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16. ABSTRACT

As part of a project to study tire/road noise, a laboratory roodwheel facility wasequipped with
replica road surfaces. The replica surfaees_ of a design first developedby Dunlop, Ltd., consisted of
fiberglass and epoxy resin shells clamped to the roadwheel. The outer surface of each shell was

-- molded from e rubber impression taken from o real road surface, lhus replicating the texture. To
evaluate the effect of pavement texture, and to establish the realism of the replica surfaces, a series
of near-field measurements of noise from four heavy truck tires were made on the replica surfaces and

- on moving tests on the real surfaces. Moving tests on o flat steel surface were also mode. Data from
these same tires on a smooth steel roodwheel were available from a previous program. A comparison

- between these three sets of data shows that the replica surface provides o good simulation of real
_ pavement, and is more reaUstie then a plain steel drum. The conclusion was also reached that in

laboratory facilities it is more important to duplicate the road texture then the curvature of the
'' surface.
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1.0 INTRODUCTION

As part of a program to develop techniques for quieting heavy truck tires, a unified

set of theoretical noise models has been prepared. I The physical foundation of these

models is based to a large degree on on earlier experrmental study 2 in which near-field

sound and carcass vibration of several production truck tires were measured on a smooth

steel roadwheel. The next stage of development of tile noise models is 1o refine and

validate them experimentally! utilizing a set of specially constructed tires. Since it is

well known that pavement texture has o significant effect on tire noise 3'4'5'6_7'B_9'10 the

noise models include theoretical effects of texture. In order to properly test these

-- elements of the models, the experimental program must include texlure. It was decided to

add simulated texture to the roodwheel faeility_ using the plastic replica shell method

_ successfully used by Dunlop. 9_r0 This method consists of attaching to tile roadwheel cast

resin shells whose outer surface is molded from rubber impressions of a real road surface.

In order to evaluate fully the validity of the test facility_ several sets of

measurements were perfbrmed and compared:

-- • Outdoor noise measurements were made on o variety of surfaces, utilizing the

four production tires previously tested on the steel roadwheel. 2 Transducer

positions and test conditions duplicated as closely as possible those of the

: roadwheel tests. Data were collected for five rood surfaces (two of which were

used as models for resin replica shells) and a flat steel plate• The steel plate was

' incorporated to provide an evaluation of the effects of curvature, which has been

of some concern in roadwheel testing. I 1,12

... • Indoor measurements on the roadwheel facility with two replica surfoces_ using

the same tires and transducer arrangement.
i 2

• Data from these same tires from the previous programs collected on the smooth

steel roadwheel.

This report serves two purposes. The first is to document the effects of curvature

. and texture on noise insomuch as it affects the validity of the modified roadwheel

facility. Table J illustrates the surface curvature/texture matrix on which this evaluation

is made. The second purpose is to document the outdoor noise measurements. While not

central to the question of facilily valldity, these data form an empirical study of five

pavements and four tires which adds to the body of work included in References 3

- through I0.

Section 2 of this report describes the roadwheel test facitity and the pavement

-': simulation. Section 3 describes the measurements conducted, both indoors and outdoors.
!

Section 4 is an analysis of the data. Conclusions of this study are summarized in Section S.

I
. i



Table I

Surface CurvatureTexture Matrix

SURFACE CURVATURE

Curved Flat

.. Steel SMOOTH STEEL ROADWHEEL STEEL PLATE FASTENED
TO CONCRETE ROADWAY

I SURFACE
•- REPLICA RESIN MOLD OF

Cor_rete CONCRETE SURFACE iNTERSTATE CONCRETE

TEXTURE ATTACHED TO ROADWHEEL ROADWAY

REPLICA RESIN MOLD OF UNSEALED ASPHALT
Asphalt ASPHALT SURFACE ROADWAY

-. ATTACHED TO ROADWHEEL

I
I I

r,
!,
Ii

_m

-. 2
i

• i i



2.0 ROADWHEEL WITH SIMULATED PAVEMENT

The roadwheel measurements were carried out on the truck tire machine at the

CTI Division of Smithers Scientific Services in Ravenno_ Ohio. The machine is a 67-inch-

diameter smooth steel roadwheel endurance lasting focility_ capable of loads up to

101000 pounds and speeds from 5 i'o 120 mph. This facility was used by Wyle [n the

previous program of tire noise evaluation. 2 The complete machine consists of two wheels

(driven by toothed belts from electric motors) and four test stations. For the previous

tire noise measurements I a semi-anechoic chamber had been constructed oboul one test

- station. This chamber_ which had been disassembled and stored of the conclusion of that

program_ was reinstalled on the roadwheal machine and acoustic qualification tests were

.. performed to validate its performance. An illustration of the modified roadwheel facility

is shown in Figure I.

The walls and caning of the chamber are constructed of I/2- and I/Zl-lnch plywood

spot-bonded together. This construction was designed to shield noise from the drive belh

tires on other stotions_ end other machinery within the laboratory. In general I one-third

octave band background noise levels [n the audio frequency range within the chamber are

below 65 dB with the machine operating at 60 mph. The walls of the chamber are lined
m

with 6 inches of Owens-Coming 703 Fiberglas. The wall adjacent to the roadwheel is not

lined with Fiberglas_ and has a hole large enough to accommodale the contact patch of

"" the tire against the roadwheel. This wall formed a simulated hard_ reflective ground

' ' plane. The interior dimensions of this semi-anechoic chamber ore approximately 6 feet by

7 feet by 5 feet.
I

_" For the current program, the facility was further modified by the addition of

simulated pavement texture. The method used was that successfully employed by

.... Dunlopp Ltd.1 in Birmingham, England. 9 This method consists of attaching to the

-- roadwheel sets of cast resin shells whose outer surfaces were molded from rubber

impressions of actual road surfaces. The surfaces were made for Dunlop by

Mr, Peter I-lartley_ a pattern and model maker specializing in plastics. A visit was made

to Dunlopts research laboratory to examine their surfacas_ and Mr, Hortley was engaged to

make surfaces to fit the roadwheel at Smithers.

The manufacturing process of the surfaces consisted of the following steps:

--_ I. Cold-cured flexible rubber impressions were made of two road surfaces. Each

.C impression was made over an area slightly larger than the width and circum-

_ terence of the roadwheel. Impressions were made of one concrete and one

3



ROADWHEEL FACILITY
Drive Motor

LoadMechanism Safety Cage
(CoveredWith Fiberglas

Drive Belt For No_seTests)

-- Endurance SmoothWall
: Wheel Tire

PlywoodWal
_. LinedWith 6 Inches
! : of F_berglass

F_
: i

Figure I. Endurance Wheel Noise Test Facility.

I
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asphalt surface over which coasting tests were conducted. (See Section 3 for a

detailed description of the surfaces,) Figure 2 shows tile rubber impression

-- process.

2. An inner mold was constructed which duplicatesthe outer surface of the

roadwheel.

3. A temporary spaeer_equal to thedesiredshellthickness,was wrapped around tile

innermold. The rubberimpressionwas wrapped around this,pavement-texture

sidein,and was trimmed tothe widthof theroedwheeJ.

4. Herd castingresinwas poured around the rubber impression,forming an outer

mold with the rubber imbedded.

5. The temporary spacer between the innerend outer mold was removed end a

fiberglass-reinforcedresinshellwas cast,end divided into three J20-degree

segments. The outersurfaceof thissheJlisa siliconresinwhich simulatesthe

hardnessof pavement. Figures3 end 4 ere photographsof the finalsurfaces.

6. The shellswere clamped onto the roodwheel, To ensurea perfect fit,the initial

installation employed a floating process, wherein e thin layer of resin was pieced

between the shell and the wheel. The joints between segments were carefully

" aligned, and the resin allowed to cure. Subsequent installation of the shells was

.-. always done aligned to a fixed circumferential reference. Figures S and 6 show
i !

. the floating process. The roadwheel and clamps were waxed prior to floating so

I that the resin would not st[ck to them.
i --

: The use of clamps to attach the shells was a departure from the design at Dunlop,

where the shells were attached with capscrews into existing holes in the roadwheel. No

holes were present in the roadwheel at Smithers. Six holes (two for each segment) were

drilled to provide positive alignment of the shells, and 84 specially designed clamps were

used. The clamps are visible in Figure 6. Keyed recesses (visible in Figures 3 through 5)

were molded into the shells to positively align the clamps. During installation, the clamps

were tightened with a calibrated torque wrench to ensure a uniform prestress to about

three times the centripital load at 50 mph.

The roadwheel opening in the simulated ground plane was widened so as to

accommodate the added width of the clamps. A layer of 3/l_-ineh plywood was also added

i to match the thickness of the she/is.

A serious acoustical problem encountered was a turbine-like noise generated at

harmonics of the clamp passage frequency, due to interaction between the clamps and the

5
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contact patch opening in the simulated ground plane. A strong air flow was also

generaled. To correct thisp o rigid fiberglass cover plate was fabricated to block the

-- opening, The cover plate provided a channel completely enveloping the clamp path. It

eliminated the turbine noise by blocking the associated air flow and by forming an

acoustic barrier Figure 7 shows the interior of the completed facility including /he

cover plate so test tire and several microphones Note that the simulated groundplane is

the left wall of the chamber see Figure ] for orientation

J

p
l0



B
LA

C
K

C
O

P
Y



-- 3.0 EXPERIMENTAL PROCEDURES

This chapter describes the experimental procedures that were employed to obtain

carcass vibration and near-field sound measuremenls for a series of four heavy-duty truck

tires. The experimental program was carried out in two phases:

• A field measurement phase using a coasting truck on a series of concrete and

asphalt road surfaces end on a flat steel plete; and

• An indoor roadwheel phase employing carefully controlled conditions of speed

and load on replicas of two of tile surfaces investigaled in the field

measurement.

Section 3.1 contains e description of tile lest tires that were studied in both phases of the

progrom_ Section 3.2 describes the field measurement phase, Section 3.3 describes the

roadwheel facility phase_ and Section 3.4 describes the data reduction end analysis

-- procedures.

-- 3. I Test Tires

The four tires tested in this program were those studied in a previous EPA program. 2

-- They were chosen as being representative of the major carcass and tread designs currently

In use on heavy trucks. Table 2 defines the basis for the selection of test tire designs.

-- To ensure that the tread and carcass variables could be separated_ the two bias-ply

'" tires and the two radial-ply tires were each selected from the same manufacturer's brand

-- and type. Except for tread pattern, both tires of each carcass type were identical.

.... Specifications for the four selected tires ere given in Table 3. Figure 8 is a photograph of

tile tires. Figures 9 through 12 show static footprints of each tire.

3.2 Field Measurements

In the field measurement phase of the test program_ a rented 1977 White

_._ Freightliner, Model 866/tT_ IO-wheel, cab-over tractor was instrumented at Smithers

Scientific Services_ Inc., in Ravenna, Ohio_ and driven to the Transportation Research

Center of Ohio (TRC) in East Liberty, where the coasting measurements were carried out.

The tractor was powered by a Cummins 350B diesel engine rated at 3S0 maximum

horsepower at 1900 RPM. The rear axle ratio was 3.70:1.
-i

A block diagram of the instrumentation system used in the coasting tests is shown in

Figure 13. Two sets of transducers were ernployed- the first set fixed on the tires and

the second set fixed on the tractor.

• 12



-- Table2

Selection of Test Tire Designs

Rib Crossbar Lug

I_._ BiasPly X X
_ Radial Ply X X

Table 3

Test Tire Specifications

# I #2 #3 #tl

MANUFACTURER B.F.Goodrich B.F.Goodrich Firestone Firestone

TRADE NAME Milesover Milesover Power Drive Transport I
I i

CARCASS Steel Radial Steel Radial Nylon Bias Nylon Bias

TREAD Lug Rib Crossbar Rib

.... PLY RATING 14Ply 14Ply 12Ply 12Ply

i SIZE I I R 22.5 I I R 22.5 I I x 22.5 I I x 22.5

.i All Tires Are Tubeless.

i

13
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F-- ...............................................
I FIXED ON TRUCK
I

-- IJ I FIFTH WHEEL ASSEMBLY [ ) GENERATOR LJ VEHICLEDRIVER'SsPEEDDIGITALDIsPLAY

L .................. '1 WESTON 750 | (TRACKTEST _31SA)

I TYPE T I I TEMPERATURE
THERMOCOUPLE I I TRANSMITTER TEMPERATURE CHARTINDICATOR RECORDER

I I TRANSMATION 6lOT-T) (FLUKE 2165A) (BRUSH 260)
__ 1 I I

'J 1 1 ,J TRANSDUCER CONDITIONER

J (DAYTRONIC 3270) _ ,- I

] { ACCELEROMETERI (BBN S01)

-- ACCELEROMETER I I

i[_= (BSN ';011 II]

ECREEN(B_.I,S)(E_KADOlph),E_K._,s,
_. : | • WIDEBAND

SCREEN (B&K 4 t_5) (B&K AO 01141 SLM
(B&K 2215) RECORDER

(BELL & HOWELL

i

GROUND POSITION

--" TRANSDUCER }=

..... VOICEANNOTATION

i M,cf SL_t-- (B&K 41651 (B&K 220_1
i

=J

! Figure 13. Instrumentation for Outdoor Tests.
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-- The instrumentation fixed on the tire consisted of:

• Five BBN 501 piezoelectric aecelerometers mounted inside tile tire.

• A five-channel occeleromater power supply mounted on the wheel.

• A tire pressure transducer.

• A Type T thermocouple to measure contained-alr temperature.

The outputs of these devices were brought from tile rotating tire to the truck body by

means of a Michigan Scientific SR20M slip-ring assembly. The slip-ring assembly

exhibited no perceptible rlppl[ng within the dynamic range of the instrumentation system.

Beneath the truck body and attached to it by various fixtures were the following

transducers:

• Three B&K 4165 I/2-inch microphone/preamplifier assemblies in the near sound

field of the tire.

• A transducer which marked each tire revolutionj thus enabling tire position to be

determined.

• A transducer which indicates passage over a fixed point on the ground.

The tire position transducer was a Hall effect switch which produced o pulse when o

magnet glued to a tire rim passed by. The ground position transducer was o mechanical

micro-switch which closed a circuit when its actuating arm encountered o steel bar placed

on the groundj thus producing a voltage pulse, The latter was used to define the two test

sections for which molds had been made and to define the position of the steel plate,

The near-fleld microphonepreamplifier assemblies were mounted on the axle

assembly of the truck as follows:

• A microphone one foot to the rear of the contact patch exit and at a height of

approximately four inches above the road surface.

• A microphone one foot in front of the contact patch entrance and at a height of

, approximately four inches above the road surface.

• A microphone one foot to the outside of the tire and approximately six inches

above the road surface,

Each of the microphones was enclosed in o windscreen. All mounting brackets and

-, other surfaces near the microphones (e.g._ the fuel tanks) were covered with fiberglass

botts to reduce acoustic reflections. Figure 14 shows the completed microphone

configuration, Also seen in tile figure are the slip ring and tile eacelerometer power

supply.

-i 18
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Tile microphonepreamplifier assemblies were,connected to three B&K 2215 Preci-

sion Sound Level Meters which were shock mounted to a board attached to the frame of

.... the troctoro The AC output of each sound level meter was connected to o Bell & Howell

Mars 2000 I/I-channel FM tope recorder_ configured 1o IRIC wideband specifications. The

_ tape recorder all other truck-mounted instrumentation were attached to a four-foot by

eight-foot plywood panel which was placed on top of the mattress in the sleeping

compartment of the tractor.

Three of the five accelerorneters were mounted inside tile tire at one circumferen-

tial station- one placed of the crown (center of tread area), the second at tile shoulder

(juncture of tread and sidewall areas)p and the third at the sidewall. The other two

accelerometers were placed on the crown and sidewall of o stalion 90 degrees away, The
_L

accelerorneters were screwed into mounts illustrated in Figure 15. These mounts were

developed in Wyle's previous tire study 2 to prevent the occelerometer mounting angle

from changing due to lateral force, end also to provide adequate surface area for the

inner liner rubber to support the oecelerometers, The mounts were assembled and

- attached to the tire using alpha cynanoocrylic cement, Use of this type of mount permits

occeleromelers to be removed and reinstalled in exactly the some position.

i -- Accelerometer signals were brought out of the tire through an airtight seal in the

: , rimp end carried through the slip-ring assembly to the FM tape recorder. A battery-

__ powered_ five-channel accelerometer power supply was mounted on the side of 1he rim.

_' All occelerometer and microphone slgnals_ the tire position and ground position!
-. pulses_ end a DC voltage proportional to vehicle speed (generated by o fifttl wheel

, assembly) were recorded on the F'M tape recorder, A voice annotation of run number and

vehicle position relative to the ground position trigger was recorded, DC signals

proportional to vehicle speedt tire contoJned-o_r temperoture_ and tire pressure were

recorded on a strlp-chart recorder. A digital display of the vehicle speed was provided to

the driver. A Nicolet lt/_ItA FFT spectrum analyzer was used to monitor transducer

signals during instrumentation checkouts and to inspect recorded data after each set of

runs.

For the coasting tests ell but two of the eight rear tires of the tractor were

l removed. The forward tire on the left (driver's) side of the vehlcle was the test tire; thaton the right side of the vehicle was a rib tire of similar size_ as were the front two tires.

I -: Figure 16 shows the vehicle configuration during a typical coasting test on the unsealed

asphalt surface. Figure 17 shows the vetfiele approaching the flat steel plate. Note the

ground position switch arm on the front of the vehicle about to come into contact with

__; the steel bar on the ground,

- 20
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Coasting lasts were carried out at two different facilities at TRC. Tests on

concrete surfaces and on the fiat steel plate were done on the skid pad; those on asphalt

-- surfaces were done in the vehicle dynamics area.

The skid pad, illustrated in Figure 18, is a test facility which is utilized primarily for

the evaluation of tire and brake systems. The overall dimensions of the pod are 9,000 feet

by 84 feet with turnaround loops on the north and south ends. The acceleration/

deceleration lanes at each end are 3_280feet in length. A test area of

210,000 square feet is situated in the center of the skid pod, containing several test pads

with varying surface textures. Skid numbers in this area range from 30 (wet) to 80 (dry).

The skid pad is paved with Portland cement. The load capacity of the skid pad is

36_000pounds maximum slngle-axle weight and 48_000pounds maximum tandem-axle

weight.

The vehicle dynamics area [VDA), illustrated in Figure 19, is an asphalt pad which

measures 1,200feet by J,800 feet, covering 50 acres. The test surface has a one-percent

downward slope from north to south. There is no cross-slope. The VDA is bordered on the

-- north and south ends with loopswhich allow rapid entry end exit from the test pod. The

'' composition of the pod and turnaround loops is bituminous concrete. The facility has

-" provisions for wet and dry testing. Nominal skid numbers range from 75 to 80 on dry

' povementj and 60 to 6S on wet pavement. Sealed asphalt areas are available for those

_ desiring lower skid numbers. The load capacity of tile pod and loops is 36,000 pounds

, , maximum single-axle weight_ and 48p000pounds tandem-axle weight.

-- Coasting tests on six different surfaces were carried out at these two facilities.

.... Figures 20 through 25 are photographs of tile surfaces; included in each photograph, is a

_. 25-cent piece (0.g6-inch diameter) as a size reference. The surfaces were:

• Surface A I - Unsealed Asphalt (Figure 20) consisted of fine topcoat (Ohio 404")

over a coarser underlayment (Ohio 402*). This surface is typical of unsealed

asphalt roadways.

• Surface A2 - Sealed Asphalt (Figure 21) was similar to Surface A I except that it

has been sealed with two coats of Jennite sealer followed by two coats of X-IO

sealer. Jennite is a coal-tar emulsion sealer containing fillerl X-I0 is a similar

emulsion containing no filler. This surface is smoother than those found on most

asphalt roadways.

* See Appendix A for characteristics of these surfaces.
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-- • Surface CI - "Medium" Concrete (Figure 22) consisted of broomed Portland

cement concrete with grooves parallel to the direction of travel, This surface is

-- similar to those found on interstate highways) and is referred to in TRC

documentation as "Interstate Concrete".

- • Surface C2 - "Smooth" Concrete (Figure 23) consisted of smooth trawled and

polished Portland cement concrete. This surface is considerably smoother than

those typically found on highways.

• Surface C3 - "Rough" Concrele (Figure 24) consisted of coarse broomed Portland

cement concrete. This surface is somewhat rougher end more irregular than

Surface C I.

-- • Surface S - Steel Plate (Figure 2S) consisted of o 2-foot by 22-foot steel plate

' bolted to one of the concrete skid pad lanes. The approach end of the steel plate

,. was beveled so that (_ smooth transition occurred between the concrete and the

i plote.

Rubber molds were cost of concrete Surface CI and asphalt Surface AI for use in

i .. preparing replica roadwheel surfaces, as described in Section 2.

The sequence for each coasting test was as follows:
J,

• During several trial runs) the driver determined the acceleration profile required

to coast over the pavement test section at the desired speed. The trial runsi

_ provided a warm-up.

! • Driver accelerated vehicle as needed, then disengaged clutch and turned off

engine.

i • Technician turned on tape recorder and strip-chart recorder.

• Technician annotated run number and counted down (on voice annotation

" recording) vehicle position relative to test section.

• After vehicle had passed test section, driver turned on engine and reengaged

I clutch.
_J

For each coasting test, the tire was loaded to 75 percent of its maximum rated load and

.., inflated to its maximurn rated pressure.

.-: Table I_ shows the minimum number of ceastings carried out for each tire, For all

,_, surfaces except lhe steel plate, coastings were dane in both lane directions. Since only

one end of the steel plate was beveled, all coastings on this plate were done in the same

direction. No SOmph coastings were dane on the steel plate since it could not be reliably

traversed at thai speed (Ihe width of the plate between lhe hold-down bolts was only

22 inches), 27
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Table 4

_ Coastby Test Matrix For Each Tire
(Number Indicates Minimum Number of

Coastbys Carried Out)

Vehicle .Speed (mph)
-- Surfoce

20 35 50

CI 2 4 2

C2 4

C3 4

"- AI 2 4 2

: A2

: S 2 4

ii
I Z

I'

I

!
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-- 3.3 Re,adwheelMeasurements

A series of measurements were conducted on the same four test tires, using tile

facility described in delo[I in Section 2.0. An instrumentation system similar to that used

for the field measurements was assembled. Figure 26 is a schematic of the system.

Differences in instrumentation, other than model types indicated in Figures 13 and 26,
are:

* Infrared kED/phototransistor pairs, triggered by reflective tape an the tire end

roadwheel_provided rotational reference pulses.

• Raedwheel position, rather than vehicle reference mark, was recorded.

e Five acoustic channels were available. Three were used, corresponding 1o the

outdoor measurementpoints.

• Tire pressurecould be regulated as well as measured.

e Ambient temperature was recorded.

• The Nicolet 444A analyzer and a pen plotter were wired into the system for

on-line examination of data, as well as system checkout.

Figure 27 shows the recordingequipment arranged at the roadwheel machine. The optical

sensor for roedwheel position index is seen adjacent to the axle shaft, lower center.

-" Data were collected for a baseline and warm-up test matrix similar to that used in

: the previous roadwheeltest program 2 The 27-point matrix previously used consists of all
-- combinationsof:

• 20,35_and50mph;

-- • 50_75, and 100percent rated load;

• Rated inflation pressure_and rated pressure +_15psi.

This matrix permits full evaluation of the parametric behavior of tire noise as well as

comparison with the 75percent load-rated pressure data taken in the outdoor field tests.

Due to high temperature cond]tlans encountered in the chamberp* the conditions including

both low pressure end high load were deleted. A 24-point test matrix was thus employed.

_ Before each test sequence_Ihe tires were warmed to stable conditions_ based on the

warm-up data collected for these tires in the previous program2

* Outside air was used to cool the chamber between runs. Seasonal temperatures during
October, when thesereplica pavement tests were performed, were not as favorable as

-" during January whenthe smooth steel roadwheel tests were conducted.
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Figure 27. Instrumentalion System in Place at Roadwheel.



-- 3./_ Data Reduction and Analysis

For data reduction and analysis_ a data processing system consisting of o

Nicolet 444A FFT spectrum analyzer interfaced to a Digital Equipment PDP I IVO3

minicomputer was used. The PDP-]I uses an LSI-II CPU with 32K words of memory.

-- The system also includes a dual floppy disc drive and an LA-36 terminal. The interface is

used to control the analyzer from the computer and to pass data from the analyzer to the

computer for processing and storage and from the computer to the analyzer for analysis

and display. An X-Y plotters connected ta the spectrum analyzer_ is used to obtain

permanent plots of temporal and spectral records.

A block diagram of this system is shown in Figure 28. The same Ill-channel tape

• recorders as were used to collect the data were used to play back the analog signals.

These signals were digitized and transformed to spectra using the Nicolet analyzer. The

digitized spectral levels (generally averaged over a number of samples) were then stored

on floppy discs. Overall and A-weighted sound pressure levels were calculated from the

spectra. The analysls system also permitted storage and processing af selected time

samples. The pulse counter/time shifter permitted sampling by tile analyzer to be

synchronized with the tire or wheel pulse. A continuously variable time delay could be

appliedp permitting analysis of any desired time window. The counter feature provided for

sampling and holding the N'th (I _<N < 15_switch-selectable) synchronized sample follow-

ing a data start signal. A suitable data start signal was included on the voice track. This

last feature permitted comparison of successive revolutions of the tire and/or roodwheel.

- The analysis performed_ and presented in Section 4, includes:

" • A-weighted levels for all outdoor surfaces and test conditions.

• Comparison of A-weighted levels between the real and replica surfaces AI and

C 11and also data for the same tires on a smooth steel roadwheel.

: _ • Comparison of selected spectra and time histories for the comparison of real

lextare_ replica textare_ and smooth steel.

J

i

.,,m

I
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-- 4.0 EXPERIMENTAL RESULTS

This chapter describes the experimental results that were obtained from the two

-- measurement programs described in Chapter 3.

Section 4.] presents a detailed analysis of A-weighted sound levels. Sections lh[.l

and 4.1.2 describe lhe results of the field measurements_ lhe former discussing the effect

of carcass and tread design on near-field soundlevels, and lhe taller discussing the effect

- of roadway surface on these levels, Thesesections are essentially a data report_ and the

concluslons cannot necessarily be generalized beyond the tires and surfaces tested.

-- Section 4.1.3 compares lhe results of tlmeroadwheel measurementswith those of the field

measurernents. The objective of Ibis section is to evaluate the realism of the pavement

_ simulation technique. Previously collected data from a smooth steel roadwheol2 are

included in the comparison. Section 4.1.4 compares flat steel plate and smooth roodwheel

dotal to evaluate the effect of curvature.

Section 4.2 presents a discussion of the effect of real and slmulaled texture on

spectra and time signatures.

4. I Analysis of A-WeightedSaundLevels

4. I. I Et'feots of Carcassand Tread Design

_, Figure 29 shows the measured A-weighted sound level at each of the three

microphone positions as a function oaf vehicle speed and tire type on the interstate
concrete surface (CI). Figure 29, and following figurest show data for each microphone

position arranged around a schematic of the tire. Direction of travel of the tire is shown.

Figure 30 shows a similar set of curves for the unsealed asphalt surface (AI). Table 5

i summarizes the identity of the noisiest and quietest tire type and indicates the sound
'' level range for all microphone positions, vehicle speeds, and both surfaces. In this

I_ summary_ tire types having level differences of one dB or less have been considered to
'"' have equivalent levels.

_'_ The following conclusionscan be reached from these data:i
i_,Ii

• The bias-ply crossbar life is generally (one exception) tlmenoisiest tire at all

: . speedsand microphonepositions on both surfaces.

• The bias-ply crossbar tire is always the noisiest lira at ell speeds end on both

i surfaces at tile fronl and rear micropilone positions.

• The radial-rib tire is always the quietest tire at all speeds and microphone

-_ positions on both surfaces..J
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:_ Figure 30. A-Weighled Sound Level Versus Vehicle Speed as a
--' Function of Tire Type for Asphalt Surface (AI).
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Table S

Summary of Noisiest and Quietest Tire Types

CONCRETE SURFACE (Cl) ASPHALT SURFACE (AI)

Vehicle Micro- Level Level
Speedp phone Nolsiest Quietest Spread, Noisiesl Quietest Spread,

-- mph dB* dB

Front BX & BR RR& RL 3 BX& BR RR& RL 2

20 Rear BX RR&RL 4 BX RR& RL 2

Side BX RR 8 BX RR S

- Front BX RR 8 BX RR S

35 Rear BX RR&RL 7 BX RR S

-- Side BX & RL RR II BX RR 8

Front BX&RL RR 6 BX& RL RR 4

-- SO Rear BX & BR RR & RL tt BX, BR & RL RR 3
Side RL RR 16 BX RR 8

i

Tire Code:

i " RR-RadiaIRib, RL- Radial Lug

BR - BiasRib , B× - Bias Crossbar

i '
11

* Difference between noisiest and quietest tires, as shown in figures.

f_
!
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-- 4.1.2 Effects of Roadway Surface

Figures 31 through 34 show the measured A-weighted sound levels at each of the

- three microphone positions as o function of vehicle speed and roadway surface type for

each of the four tires tested. Table 6 summarizes the identity of the noisiest and quietest

- roadway surfaces end indicates the sound level range for all microphone positions_ vehicle

speedsp and tire types, In this summorys roadway surfaces having level differences of

-_ one dB or less hove been considered to hove equivalent levels.

The following eonelusions con be reached from this dotm

-- • Smooth surfaces (sealed asphalt and smooth concrete) ore generally [two

exceptions) the noisiest at all speeds and microphone positions for all tires,

-- • The smooth concrete surface is generally (two exceptions) the noisiest at SOmph

and oil microphone positions for oil tires,

• Rough surfaces (asphalt and rough concrete) ore generally (two exceptions) the

quietest at oil speeds and microphone positions for oil tires,

• The asphalt surface is generally (two exceptions) the quietest at 50 mph and all

microphone positions for oil tires.

i i
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Table 6

Summary of Noisiest and Quietest RoadwaySurfaces

I II II I

RADIAL RIB TIRE RADIAL LUG TIRE

Vehicle Level Level
Speed_ Micro- Noisiest Quietest Spreadt Noisiest Quietest Spreadp

_ mph phone dB dB

Front SA RC & SC 2 SC A, RC, MC S
-- 20 Rear SA RC & MC 4 SA & SC A & MC 5

Side SA RC&MC 2 SA RC 8

-- Front SC A&MC 4 SA&RC MC 4

, 35 Rear SA & SC A 4 SA RC & MC 4

_ Side SA & SC A & MC 2 MC A 8

Front SC A&MC S SC A S

-- SO Rear SA & SC RC 6 SA, RC, & SC MC 4
Side SC A & MC 12 MC A & SA 12

BIAS RIB TIRE BIAS XBAR TIRE

Vehicle Level Level
Speed_ Micro- Noisiest Quietest Spread, Noisiest Quietest Spread,

_ mph phone dB dB

: " ' Front RC & SC A, SA, MC 2 SA RC & SC 3
"- 20 Rear SA & SC RC 8 SA A & RC 7

Side A I SAI RC RC & SC 2 SA RC 4

-- Front SA & RC A_MCI SC 2 MC & SC A 3

i 3,5 Rear SA & SC Ai RC_MC 4 SC A & RC 6
Side SC A & RC 3 SC& RC A 4

" Front SC A G SA A 7

"- S0 Rear SC A 6 SC A 7

-J Side SC A 8 SC A 6

-G
i

Roadway Surface Code:

A - Asphalt (A I) _ SA - SealedAsphalt (A2)

I"tC - Rough Concrete (C3), MC - Medium Concrete (C I) , SC - Smooth Concrete (C2)
- 45



-- 4.1.3 Comparison of Roadway and RoadwheelResults

Figures 35 through 38 show the measured A-weighted sound levels at each of the

three microphone positions as o function of vehicle speed end surface type (roadway,

replica roadwheel, steel roadwheel) for each of the four tires tested. Also indicated on

-- the figures are the least squares best-fit of the form LA = C I IOgloV + C2. Each
figure consists of two parts: the (a) part refers to concrete roadway and replica

-- roadwheel surfaces; the (b) part refers to asphalt roadway and repfiea roadwheel surfaces.

In general, the replica roadwheel levels more closely approximate the roadway

levels than do the steel roadwheel levels. This can be better seen in Figure 39p which

shows (for ell tires and microphone positions_ and for both roadway types) the A-weighted

_ sound level on the roadway as a function of the A-weighted sound level on the replica

roadwheel and as a function of the A-weighted sound level on the steel roadwheel, Each

plot showsthe best-fit linear relation between roadway data and roadwheeldata. The fit

for the replica rocdwheel has o smaller standard error of estimate, o'k, a larger
correlation coefficient, r, and a slope more nearly unity than does the fit for the steeJ
roodwheel.

Figure 40 shows similar plots in which the best unit-slope linear relation between

roadway data and roadwheel data are shown. Again, the replica roodwheel more closely

models the roadway data than does the steel roodwheel data. As seen in Figure 41pthe

difference between replica roodwheel and steel roadwheel is even more pronounced if only

-" the data from the rear microphone (that at which the sound levels ore generally the

_- highest) are considered. It is therefore concluded that, with regard to A-weighted sound
:i
, levels_ the replica surfaces provide o very good simulation of the real surfaces, and are

,., superior to a plain steel surface.
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4.1.4 Comparison of Steel Plate and Steel Roadwheel Results

in the comparison of roadway end repilca roadwheel data in the previous section_

two parameters are allowed to vary - the material of which each surface is composed and

the curvature of each surface. In order to investigate the effects of curvature only_

" eoastby sound levels on a flat steel plate were compared with levels obtained in o previous

program 2 on a curved steel roadwheel. Although the flat sleet plate was relatively

- smooth (see Figure 25)p no attempt was made to polish it to the degree of smoothness

present on tile roadwheel,

-. Figures 42 through 45 show the measured A-weighted sound levels al each micro-

phone position as a function of vehicle speed and surface curvature (i.e., flat steel plate

and steel roadwheel) for each of the four tires tested. Note that because of the difficulty

i of properly trave,._in_J tile narrow plate of high speed_ there is no 50mph data for the

steel plate.

, This data is summarized in Figure l_6 which shows the best-fit linear relationship

between the flat steel plate levels and the steel roadwheel levels. Figure 47 shows a

", similar plat in which the best unit-slope linear relationship is shown, tn both cases the

scatter of dala about the best-fit line is sufficiently large that it is not possible to state

with certainty that the two sets of levels are different. This would imply that the effect

of curvature alone on the sound levels is minimal. This conclusion is in full agreement

" with the recent study by Donavan and Oswald_ 13 where a set of tires were tested on o

variely of surfaces and roadwheel diameters.
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- 4.2 Spectra and Time Signatures

/t.2.I Spectra

The analysis of the previous section showed that A-weighted sound pressure levels

measured on real and replica surfaces are in good agreemonh and that this agreement is

better than that between real surfaces and a plain steel roadwheel. To justify the use of

the replica_ it is necessary that spectral shapesagree as well. Aecordinglyp spectra were

compared far the same data set as discussed in Section4.1.3. Figure48 shows a

representative set of spectra far one test point. These spectra are not entirely typical,

but were selected because they clearly exhibit certain general trends seen in most of the
data. These trends are:

" • There is no dramatic difference between spectral shapes.

• The replica tends to agree better with the real surface than does the steel. The

analysis of A-weighted levels provides a quantitative measure of agreement in

the middle frequency range. The agreement of the replica at high frequencies

- wasgenerally better than the steel_ although no consistent high versus low trend
was observed.

" • At low frequenciesp spectral levels on steel tend to be low while those on the

replica surfaces tend to be high. The low levels on steel ore reasonable since

- this occurs at frequencies lower than the tread element passagefrequency, and

the steel drum has no large-scale roughness. The higher levels on the replica

F. may be due to corrugations in the replica shells or due to the small size of the

test chamber. The first room mode is around 100Hz, and the thickness of the

absorptive material corresponds to o quarter wavelength at 500 Hz_ the per-

formance of the room is therefore less than ideal at frequencies below a few
hundred Hz.

: While a formal statistical analysis of spectra has not beenconducted, it appears that

the quantitative agreement in A-weighted levels shown in Section 4.1.3 represents an
--4

overall trend. The conclusion that the replica shells provide a valid simulation may

therefore be extended to include spectra in the frequency rangeshown JnFigure 48.

6_



loo l,__l I i i I I I I L i I i J I I I I'l
I

na I ......

_ .... '::...Tr]"i r"',_ i....._ L _! _ ...... :.".._

8o L. i b_ i
-- "_ _-_--_"'"I...._0 L..,.I...... I__._ L.,-_

RealSurface -L._
_4 _ 70 t""_

¢J .... ReplicaSurface

(_ ............Steel Roadwheel

6c I, J t I, I, I I I i I i I I i ,L I
125 250 500 1000 2000 4000 8000

Frequency, Hz

• a) Concrete. Radial Lug Tire, Front Microphone.

i _ 1(_ I I i I I I I I i I I I I i , I I I I i
• _ i_i-_

"1o "_-_ "i _ [ '""_

'_" ,,R _ --- _ :.......

0 k':_
_-. _ RealSurface
J _7o-

.... ReplicaSurface

........... Steel Roadwheel _'_

I_ * I i ,I _ I I I I I I I I I I I
/ 125 250 .500 1000 2000 4000 B000

=' Frequency, Hz

b) Asphalt. RadiolLug Tire, Front Microphone.

-q,
I

Figure liB, Comparison of Spectra on Reel, Replica, end Steel Surfaces.

i] _5
.J



4.2,2 Time Signatures

During measurements on the smooth steel roadwheel_ it was observed that time

signatures were highly repeatable when captured in synchronization with the tire 2

Passage of individual elements could be seen quite distinctly. Figure 49 is a typical sound

pressure time history, corresponding to the rear of tile radial lug tire on the steel

roedwheel at 35 mph. Three 8 msec (corresponding to o 5-inch segment of tire passing)

samples are shown. These were triggered at the same angular position on three successive

revolutions. The samples repeat quite well, with part of the differences seen being due to

_ jitter in the timing pulse. Noise generation is clearly deterministic in this cesej and the

passage of individual tread elements can be seen. Figure SO shows similar data for

acceleration of the carcass at the center of the tread area. Three 40 msec (corresponding

to about 20 inches of the tire) samples are shown. A detailed discussion of the nature of

these acceleration data is contained in References ] and 2. For present purpeses_ it is

! sufficient to note that there is e large acceleration impulse associated wilh lhe curvature
i

change through the contact patch, plus fine structure associated with carcass vibration-

generated noise. The passage through the contact patch is near the center of Figure 50.

As with the sound signal t the acceleration data repeat quite wellt with fine structure

-- clearly associated with individual tread elements.

This consistency is not seen on a textured surface. Figures 5] through 52 shaw the

.-- same data for one replica surface and lhe corresponding real surface.* The presence of

,, texture reduces the dependence of noise on the tire alone. This behavior has been

-_ previously documented in other studiesj wherein signal averaging has been used to isolate

i,,' "roadwheeI" and "tire" components of noise. IO_14 Conditions were observed in this

program where time signatures repeated when sampled in synchronizatlon with the

: roedwheel_ with minor variations due to tread. The stochastic element introduced by the

replica surface is an important phenomenon which exlsts on roads. A major effect is that

detailed design changes producing changes seen on o smooth drum may not carry through

: to highways since texture effects can overshadow them. This is a critical factor which

--_ makes the simulated texture extremely valuable when performing laboratory evaluation of
i
• potential noise-related tire modifications.

i
i

-_ * All figures are for approximately the same portion of the tire: each sound
_3 pressure/acceleration pair is for the same segment, while there are phase differences

of several milliseconds between different surfaces.

,-J
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The critical difference noted here is the deterministic/random difference between

smoolh and textured surfaces. There are also differences between testing on the real and

replica surfaces which are worth noting, The repeatability on the replica surface is

somewhat better than on the real surface. This is generally to be expected when

-- comparing field versus laboratory dota_ due to the difference in control available. The

field data }n general exhibited greater run-to-run variabillty_ including o greater per-

_ cenfage of "bad" data points. This_ plus the usual outdoor problems such as weather, were

the primary reason for developing the rocdwheel facility. The field data also provided

non-steady datap since the coasting vehicle was slowly decelerating. The kind of signal

averaging described in References I0 end 14 would be very difficult with a coasting

vehicle: tile sample would be short, and an order sampling arrangement synchronized to

the tire would be required.
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5.0 CONCLUSIONS

A series of tire near-field noise and carcass vibration measurements have been

conducted on real pavement surfaeesj flat and curved smoolh steel surfaces_ and on

curved replica pavement surfaces. Four production model heavy truck tires were used for

these tests. The A-weighted sound levels for the four tires on five real surfaces are

presented here, end trends for this data set discussed. A detailed comparison has been

-- made between real surfaeesp curved replica surfaces on a roadwheel, and a smooth steel

roadwheel. Conclusions of this comparison are:

• The replica surfaces provided a very good simulation of the real surfaces. Both

A-weighted levels and spectral shapes showed halter agreement between real

and replica than belween real andsmooth steel.

• Comparison between steel roadwheel data and data from o flat steel plate

showed good agreement. It is concluded that texture matters more than
curvature for noise evaluation.

-- • Tire noiseon o steel surface is deterministie_ end exhibits the characteristics of

the tire. Tire-road noise on a textured surface has a significant random elemenh

-- which can be of critical importance in evaluating the practical value of potential
noise-related tire modifications,
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APPENDIX A

Asphalt PavincjMixtures

These paving mixtures consist of a uniform mixture of coarse aggregates firm

aggregate, asphaltic material, and mineral filler. The grading of each constituent of the

mineral aggregate conforms to the following specifications=

OHIO 402 Percent By Weight

Passing I-inch sieve f00

Passing 3/4-inch sieve 90 to 100

Passing I/2-inch sieve, retained on No. 4 sieve 65 to 90

-- Passing No. 4 sieve, retained on No. 16 sieve 35 to 65

Passing No. 16 sieve, retained on No. 50 sieve 15 to l_4

Passing No. 50 sieve, retained on No. 200 sieve 3 to 22

Passing No. 200 sieve O to 8

-- The asphaltic material shall form from zl,O to 9.5 percent of the mixture by weight.

-- OHIO 404 Percent By Weight

Passing I/2-inch sieve I00

Passing 3/8-inch sieve, retained by No. 4 sieve 90 to 100

i Passing No. 4 steve, retained on No. 16 sieve 45 to 75

Passing No. 16 sieve, retained on No..50 sieve 15 to 45

]: Passing No. 50 sieve, retained on No. 200 sieve 3 to 22

Passing No. 200 sieve 0 to 8
p.,

!,. The asphaltic material shall form from/_.5 to 9.5 percent of the mixture by weight.
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