2 .6005021D+04 .6701D+01
3 .6005021D+04 .6701D+01

DEPENDENT VARIABLE 15 IMAX

SOURCE SUM-0F-S5QUARES DF MEAN-SQUARE

REGRESSION 1429161.603 1 1429161.603
RESIDUAL 6005.021 295 20.356
TOTAL 1420445.820 2986
CORRECTED 6576.8B51 295
FAW R-S5QUARED (1-RESIDUAL/TOTAL) = 0.9986
CORRECTED ER-SQUARED (1-RESIDUAL/CORRECTED) = 0.087
PARAMETER ESTIMATE A.5.E. IOWER <95%> UPPER
[ 6.701 0.037 6.628 &.773
Medium Trucks: Sites IF-FL-1, IF-FL-2
ITERATION LOSS PARAMETER VALUES
0 .1343140D+05 L6000D+01
1 .4687566D+04 ,.T7418D+01
2 LAB52613D04+04 . 74090401
3 LA6526130+04 «7409D+01
DEPENDENT VARIABLE IS ILMAX
SOURCE SUM-OF-SQUARES DF MEAN-SQUARE
REGRESSION 1418545.351 1 1418545.351
RESIDUAL 4652.613 241 19.305
TOTAL 1397580.890 2432
CORRECTED 3753.275 241
RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.9297
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.000
PARAMETER ESTIMATE A.5.E. LOWER <95%> UPPER
c 7.409 0.041 7.32% 7.490
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Heavy Trucks (0% grade): Sites IF-TN-2, IF-FL-1, IF-FL-2

ITERATTON LOss PARAMETER VALUES
0 .1193352D4+06 .6000D+01
1 -1063276D+05 .7834D+01
2 .1062744D+05 .7837D+01
3 .1062744D+05 .7837D+01

DEPENDENT VARIABLE IS LMAX

SOURCE SUM-0OF-SQUARES DF MEAN-SQUARE

REGRESSION 603435%9.189 1 6&034399.1389
EESTDUAL 10627.440 958 11.093
TOTAL 6034372.730 959
CORRECTED 10509.113 958
RAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.9%88
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.026
PARBMETER ESTIMATE A.S5.E. LOWER <95%> UPPER
c T.837 0.013 7.812 7.862

Heavy Trucks (0% and 4% grades): Sites IF-KY-1, IF-TN-2, IF-FL-1,
IF-Fl-2

ITERATION LOSs PARAMETER VALUES
0 L1729781D+06 .6000D+01
1 .2014910D+05 .7746D+01
2 -.2009171D405 77570401
3 . 2009171D+05 .7757D+01
DEPENDENT VARIABLE IS IMAX
SOURCE SUM-0F-5QUARES DF MEAN-SQUARE
EEGRESSION 9707879.316 1 ©9707875.3216
REESTDUAL 20091.710 157%& 12757
TOTAL 9727812.180 1576
CORRECTED 21474.838 1575
EAW R-SQUARED (1-RESIDUAL/TOTAL) = 0.358
CORRECTED R-SQUARED (1-RESIDUAL/CORRECTED) = 0.064
PARAMETER ESTIMATE A.S5.E. IOWER <95%> UPPER
cC 7757 0.011 7.736 T.778
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