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DISCLAIMER

The contents of this report reflect the views of the authors who are responsible for the facts and
accuracy of the data presented herein. The contents do not necessarily reflect the official views
or policies of the sponsor(s) or the National Center faha#t Technology, or Auburn
University. This report does not constitute a standard, specification, or reguladioments
contained in this paper related to specific testing equiparahmaterialshould not be
considered an endorsement of any commepec@duct or service; no such endorsement is
intended or implied.
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1. INTRODUCTION

In 2009, approximately 72% of the oil produced and 29% of the total energy consumed in US
was accounted for by the transportation sedpr While the average fuel economy of vehicles
has increased from 11.9 miles/gallon to 17.4 miles/gallon between 1973GhdHOfuel

economy of heavy trucks has omigreased from 5.5 to 6.2 in the same time period. In addition,
the average annual mileage of heavy trucks has increased from about 15,370 to 25,254 miles
during this time. Thereforesdhe costs of energy resources continue taduseto these

increags in demandandthe publicis becomingnore environmentally conscientiows)dthe
interest in improving vehicle fuel economy has escalated. While numerous factors such as
vehicle aerodynamicgndengine efficiency influence overall energy efficiencyeanechanism
thatdissipates energy inefficiently is in the contact between the tire and the pavdinisrbss

is often quantified by the rolling resistanead it is also affected by the properties of the road
pavement

The main objective of this evk wasto objectively investigate the influence of pavement type
(i.e., asphalt and concrete) on the rolling resistance of vehicle tires by reviewing existing
literature. Therefordat wasimportant to research the influence of specific pavement propertie
such as stiffness and surface geometry on rolling resistance. This work also summarizes and
evaluates the existing methods used to measure the rolling resistadcpiantifieshe

influence of the propertiesA recommendation is madased on the egiing literature and its
limitations

1.1  Definition of Rolling Resistance

Rolling resistance is the force required to keep an object such as a wheel or tire (@pvittca
constant speed, the rolling resistance fas@xjual tathe traction force between the road and tire
(Figure 1.1a)). The torqueurningthe tire then balances with the moment or torque created by
the traction force Forcescontributing to theolling resistancéncludefriction losses at the

rolling interface due to slip, frictiom the bearings (internal), aerodynamic dtdmgre is not
universal consensus that this should be considered part of rolling resistarthysteretic

losses due to deformation of the rubban ideal rigid cylinder owheel rolling with no slip
against a perfectly smooth, level and rigid surface would have no rolling resisRuoiteg
resistance igeitherequivalentior proportionato the friction between the tire and the road.
Rather rolling resistancés dueprimarily to hysteretic losses from deformations induced on the
wheel or tireby the pavementThe hysteretic losses are due toftbetuatingstresses and

strains induced in the tire during rolling as the tread comes in and out of contact, as shown in
Figure 1.1(b). Some lossesanoccurdue to deformation gfavement surface but are generally
negligible except for unbound roadway surfa¢&slling resistance isometimes referred to as
rolling friction, but this is not the same physical mechanismidmglor solid against solid
friction. Therolling resistance coefficient determinedy dividing rolling resistance by normal
load
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Figure 1.1 Schematic of the (a) Forces Affecting a Tire Interacting with a Road and (b)

Example Stress and Displacements Inside a Loaded and Torqued Tire via Finite Element
Analysis (3)

2. FACTORS THAT AFFECT ROLLING RESISTANCE

Factors that affect the rolling resistanoeludeair drag, properties andaterial composition of

the wheel or tire, the tireds geometry, the
and the roadMost research on rolling resistance tends to explore these factors independently
which diminishes the understandingtioé relativemagnitude®f the effects associated with

each factar Rolling resistance studies are affected by other experimental variables siich as
temperaturgvehiclespeed andtire-inflation pressure Beuving(4) provides an illustration of

the effects of vehicle speed ofuel consumptiorue tothese factorsAt 30 mph, rolling
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resistance consumes approximately 58f%he total energy used by the vehicle winiernal
friction uses25% and air dragonsumes the oth@5% (4). At 60 mph, howver, rolling
resistance consumes ord89% of the total vehicle energy whilaternal frictionuses20% and air
dragconsume$0%. Increasing the vehicle velocity to 70 mph reduces the impact of rolling
resistance t@0%of vehicle energy consumptid4).

3. THE EFFECT OF PAVEMENT PROPERTIES ON ROLLING RESISTANCE

A literature review identifiedipproximately20 publications that investigadeghe effectof
pavemergon rolling resistance. A summary of the findings of each is given in Bahland
thefindings arealso discussed in detail in the following sectiofbese studies evaluated the
effects of such properties as pavement stiffness, smoothness, and pavement texture.

Surface texture and unevenness create vibrations in the tires and susgemsigy is lost in

these vibrations becauttee shock absorbers and the tires to absorb this erbugyimproving
passenger comfort and reducing vehicle vibratidierefore, surface texture influences fuel
consumption by inducing these vibrations chdi texture affects the energy lost due to wear and
small scale contact on the tires. Evenness affects the wear and energy loss mostly in the shock
absorber®). The conventions for defining the different scales of pavement rougareess
discussed in section 3.2.
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Table 3.1 Summary of Papers Addressing the Effect of Pavement on Rolling Resistance

Ref. | Experimental or Most Change in Resistance (RR Rolling Other Other
# Theoretical Influential or Fuel Consumption (FC)| Resistance Losses Important
Methodology Texture from Roughess (RR) and Fuel Factors
Scale Consumption
(FC) Relation

(4) | Analysis of -- Roughness influences FC b 10% change in| Drag and --
previous up to 10%no difference RR accounts | driveline
experimental between asphalt and for a 34%
work concrete change in FC

(6) | Experimental -- Both constant and speed Lower RR Drag and --
coast down related RR coefficients results in gradient
method affected by roughness for | lower FC

cars; only the constant RR
coefficient affectecby
roughness for trucks

(7) | Used both coast | -- 24% difference between -- Drag and --
down and steady smooth and rough surfaces gradient
state torque
tests

(8) | Theoretical - -- Can effect FC | -- Contact

by up to 30% pressure
between
road and tire

(9) | Hydraulic bench | Short Up to 50% increase in RR | Lower RR Shocks | Road
test, hub sensor | wavelength | from 1.5 mm increase in results in alignment
on track, fuel roughness | roughness better FC
consumption on | (1-2 m) improvements
road up to 6%

(10) | Experimental -- 5.3% increase in the -- -- Road noise
dynamometer laboratory test and 8% increases
and track difference in the road test with

roughness

(11) | Towed trailer Mega Surface condition can affec{ Max. fuel - Temperatue
method texture RR by 47% savings of 9% and velocity

(12) | Theoretical Roughness,| Equations provided. For FC effected by| Road Tire load and

macro and | trucks the RR could increas| RR up to 7% | gradient | temperature
mega by as much as 50% due to
texture. roughness

(13) | Experimental - Increasing IRI from 60 to 12 Factor 0f 0.18 | Stiffness | Lack of data
coastdown resulted in 1.8% increasn | (i.e,22% RR for load, tire
method and fuel RR at 30 mph and 6% at 55 increase = 4% type, vehicle
consumption mph FC increase) type, etc.

(14) | An experiment | Macro- Smoother road results in RR must be - Surface
determined the | texture and | lower RR reduced by 6 texture,
rolling resistance| evenness 7% to reduce softness or
of four different FC by 1% loose
surfaces material

10
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Ref. | Experimental or | Most Change in Resistance (RR)| Rolling Other Other
# | Theoretical Influential | or Fuel Consumption (FC) | Resistance Losses Important
Methodology Texture from Roughness (RR) and Fuel Factors
Scale Consumption
(FC) Relation

(15) | Road ®&sts on - Increased roughness has - Vehicle wear
the NCAT test resulted in higher fuel
track consumption of test trucks

(16) | Reviewed Mega - -- -- Tire noise
previous texture
experimental
results

(17) | Experimented - Lower roughness results in| -- Shocks | Road
with a hydraulic better FC alignment
bench and on a
track

(18) | Theoretical - 10% from poor to good Both improve | Tire, Velocity

pavement finish w/ less shocks
roughness

(19) | Experimental Mega and | 10x increase in IRl increasg %FC/%RR -- --
using fuel macro FC by 2 to 16%. 10x ratio is 0.25
consumption texture increase in megatexture

increases FC by 8 to 14%
increase in macrotexture
(MPD)from 0.33 increases
FC by 2 to 21%.

(20) | Experimental - Increasing road roughness | -- Fatigue -
fuel consumption increased FC b4.5% failures
on a track rehabilitation used to of

reduce roughness vehicles

(21) | Theoretical - Increasing roughness by -- Tire, Velocity
26.7% increases RR by shocks
38.7%

(22) | Falling weight - A 0.5mm increase in mean | -- Road -
deflectometer profile depth results in a stiffness
and towed trailer 10% increase in RR

(23) | Experimental, - Suggests that RR of very sq -- - Tire
focusing mostly surfaces (dirt, sand) could composition
on the tire. be twice that of hard

pavements surfaces
(concrete, asphalt)

(24) | Tested the -- - -- Drag and | Velocity, tire
responses wrt shocks type, tire
rolling resistance pressure,
by changes in and tire size

velocity, tire
type, and size

11
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31 Pavement SurfacegGeometrical Profile

Several ky pavementharacteristis that affect vehicle performance are relatesutdace
geometies more commonlyeferred to as textur@ndroughness.

In pavement engineering, surface geometries are classified by wavedealgi#fTable 32).

Some researchers have used different terms for describing pavement pidfdesnallest scale

is termedimicrotexture which applies tavavelengtls less than 0.5nm. Microtexture deals

with the texture of aggregate particles on the pavement surfaée apdimary characteristic

that affects skid resistan€®). Wavelengthsn the rangeof 0.5 to 50 mm inthe surface

geometryare considerefimacrotexture (19, 25). This is the general surface relief of the
pavenent that is visible to the naked eye. Macrotexture is primarily controlled by the aggregate
gradation of the surface layer for asphalt pavem@igsires 3.1) and by texturing methods for
concrete pavemeprguch as tining or broomingddditionally, reseech at the NCAT Pavement

Test Track has shown that increasing the percent passing the #8 sieve will decrease the overall
macrotexture of a pavement at the time of construction (Figure Igdgrotexture affects tire
pavement noise and skid resistancetipaarly in wet weather.

Table 3.2 Conventional Definitions of the Different Scales of Pavement Surface Geometries
(25)

Texture Classification Relative Wavelengths

Microtexture A<<0.5mm
Macrotexture 05mm<h<50mm
Megatexture 50 mm < A < 500 mm

Roughness/Smoathness 05m<h<50m

Microtexture
\s Macrotexture

™
\

Figure 3.1 Schematic of the Effect of Aggregate on Different Scales d&xture (25)

12
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Figure 3.2 Effects of Aggregate Gradation on Macrdéexture

A commonmethod to quantify theurfaceroughness in the study of machine friction and wear
for manufactured machine parssthe standard deviation of the profile heiglhiso known as the
root mean squar&kMS) roughnes$26). However, the RMS roughness can vary significantly
based on the sample length or size of the area being considére@fore researcherbave

more recentlyisedFourier Transform and Fractal techniques to characterize the structure of
roughness over many different scal2g, 28) A surface can be characterized over multiple
scales by transferring it into the frequency domain and using a spectrum.

Fractal analysis of surfacesnow being applied in the area of autonomous vehicle co(28))
which suggests that it may alsodygplicable to pavemen(80-37). Sayles and Thomd486)
suggesthe existence of @@mmon fractal structure over many different types and scales of
surfaces, including paved roads and tracks.

Surface geometries withlavelengthsaibove 50 mmoftenreferred to as largscale roughness
have a great influence on rolling resistance. Profile wavelengths betw8a@amd500 mm are
considered megatexturdlegatextureaffects rolling resistance by creating vibratioputs in

the tire and suspension syste@esconet(11) concluded that egatexture was the main factor
in rolling resistancand could #ect fuel usage by up #©%. Macraextureand megatexture can

13
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be quantified usinghe Mean Profile Depttwhich is defined athe average profile depth of two
halves of a surface within a given baseliRg(re 33).

Profile Depth Mean Profile Depth (MPD)
F i

Peak level (1st)

Feak level (2nd)

Average level

-

First half of baseline Second half of baseline

Baseline

Figure 3.3 Schematic of How the Mean Profile Depth is Calculate®5)

Pavementoughnesstypically withwavelengths greater than 0.5 isigenerallycited as the

profile characteristic having the greatest influence on rolling resistataise this rangause
impacts or gross deformation of the tire and shdlcikanducevibrations andysteresis losses
(Figure 34). Hysteresis is the energy lost between the loading and unloading of the tires and
shock absorbersA synonym to roughness uneveness, and an antonym is smoothnéssub-
category of this rangeetween .5 and & is sometimes referred t@ shortwave unevenness

The most common measuremenpaf/fement roughness is threernationaRoughnessndex
(IR1), which is based on how a driveerceivastheroughness of a road. TechnicalR] is the
reference average rectified slope (RARS8® quartercar simulation traveling at 80 km/h over
a measured surface profiakenin the wheel tracksThe average rectified slope is the
displacement of a vehicle suspension over a given distarttes reported in units afi/km or
in/mile.

Applied Research Associates, Inc. conducted a study f@nkbexio Ministry of Transportation

in 2007thatassessed the initial smoothness of both asphalPamidnd cement concrete (PCC)
pavement$38). The average initial IRI of the asphalt pavements assessed in the research was
0.83 m/km while the average IRI of the PCC pavements was 1.34. meshowedhat

asphalt pavements were initially smoother than PC@rpant structures.

14
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Mahoney et a(39) recently conducted a stutlyatassessed pavement snfowss over time

across Oregon and Washington State. The average HMA IRI for Oregon and Washington were
1.0 m/km and less than 1.0 m/km, respectively. For PCC, the average IRI for Oregon was 1.5
m/km while Washington had an average PCC IRI of 2.0. Aalthily, the HMA pavements in
Oregon were older than the PCC pavements while still maintaining superior smoothness.

Hammarstregm et 4lL3) suggested that at 50 mph, increasing the IRI of a road from 60 in/mile to
120 in/mile would increase the rolling resistance by 6%. Schmidt and WHid}also

quantified how changing the IRI infmces fuel economy. They suggested that reducing the IRI
of a roadway by onlg% can reduce fuel consumption by between 1.8 to 2 D&dPlessis et al.
(12)showed that fuel economy could be increasedd® for 1 ton trucks and buses under ideal
conditions by improving the roughness of a roadway from 20 to 200 Quartérdex. While

these conditions are extreme, the research suggests tthaurfece properties on average can
increase fuel consumptiday around 7%.

Other studies have suggested that driving on smoother pavements can increase fuel economy by
as much asif4.5%(20, 22, 4642). However, BicelRI is based otthe response @ passenger

car suspension traveliran the profile and not the actual profile itsesearchers have noted

thatit is challengingo directly relatdRI to rolling resistanceparticularly for heavy commercial
vehicles

Sandberd19)investigated the effect of different scales of the surface roughness on the vehicle
energy consumption. The experimeras conductedising twenty different roacusfaces, three
different speeds, and one type of car. The test spedss0, 60, and 70 km/h. The test vehicle
was a manualfour-speed Volvo 242. The project road surface wavelength denga 2 to
3500mm. The experiment showethartwave unevennesgas the most important factor
determining fuel consumptioiit cancause up td0%changes ithefuel consumption.
Macrotexture can affect fuel consumptionugpy/to approximatel$%. At low speeds, evenness
and megatexture are th@ostinfluential profile scaleson fuel consumption. At high speeds, the
evenness, megatextysnd macrotexturavere all influentialon fuel consumptionSandberglso
notes that whileéoad surface texture contributes to energydssstires andhe suspension
goodmacrotexture is needed to prevent hydroplaning

Hammarstrgm et glL3) alsodetermined that increased the MPDagavement by 1 mm can
increase the rolling resistance by up to 17% at 30 mph. At 60 mph, the same increase in MPD
increases the rolling resistance by 30%. This would result in 5.1% and 9% decreases
respectivelyjn fuel economy based solely on texur

Since rolling resistance appeardtdominated by fairly largscale parts of pavemenprofile,
and frictionis affected more by smalcale feature€37), it may be possible toptimizea

surface spectrurthatminimizes rolling resistance and maximizes friction. Not only does
maximizing the friction improve driver control of a vehicle, more friction will also keep the tire
surface from slipping against the road. Slippage against the so&tactually decrease rolling
resistance because it would dissipate more endtignce, in some cases, friction and rolling
resistance could be inversely related.

15
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Thereforeasmoother roadandecrease fuel consumption by decreasing the vibratiome of t
tire and suspensiorHowever, die to the dynamic effects of such resonance, the deflections and
energy losses will vary based on the scale of roughweligle speedand vehicle type

ﬁ Deflection of tire into

vehicle suspension

Largescale pavement
profile

hard solid From Perssofi37)

Figure 3.4 lllustration of How Roughness on Different Scales Deforms the Tiré37)

3.1 Pavement Deformation

The pavement in contact with the tire will also deform, éinerefore dissipate some energy
during the interactionSchmidt(43) concluded sincenergy is lost due to pavement deflection
it is best to have stiffer pavemertie suggested thatlling resistance due to pavement
deflection accounts faynly about 4% of total rolling resistancéiowever other referencealso
concludedhatthe effect of pavement deflection on rolling resistanasevensmaller(22, 41,
42). Pavements anauch siffer than tiregby about 23 orders of magnitudé4]) and vehicle
suspension components. Therefonestdeformation and energy loss is associated whthtire.

16
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For instance, modeelg the tireroad interface as two springs in serieégqre 35), the effective
stiffness of the interfacs dominated by the tire

Figure 3.5 Two Springs in Series to Consider Tire and Paament Contact

This is confirmed by mapproximate calculation using typical bulk material properties and
information for a typical tire and asphalt pavement . Since the contact force on the tire and
pavement must be the same, the endogy ratio between the tire and the pavement is
proportional to deflection of eaclAssuming that both the tire and pavement behave as linear
elastic elements (i.esprings) results in the following relationship:

E a,

tire o) tire

d

_F/k, _k

Ra
Fik, kK,

= (1)

pavement pavement
whereE is the energy losg/is the deflection- is the contact forgek; is the stiffness of the tire
andk; is the stiffness of the pavement.

The stiffness of a standard reference g i6 about 240 N/mn@3, 45) To approxinate the
stiffness of the asphalt pavemeky) (t is assumed that it behaves as a compressed column of
material. The thickness of the column is taken as the thickness of a typical asphalt pavement for
heavy trafficking or approximately 0.36 m. Then csesectional area of the column is
approximated as the contact area of a typical tire contact patch at0.®nally, a
conservatively small elastic modulus of asphalt,@®@ N/mnf is assumed, corresponding to
fairly high-temperature cases. Then #téfness of the asphalky) is predicted to be
approximately 28,1@ N/mm Using Eq. (1)the energy loss of the tire is approximately 117
times larger than the energy lost in the pavemEnt.commercial truck tirg, stiffness values
range from approximately 750 t0,050 N/mm(46). For this class of vehicles, the energy loss in
the tire is still 30 times more thadmat lost inthe paverant.

This results in the pavement accounting for &8 the rolling resistance energy losgich
matches well with other work22, 41, 42}hatsuggest this value may be around (@, 41)
Since rdling resistance does not have a 1:1 relationship with fuel economy, the impact of
pavement deflection and stiffness on fuel econappears to bminimal.

Perriot also examinedh¢ influence of pavement fuel consumpt{d@) using a viscoelastic

model for asphalt pavements and concludedghae¢menteflections would onlyaccount for
0.005 to 0.5%6 of fuel consumption depending on the type of vehiéls.almost all research
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