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Abstract

A major challenge in tireas well asin road engineerings to understand the intricate mechanisms of
friction. Pavement texture is a feature of the road surface that determines mastdireteractions, and

can be grouped into two classesacroetexture, resultingnainly in the hysteretic component of friiah,

and micretexture, resulting in adhesion. If both textures are maintained at high levels, they can help
provide sufficient resistance to skidding.

The ultimate objective of this research is to develop a phizsised multiscale rubbeoad friction malel

that can predict the effectiveness of the tire as it interacts with the vehicle and the pavement. The model is
developed based on sound physics and contact mechanics theories and uses road profile measurements
and data measured on various tire coongsb.

To be able to predict road surface characteristics, it is proven that road surfaces are of fractal nature on
given ranges of scale. It is shown that while global fractal quantities fail to classify pavement profiles, a
local fractal parameter and threther texture parameters can separate road prdfisghave different

friction characteristics.

Through the implementation of various contact theories lapdconducting simulation studiesa
methodical understanding of contact mechanics @htthe effectof the diverse factors that influence
friction is attained. To predi¢he viscoelastic friction between any given tire tread compound and road,
the Nanovea JR25 portable optical profilomésaused to measurthe road profiles. © characterize the
roadprofile, the onedimensionalpavement measuremerare used to obtaithe two-dimensionapower
spectrum, followed by testing and characterizing the tread compounds (this is being carried out by
Bridgestone). This data is used to develop a comprehensibgieal methodology to predict friction. To
validate this model, a Dynamic Friction Test apparatus is designed and built. The friction tester enables
measurement of the friction between tread compound samples and arbitrary surfaces, at different slip
ratios. The correlatios between the simulatiesrand both indoor and outdocexperimental resultare

investigated.
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1 Il ntroduction

1.1 Motivation

An important problem in road transportation is to understand the mechanisms of friction between the
rubber and the road. Although this is an old problem, there has not berm¢boresearch leading to
suitable models for defining this phenomenon. This is due to the fact that modelrgatireontact and

adhesion depends on many parameters: type of rubber, type of road, speed, temperature, etc.

Unless tireroad friction is accrately described, no tire model will provide an accuraf@esentatioof

tire dynamicsThe main objective of this research igggmerate programs and algorithms that process the
data andgeneratethe necessarnjnformation required for physicsbased friction estimation.The
deliverables of the modeling effort will betlaorough understaling of contact mechanicte effect of

the differentfactors that influence friction, and eventually tHglity to accuratelypredict the friction

between any compourahdany road. This helps tire engineers design tires that offer crucial benefits to

the consumers, such as enhanced traction and longer tread wear life. The most essential difficulties that
one faces in thisndeavoare gplyingtheappropriate conditiasfor the viscoelastic testing of rubber, as

well as aalytically determininghe effect ofcertain parameters on friction.

The lack of a suitable physidsased friction modethat can be used for tire design, performance
prediction as well as vehicldynamic simulation has motivated this researthe empirical mode]s
wherea set of dat#s fitted with fully empirical equationsarethe widely used methodology. However, an
empirical/semiempirical model isa short term solutionthat works only for the investigated data set.
Moreover, he fitting has to be adopted again as sasnone test condition changes. Therefore, a
thorough, physickased friction model could be a tdbht canfacilitate more robuspredictions.In the

present workfirst, an inrdepth inspection and implementation of the existing physsed models is



carried out. That builds the understanding #imelbasisfor the development of a more inclusive and

proficient friction prediction methodyhichis the ultimate mission of the ¢ent research.

To estimate friction between rubber and a rougfaserusinga physicsbased modelhe following steps

arecarried out

1 The road surface profiles, as well as the texture of different sandpaperggitseasurd via the

Nanovea opticgbrofilometer.

1 The measured profileare then characterized angarameterizedwhere the 2D Power Spectral

Densityis calculated using only 1D lingcans (more on this in the Methodoldglyapte).

1 Dynamic Mechanical Analysis testse carried out &t Bridgestone), and the rubber compouraie

characterized to generate viscoelastaster curve.

1 A detailed study ofubberroadcontact mechanics, using the existing theoiggone, including:

i

i

i

Contribution from different length scale§surface roughness
Estimation of eal area of contatietween rubber and substrate
Effect of sliding velocity

Effect of flash heatinin the contact patch

Contact pessure dependenoy friction

Friction estimation usingresentapproachessuch as Persson, Klippel, dRado.

1.2 ResearchContributions

Thekey contributionof the current researdbthe development of a multiscale friction madérough an

exhaustive examination of the major factors that affect rubdzat friction. The model is more

comprehensive and profent than any single existing physicased modelThis is doneby identifying



the strengths of each model and its advantages over the competitors, and incorporating thosevinto a

consolidated modethile additional factorareconsidered

The real contact area for tire tread compounasid the effect of using low strain atarge strain
viscoelasticmaster curve are meticulouslystudied. The outcome leads to better vision for researchers,
when designing dynamic mechanical analysisstestd when gedicting friction and wearsing either

physicsbased or finiteelementmethods.

Sensitivity of friction to surface parameters, contribution different length scales to frictiothe mean
penetration depthnd the thickness of the excited layer of mibhndthe effect of the shodistance cut
off wavevectorare fully inspected. Thdearning from these effod can equip researchers witm
improvedinsight when dsigningtribometersdeciding ona profile measurement device and adjusting the
parametersscheming friction and wear prediction experiments, as well as friction andestaation

algorithms, and designing tread compounds.

The surface profilometerthat have been employed in most of Werks reported in the literature up to
the present time, either tactile or laser/labawve at least one of the followisfortcomings: the inability

to measuresharp angledailure to capture the profile ofeflective surfacesshort vertical measuremien
range,incapability of apprehension dbng enoughprofiles and therefore the realization the largest
wavelength ofa rough surface,and outputtingscores ofinvalid points With the NanovealR25 optical
profilometer that is recently purchased by Ci&€ none of the aforementioned inadequacies is a

concern. That results more accuraterofile characterization arfdction prediction.

The other important contribution is designing and building a Dynamic Rubber Friction T2RiET)

that measures the coefficient of friction between tire tread compound samples and arbitrary surfaces.
What makes this test rig unique is the capability of producing a friction coefficient vs. longitudinal slip
ratio graph which is of great interest fopplications such as ABS braking, where it is desired to maintain

the slip ratio around the point where friction reaches its peak value. To the best of our knowledge, no



other commercially available friction tester offersstbapability. The other remarklgbfeature ofthe

DRFT s that arbitrary surfaces, e.g. asphalt, concrete, sandpaper, etc., can be emtiedtedlisk that

simulatesa road surfaceThe closest oftheshelf friction tester is the LAT 100 from the VMI Group.

That equipment is structaity similar to our test rig. However, LAT 100 can only measure friction with
respect to slip angle, which is not as beneficial
compound samples, and not full tires. Furthermore, with LAT 108,can only use Bmited number of

road surface diskihiat are provided. Last but not least, for the development of our friction tester, less than
onetenth of whata LAT 100 costs was spent. The friction prediction madehlidated using the friction

measurement data frothe Dynamic Friction Tester.

In summary, the contributions of this research are:

91 Development of a comprehensive multiscale friction model.

9 Better vision for researchers, when designing dynamic mechanical analysis tests, and when
predicing friction and wear using either physigased or finiteelement methods.

1 Improved insight when designing tribometers, deciding on a profile measurement device and
adjusting the parameters, scheming friction and wear prediction experiments, as wetloas fr
and wear estimation algorithms, and designing tread compounds.

1 The Dynamic Rubber Friction Tester that can produce friction coefficient vs. longitudinal slip

measurements for tire tread samples against arbitrary rough surfaces.

1.3 DocumentQutline

Therest of this document is organized as follows:



Chapter 2: Literature Review

This chapter summarizaébe works related to this researttat has been done by other researcliess
far. First, the features of pavement texture discussedfollowed by thetechniques used to measure,
charactede and classifyoad surfaces. Next, a brief introduction to thermemechanical properties of
tire tread compounds is presented. Finally, the existing ruobelr friction measurement, as well as

friction prediction methods are investigated.

Chapter 3: Methodology

In this chapter, first, the approaches for measuring roughness profileiisanesedIn what follows,

three profile parametrization techniques that are used in this research are reviewed, Parssby,
Kluppel, and Radoln addition the fractal and texture parameters that are used in this work to classify
road surfaces with different friction coefficients are studiext, the viscoelastimaster curve of tire

tread compounds, and the shiffitechniques that are utilizédr friction estimationat different sliding
velocitiesare described Then, the existing algorithms for modeling rubbmugh substrate contact and
friction predictionare listed and detailedNext, the constituents of thadlusive model are presented.

Lastly, friction measuremesivia the Dynamic Friction Testareexplained.

Chapter 4: Results

This chaptediscusseghe resultsof the simulationstudiesthat have been completeéFirst, the profile
characterizatiorresults using constant percentage bandwidth, as well as height difference correlation
function, and power spectral densaye presentedNext, theresultsof the algorithms developedor
classification of road surfacdsy employingtexture parameters, tlengular parameter of the Indenters

method, and global and local fractal parameters are summarized. In what foflewssults of using



Perssoné6és theory for estimation of friction coeff
paramegrs, contribution of different length scales to friction, and mean penetration depth are presented.
Additionally, the hysteresis friction prediction results when the effect of flash heating is included are
reported. Finally, t icon estématioro simulations, avhen osing okd apdtwoe | 6 s

saling regimesith constant and varyinginimum wavelengtharepresented

Chapter 5: Summary and Discussion

This chaptebriefly summarizes thprocedures, thprogressandthe achievemenisf the esearch

Chapter 6: Future Work

The potentialfuture work after the conclusion of this projeetre listel and detailedPhysicsbased
modeling of tire wear is a new project that has been approved by CenTiRe as the continuation of this

research, Wwere the procedures developed here are going to be used.



2 Literature Revi ew

In this chapterthe existing literature on the following topisseviewed and discussed

1 Road surfaces and their textural features

1 Themethodaused to measure, charatze and classify pavements
1 Thermoemechanicaproperties of tire tread compounds

1 Theexistingrubberroad friction measuremertjuipment

1 Thecurrentfriction prediction methods

2.1 Road Surfaces

Pavement texture is a feature of the road surface that deésrnmnost tirgoad interactionsand
significantly contributes to tirpavement friction. In terms of the deviations of the pavement surface with
characteristic dimensions of wavelength and amplitude, pavement textures can be grouped into two
classes of micrtexture (wavelengths gf‘ &toT® & &) and macreexture (wavelengths af® & &

tou ™ &). Severalresearches have shown thaad profiles are fractal on given ranges of s¢ald2]

[3]. Such a property has obvious consequences on fridtjd4], i.e.,in the presence of fractal roads, all
scales of irregularitycould contribute to friction. Those contributisrare however not necessarily

equivalentand some length scales might be more effective than ¢fjers
Friction has two important components:

1. Adhesion, whichis based on micrtexture, and is the tendency of dissimilar particles and
surfaces to cling to one another. Chemical adhesion (intermolecular forces), mechanical adhesion
(interlocking), and dispenge adhesion (van der Waals) are the main mechanismgxpiain

why one material sticks to another.



2. Hysteresisthatis based on macsexture, ands primarily based on macttexture and is the
result of energy losses generated during local fluctuatbtise polymer chains (inertial friction
of rubber), since the energy of deformation (induced by surface asperities) is greater than the

energy of recovery.

If both textures are maintained at high levels, they can provide sufficient resistance to sKitdding

due to the fact thaat low slip speeds, the effect of microtexture dominates the friction measurement,
while at high slip speeds, the effect of macrotexture becomes impcoFtarefore, both textures are
importantfor providing sufficient resisince to skidding. As a result, it is of pronounced importance to
have a contact model that can determine friction at different texture scales. The ultimate objective of the
present work isto develop a muliscale rubberoad friction model that can defm and predict
pavement surface characteristics and the effectiveness of the tire as it interacts with the vehicle and the
pavementfrom road profile measuremeand tread compound characterizatidhis will contribute to

the science of friction in gers and will allowtire designerso design tread compounds that will result in
safer road transportation systehy predicing the pavement surface characteristics (e.g., fuel efficiency,
traction, and friction) as they relate to the tire interactioreims of the pavement surface features (e.qg.,
texture, roughness, banking, elevation changielill also providethe ability to determinethe most
importanttire-road interactionand functional performancéscluding dry and wet friction, noise, splash

and spray, rolling resistance and wear.

2.2 Friction between theRubber and theRoad

Sincefriction is usually an interfacial property, often determined by the last few uncontrolled monolayers
of atoms or molecules at the interfadestfprinciplescalculations of frictional forces for realisticstgms
are generally impossiblén extreme illustration of this is offered by diamoras thefriction between

two clean diamond surfaces in ultrahigh vacuum is huge because of the strong interaction thetwee
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surface dangling bonds. However, when the dangling bonds are saturated by a hydrogen monolayer (as
they generally are in real life conditions), friction becomeseaxely low[6]. Since most surfaces of
practical use are covered by several monolayers of contaminant molecules of unknown composition, a
guantitative prediction of sliding friction coefficients is out of the question. An exception to this may be

rubber friction on rough surfaces, which is thibject that we address here.

Rubber friction on smooth substrates, e.g., on smooth glass surfaces, has two contributions, namely an
adhesive (surface) and a hysterglialk) contribution[7] [8]. The adhesive contribution results from the
attractive binding forces between the lvab surface and the substrate. Surface forces are often dominated
by weak attractive van der Waals interactions. For very smooth substrates, because of the low elastic
moduli of rubbeilike materials, even when the applied squeezing force is very gendgleveak attraction

may result in a nearly completerdact at the interfacg®] [10], leading toa large sliding friction force

[40]. For rough surfaces, on the other hand, the adhesive contribution to rubber friction will be much
smaller because of the small contact area. The actual contact area between a tire and the road surface, for
example, is tymially onlyD1% of the nominal footprint contaatea[11] [12] [4]. Under these conditions

the bulk (hysteretic) friction mechanism is believedptevail [11] [4]. For example, the sensitivity of
tire-road friction to temperature just reflects the strong teaipee dependence of the viscoelastic bulk
properties of rubbeln this research, the dependency of rubber frictiorthe surface roughness power
spectrathe influence of weainduced polishing and of water on the road track on rubber frietien

discuwssed.

2.2.1 Wet friction

For rubber friction on wet rough substrates at low sliding velogities known that the friction typically
drops by as much as Z80% relative to theorresponding dry cag&3]. Owing to the small contact area,

this cannot be the result ofveaterinducedchangeof adhesion. On the other harttle friction decrease



cannot be blamed on a purely hydrodynamic effect either. Thatsléheepossibility that water might
change the bulk, hysteretic friction. It weecentlyproposed thaivater pools thaareformed under the

tire in the wet rough substrate are sealed off by the rubber, as sketdRigdire 2-1, which effectively
smootkensthe substrate surfadé4]. Smoothing reduces the viscoelastic deformation from the surface

asperities, and thus reduces rubber friction.

Figure 2-1. A rubber block sliding on a rough hard substrate. (a) On a dry substrate the rubber penetrates a large
valley and explores the short wavelengthighness within. The pulsating rubber deformations induced by the short
wavelength roughness contribute to the friction force. (b) On a wet substrate the valley turns into a water pool.
Sealing of the pool now prevents the rubber from entering the vaéieyemoving the valley contribution to the
frictional force, this sealing effect of rubber reduces the overall sliding friciR@produced fron{14] with

permission from Nature Publishing Group.

Another methodfor estimating wet friction isnodeling the conneain of road surface microtexture with
waterdepth andriction [15]. This is a2D approah, where thin water films (p & &) arerepreserdd by

a horizontal line.The runoff that happens in the experiments is not accounted for in the theory.
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Therefore, he experiments are not goodagreemenwith the theoretical resulthis is due to the fact
that water film supports the normal loadjtithe model neglects the shear stress of the water Tila
curves ofthe coefficient of friction with respect to water depth ameated as Stribeck curves with three
lubrication regimesThe adhesion and the hydrodynamic friction components are de¢erminfitting

the simulation results with experiments.

2.3 Fractal Theory

A fractalis a natural phenomenon or a mathemase#that exhibits a repeating pattern tlgplays at

every scale. If the replication is exactly the same at every scale, it is cab#eianilar pattern. Fractals

are different from other geometric figures becaus¢éhefway in which they scale. Doubling the edge
lengths of golygonmultiplies itsareaby four, which is two (the ratio of the weto the old side length)

raised to the power of two (the dimension of the space the polygon resides in). Likewise, if the radius of a
sphere is doubled, iteolumescales by eight, which isvb (the ratio of the new to the old radius) to the
power of three (the dimension that the sphere resides in). But if a fractatiinmeresional lengths are all
doubled, the spatial content of the fractal scales by a power that is not necessatégeafl6]. This

power is called th&actal dimensiorof the fractal, and it usually exceeds tfractal'stopological

dimension17].

A fractal dimensiorns a ratio providing a statistical index @dmplexitycomparing howthe detaik in
apattern(strictly speaking, #actalpattern) changwith thescaleat whichtheyaremeasured. It has also
been characterized as a measure oSfaeefilling capacity of a pattern that tells how a fractal scales
differently from thespacdt is embedded in; a fractal dimensidoes not have to be an inte¢E8] [19]

[20].
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The essential idea of "fracturedimensiondhas a long history in mathematics, but the term itself was
brought to the fore bBenoit Mandelbrobasedinhis 1967 papeonselfsimilarity,in which he
discussedractional dimensiong21]. In that paper, Mandelbrot cited previous work Lewis Fry
Richardsordescribing thecounterintuitive notion that a coastline's measured length changes with the
length of the measuring stick useseéFigure 2-2). In terms of that rion, the fractal dimension of a
coastline quantifies how the number of scaled measuring sticks redoir@teasuing the coastline
changes with the scale applied to the stitkere are several formalathematical definitionsf fractal

dimension that build on this basic concept of change in detail with change in scale.

——— = =

11.5x200 = 28 x 100 =2800 70 x 50 = 3500
2300 km km km

Figure 2-2. As the length of the measurirgiick is scaled smaller and smaller, the total length of the coastline

measured increases.

The concept of a fractal dimension rests in unconveritivieavs of scaling and dimensidi2]. As

Figure 2-3 illustrates, traditional notions of geometry dictate that shapes scale predictably according to
intuitive and familiar ideas about the space they are contained within, such that, for insieaseing a

line using first one measuring stick then another 1/3 its size, will give for the second stick a total length 3

times as many sticks long as with the first. This holds in 2 dimensions, as well. If one measures the area
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of a square then measgragain with a box of side length 1/3 the size of the original, one will find 9 times
as many squares as with the first measure. Such familiar scaling relationships can be defined
mathematically by the geral scaling rule in Equatiqi2-1), where thevariable?( stands for the number

of new sticks] for the scaling factor, ani@ for the fractal dimension:

087 (2-1)

The symboP above denotegroportionality This scaling rule typifies conventional rules about geometry
and dimensiori for lines, it quantifies that, because o whenf pfo as in the example above,

p, and for squares, because wwheri pfo,0 .

The same rule applies to fractal geometry but less intuitively. To elaborate, a fractal line measured at first
to be one length, when-measured using a new stick scaledliiy of the old may not be the expected 3
but instead 4 times as many scaled sticks long. In this@ase;, whenf  p¥o, and the value dD can
befound by rearrangin2-1):

1 ToC

iT¢ o TFe (2-2)

That is, for a fractal described By 1 wheri pfo, O p& @ p & noninteger dimension that

suggests thfractal has a dimension najal to the space it resides[20].
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- N=8

=3 =t
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N=9 N=27

Figure2-3. Traditional notions of geometry for defining scaling and dimension.

As is the case with dimensions determined for lines, squares, and cubes, fractal dimensions are general
descriptors that do not uniquely define patterns. The vall@ apiantifies the pattern's inherent scaling,

but does not uniquely describe nor provisi®ugh information to reconstruct it.

Regularization Dimension

The general idea is to define a fractal index for irregular functions based on the behavior of the lengths of
less and less reguiaed versions of their graph$he regularized versions are obtained by convoluting
the function with a smooth kernel dilated by a scale paraniedhenwtends to 0, the kernel tends to

the Dirac distribution and the regularizégfsions to the original graph.

A “fractal" graph wil typically exhibit a power law for the regularized lengths as a functiah wfith
exponent ‘Q In this case, the regularization dimension is defined 1o bé& In general, one uses as is
customary lower and upper limits to obtain wedfined dimensins. The basic properties of the

regularization dimension are similar to those of classical fractal dioe)ssuch as the box dimension
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[23]. However, it has a number of advantages over other dimensions in the frame of signal and image
processing. Indeed, thanks to its adaptive and analytical definition, it usually leads to estimations methods
which are more precise thantie casdor the box dimension and the Hausdorff dimengt]. It also

has interesting statistical properties. Indeed, if the data are corrupted with an additive white noise, one can
easily distinguish, in the computation of the regularization dimension, the contribution of the noise and
the one of the noisiee signa This allowsobtaininga robust estimator of the regularization dimensions

of noisy signals. This apgis to 1D as well as to 2D dakor more details on this and other aspects of the

regularization dimension, s¢25].

Since its introduction, regularization dimension has been used by various teams woildwiday
different applications, including the characterization of certain stochastic processes, statistical estimation,
the study ofmammographyr galactograms for breast carcinomas detection, ECG analysis for the study
of ventricular arrhythmia, enceghis diagnosis from EEG, human skin analysis, discrimination between
the nature of radioactive contaminations, analysis of porous media texturelgsealhta analysis, agro
alimentary image analysis, road profile analysis, remote sensing, mechasieaisassessment, and the

analysis of video gamég26] [27] [28] [29] [30].

2.4 Profile MeasurementT echniques

In this section, thequipmentmployed to produce the profile data used in the present work are briefly

introduced.

TheRoLine 1130 Sensor uses 3D laser line technologyeasure line scalfseeFigure2-4 Left). It can
be mounted on a vehicle to measure the roughness profile of extended distances and produce a map owing
to the auxiliary GPS IMU systerithis system was used in the laboratoryneasure a sample of 1-g@it

sandpaper (sekigure 2-4 Right). The disadvantages of this system are twe \ertical and horizontal
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resolution, andhe abstantialinfluence from sample reflectivityTherefore,i t 6 s not thsui t abl

research

x10° Roline sandpaper profile

486

z direction (m)

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
x direction (m)

Figure2-4. Left: RoLine 1130 SenspRight: a linescan of 120 grit sandpaper.

The Zygo contacttype profilometer was used to measure apa & pd& a area of the 12Qrit
sandpapel(see Figure 2-5). It provides geat spatial resolutionHo we v e r i tds owot por
measurement speeaquires special sample paration, is ot able to measure high surface angleanc

be easily damaged by surface or careless operators, tbagdo image stitchingfor larger area
measurements, and iotncapable of large Z measurement rang&d. | in all, itds noi

profilometer for our application.
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Figure2-5. Zygo ContacfType Profilometer p& & pd & area of the 120 grit sandpaper.

We also used the K700 3D Digital Microscopéo measure a pd & pa & area of the 120 grit
sandpapefseeFigure 2-6). KH-7700 reconstructs a 3D profile from 2D images at different depths of
focus Although this system delivergreat resolution and large-radnge, it sharesmost of the
disadvantages of the Zygo profilometer, namaelyt beingportable, low measurement speeefjuiring

special samplg@reparation anchot being able of measurinchigh surface angles Ther eds no opt

image stitching

02

o
= ;
= o

z-direction {rm)

=
=)
m

y-direction (mm) ]

¥-direction (mm)
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Figure2-6. Left: KH-7700 3D Digital MicroscopeRight: p& & pd& & area of the 120 grit.

The Alicona Infinite Focus SensdseeFigure2-7) was used by Minh Tan Do in IFSTTAR to measure
some of the gravel profiles we used for surface classification. This equipment measuneofdegeand

areas with good lateral resolutidtiowever, the drout rateis higher than ideal.

elevation (x mj

3 4
tength (s m) x 10"

Figure2-7. Left: Alicona Infinite Focus Senspkeft: Line-scan of gavel cast into synthetic resmold.

The OGP Digital Range Sensor SystddRS-8000(seeFigure2-8)\was used by George De
at the Michigan Tech Transportatiomstitute to measure highway pavementée have used those

measuremestfor profile characterization and classification.
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Figure2-8. OGP Digital Range Sensor System

CenTiRe recently purchased tNenovea JR2%lesigned with leading edge optical pens using superior
white light axial chromatisngseeFigure2-9). It offers excellent vertical and spatial resolutidhis easy
to swap pens, whichnables us to measure macro, mjand submicro roudiness. There are humerous

addon features available with Mountainédés Ultra Anal

1 Contour measuremerittelps measure precise dimensions of sample shapes and designs. The example

application is for tread rubber.

1 Fracturesurfacemeasurenents.

1 Worn surface subtractiqiseeFigure2-10).

9 Adhesion surface topographgnsures intended adhesive strength.
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Figure2-9. Nanovea JR2portable profilometer

This systenis used to profile sap@pers and realistic road surfaces such as asphalt and concrete.

prand

Figure2-10. Surfacewearsubtractionwith Nanovea JR25
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2.5 Characterization of Pavement TextureUsing Surface Profiles

In this context, a spectral analysis of pavement surface profile signals is performed. Tbe tove
dimensional surface profiles describe the pavement roughness amp8tedéuaction of the distance

along a straight or curved trajectory over the pavement. The result of the frequency analysis will be a
spatial frequency (or texture wavelength) spectrum. This spectrum can also be described in constant
percentage bandwidth mas of octave or onthird-octave bandwidth, as will be seen in later sectitins.

has to be noted that spectral analysis as specified in this document cannot express all characteristics of the
surface profile under study. In particular, the effectagfmmetry of the profile, e.g., the difference of
certain functional qualiéis for positive and negatiyiofiles cannot be expressed by the power spectral

density, as it disregards any asymmetry of the signal.

The most common and preferred way of samplivgsurface profile of a road section is along a straight
line in the longitudinal direction of the road. Alternatively, the profilometer may follow tthjectories
adaptedo the nature of the survey, e.g., transverse and oblique lines, circleds spisinusoids. The
measuredgrofiles should be analyzed separately. Whemtbasuregrofiles constitute a representative
sample from the test section unaensiderationthe relative standard deviation may be regarded as an

estimate of the degree wriation of the surface charadstics along the test section.

2.6 Profile Classification

The objective of thieffort is to find texture properties, calculated from road profile measurement data,
which can predict tirpavement friction, i.e., characterize pavement surfaces with different coefficients of
friction. For profile characterization, texture and fractal paramsetre examined. Mean square roughness
and PSD of the measured roughness, as well as an angular paraomtthe Indenters meth¢al] are
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used for classification of surfaces. They represba effect of texture on tirmad friction. Several
researches have claimedathroad profiles are fract§l], and that thideatureis related to the friatin
properties of the roaf] [4]. Fractal parameters are grouped into global and local parameters. Since
friction is a local phenomenon, oneositd expect local parameters to be correlated with friction. In the
present work, fractal analysis is done on road surface profiles. To investigate the correlation between the
fractal behavior of road profiles andction, Correlation Exponeri82] and Regularizatiodimension

[25] as global fractal parameters amhe tPointwise Holder Expone[83] as a local fractal parameter are

studied.

The ultimate goal is addressing issues fdogdire designers such as the ability to predict the pavement
surface characteristics (e.g., rolling regist, fuel efficiency, tire wear antthction) as they relate to the

tire interaction in terms of the pavement surfacéufes

2.7 Thermo-mechanicalproperties of tread compounds

Dynamic mechanical analygiabbreviatedMA, also known agslynamic mechanical spectroscopy) is a
technique used to study and characterize materials. It is most useful for studyiisgaleéastidehavior

of polymers A sinusoidaktresds applied and thsetrainin the material is measured, allowing one to
determine theomplex modulusThetemperatureof the sample or the frequency of the stress are often
varied, leading to wéations inthe complex modulug34]. This approach can be used to locateglass
transition temperaturef the material[35], as well as to identify transitions corresponding to other
molecular motiong36]. A mastercurve at a given tempaiure can be used as the reference to predict

curves at various temperatures by applying a shift operation.
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2.8 Friction MeasurementM ethods

High speed dynamic friction testing offers a unique possibility to determine friction coefficients of rubber
sampleson different surfaces and under various operating conditions to predict compound and pattern
influence on the grip and traction performari8é]. The Dyiamic Friction Test Machine that is being
developeds aimed at finding the dynamic friction coefficient between the tire tread and road surface at
designated loads and slip velocities. brief review of some of the existing friction measurement

apparatuseand polishing devices is as follows.

The most common device for laboratory testing of friction is the British Pendulum Tester (BPT). The
manually operated BPT provides an indicator of friction through the swinging of a perblahau
rubber slider and stcontact with the pavement surface. The elevation to which the pendulum swings after
contact provides the basis for the friction indicator, termed British Pendulum Number (BPN). The BPT is
a portable device and can be used for both laboratory and fieldunegnents. BPT is employed for
measuring the friction characteristics of pavement surface at low sf##dsThe test method for

measuring friction using BPT is specified[89].

The Hoop friction apparatugeveloped at the University of Virginia is a rather unusual type of tribometer.

It is designed for fundamental studies of stitip (Bredell Johnson Jr [40] The apparatus is consisted

of a narrow ring of metal tubing whose inner diameter serves as the sliding surface. A conformal slider
rides up to the inside of the hoop within a shallow groove designed to prevent its wandering kgerally
the hoop is slowly rotated about its axis. Fixed to the slider is a polarizing filter, which rotates as the
slider climbs the inner diameter of the hoop. Light transmitted through an externally mounted polarizing
filter and through the filter on theidér is changed in intensity as the latter is rotated. Thus, the light

intensity can be measured to permit determination

The Dynamic Friction Tester (DFT) developed by Auburn National Center for Asphalt Technology as

descrbed in [41] consists of three rubber sliders that are spring mounted on a disk at a diameter of
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o L dtd. The DFT system can be used to measure friction characteristics of labonataufactured
samples that are at least Iy T v dt &. The test is started whitbe rotating disk is suspended over the
pavement and driven by a motor to a particular tangential speed. Water is sprayed on the rubber pad and
pavement interface through surrounding pipes to simulate wet weather friction. The disk is lowered and
the motoris disengaged. By measuring the traction force in each rubber slider the coefficient of friction of
the surface is determined. The DFT can be used to measure the friction as a function of speed over the

range offtto w QG Qwith good reproducibility42].

The HSLFT Linear Friction TestellAltracon SA is used for the purpose of test method development on
road friction[43]. It determines coefficient of friction of rubber samples on different surfaces and under
various operating conditions to predict compound and pattern influence on the grip and traction
performance. It generates X, y, z force and moment data. The lirkeatiom motor enables sliding
velocities of up top T fi, generating accelerations up portdfi . Utilizing this system, testing
surfaces like asphalt and concrete, as well as snow and ice surfaces with comparable characteristics to the
outdoors is pssible. The entire system is installed in a controllable climate chamber, simulating any road
type and condition. It is not capable of generating longitudinal slip, slip angle (siedr)camber

nonetheless.

The MTS FlatTrac Tire Test System is designexd perform steadgtate force and moment testing of
passenger car and light truck tires for the acquisition of-bigtlity cornering force data for vehicle
handling models and tire qualification. This system is ideal for conducting tire tests that peodace
lateral or longitudinal forces, such as slip angle sweep, sinusoidal slip angle, radial deflection, and tractive
force tests. Vehicle manufacturers use-lac systems to capture high quality data for vehicle modeling
and to qualify tires for vebles. The standard configuration employs a wants Dynamic CT Load

Transducer.
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A rotating disc machine for identification of motorcycle tire properties has been developed and built at the
Department of Mechanical Engineering, University of Paddtaly [44]. Motorcycle tires require
specific testing facilities since largecamber angke are used which influence the tire forces and
moments The disc has a diameter of three meters and the wheel is mounted ondaaning& his arm
makes it possible to set the sislgp and camber angle. The machine is equipped with three load cells that

measure tire forces and torques.

Michigan Department of Transportation (MDOT) uses an indoor wear track to determine the performance
of individual coarse aggregate specimens by polishing them using the full scale smooth tire in accordance
with ASTM 524[45]. The test specimens are casted in molds and clamped along the circular wear track.
The specimens are individually tested using a laboratory friction tester at specified intervals. The friction
tester consists of freewheelitige powered by a motor; the wheel is drooped on to the specimen after a

speed of 40mph is reached. The test specimens are made using coarse aggregates samples.

The North Carolina State University Wear and Polishing Machine comprises of a circulatharbisk

used to polish aggregate and asphalt specimens. The device consists of four individually mounted, free
rolling wheels pivoted about a driven central shaft. Pneumatic rubber tires are used for polishing asphalt
specimens. The diameter of wear trask3b inches to the center of wheel path and holds 12 equally
spaced specimens. The friction tests are performed on the specimens at specified intervals during
polishing using BPT or NCSU Variable Speed Friction Tester. The device polishes the specimens in

fairly short periods of time and does not use slurry or water during opeléijon

The Penn State Reciprocating Polishing Machine is used to polish the aggregate and mixture samples in
the laboratory. The apparatus consists of &eulpad which is oscillated back and forth on the specimen
surface to be polished while slurry of water and abrasive are sprayed which prevent the overheating of the

rubber surfac@7]. After polishing, the friction properties of the specimen are measured using BPT.
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Locked Wheel Skid Tester YUST) [48] is the most commonly used devigethe U.S.[49]. In this

method, the relative velocity between the surface of the tire and the pavement surface is equal to the
vehicle speed. The opéoa applies the brakes and measures the torque for one second after the tire is
fully locked then computing the correspondent friction value. AccordifigOfp the measurement of skid
resistance using LSWT is affected by several factors including pavement surface texture, age of the
pavement, and tire used. In 20051] found that friction measurement using ribbed tire is sensitive to
micro-texture and igensitive to macrtexture. In thdJ.S., the use of a ribbed tif82] predominates but

the use of the smooth tif63] has been increasing recently. Ribbed tires are preferred by seopée
because they are less sensitive to water film thickness than the smooth tire. Di/2@%eBavement
Friction Tester (PFT) is a locked wheel tester used for the purpose of traveling the highway at normal
traffic speeds and producing an accurate measurement and record of highway friction values using full
size ASTM E501 or E524 testtiresh'e PFT i s a relatively expensive
the coefficient of friction changing with respect to slip ratio. It utilizes a-awis force transducer to
measure both the horizontal (traction) value and the dynamic vertical loadspessd from ¢ Ttto

X 10 rjQarefeasible. The system provides the Locked Wheel Skid Number (SN) in real time.

In this researcha laboratorybased lowcost apparatus that can measure the friction between tire tread
samples and surfaces with arbitrarygbuoess properties tesigned andabricated The key advantages

of this system compared to the existing systems are the ability to measure friction at orderly slip ratios,
and the capability to embed the desired road surface sanilesdifferentpavemen and sandpaper
samplesare used with the developed friction test equipment to better understamdbileeroad contact

One potential future plan is to use the rubber friction testedarfdction measurements for dominant
wavelengths that are obtaineié spectal analysis and fabricated into the road dsik.algorithmcanbe
developed to investigate the contributions of ma@od micretexture constituents to rubbeyad

friction. This algorithm can determine which scades dominant inhe buildup offriction.
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2.9 Contact Mechanics- Friction Estimation Methods

2.9.1 Empirical/ Semi-empirical equations

Empirical and semiempirical friction estimation methodare curratly the widely used methodologies
andare developed through gaining knowledge by means of direct friction measurement experiments. The
measured data is analyzed quatitiely and qualitatively, and a correlation between the inputbes

and the outputs is formulateldowever, ftting a sé of data with fully empirical equatienis a shortterm
solution(as opposed to physitmsed methodsjyyhich works for only the actually investigated data set.
Moreovet the fitting has to be adopted again as soon as one test condition chamges. follows, three

well-known semiempirical friction prediction approaches aeeiewed

2.9.1.1 LuGre model

An example of an extensively used semipirical friction model is the LuGre modg4]. The LuGre

model has become popular because it incorporates many of the observed features of frictional behavior.
For example, imbedded within the LuGre model is the Stribeck effect. For small levels of slip velocity,
the friction force exhibits a negatiderivative with respect to slip velocity. This negative slope is one of

the key features of friction that contributes to lityicle behavior and stieklip oscillations in frictional
systems. Furthermore, the LuGre model behaves like a linear springidpaipwhen it is linearized for

small motions.

At the microscopic level, two surfaces make contact at various asperities. These asperities are represented
with bristles, and the bristles deflect like a spring when there is a relative velocity betweemoth
surfaces. The deflection of the springs gives rise to the friction force. If the deflection is sufficiently large,

then the bristles will slip in a highly random manner because of the irregular surfaces. Although the
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deflection of the bristles is rdom, the LuGre model only considers the average deflection. The average

deflection of the bristles), is modeled by the firstrder differential equation:

-~ = 2-
A T (2-3)

where w is the relaive velocity between the two surfaces d@to is a function that describes the
Stribeck effect. The functioiOw also allows the LuGre model to accommodate a higher static

coefficient of friction than dynamic coefficient of friction:

0w — O O 0Q (2-4)

where'O is the kinetic friction forc€Ois the static friction force, is the aggregatoristle stiffness, and

W is the Stribeck velocity. Finally, the LuGhection force is given by

Wy L, 0,0 , 0 (2-5)

where,, is a damping coefficient and accounts for viscous friction.

The values used for the LuGre parametersuatelly optimized using the Rungitta method as the

explicit solver[55].

2.9.1.2 Groschnumerical and experimental studies

In the sixties, Grosch studied the friction of several types of rubber against hard surfaces over a wide
range of temer at ures and sliding velocities. The highe
second so that frictional heating was negligible. The results show that the friction increases with the

sliding velocity to a maximum value and then f§8i§].
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The mastercurve on a rough abrasive track shows, in general, two peake of these occurs at a
velocity related to the frequenayith which the track asperities deform the rubber surface. The maximum

is absent on a smooth track and thus reflects the deformation losses produced by the passage of the
asperities over the rubber surface. The other peak occurs in general at much logiges;at coincides

in position with the single maximum obtained on a smooth su&esfigure 2-11). Introduction of a

fine powder (MgO) into the interface between the rubber and track eliminates this peak on both smooth
and rough surfaces; it is therefore attributed to molecular adhésampears therefore that friction arises

from adhesion and deformation losses, and that both are directly related to the viscoelastic properties of

the rubber.

logy, ¢ V

Figure2-11 Master curvs for the coefficient of friction of the acrylonitrileutadiene rubber on four surfaces:
, wavy glass: - - - -, polished stainless steel; , clean silicon carhide;, dusted silicon carbide; all

curves referred tqQ 1t 3Reproduced frorfb6] with permission from Royal Society Publishing.
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2.9.1.3 Rado

Zoltan Rado developed a logarithmicctron model in his PhD thes[4]. The model is a mathematical
procedure describing the friction coefficiasitp speed curve completely for transient or variable slip
processes. Unlike other models depeld to datethis model separatdke tire influence fronthat ofthe
pavement influencen friction results The model alsalescribesand quantifies such very important
parameters as the peak friction and the critical slip speed, making it possible to more precisely analyze the
performance of tire and road surfaces. The resulting mathematical equafienisis shown iEquation

(2-6):

— (2-6)

where' ,®w , ando are constants.

The obtained mathematical procedure was evaluated by fitting the model to data measured on 10 different
surfaces during the PIRAC international experiment. ‘Yhalue of the fits ranged froif  1@o ¢to the

higher limit of 'Y 180 w fpr a target sliding sped ofgp MQAr'Qand were between 0.81 and 0.986 for a
target sliding speed @b TQGI'Q It was also shown that the model is capable of describing the variations

in the coefficient of frictiorslip speed curve to a very high degree.

As for texture descrijpn, two new models were developed and discussed in detail, namely the Markov

Random Field moddb7], and the Fractal Surface mo@&8].
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2.9.2 Physicsbased friction models

A thorough, plgsicsbased friction modetould be a toothat canfacilitate better predictions. The model
should ake account of rublbed s  tnieehaniva propertiesake in mathmatical description of the
road,account for ambient conditions, and possinlglude flash heating. An extension of some physics
based models could be potentially utilized tody the effets of r o a miére and macreexture, and
include the ®istence of water on the track. Thecfisis on wet ABS braking conditions, i.esliding

speedofp ™ p ma A andreference temperatures@fit 1T 10.

2.9.2.1 GreenwoodWilliamson theory

When two bodies with rough surfaces are pressed into each other, the true contact areah smaller
than the apparent contact atea In contact between a "random rough" surface and an elastispgzaié,

the true contact area is related to the normal f@dbog [59] [60] [61]:

. [

with "@equal to the root mean square (also known as the quadratic mean) of the surface dlope; and

The median pressure in the true contact surface

go O'Qe (2-8)

alye)

can be reasonably estimated as half of the effective elastic md@utmsltiplied with the root mean

square of the surface slojé&e

For the situation where the asperities on the two surfaces have a Gaussiarlib&ipation and the

peaks can be assumed to be sphetiicalaverage contact pressure is sufficient to cause yieldiivhen
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PR, @ 0 where, is the uniaxialield dressand, is the indentatiorhardnessGreenwood and
Williamson [60] defined a dimensionless paramatgecalled theplasticty indexthat could be used to

determine whether contact would be elastic or plastic.

The GreenwoodVilliamson model requires knowledge of two statistically dependent quantities; the
standard deviation of the surface roughness and the curvature abplity peaks. An alternative
definition of the plasticityndex has been given by Mikj61]. Yield occurs when the pressusegreater

than the uniaxial yield stress. Since the yield strepsaportional to the indentatidmardness , Mikic
defined the plasticity index for elas{itastic contact to be

0w

W (2-9)

aln»

In this definitionu represents the micnmughness in a state of complete plasticity and only one

statistical quantity, the rms slope, is needed which can be calculated from surface measurenugnts. For

-, the surface behaves elastically during contact.

In both the GreenwoaeWilliamson and Mikic models the load is assumed to be proportional to the

deformed area. Hence, whether the system behaves plastically or elastically is independent of the applied

normal force.

2.9.2.2 Perssonmodel

Bo Persson started the development of a physiass e d contact mechanics
established the Multiscale Consultingstitute dedicated to this resear[3]. They approached the
problem by using the theory of elasticity (assuming an isotropic elastic medium for simplicity), to
calculate the displaenent field on a surface in response to the surface stress distrilytioalculating

the frictional shear stress, the energy dissipated during the time peeqdals:
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30 , 0 VO (2-10)

whered is the surface area, apd is the shear stresé/hen rubber slides on a haiwligh substrate, the
surface asperities of the substrate exert oscillating forces on the rubber surface leadingépdmaent
deformations on the rubber surfaared erergy dissipatiorvia the internal friction of the rubbd.e r s son 6 s
theory is lased on the viscoelastic energy dissipation in the rubber due to hysteresis at multiple
magnification levelsThe model an be used when surfaces have roughness on many diffength
scales, i.e., fractabnd selfaffine surfaces.Unlike Continuum Mechanics approaches that neglect
adhesion €.g., Hertz model),this methodtakes into account botadhesion & hysteresis The surface
roughness enters into the equations viadtreelationfunction éurface roughnespower spectrum). In

this framework,friction is a function of fequency dependent viscoelastimdulus of rubbersurface
roughness, antact pressurecontact temperaturediding velocity, wavevectoy and magnificatior(see
Equation(2-11)). Wavevector is a vector whose magnitude is the wavenumbetj(_) and its direction

is the direction of wave propagatidiagnification — _ j _, refers to some arbitrarghosen reference
length scalewhere_ is the roltoff wavelength, and is the shortest wavelength roughness which can be

resolved at magnification.

Assume that an elastic solid with a flat surfasesqueezed against a hardhdamly rough substrate.

Figure2-12 shows the contact betweentwo sslid at i ncr eas i Atdjpwmagmi f i cat i om
a 1) it looks as i f compl et ey macmoaspedity tcontactaegiaidus bet we
when the magnification is increasesmaller length scale roughness is detected, and it is observed that

only partial contact occuia the asperities. In fact, if there were no short distancefttite true contact

area would vanish. In reality, however, a short distanceof€uwill always exist since the shortest

possible length is an atomic distance. For rubber friction the wkesitort distance cwdff may be much

larger (of micrometeorder).
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hard solid

Figure2-12. A rubber block (dotted area) in adhesive contact with a hard rough substrate (dashé&kpreduced

from [11] with permission from AIP Publishing.

p ’ Lo T o s T ,‘Or’]l‘)(’béi %O
‘ o QnNn we 0% L N OapT (2-11)

The algorithm will be explained in more detail in the Methodology section.

2.9.2.3 Kluppel model

LikePer sson, Kl ¢ppel and his col |l eagThefundamdntaloof st ar t e
theirtheoryarey er y s i mi | aTheir approdehsiatas gshe ruldbsr friction on rough surfaces to

the dissipated energy of the rubber during stjditochastic excitains on a broad frequency scalée

description of the dynamic contact is treated within the framework of a generalized Greenwood
Williamson theory for rigigsoft frictional pairings.The effect of surface roughness is obtained from a

fractal analysis of the road texture measured via a profilomEler.surface roughness enters into the
equations via theorrelationfunction éurface roughnesgower spectrum).The results are reported to be

in agreement with the classical friction dathGrosch.The model dopt the view of Persson that

assumes hysteresis energy losses arising from the deformation by surface asperities as the dominant factor

of rubber friction.Under dry conditions, both hysteresis and adhesion components contribute to the
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frictional processUnder wet conditions, the adhesion component of the total friction is drastically
reduced, whereas the hysteresis loss remains largely unaffected. Yeturedesn wet conditions,
statistically distributed islands of dry contact can form. This mechanism can be hinddhexuby of
detergents (avoids using the sesnipirical equations of interfacial shear stress thrqugting off the
contribution from adheasn force, by using detergentd)his theory gnificantly improves the description

of wet and dry friction behayviThealgarighinwidbe explainedit wo

in more detail in the Methodology section.

2.9.2.4 Indenters methodi Stefani model

In this mehod, the detailed mechanismsimdientationand adhesiomvolved in some concepts related to

the modeling of a tire with a solid Kelvin phenomenon is justified by the comparison of the results to
friction SRT which is closely relateh the rate of longitudinal slip. THadentes technique is used in
combination with Stefani friction mod@b]. Preliminary results on thimdentes obtained by Minh Tan

Do are published if62], showing the relevance of geometric parameters extracted from the road profiles

to describingfriction.

The development of the forcesfattion depends on the instantaneous normal load, various properties of
the tires, the geometric characteristics of the road and contact conditions (dry, the presence of pollutants
and water). The complexity of the phenomena involved explains the alufarmraplete physical model

for calculating friction forces of a tire on a road from parametdasec to the road and the tivgs part

of the research program "Infrastructure and road safety" LCPC, Si#éatien of Roads and Vehicle
DynamicAdhesionproposed to tackle the problem by a local approach to better understand and quantify
the phenomena at the contact between a rytddrand of the road unevenneble work aimsat better
understanihg and quantifing the role of micrometeasperitiesThe fractality of road profiles is proven,

and the contribution of Holder interpolation techniques and multifractal denoising on thiataaicaf
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friction is shown. Theubberin tires is a vulcanized elastomer, andnislecular propertiesesult ina
visceelastic behaviorThe authors 0{62] havedetermined the areas of the profilat may come into
contact with the tire. These atalledindenterg(seeFigure2-13). An indenter breaks the possible water
film and deforms the rubber of the tire to generate friction. Obviously, the magnitude of these two
properties, depends ohet shape of the indenti68] and [64]), but also the density and topography
created by their relative posihs. An indenter is defined as the triangle formed by a peak and two
adjacent valleys. The shape of the indenter is characterizedhbg c ot angent of the

top. The topography is representedtoyn e an gl e ddfinedds, and d ar e

P ®
— O0A] —— (2-12)
) ®
wherew, @ are theheight and the abscissithe™ summit
P ..~ @ P ®
| = O0A]l ———— OAl — (2-13)
C ® ®

where® , @ are theneight and the absciseitheQ extremum

The mean valuesf @ ¢ 0 | éand—are then correlated to the valugfsfriction SRT. It was concluded

thatthe shape descriptors and reliefs are highly correlated to friction SRT.
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Figure2-13. Definition of shape and relief parameters

In the Stefani contact modgethe tvo angular parameters are used to explain the influence otitfaees
texture on the frictionThe approachdescribes contact between a solid Kelviadeland a profile pattern
substrate Due to its simplicity, this model will allow to easily take the input paramekefised above
describing the microtextureA pattern consists of two peaks separated by a valley. The decisive
parametersf thepattern ar¢ ,| , the widthstp, & and—, — (seeFigure2-14 left). It is assumed that

the Kelvin model moves at speedv. The model assumes that the friction comes only fitbm
deformation of the solid. This is a realistic assumption in the case of water surfiliee In fact in the

presence of water on tlsebstratethe molecular bonds are reristent.

By studying the kinematics of contact, we can calculate the femogdriction. The vertical force and

horizontal force are given respectively by the following express[6@$)(

"Q P O QOA|l ( T Q
~  OAN e wo ©
P O QOA|l ( D0 T Qc
Y BANl o wo 0
9 P O oAl © oo t Qo (219
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Figure 2-14. Left: Basic geometryof the Stefani model; Right: Kinematics of solid contact Kelvimodel

Reproduced fronfb] with permissionrbm the author

where”Y ¢ &« @ Fwis the total duration of the passa@eeFigure2-14). "Q is the starting

height of the solid and tH@is the modulus of the rubberis therelaxation timeof the rubber.

For each sample, a pattern is defined by characterizing the texture of the surface. Then the parameters of
the pattern are introduced intioet Stefanmodel This allowsoneto calculate the vertical stress and the

horizontal force. After some simplifying assumptioif® ( 1, ¢p ¢ andéoc 1),

€
c
c
o
D!
|
O‘

OF == =%= (2-19)

and
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There is a strong correlation betweSRT and the estimatefdiction. The calculation by taking into
account the scale of roughness (that of the measured profile) underestimates the friction. Also
considering the ripple scale (profile envelope of all the vertices of indenter) would greatvénthe

result. Friction calculated from the average pattern adirwssipple is added to that obtained on the

average pattern ohé roughness scale.

3 Met hodol ogy

In this chapter, some of the existing procedures, as well amtselevelopedduring the course of this
research to produce the required pieces for contact modglfrigtion measurementand friction

prediction are explained.

First, the raighness profile measurement approaches discussedfollowed by the techniques to
charactaee those measurements and extract the parameters that will Herdsietion estimation. Next,
some parameters that can help predictriiagd friction, using texture measurements, are introduced.
Also, the techniques for generating and utilizing viastic mastecurves of tire tread compounds for
friction prediction are explainedn what follows the existing algorithms for modeling rubkreugh
substrate contact and friction prediction are listed and det#iléde last sectigrtheconfiguration of the

developed DynamiRubberFriction TesteDRFT)is introduced.
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3.1 Measurement of surface roughness profile

The Nanovea JR2& used to measure different road surfaces and sandpaper sqéflesSeveral
surface parameteseautomatically calculated nc 1l udi ng t he m®sgurcfoanan® nr, 0 W@l

(seeFigure3-1).

Wavelength of light (color!) reflected in focus off the surface with the highest intensity in the visible light
spectrum is physically measurf@b]. The measurement is performed by Raster scan, getting each point
assotated to the wavelength of thmaximum peak. The measurements become height information
through direct calibration gshysicalwavelength for the specific optic to a traceablisplacement. There

are no mathematical algorithms involvéithe limitations are thin films with highly reflective substrate,
surface tilt, relative axial and radial motions (not a concern during raster scaiyaggtig effects found

on localized smalshape andthe siz of the focus pointConsequently, there are limits to the capability

of the technique to measure angular surfaces. Howhe=e limits far surpass what is achievable with
Coherence Scanning Interferometry (C8&lj the same heightange[67] [68]. Thin film with high
reflective substrate can be taken in account using the specific selection of peaks at the specific wavelength
as to follow one or the other. All variation related to edges is limited to the specific point measured

because it is a scanning technique

Limited range ofrestrictionsresults in more accurate roughness measurement. Good resolution is
achieved, as well as high accuracy/precision and repeatabitilike CSI, thistechnique is not sensitive
to measurement parameters. Special care isreghjto make sure that the light source is not saturated.

For the sample setup, no special leveling procedure is required.
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Figure3-1. The axial chromatism technique uses a white light source, whergéighés through an objective lens

with a high degree of chromatic aberration. The refractive index of the objective lens will vary in relation to the
wavelength of the light. In effect, each separate wavelength of the incident white light-feituseata different

distance from the lens (different height). When the measured sample is within the range of possible heights, a single
monochromatic point will be focalized to form the image. Due to the confocal configuration of the system, only the
focused waglength will pass through the spatial filter with high efficiency, thus causing all other wavelengths to be
out of focus. The spectral analysis is done using a diffraction grating. This technique deviates each wavelength at a
different position, intercepig a line of CCD, which in turn indicates the position of the maximum intensity and

allows direct correspondence to the Z height position.

3.2 Profile characterization techniques

For characterization of pavement texture, a spectral analysis of pavemexte sprobfile signals is
performed. The oner two-dimensional surface profiles describe the pavement roughness amplitude as a
function of the distance along a trajectory over the pavement. The result of the frequency analysis will be
a spatial frequency (dexture wavelength) spectrum. In what follows, the necessary steps to obtain the

power spectral density of a surface profile for rultrement friction prediction are explained.
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Treatment of drop-outs:

The measuremeston a particular pavement shotle considered valid only if the draqut rate for the
evaluation length in question is not more tH&%. Linear interpolation is used to replace the invalid
samplesSeveral droguts in a series may oaglas is illustratedn Figure3-2. When a series of invalid
samples is preceded and followed by valid sampmash of the invalid samples has®replaced by an

interpolated valué acordingto Equation(3-1),
¢ —Qa «a (3-1)

where"ds the sample number where the value is invalidis the sample number of the nearest valid
value beforeéQ¢ is the sample number of the nearest valid value &eris the interpolated value for

sampleQd s the value of sampl@, anda is the value of sample.

Measurements with higher draut rates than the allowable values should be discaiided Mountain

Software thaiccompaniethe JR25 profilometer has the feature to treat the-dug.
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Figure 3-2. lllustration of interpolation and extrapolation of dropts Reproduced fronfi69] with permission from

ANSI.
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Slope and Offset Suppression:

Let & be the measured signal value for sanie w and 0 be the number of sargs within the

evaluated signallhen slopab of the surface profile is given by,

. Q ) B ¢
& p B 1 QU p a

3-2
00 p 0O p (3-2)

The offsett of the surface profile is given by,

> p
w -
U

& wég 5 p (3-3)
The measured signal valge should be corrected for slope anffiset according to Equatiof8-4) (see
Figure3-3). The corrected sample signal valods,

O a4 00 o forQ B p (3-4)

For the calculation of the slope of offset correction, the surface profile is treated as a function of the

sample numbefland not the measured distance Bw .
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Figure3-3. lllustration of slope andffset suppressionfeproduced frorf69] with permission from ANSI.

Windowing:

The Discrete Fourier Transform is based on the assumption that the input signal repeats itself with a
period equal to signal duration. At the edges of the signal, there might be a jump in the composite signal.
This effect is known as leakagdleat affects he spectrum obtained.o prevent leakage, a windotlat

reduces the signal to zero at the edges should be applied.

The preferred window type to be used for spectral analysis of surface profiles is the Hanning window

[70]. Thiswindow has the shape of a squared cosine and is definsdeisEgure3-4 Left):
0D —T o Al & forQ mMBH p (3-5)

Because of its shape, the Hanning window reducesfthetivelength of a signal, which influences the

low frequency content of the signal. Therefore, an alternative windowsaised in this research is the

Split Cosine Bell Window (SCBW; sometimeglicated as Cosine Digital Tapering Windog®]. This
windowing method is specifically handy when the evaluationtleiig rather short. The shape of the
SCBW is that of an increasing squared cosine in the first tenth of the window length and a decreasing
squared cosine in the last tenth.the intermediate section of eight tenth of the length, the window is

equal to uity, as follows(seeFigure3-4 Right),

MQEmM Q OAp T

; A Il ,UH 'Q 113
L 0 ¢
VrD p QEGIp T Q WAp T (3-6)
5 . ,U“ "Q Qj‘
Al O5— —
w U C

QeaTpm Q 0lp T
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A disadvantagef the SCBW is a loss of spectral resolution compared to the Hanning window. However,
actual roads do not tend to have such regular deformations with very specific wavelength peaks appearing

in the spectrum. Therefore, the spectral resolution is not asriam issue here.

0.9

0.8
0.7
50.6
0.5
£0.4
©

samples samples

Figure3-4. Left: Hanning windowRight: Split Cosine Bell window

3.21 Perssoms met hod

The Discrete Fourier Transform (DF®) of thewindowed profile is defined by,

op A T for Q mMBH p (37

Depending on the software package used to calculate the DFT, the-fatight be disregarded or

replacedbyfh:. This can be checkedmdefnedap pl yi ng Parseval 0

(3-8)

45



which shows the total power of the signal is equal in spatial frequency and space domains.

The result ofthe DFT is a constant bandwidth narrow band spectrum with complex values. The

bandwidth depends on the evaluation lerigithd is equal to,
3'Q E (39
a

The frequency scale starts@tvith steps equal t&"Q until 0 p 3'Q (note:063'Q  pF3w). Only
the frequencies up to-0  p 3'Q should be used for further evaluatidro obtain the power spectral

density (PSD) from the results of a DRhe amplitude of each narrolband should be squared and

divided by the spectral bandwidth accordindgequation(3-10),

I S
3Q

for Q@ MBh-0 p (3-10)

The surface roughness power specttum of an area (se€igure3-5) is defined by,

6 n CL" QW Qn @ 8 (3-11)

Wherer is the wavevector, anf@w is the substrate height measured from the average plane defined so
thatdQm O 1 The® Ostandfor ensemble averaging, or averaging over the surfacei@eaveraging
over a collection of different surfaces with identical statistical propedi@s, "Qm Ois basically the

average of the autocorrelation of the height profile signal.
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Figure3-5. 2D area profile of an asphalt pavement.

We have assumed thidie statisticaproperties of the substrate d@ranslationally invaant and isotropic

so thatd A only depend on the magnitude g)sof the wavevectom Then,
fQuQnO _ Qo Q8 (3-12)

so that theRMS roughness amplitud® QO 'is determined by

600 _QRoén ¢ amén (3-13)

In reality, there will always be an uppér,, and a lowerp , limit to therj-integral inEquation(3-13).

Thus, the largest possible wavevector will be of ordgrfdy where®is some lattice constant, and the
smallestpossible wavevector is of ordef 0, whereo is the linear size fahe surfaceMany surfaces

tend to benearly selfaffine fractal. A seHaffine fractal surface has tipeopertythat if part of the surface

is magnified, with a magnification which in general appropriately different in the perpendicular

direction tothe surface as compared to the lateral r e ct i on s , then the surface
statistical properties of the surface areariant under the scale transformation. For a-afifie surface

the power spectrum has thewerlaw behavior

a7



onxn (3-14)

where the Hurst exponeitdis related to the fractal dimensi@ of the surface vicO o O. Of
course, for real surfaces this relation only holds in some finite wavevegionn n n,andina
typical cased 1 has the form shown iRigure3-6. Note that in mangases there is a rediff wavewector

N below whichd | is approximately constanfAsphalt and corete road pavements have nearly
perfect seHaffine fractal power spectraiith very well defined roloff wavevectom ¢* ¥_ of order

p T TOT , corresponding tQ p @ hwhich refleet the largest stone particles used in the asphalt.
From the slope of the curves figr 1 one cardeduce the fractal dimensi@ ¢&, which is typical

for asphalt and concrete road surfaces.

log C(q) (m")

q; dy logq(l/m) qQ

Figure 3-6. Surface roughness power spectrum of a surface which iaf§eé fractal forf 1 14 . The long

distance roHoff wavevectorfy and the short distance eoff wavevectorry depend on the system under
consideration. The slope of thel 6@1 TAGelation fori 1 determines the fractal exponent of the surface. The

lateral size) of the surface (or of the studied surface region) determines the smallest possible wavevecter.

Simplified versionof 6 1} for selfaffine surfacess givenby,
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6n Q 1 (3-15
n
Now, to restrict the Fourier transform @ to a square area, we can replac® o with Q a,

0 a —2 ogann @ (3-16)

With 0 data points along théandw coordinatesiQw is sampled and its values are known only at the
pointse £ R & & & w,where¢ pfB R and:é  pMB A are integers. By sampling the

Fourier transform todn the aAspace,

h,T“ (3-17)

wherea B R pandd 1B R p. Then,
M A — Q0 —0 (3-18)

whereO is the two dimensional DFT &R, and,

C

—5— &0 AsO (3-19)

0n
whered0 0 is the surface area under study.

Let 6 s as s sunfieze roughadss ig isoteopic and the statistical properties are translationally and
directionally invariantThend a is independent of the direction of i.e.,6 Ao 06 13, and the2D
PSD6 13 Y is independent of the wayer opagati on vectords dirtecti on,

1D 6 sas, while still carrying the power of the heighiofile of the square ard@1],
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f 8fa I ¢ adéd (3-20)

where,

6fa 0 da h 60 a h o0a h a 60 ah a (3-21
Equation(3-21) is obeyed if we definthe angular average as,

. . p 5T s
0a - & old hh e (3-22)

With this defini beiobeged, t he ésum rul ed wil!|

000 ¢“.Qmén ¢ aoéa (3-23

3.2.1.1 2D power spectrum of measured profiles

We consider randomly rough surfaces where the statistical properties are transitionally invariant, but not
necessarily isotropic. In this case, complete information about the statistical properties of the surface is in
general only obtained by measuring theight profile over a square (or rectangular) surface area, i.e., a
single line scan does, in general, not contain the full information about the statistical properties of the
surface. In particular, the 2D power spectrum cannot be obtained from thenED gpectrum. However,

for the limiting cases of 1) isotropic surface roughri@&3, and 2) 1D surface roughng§s], the 2D

power spectrum can be obtained from the 1D power spectrum. Isotropic surface roughnpesvaihy

for, e.g., surfaces prepared by sand blasting, while 1D surface roughness may result from polishing, if the
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direction of polishing is fixed. Since some experimental techniques measure the surface topography only
along line scans rather than ovectangular surface areas, it is important to be able to calculate the 2D
power spectrum from 1D profile measurements. For the two limiting cases discussed above, this can be

done as follows:

3.2.1.1.1 Isotropic Roughness

In this case, the 2D power spectrum willypdepend on the magnitudeof the wave vectoa[74]. After
converting to the polar coordinates in th@lane and performing the integral overd by summing up
the contributions from the poles located inside the unit circle in the comyplane, 6 can be obtained

from 1D line scans of the sudatopography by using the Inverse Abel transfpfsj [76]:

0 r] . Q] 7 (3—24)

3.2.1.1.2 Unidirectional roughness

If we choose the-gaxis along the direction whei®@e is constant, we géRe "Qafit , and,
6 A —_ Q@FQauf "Qnint OO —. QW 6 N 1N (3-25)
The angular average of A only depends on the magnitugef the wave vector,

ofh R —. QW A — Q%W NOED % QE %o— (3-26)

wherd i Q¢ %o—8
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3.2.1.2 Texture measurement resolution and evaluation length

The upper cutoff distancepf for asphalt is typically aboutd & p @ ¢ which is the dimension of

the typical grain sizd) is the linear size of the tread block used in measuremepts a(with slip of the

order ofu  p T pand typical footprint length of the orderpfrt p wo §. 0 is also mentioned to be the
diameterof macroscopic contact areg. is the smallest relevant wavevector, and rubber friction is very
insensitive to the exact value ff. If 0  po § for spectral analysis we need an evaluation length of

¢ @ & The shortest possible eoff distancer] is the atomic distance. In practice, @it occurs at a

much larger length scale, because of contamination, trapped fluid, or trapped pockets of compressed air,
or if the rubber has a modified thin surface skin that might act asafdength. If the rod is covered by

small particles, e.g., dust or sand particles, with typical dian@teéhen one may expect pAO.

Similarly on a wet road, the water trapped in surface cavities may act as an effective short distance cut

off. However, for clean dryoad surfacesy may be determined by the rubber compound properties

(Layer of modified rubber at the surfacep p 11 0. In rubber friction on smooth surfaces, the more
likely cut-off length which is the mean distance between rubber tirdss is in e order of a few

nanometers.

The thermal and stresisduced degradation results in a thin layer of modified rubber at the surface, that
can be estimated from scanning electron microscopy pictures of the surface region of a car tire tread
block. We make th basic assumption that the deformation of the rubber on length scales shorter than the
thickness of the modified layer gives a negligible contribution tertiael friction. Thus, the modified
surface layer acts as a dead lgyé&f]. Friction would be overdisnated if ones takes length scales shorter
than this | ayer 0s O0tnhhinth&estiematisn of .rAs for the measutements 6f the

profiles, we can always measure with smaller resolution and then filter if needed. The formation of the
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layer requires some rtin time period (a freshly prepared rubber surface exhibits high&nalytically,
the thickness of this layer can be roughly estimated by iterations of Eq(&&@N[77],
30 p = R

.7 (3-27)
oy | |1 cy

where 30is the activation energy for bond breaking,is the stress necessary for bond breaking at zero
temperature;Yis temperature, is the tensile stress, is the attempt frequency, is the rate of bond

breaking, andQ is the Boltzmann constant.

In [78], good agreement between the simulation results and the experimental data is achieved for different
rubber compounds and rough surfaces, when the-distaince cubff wavevectr is selected such that
the rmsslope equals 1.3. In the common practice in industry, the-diataince cubff is estimated by

fitting friction coefficient estimations to measured friction data.

322 Kl ¢ppel 6s met hod

Instead of spatial frequenc¥ltppel works in temporal frequencydomain (i @f). Therefore,the
frequencydepend on vebcity too. It changesl 1 g 1 11C, but cHaoge she dractal

dimensionO. Also, having the fregencyini @fQor "Og and also dividing th&ouriertransformby the

number of sample$ or 10 does Geffect the slope.

To verify the FFT algorithm, Fourier sesiand Inverse Fourier Transfomwere used

Fourierseriesi & B & Al 6— & OE+— B »Q

w -, i AT 6—Qn
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3.2.2.1 Height Difference Correlation Function and Power Spectral Density

If the profile & @ of a rough surface is considered, the surface isasfitfe if the transformatiomo©
| @O | dleaves the surface statically invarianheTexponen®is called the Hurst exponent. It can be

obtained by different methods, such as the box counting mgtBbr9] [80]:

0O ¢ O (3-29)

In addition to the surface fractal dimensiGntwo further length scales are necessary to characterize a
seltaffine surfacel) the correlation IengthQQ parallel to the surfacend?2) the variance , i.e., the root

mean square fluctuations around the mean height:
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. ban @O (3-29)
Here &@Ois the mean height of the surface points @d@is the averge over the set of observations of
surface topography. The variangecan also be expressed by the correlation lengtimormal to the

surface ( -, ). The height difference correlation functian, _ , cdculates the mean square height

fluctuations of the surface with respect to the horizontal length scatel is given by:

6 _ 0do _ @O0 (3-30)
For large length scale®, _ , plateausoff at a value of, . The largest horizontal asperity is of
dimension .

0

log Cz (mm?)

4 3 2 41 0 1 2
log A (mm)

Figure 3-7. The height differenceorrelation function with respect to wavelengtiReproduced fronf81] with

permission from AlP.

If there is one distinct regiofone straight slope on tHel & _ versusl | _C curve), the resulting

height difference correlation function is:
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0 -, for _  ug (3-31)

Equation (3-31) can be derived from the lined & @ @& and plugging in thevalues shown in

Figure3-7.

But one single region does not always describe the surface welll. T _ versusl | _C curve can
be approximated as having two distinct regions, each of which can be desgrigglfisimilar geometry

within itsdf. For this type of surface, the height difference correlation function is:

0 — — for (3-32

For the macrotexturghe power spectrum density (in frequency space) is:

Y1 Yy —
(3-33
Vi
S5
for] ] T,
1 — and ] —
S5
The relationdor the microtexture are:
YT Yy —
(3-34)
Vi
*
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An alternative approach to the fractal analysis of rough surfaces considers the height correlation function

3 _ thatis also tened autecorrelation function:
3 Bow _God dwd (3-35)

This functioncharacterizes the correlation of heights at two different positions. For stationary surfaces the

Fourier transform oB equals the spectral power densi®yQ, where™Qis the spatial frequency

(WienerKhinchin theorem)82]:

3 _YQQ Q0 (3-36)

The minimum frequencyQ corresponds to the inverse correlation lengthand represents the

maximum wavelength of the modulations of the surface.

323 Radobs technique

Rado[1] used the product of theourier transform of the signal and tbemplex conjugate of thourier
transform. The following proof shows thatshouldgive the same results as when getting Foerier

transformof the auteorrelation of the signal.
Autocorrelation: 'Y Q@ —B ® ®

Auto Power SpectrurfFFourier Transform of Autocorrelation):
00N QOOOHHNYWQ |, Y 0Q Qb
QWO WwQs

Time Convolution:0, @ t® o ¥ ® Qb Q
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Frequency Convolution’O® 6w 0 W QA® "Q

The Auto Power Spectrum (Kluppel) is equivalent to the product of the Fourier Transform of the signal

and its Complex Conjugate (Rado).

3.3 Profile classification parameters

The objective of the work presented in this section is to discover parameteastasktrom pavement
measuremest that can characterize road surfgcee., classify road surfacbased on their coefficients

of friction. The outcome is useful tool to predict the friction of different road surfaces in certain
environmentalconditions, using only prdé measurements. It is to be noted that the role of tire tread
compound is not considered here, and it is assumed that the same tire that was used for the original field

tests is in contact with the different road surfaces.

Michigan Tech Transportation Institute in collaboration with Michigan Department of Transportation
(MDOT) began a joint investigation into the properties that influence pavement friction. Thigphade

research project, which began in the mid 1990s, sdabagtablish a definitive relationship between field

and laboratory friction values and specific pavement characteristics. Initially, thirty pavement test sites
within the state of Michigan were identified. The locations selected included a varietydotypms,

ranging from twelane rural roads to sibane urban highways, mix designs, and pavement ages. At each
site, using the MDOT single axle friction trailéocked wheel tests were performed in accordance with
ASTM E274 at an average speed ofti rfQ A nozzle dispensed water in front of the tire to simulate wet
conditions. Strain gauges on the wheel axle measured the amount of torque on the locked wheel and were
then used to calculate the Friction Numbén). The road profiles were measured usangOGP (Optical

Gaging Products, Incorporated) Digital Range Sensor System8DBRE with a lateral resolution
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oft U @& (Figure 3-8). The'Olvalues are site values before the pavement is cored for profile
measuremeni45] [83]. Each core was taken from a spot on the road within the length ideveas
recorded. In the present work, the data from the five road surface profiles (out of the thirty that have been

measured) that were available to us are studied

1. 14d1 (4lane suburban)Q0 T ¢
2. 15d1 (4lane suburban)Q0 1 @
3. 26d1 (6 lane city highway)Qb o v
4. 29d1 (4 lane rural highwayQ0 v v

5. 30bl (4 lane rural highwayQu x @

forn] B

.

Figure3-8. OGP DigitalRange Sensor System Df8800

Twelvet @ & long traverse lines were measured parallel to traffic directions evenly distributed across

each surfaceHjgure3-9).

Spectral analysis techniques such as the fast Fourier transform (FFT) are commonly adopted to analyze

pavement profiles because their statistical characteristics resemble those of saytsj84] [85]. If
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a w is the surface profile height expressed as a function of longitudinal disiarlece corresponding

finite-length Fourier transform can be written[88],

©Q . awQ Qb (3-37)

where®Q ¢*"Q and'Q is thespatial frequency components of the surface roughness. To obtain a power
spectral density profile curve useful for mathematcalculations one needs to do slope and offset
suppression that can be accomplished by subtracting a least sqtrara fite profile[69]. The Discrete
Fourier Transform is based on the assumption that the input signal repeatsiits@lfperiod equal to

signal duration. At the edges of the signal, there might be a jump in the composite signal. This effect is
known as leakagthat affects the spectrum obtained. To prevent leakage, a Split Cosine Bell Window

(SCBW) is applied whicheduces the signal to zero at the edges.
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Figure3-9. Left: Layout of traverse lines for measured profiles. Right: The elevation profile for one traverse line.

The mean square roughngssis,

I -B & & (3-39)
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where0 is the number of values of @ measured at equally spaced intervalépver a total length of
0 0 ww The highest surface spatial frequency resolved in the measurement process, which is the
Nyquist frequency, i8Q c¢w @ . Hence, it can be seen that the measurement interudinits the

bandwidth of frequencies.

Furthermore, one can integrate trgPover the Nyquist bandwidth limits of surface spatial frequency to
obtain the area under th&® cur v e. P a r[8&¥]estatas| tHatsthistateae i® eéqeahto the mean
square roughness of the pavement. Therefore it can be seen that the PSD plot of a surface profile can be
employed to describe both frequency and roughness characteristics in terms of the spatial frequencies and
the ara under the plot, respectivelyhe Fast Fourier Transform of one traverse line from the surface
29d1 is plotted inFigure 3-10. Actual roads do not tend to have such regular deformations with very

specific wavelength peaks appearing in the spectrum.

Another approach applied fartharacterization is the smlled Indenters method. The idea is, in the
contact area between road and tire, contact is not established at every point of the road surface because
the road surface is rough. Profile analysis related to friction should tkeinta account only the useful

parts of the profile, i.e., those in contact with the tire. Very few of the previous studies have tihealt wi

this concept[88]. The angular parameteris derived from the curve connecting profile peaks
(Figure3-11). Actually, the angles between every segment that connects two consecutive peaks and the
horizontal are calculated. Peaks are simply defined as those composed of three consecutive points, the
height of the middle point beingghmaximum. An indenter is defined as the triangle formed by a peak

and two adjacent valleys. The shape of the indenter is characterized by the cotangent of the hajf angle (

at the top. This method enables us to extract significant profile featureslisuthte insignificant

features.
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Figure 3-10. Fast Fourier transform of one traverse line from 29d1. The x and y axes represent the log of spatial

frequency and the log of two dimensional power spectraspectively.
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Figure 3-11. Left: The Indenters method. Right: The original profile of one traverse line from 29d1, together with

the curve connecting the peaks.

A classical globafractal parameter is the Correlation Exponent. This exponent measures the speed of
decay of the autocorrelation of a signal (thesscorrelationof asignalwith itself). Fractional
dimensions are one of the best known parts of fractal analysis. In this research, Regularization Dimension
(O"Qd&) % a global parameter thit dealt with.'O "Qd& fiveasures the speed afnvergence of the finite

length of the convolution of the signal with a Gaussian kernel of variancs, to infinity, wheni tends
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to . The general idea is to define a fractal index for irregular functions based on the behavior of the
lengths of lessral less regularized versions of their graphs. The regularized versions are obtained by
convoluting the function with a smooth kernel dilated by a scale parameter. A "fractal" graph will
typically exhibit a power law for the regularized lengths as a fumatid , with exponent ‘Q In this

case, the regularization dimension is defined topbeQ It coincides in many cases with the box

dimension.

Instruments with different resolutions and scan lengths provide different values of statistical parameters
for the same surface. Therefore, it is very important to characterize rough surfaces by intrinsic parameters
which are independent of the sampling length or area. Holder Expan@oh indicates the scale of
perturbation of surface topographeflects an itrinsic property of radom phenomend.et® N s and

i be a real number with p. A function"@s © s belongs to global Holder spade if and only if

there exists a constafitand a polynomiab of degree at mosf ¢ such that

SQO 0w WS 6W WS (3-39)

The Pointwise Holder Exponent ®at o denoted by ¢ or simply| , is defined to b& O B

0 . By varying| , Holder Exponent characterizes the transition fromoecontinuous to a smooth
differentiable function. Thus, it can be considered as an indicator of roughness. Holder exponent is a
measure of local behavior, because it is measured at each point. Since friction is mainly a local

phenomenon, it might be cetated with local regularity measures.
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3.4 Viscoelastic modulus of tread compounds

3.4.1 Time-temperature superposition

Thetimei temperature superposition princifidea concept ipolymer physicsand in the physics aflass

forming liquids[89] [90]. This superposition principle is used to determine temperdependent
mechanical properties of lineaiscoelastiomaterials from known properties atreference temperature.
Curves of thenstantaneous modulas a function of time do not change shape as the temperature is
changed but appear only gbift left or right (8eFigure3-12). This implies that a master curve at a given
temperature can be used as the reference to predict curves at various temperatures by applying a shift
operation. The timéemperature superposih principle of lineawviscoelasticityis based on the above

observatiorf91].

log E(®)

Figure 3-12. Temperature dependence of compieastic moduluef a viscoelastic material under periodic

excitation] is frequencyQis the complex modulus, afiy ~ "Y "V,

The application of the principlavolves the following steps:
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1 Experimental determination of frequendgpendent curves of isothermal viscoelastic mechanical

properties at several temperatures and for a small range of frequencies

1 Computatiorof the shift factorto correlate these propiers for the temperature and frequency range

1 Experimental determination of a master curve showing the effect of frequency for a wide range of

frequencies

1 Application of theshift factorto determine temperatutependent moduli over the whole range of

frequencies in the master curve.

The shift factor is often computed using an empirical relation first established by Malcolm L. Williams,
Robert F. Landel and John D. Ferry (also called the WillibhargletFerry or WLF model)91]. An
alternative model suggested by Arrhenius is also {82d The WLF model is related to macroscopic

motion of the bulk material, while the Arrhenius model considers local motion of polymer chains.

3.5 Contact mechanics

A thorough, physickased friction model could be a tool that can facilitate better predictions. The model
shoul d take acc otnmethanioal propattibsbhteke & snathetmatigalndescription of the
road, account for ambient conditions, and pogsiitlude flash heatinglhe Persson contact model, the
Kluppel friction theory, and the inclusive friction model developed in this study are explained in this

section.
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351 Perssods t heory

The main contribution to rubber friction when a rubber blsidteson a rough substrate, such as in the
case of aite on a road surface, is dteethe viscoelastic energy dissipation in the surface region of the
rubber as a result of the pulsating forces acting on the rubber surface fromdtratsusperitieshis
energy dissipation process accurately describe@nd the velocity dependence (and, imare general
case, the time history dependence) of the rubber friction coeffisggmedicted[11] [12]. The reslis
depend only on the complexXscoelastic modulu®©1 of the rubber, and on theulsstratesurface
roughness power spectrunn . Neglecting the flash temperature effect (the tdimsh temperature
refers to a local and sharp temperature rise occurring inréieoadasperity contact regions during slip),

the kinetic frictioncoefficient at velocity is determinedy,

- aménon . QW iCh—— (3-40)
where,

o A Oﬂ; (3-41)
and,

o - QM6 . Q% (3-42)

where,, is the mean perpendicular pressure (the load divided by the nominal contact aréajs #rel

Poisson ratio whichs close tor@® for rubberlike materials.” depends on frequency, but for ™
(rubbery region) t6 1@ (glassy region);— varies from 1.33 to 1.19, and we can neglect the weak

dependence on fragncy Thereforewetake 1 P O ¢Opg8 v &0

The simplified equation of coefficient &riction for fractal surfaces is,
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v

The theory takes into account the substrate roughness in theffangg 1) , wherer] is the smallest
relevant wavevector of ordet’ 70, where(in the case of &re) 0 is the lateral size of a tread block, and
wherer] may hae different originsSincer| for atire tread block is smaller than the rolif wavevector

N of the power spectra of mosiad surfaces, rubber frictionvery insasitive to the exact value of .

The large wavevector cafff 1 may be related to road contamination, or may batimsic property of
thetire rubber. For example, if the road surface is covered by smiadhmination particles (diametéy,
thenry  ¢“7O. In this case, the physical picturethat wherthetire rubber surface is covered by hard
particles of linear siz®, the rubbemwill not be able to penetrate into surface roughressavi t i es 6 wi
diameter (or wavelengtlgmaller thariO, and such short range roughness will therefore not contribute to
the rubbeffriction. For perfectly clean road surfaces we believe instead that todf ¢utis related tahe

tire rubber properties. Thus, the high local (flash) temperatures during dprakid thehigh local stresses
which occur in theire rubbei road asperity contact regions, may resul thin (typically of order a few
micrometer}¥ surface layer of rubber with modified propertigsdeadlayer), which would contribute
very little to the observed rubbdriction. Since thestresses antemperatures which develop in the
asperity contact regions depend somewhahetype of road (via the surface roughness power sp@ctr

0 n ), the thickness of this dedalyer may varyfrom one road wrface to another, and some +iantime
period will be necessarfpor a new deadayer to form when a car switches from one road surface to

another. Suchun-in effects are well known experimentally.

3.5.1.1 Flash temperature effect

The energy dissipation willesult in local heating of the rubbe8ince he viscoelastic properties of

rubberlike materials are extremely strongly temperature dependent, it is necessary to include the local
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tempeature increase in the analysis. At very low sliding velocitiestanperature increase is negligible

because of heat diffusioBut for velocities of ordep 1 & 71 and higherthe local heating may be very

important.

The temperature increassuallyresults in a decrease in rubber friction with increasing slideigcity.
To estimate the coefficient of friction with flash temperature, one first needaldalae the flash
temperatureby iteration (Equationg3-44), (3-45) and (3-46)). Thenthe viscoelastic modulus at that
temperature needs to be computed &odzontal shifs performedThe last step is to calculate friction at

the shifted modulus.

YUY L) anm Qn (3-44)
o -, Q% p Q _ (3-45)
o — 8 —, QUDE O — (3-46)
where, ¢* v is the magnification for which the maeasperity contact regions typically appear
N R 8 ,andY (average radius of a macasperity contact ared estimated 8 -—. 0 R

0j 0T TI® gT®.

Time-Temperature Superposition ised to determine tergependent mechanical properties of linear
viscoelastianaterials from known properties at afemence temperatureThe WLF equation is an

empirical equation associated witime-temperature superposition,
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(3-47)
i &

where"VYis temperatire,”Y is a reference temperatuchosen to construct tieaster curveandé ¢ @
are theempirical constants adjusted to fit the values of the superposition parameter
According to Page 223 ¢3]:

Y YO O p

Y YO & p

Going from"Y to Y the horizontal displacement pf 1¢C should be appliedMaster curve obtained by

horizontal only shifting are not ideal for filled compoundale essentially would also have to do a
vertical shift, when t her e 6 Blavingarverticat dhifi is betabat r el a x
possibly still not ideal.ln spite d this nonideality, master curvg, even with horizontal only shifting, are

broadly used for filled rubber.

3.5.2 Kluppelé6s t heory

The hysteresis friction interl/es split into two integralspne over each length scagion[94]:

— -— . Q1 C1 VI . Q17 Cel Y] (3-48)

where| — is determined by the wavelength of the road thatks the boundary begt&nthe two

scaling regimes. Therefore, the first integral corresponds to macrotexture, and the second to microtexture
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A gradual increasing deviation in the statistical height difference correlation function can usually be

detectedat around_ ¢ TT'TIQ).

The front factor in the friction coefficient equation involves the nominal contact stressd the excited
layer thickness@ @ which is proportional to the mean penetration depth of rulidef) These two
contact parameterare governed by the largest length scales, and therefore can be handhesl by
GreenwooeWilliamson theory[95], which is good for may macro situations, but not for micro cases.

Thereforethese terms can be taken out of the integrals over the differalintg lengths.

The minimum relevanfcontributes to hysteresis frictiomjavelength_  has to be estimated iteratively
within the two scaling regime framework is a function ofviscoelastic propertieand roughness
characteristicsA variable_  administers the diminishing contribution of microtextasethe sliding

velocitiesincreases.

In this model,& Ois the excited layer thickness, which is assumed to be proportional toede m

penetration depth of rubb& O The latter term is given by

@o ,0 - (3-49)

where"O is the GeenwoodWilliamsonfunction,

00 . A O %aQd (3-50)

with € set to 1.0, and wher@ s the distance between the rubber and the mean profilet h&ighe

substrate (seigure3-13).
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Figure 3-13. Schematic representation of elastic contact between a rubber sample and a rough road track. The

distanceQ between the surfaces, the mean prefde summit heighttOand the profile or summit distribution
function%o. & , respectively, are indicated. The dark area under the distribution function equals the prétability

that a summit is in contact withe rubber. The insert shows a magnification of the contact area, demonstrating its

composition by individual contact spots.

In the"Ointegral,0k —is the normalized distance with respect to the wagaof the height distribution,

%o0Q . By approximating the expected total normal stress as the product of the weighted stress of a single
macroscopic asperity summit according to the Hertz thEB#yand the density of asperity summits on

the largest length scale, the meangieationdepth is estimated as,

@O : (3-51)

Thus, the mean penetration depth is proportional to the (apparent) normal stress, and inversely
proportional to the low frequency dynamic modultihe mean penetration depth is governed by macro

scale asperities, and is therefore associated with the lowésitiexdrequency seen by the rubber.

Using the GreenwooWilliamson functions, the smallest length scale contributing to hysteresis friction

with a two scdhg ranges approach is given by,
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with & @ Vio_ ¢ , where¢ denotes the summit densityonsequently, the corresponding real area of

contactd at a length scal

is given by[82],

e o S ;' S (3‘53)

3.5.2.1 Adhesion (semiempirical)

Under dry conditions, both hysteresis and adhestnponents coribute to the frictional proces3he

semiempirical. equation thatan define friction is given in Equation-62),

Coo : (3-54)

Q

where’ — — 8 andt Tt p ——— .70 is the contribution to friction force

arising from interfacial processes.is the true interfacial shear strength.

Under wet conditions, the adhesion component of the total friction is drastiedlged, whereas the
hysteresisdss remains largely unaffectedet, even under wet conditions, statistically distributed islands
of dry contact can fornilo hinder this mechanism and evade using the-sempirical adhesion model,
Kluppel usegletergents inhe experimentsso that the hysteresis friction simulatioas de compared to

the test results
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3.5.2.2 Mean Penetration Depth

The hicknes of the excited layer of rubber issamed to be proportional to the mean penetration depth.
The mean pensdtion depth is a function of surface roughness, sliding velocity, compound properties and
pressurelt cannot be evaluated exactly. In view of an estimation of the excited layer via a quantitative
characterization of strain field in the vicipiof the suface asperitiesndentation experiments monitored

by photogrammetrare performed and validated usitigjte element simulations

3.6 The developedcomprehensive contact model

Among the physickased friction prediction models developed to date, an aralytiorporation of the

effect of flash heating, as well as a formulation for the contribution from adhesion are exclusive to
Persson friction theory. Also, the extension of the friction estimation formulation in the frame of a two
scalingregimes approacis unique to Kltppel friction theory. Taking these effects into account has led to
more accurate predictioni84] [77] [78] [97]. In the present study, the aforementioned theories are used

to develop an inclusive multiscale friction model, through a detailed sisaly the key variables of

contact mechanics. The model takes into account more factors compared to the current approaches. This
is accomplished by recognizing trstrengths of each existing method and its advantages over the

competitors, and integratirigose into a new consolidated model.

The effect of flash temperature was described in se@ibrl.1 Profile characterization and contact
mechanis in the frame ofhe twoscalingregimes approaghand the semémpirical adhesion model

within the framework of Persson contact theory are explained in this section.
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3.6.1 Profile characterization in two scaling regimes

As discussed in Kl¢gppel 6s surface characterizatio
rough surface well. Sometimes, a gradual increasing deviation between the fractal assumption and the
statistical power spectrum can be detected fogtlerscales larger than ¢ 1 T & [98]. This simply

suggests that the scaling properties of macrotexture and microtexture should be described by two distinct
regimes[97]. When using the 2D power spectrum to characterize the roughness profile for friction
prediction utilizing Persson contact theory, thé#Q@) 1 T g curve is appximated as having two

different regions (se€igure 3-14), each of which described by ssifmilar geometry within itself. The

formulation of the paer spectrum functiod | can be extended in the frame of a ®aalingregimes

approach.

log C(q) (m*)

micro

q. 4y logq(l/m) 4, q,

Figure3-14. Schematic surface roughness power spectrum of a fractal surface with two distinct scaling regions. The
slopefori 1 1 isequaltogO Yandtheslopefof 1 1 isequaltccO Y ¢“j 0, whered

is the diameter of macroscopic contarea.

The power spectrum of the macrotexture regime is evaluated to be,
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2 90 for i f A (359
n ¢ n

wheren is the wavevector corresponding to the intersection point of both scaling regiméga, iarttie

Hurst exponent of macrotexture. For the microtexture regime,

5 O
noq

==

n for B A (3-56)
n

where O represents the Hurst exponent of microtexture. The sandpaper surface under study will be

analyzed using both one and two scaling regimes approaches.

3.6.2 Contact mechanics inwo scaling regimes

As previously discussed, sometintde scaling properties of macrotexture and microtexture should be
described by two distinct regimg94]. The kinetic friction coefficient interval is then split into two
integrals, one over each length scale regime. The formulation of the kinetic friction coefficient in
Equation 8-40) can be extended in the frame of a {8aalingregimes approach,

ORLWE T ¢

Qm 6 70 N Qm 6 nd N Qe i 5 (3-57)

”

P

The first integral corresponds to macrotexture, and the second to microteturanacre and
microtexture, respectively) 13 and0 1R are computed by enteririy i andé 1R from Equations

(3-55) and(3-56) into Equations%41) and @-42).

In the Results section, when estimating the friction of the studied summer tread compound sliding on
sandpaperboth one and two scaling regimes are utilized and the outcomes are comiplartbe wdoor

experimental data.

75



3.6.3 Adhesion

When a rubber block is sliding on a rough substrate, the contribution to friction from adhesion in the

contact area is dominant at low slip speeds. The adhesive friction coefficient is gi@&h, by

'Ot OAYO -
‘ - 3-58
o 5= (3-58)

whereO is the normal loadandt OR'Y is the velocity and temperature dependent frictional shear stress

acting in the real contact aréa— 0onR 6- 8

For clean and dry surfaces, the contribution to is from chemical adhesion (intermolecular forces),
dispersive adhesion dn der Waals), interfacial crack propagat{@00], interaction of filler particles

with the surface asperities, and rubber wear that may be specially significant for slipping on substrates
with sharp asperities, such as sandpaper. The bond formation might need some relaxation time, and the
friction force approaches zero at very low sliding velocities. At high velocities, there is not enough time
for the rubber molecules to adjust to the roughness interaction potential which also leads to small
frictional shear stress. Therefore, the shear stress as @ofult sliding velocity has a peak at an

intermediate velocity101][102].

The effective shear stress is not analytically computed by the contact mechanics tH&8tytlnwas
instead appndmated by comparing the measured friction coefficient and the predicted hysteresis

contribution according to Equati@8-59),

o . (3-59)
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The hysteresis friction coefficient and the area of real contact were calculated using the Persson contact
mechanics theory. Then, the shear stress as a function of sledowty was well estimated by a smooth

Gaussian master curve,
Tt A@Dwaeﬁ% (3-60)

where® 19, U @ pTm arfi, andt e® 0 0 WThe frictional shear stress at different

temperatures and sliding velocities can be calculated using,
t ORY 1 (& ORY) (3-61)

where® is the shift factor extracted from the master curve in Equd8e80), and is defined by the

Arrhenius factor,

5o . P P

b 6 55 0 (3-62

where 0 pP» p MO, O g8 pm U0 ,and”Y is the glass transition temperature. The
authors of[78] have discovered that , 6 , andt vary slightly for different rubber compounds and

rough surfaces. They have suggested that for other compounds, good correlation between theory and

experiment can be achieved by using a slightly chatigedr alternatively, a marginally odified Y.
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3.7 Friction measurement

3.7.1 Dynamic rubber friction tester (DRFT)

The Dynamic Friction Test apparatus ($e€gure 3-15) provides direct measurement of the horizontal
tractive friction force of surfacaubber braking traction and the dynamic vertical load ongbesample.

The system is composed a fake road diskvith an arbitrary surfageembedded in a rotating disk, and

the tire tread sample embedded in the measuring arm and in contact with the disk. The road disk can be
replaced easily. The measuring arm holds the load cell that measuvestite load and is constrained

in longitudinal and axial directions by the longitudinal force measurement mechanism.

The rubber sample and the dislpins at specific speeds to generate arbitrary slip ratios. Thbeeru
sample has a diameter @i Gard is p® & dthick. The diameter of the road diskasmo & Since the
thickness of the road disk and the diameter of the rubber sample are subject to change, a stack of shims

will be used to change the height of the disk.

A Kollmorgen AKM44JServomotoris employed to drive the disk. It is controlled by an ARD1206
Servodrive. A Thomson VT010250-RM100-40 (25:1) Gearheaceduce the RPM of the motor and
increase the torque to the desired rate. The gearbibakled to the disk via a Front Driver Pasgier CV
Axle Shaft 4X4 5Lug Chevy and its Wheel Hub and Bearing Assembly. The rubber $admplen by a
Kollmorgen AKM42H Servomotoy an AKD-P00606 Servodrive, and a Thomson VT@R-0-RM075

40 (7:1) Gearhead that ensures the same duty as the orferugeddisk. The link between the gearhead
and the samples a drive shaft consisting of two McMast€arr Ujoints and a SDP/SI spline shaft (see
Figure 3-16 for CAD mode). The pars lists are shown in Figure 3-17. Some sample engineering

drawings of some of the parts are presentdelgnre3-18.

By controlling the speed of the rubber sample and the rotating disk at the same time, this equipment

makes friction measurements at different slip ratios possible, as well. The system must work smoothly at
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different slip ratios. The rubber sample has t@able to follow the profile on the road disk and move up

and down as it travels over surface roughness. The normal load has to be maintained properly. Data
acquisition and control algorithms are developed for the motors and sensors. That should ertable one
control the speed of the motors and get sensible readings from the sensors. In order to validaterthe spot
function of the apparatus, a benchmark surface for which the friction vs. slip curve data is available is
needed to be used. A control surfadéhvknown friction characteristics is also required to calibrate the

system on a regular basis.

The wheel speed as well as the turntable speed can be controlled precisely to generate known values of
longitudinal slip. With the current system, the maximwaadhable linear velocity isi 7O A set of

pillow block bearings allow the rubber sample to move up and down in order to follow the profile on the
road disk. The vertical load on the rubber sample can be adjusted and controlled precisely using a
FSHO00257FUTEK Universal Load cell and a Die Spring preloaded with a nut. The longitudinal force
(friction force) can be calculated through reading the torque from T-dR&M: curves of the motors.
However, bearings and couplings cause losses and the readingsatlddprecise. Therefore, the same
type of load cellis used to measure the friction force. The dynamic coefficient of friction vs. slip ratio can

be calculated through the vertical and horizontal load cells and speed control.

A NI USB-6218 is utilized far data acquisition, where NI LabVIEW sesvas the application software.

Two FUTEK CSG110 strain gage signal conditiormavide voltage or current excitation to the sensors

to generate a voltage output, and optimize the electrical signals generatedrayslucers for the input

range of the DAQ board.he control parameters are road disk speed, rubber sample speed, vertical load,
slip ratio and wheel torque. The data acquisition parameters are friction force, vertical load, road disk
speed, rubber sampe speed and slip ratidhe drive system for the disk and the rubber sample, as well as
the force measurement mechanisms and the control enclosure, housing the AKD drives, the amplifiers,

the DAQ system, the fuse boxes and the power supplies, are shbigari@3-19.
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A Techmor Inc.tire temperaturesensor is purchased to recoraontact patch temperatures(see

Figure3-20andTable3-1).

General
Sensor Type Infrared
Temperature
Range 0to 400 F
Resolution 0.036 F
Accuracy +-09F

Environment

Operating Temy -40to 250 F

Power
Supply Voltage 5V
Current 50 mA
Output

CAN Bus Rate 1 MB/sec

Message Rate 20 Hz

Table3-1. Techmor Inc. infrared temperature senguecifications
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Figure3-15. Overall view of theDynamic Friction Test apparatus.

Figure3-16. The driving and the force measurement modules for the rubber sample.
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Figure3-17. Parts liss.
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Figure3-18. Sampleengin'eering drawings.
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Figure3-19. L e f t : Diskb6s drive system; Mi ddlI e: Rubberéds dri ve

Control enclosure housing the AKD drives, the amplifiers, the DAQ system, the fuse boxes and the power supplies.

Figure3-20. Techmor Inc. infrared temperature sensor

4 Resul t s

In this chapter, the reks of the simulationsaand experimentsutilizing the methods explained in the
previous chapter, are presented. The quantities that are computed apddifiesthat are learnt from

each section contribute to the development of a comprehensive multiscalerngab&iction model.

First, the outcomes of using constant percentage bandwidth, height difference correlation function, and
power spectral density for giile parameterization are shown. In what follows, the pavement
classificationresults, using only textunelated parameters, are summariZEgen the reproductions of
Perssof aind Klipped s ,dnaview of the roles of features that are exclusive dochemethodare
presentedin some cases, comparisons are dugteveen the outcomes of the two modélse strengths

of each method are identified and incorporated into a consolidated model that is more comprehensive and
proficient than any single existinghysicsbased approachlhe experimental data from the MDOT
friction trailer, as well as that of the Dynamic Friction Tester are presented. The correlations between the
results of friction estimation simulatiorfasing the existing models, as well as thelusive modelyand

the experiments are studied.
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4.1 Compound Characterization

The tread compound used in #&imations via the inclusive model and in the indoor experiments is from
a summer passenger tire, and has a glass transition temperatifre ofc @. A Dynamic Mechanical
Analysis test procedure similar to the one presentefll®3] is followed. The frequency sweep is
performed betweep ‘Odando UQx and the temperature sweep is betweent® andp ¢ d@rin steps of

v 6. The horizontal shift facto® is selected to give a as smooth as possible master curve for the real
modulus[104]. After having determinedd this way, the same shift function is used to construet th
master curve for the imaginary modulus. The resulting master curves at the reference tempékature of

¢ 10 are shown irFigure4-1. The viscoedstic shift factor as a function of temperature is illustrated in

Figure4-2.

log E (Pa)

imag

-% 0 -5 0 5 10 15 20 25
log f(Hz)

Figure4-1. The viscoelastic modulus master curves for the summer tire tread compound resulting from shifting the

real modulus. The reference temperaturgis ¢ T0.

84



log a

-1, 0 50 100 150
T(C)

Figure4-2. The viscoelastic shift factor adunction of temperature for the summer tire tread compound.

4.2 Profile characterization

Nanovea provided us with the area measuren@mrdsaverage particle diameter dafe86, 120 and 220
grit sandpaperd he roltoff wavevector ( ) of each profilewas estimatetly calculating and plting the
power spectrasgeFigure4-3). One can learn from the results thatis normally ~ 5 time$arger tlanthe

average particle diamet€rable4-1).

36 grit
-0.4 T
—Ltx,k _ e
avg par dia "\
-0.5- —roll-off =y

4 6
spatial freq (1/m)

85



Figure4-3. Power spectral density of the-g§6t sandpaper.

Sandpaper(Grit) | Average Particle Dia. { 0) | Roll-off Wavelength (H 0O)
36 530 2500
120 125 700
220 68 380

Table4-1. Average particle diameter and rolff wavelength for three sandpapeofiles.

The rolloff wavevector(_ ) for someexpressway profilegcourtesy of George Dewey, Michigan Tech
Transportation Institute) and three gravel profilesuftesy of MinhiTan Do, IFSTTAR) whose texturés
similar to road surfacesere estimatedThe results are presented irable 4-2. The evaluation length
needs tdetwice the rolloff wavelength (the Nyquist wavelengtl orderto proces all the frequencies

in the spectrum. Based ¢ine results, for most pavemenis would need to a measure a minimumgof

o o along profiles.
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Profile Roll-off Wavelength @k D)
4-lane suburban 0.927 1.50
6-lane city expressway 2.30
4-lane ruralexpressway 0.501 1.15
Gravels cast into a resin mold and polist 1.13,1.16, 1.27

Table4-2. Roll-off wavelength for highway and gravel profiles

To verify the develope@haracterization algorithm, we reconstructiee original signalusing the finite

summation of the set of simple oscillation functions (sines and cosaret)utilized thd-ourier Series

andthe Discrete Fourier TransforifseeFigure4-4).
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Figure 4-4. A line-can of an asphalt surfacBlue: Original profile Red:reconstructed profilécourtesy ofTony

Beall, Coopertire)

87



The NanovealR25 portable profilometavas recently purchase@ihe newly measured surfaca used

for the validation of the methodologies and algorithms as explained above.

On the fricionte t er 6 s r oad e aekplanningion teplaeingfthe tegutaresandpaper with
Microfinishing Films (from PSI, Inc.), wherexeellent finishis achievedy the precision grading system
used to select abrasive particles for each gr@tsssified by the more accurate micron gngdsystem,
particle size grading is held to much tighter tolerances than conventional abrasive protigtgsults

in a higher density of the specified particle size available to do the grinding required. This controlled
uniformity of particle size,@mbined with electrostatic coating of the polyester film backing, provides an
unexcelled grinding product.Microfinishing Film products are available in both Aluminum Oxide
(Al203) and Silicon Carbide (SiC). Aluminum Oxide is recommended for use on d$ematerials.
Silicon Carbide produstshould be used on ndarrous materialsThe sheetare available ir80 t01200

grit (9 to 180‘ & average particle sizether features of this product amenger life and less heat

generationThe setbacks are tiégh price and the minimum quantity offered.

4.2.1 Spectral analysis of profiles Constant percentage bandwidth

The constat bandwidth spectraere transformetb constanpercentage narrow bands. This is valid only

for a transformation on the spatial frequency scale. The fractimtavebands (octave and LH&tave)

used are assumed to be ideal, i.e., the band pass is a square window in the spatial freqaémcyiuo

total power within each window is obtained by summation of all narrow band power contributions falling
within the square window. The power of a narrow band that coincides with the boundary between two

consecutive fractionadctave bands is dividieproportionally over the bang&9].
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The procedure was applied to thigectral analysis of sandpaper profiles tastigate the distribution of
energywithin different wavelengtibands Figure4-5 shows theesults for 1/3ctave bandsThe data on

the right of the vertical blue lines are to be considered only. Fédsxlabels are the centers of the
fractionatoctave bands. For thed 3yrit sandpaper which is the roughest, the energy drops as we move

downto smaller wavelengtheyhi | e f or the 120 and 220 grit it doe

There were limitations, in terms of the evaluation lengths that were available to us (86 gt &;

120 grit: 0 p @& a&; 220 grit: 0 @& ¥ &). Therefore, the current terpretations might be

Inaccurate
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Figure4-5. Power spectra of three sandpapers transformed tocl#8e bandsT'he data on the right of the vertical

blue lines are to be considered only.

90



4.2.2 Perssom gechnique

Wi thin Perssonds framewor k, a 2D PSD has to be
straightforward antess complicated approachto compute that from a 2D area measurement. However,

2D profile measurements can take hours or even days, depending on the resolution and size of the area
whereas a number of line scareasurements with high resolution can be carried out in a few minutes
The 2D PSD can be obtained from the 1D PSD, for the limiting casé} lsbtropic surface roughness

where the Inverse Abel transfor(in image analysis, it is used to project an optically thin, axially
symmetric emission function onto a plarig)used 2) 1D surface roughness (unidirectional polished

surfaces)wherethe angular average of the 2D PBbbtainedrom 1D line scans

For an asphalt surface profile (courtesy of Tony Beall, Code}, assuming the roughness is isotropic,

the 2D angular &erage of the pmer spectra of a number of liseans were calculated and averaged. The
fractal dimension was calculated to'®e ¢& oAfter treatment of drop outs (replace each of the invalid
samples by an interpolated valugg hadO ¢& cwhich is clese to the expected value for aspliséte
Figure4-6). A good match is observed for the 2D power spectra obtained from 2D and 1D measurements.

Also,the 6sum rul ed was satisfied.

—C(m)
—C1D / (n q) "angular average"
C2D (Inv. Abel Tr.)

221 i i H H H i i
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Figure 4-6. Blue: 2D PSD from 2D measuremer{gssuming isotropic roughnesspreen; 2D PSD from 1D
measurements via Inverse Abel transf¢assuming isotropic roughnes®ed: 2D PSD from 1D measurements via

computation of angular average (assuming unidirectianajhness).

4.2.3 Kluppel6 technique

For the asphalt profiles, the Height Difference Correlation Function (HDCF) is compsésd (
Figure4-7). The parameters extracted are in agreement with those extracted from the PSD in the previous

section.The HDCF andis constructed for two scaling regimes, namely macrotexture and micraextur

Scan1

—wocr |
[l ——¢ =0.580 mm
|- —Db,=2456
D,=2579
——,=1964mm
B——%= 0.499 mm E

1og10(C (%)) [mm?4]

10* Lol Lo el Lol
10
log10(2.) [mm]

=)

Figure4-7. Characterization of the asphalt profiles; HeiDifference Correlation Function.
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4.2.4 Radod technique

To generate the power spectral density of a profile, Rado has alternatively ugeadbhet of the
complex conjugate of the Fourier transform and the Fourier transform of the siyrifgb "Q), instead
of the Auto PowelSpectrumof the profile {Y "Q . The result for one lingcanof the asphalt profilés
shown inFigure 4-8. The fractal parametersxtracted fromthe curveare close to the resultsbtained

usingKlippel and Perssatmeories

D =2.506

PSD (mm?)

-10
10" 10° ' ?

10
spatial freq (1/mm)

Figure4-8. Power spectral density of the asphalt profile. The region highlighted in red is linear regression domain.

4.2.5 Power spectrum in tvo scaling regimes

In Figure 4-9, the surface roughness power spectrum for thegti?Gandpaper surface is shown. It is
calculated from the profile measurements by the Nanovea JR25 optical profilometer. The power spectrum
is an average over the power spectra of 10 individualsioa®m measurements. The evaluation length has

been long enough to capture the 1affl region and the range of wavelengths that contribute to friction.
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The shordistance cubff wavelength is seléed to be @‘ ¢ such that the rmslope equals 1.578].

Yet, the horizontal resolution of the profile data used in this stugly és, which means that the smallest
wavelength that can be processed i @& (Nyquist spatial frequency). However, as expected for fractal
surfaces, the power spectrum curve on aldggscale demonstrates linear behaviors for wavevectors
larger tham} in the macrotexture and microtexture regions. Therefore, in order to have more accurate

friction predictions the spectrum is linearly extrapolated to @ &(3  ¢“7_).

The fractal dimension can be calculated from the slope of théodpgower spectrum curve. For the
studied sandpaper surface, the fractal dimension is 2.30. In the two scaling regimes approach, a transition
wavelength is detected in the power spectruraratind_ ¢“jn p L Tt athat characterizes the

gradual slope change between the two scaling regions. The fractal dimension is calculated to be 2.69 and

2.18 for macrotexture and microtexture, respectively.

/\v Kj:acrmexlure

(9]
=

log(C) [m]

microtexture

transition

i i ! i
25 ‘ i i ‘ ; i

2 25 3 35 4 45 5 55 6
log(q) [1/m]

Figure4-9. Power spectral density of surface roughness ofgtRGandpaper. The measurements were carried out
using the Nanovea JR25 optical profilometer, with a lateral resolutignt ai This power spectrum is an average
over the power spém of all the individual linescan measurements on the surface. A transition wavelength( of
¢“jp L T is selected that separates the macrotextiira)() and the microtextured( n ) length scales. The

fractal dimension is calculated to be 2#nd 2.18 for macrotexture and microtexture, respectively.
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4.3 Classification of Road Surfaces

4.3.1 Texture parameters

We use five sets of road profiles measiweé the Optical Gaging Products, In©GP Digital Range
Sensor System DR&000 by researchers at Michigan Tech Transportation Instifthe.O0values are
site values from the MDOT friction trailer before the pavement is cditeellateral resolution of the data
is T U & Twelve 46 mm long traverse linesere measured parallelot traffic directions evenly

distributed across each surface

For each of thdive sur f ace s, the average of Aimean square r
calculated. It wasletectedhat asOUgrows mean square roughness increases as well. Peofeetation
(correlation coefficient To X )uwas obtained between the tpavement frictionnumberand the
mean square roughness of the surface profitbch is equal to the area under the PSD plath(e 4-3

andFigure4-10).
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Profile Friction Number (FN) | Mean Square Roughnesg Area Under PSD
14d1 (4lane suburban 42 3.54 3.54
15d1 (4lane suburban 46 3.83 3.83
26d1 (6lane city) 35 3.52 3.52
29d1 (4lane rural) 55 5.45 5.45
30b1 (4lane rural) 76 7.16 7.16

Table4-3. Friction NumberMean Square Roughness, and the area under the PSD curve for five road profiles.

—
o
1
|

correlation coefficient = 0.975

2]

mean square roughness (mm? x 100)

2_ -
® mean value for each surface
— linear regression
| | | | |
0 30 40 50 60 70 80
FN

Figure4-10. Correlation between the tigavement friction and the mean square roughnessg@a undePSD) for

thefive profiles. Each point represents a road surface core.
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4.3.2 Indenters method

For pavement classification using the Indenters method, a mediftine 12 samples is set as the angular
parameter for each specimen. The reason why median is used here is fetedotm mean, median is

less affected by extreme values within a set of observations. The results of profile characterization using
—are presented ifTable 4-4 and Figure 4-11. It can be said that therexists a relatively perfect
correlation bawveen—and friction. The correlation coefficient is 0.9652in this case, which means that

this angular parameter is able to predict-fis&ement friction with very good precisionhis angular
parameter is good predictor of wet friction;hie method can be used for dry contact as well. However,

we have to take into account the adhesion part of friction, and also the true contact area.

Profile Friction Number (FN) | Angular Parameter P (degrees)
14d1 (4lane suburban 42 6.0117
15d1 (4lanesuburban) 46 6.8890
26d1 (6lane city) 35 4.0073
29d1 (4lane rural) 55 7.5898
30b1 (4lane rural) 76 9.8631

Table4-4. Friction Number and Angular Parametefor the five road profiles.
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Figure4-11. Correlation between tirpavement friction and the angular parameter of the Indenters method for the

five surfaces. Each point represents a road surface core.

4.3.3 Fractal analysis

4.3.3.1 Global fractal parameters

Many fractal properties are related to the evolution of the wavelet coefficients acrosgl86hl©ne
possible way to check for a fractal behavior is to investigate the evolution of the energy in the signal with
respect to scale. L& _ 6 o Y 'Qddenote the energy at scabewhered @ "¥ the Caitinuous
Wavelet TransformFigure4-12 illustratesa relation of the typ®©* @& for somg’ anddacross a large
range of scales, which indicates that the endepays as a power law in scalmw that it is verified that

the profiles display a fractal behavior, this property will be used to characterize the signals.

A signal has a wedefined Corrlation Exponentif 6 ax & withf  1holds across a range of values

of & where0 & is the autocorrelation of the signal, ami lag. For a fractal signal, we expect linear
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behavior on almost all the range of possible valued ®he results shen in Figure 4-13 (Left) agree

with Figure4-12 and confirm therfictal behavior in the signals.
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Figure4-12. Log-energy with respect to scale for twelve samples fsanface 26d1
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Figure4-13. Left: Log-autocorrelation as aifiction of Loglag for twelve samples from each of the three surfaces.

Right: Classificatiorof three surfacessing correlation exponent.

NeverthelessCorrelaion Exponent is a global fractal quantity and it is not possible to separate the classes

based on the information brought by this parameter FRpee4-13 (Right).
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Figure4-14 shows the typical behavior of Regularization Dimension on profiles. If the plot is linear in a
certain range of values of scale, then the signal is considered fractal. There are howeweeatwo |
regimes, one corresponding to lower regularization (high frequencies), and the other to large smoothing

(low frequencies). This shows that the investigated road profiles have twalefiekkd dimensions,

macrae and micretexture, that behave in difient ways.

log2(L)

Figure4-14. Log-convoluted length with respect to scale.
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26d1 29d1 30b1
1.28 | macro | 1.14 | 133 | 1.15| 129 | 1.19
micro | 2.02 2.53 2.05
1.40 | macro | 1.14 | 1 07| 1.14| 130 | 1.18
micro | 1.74 2.10 1.96

1.39 1.34 1.29

1.33 1.33 1.33

riod 1.29 1.28 1.35

1.27 1.31 1.36

1.37 1.27 1.30

1.38 1.28 1.28

1.36 1.32 1.33

1.34 1.30 1.32

1.36 1.33 1.33

1.34 1.28 1.34

Table 4-5. O Qd Mlues for twelve samples from each of the three surfaces. For the first two rows, the separate

‘0 "Qa vélues for microtexture (lower cell) and macrotexture (upper cell) are presented, as well.

‘0O"Qda vélues are calculated for the three surfadeble4-5). For the first two samples of each surface,

‘0 "Qa f¥r micro- and macreexture is calculated separately, as well. Still, the ranges of exponents for
different classesften overlap.O "Qa i¥ a global quantity, and it is not able to characterize a given class
of profiles. ThereforeD "Qa andf may not be used to explain the differences in friction of the various
profiles.As a resultwe move on and investigate if local fractal parameters and particularly the Pointwise

Holder exponent can serve as a tool in characterization of road profiles.
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4.3.3.2 Local fractal parameters

We learned that global fractal parameters (e.g., correlation exponent, regularization dimension, fractional
dimension) are not always able to characterize and discriminate between road prafiEdswe know,

they ®uld be largely urelated to the friction coefficientOn the other handpcal parameters (e.g.,
pointwise Holder exponent) might allow separgtroad profilesthathave different friction coefficients.

The claim could be supported by the fact that friction is mainlga lshenomenon.

Since| (Holder exponent) is defined at each point, we assodidateQ(Holder function). A Holder
function of one sample durface30bl isillustratedin Figure4-15. Analysis results showed that Holder
exponent and Holder function cannot tell if a signal is fractal. However, they provide a rich description of

the local angularity structure of a signalmosttoo rich for characterization purposes.

Holder function
25 T T

1.5+ 8

0.5

Holder exponent

o

| I 1 | | I
0'50 200 400 600 800 1000 1200

Profile data points

Figure4-15. Holder function for one sample from 30b1.

Thus, for profile classification using Pointwise Holder exponent, one may start by using median of th

Holder function. While the median will subsume information pertaining to the whole signal, it is still a
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local parameter. Using the median (or even the mean) of the Holder function is consistent with the fact

that the friction results from an averagenwdiny local interactions. Nevertheless, as sedfgare4-16,

the procedure fails to separate the three surfaces.

median of Pointwise Holder Functions for 12 lines
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Figure4-16. Classification of the three surfaces using Holder median. For twelve samples from three surfaces, each

sampl ebdbs median val
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Therefore, instead of restricting to median, th&dgrams of Holder functions are stud[@06]. For the

learning (training) class, eight profiles were randomly chosen among the twelve profiles from each

surface. The remaining four profiles are used as the testing class. Histograms of pointwise Hélder

exponents for each profile were created. Therefore, eight histograms represent the learning class of each

surface ¢eeFigure4-17). The number of the histogram bins can be equal to or less than the number of

pointwise Holder exponent values. Next, the mean values of the eight histograms are computed. For each

pointwiseHolder exponent bin, the standard deviation is also calculated.
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To be able to examine the testing class profiles, the mean and the standard deviation values are then used
to create new Gaussian functions for each bin, so that the learning class of efary kas a set of
Gaussian functions. For each new profile from the testing class of a subfaddB o values are
computed using the Gaussian functions of the learning classes of all surfa¢aguseé-18). Finally,”Y

is computed for each surface by summingdides’yY (+w for surfac€Q). The Yvalues are compared,

and if"Yis largest for a surface, the new profile belongs to that surface. The comparison results are shown
in Table4-6. Each cell symbolizes the resulttbie classification for one test sample from one surface.
Number 616 represents successful classification

classify. An overall correct classification rate of 87.5% was achieved.

0.2 w

standard deviation

0.15 histograms of profiles

0.1F

mean

count (normalized)

' T 0 02 0.4 0.6 0.8 1
pointwise Holder exponent bins

Figure4-17. Normalized histograms of the pointwise Holder exponents of the profiles of the learning class for one
road surface. The means and the standard deviations are plotted for each bin. The nhumber afrtira histused

is less than the number of pointwise Holder exponents.
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Gaussian function for o

m, [0
i new

normalized count of q;

Figure4-18. Gaussian function for one pointwise Hdlder exponent bin with respect to the normalized count in that

binnwisthefurt t i on val ue corresponding to the new profileds n
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Surface

14d1| 15d1 | 26d1 | 29d1 | 30bl

o #1| p 0 1 1 1
o
= #2 | 1 1 1 1 1
(7))
= #3| 1 | o5 | 1 1 1
(]
= #4| 1 1 0 1 1
sum 17.5/20 = 87.5%

Table4-6. End results of classification via the pointwise Holder exponent for the four test samples from each of the

five surfaces. 1: success, 0.5: marginal success, 0: failure.

4.4 Persso® s t h efrictioy esfinmtion; Real area of ontact

A correct estimation fothe real area of contact isfandamental and integral piece in understanding the
rubberroad contact and frictionThe real area of contact has to daculatedin the process dffriction
prediction Therefore an accuratapproximation of the coefficient of friction could inherently

authenticate the correctness of the estimation of the real contact area.

We start by trying to estimatbé kinetic friction coefficient for polyisoprene rubber sliding on a substrate
with a sel-affine fractal surface profile characterized by HugrstexponentO 1@ v Calculations are
presented for themagnifications p mandp 1 wand with) 'Q  p andn ¢ Tt TFor the,

p Tt tase we show results for three different nominal pressures T, p, andp ™ 0 GAs illustrated

inFigure4-19, good agreement is observed between our
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Figure 4-19. The friction coefficient for polyisoprene rubber stigi on a fractal surface witfO ¢ v
Calculations are presented for the magnificationsp T andp 7 1 and withp 'Q  p andn ¢ 1 T For the

p Tt tase we show results for three different nominal pressures, @, p, andp ™ 0 ¢(Left: P& sson6s

estimationsReproduced frorfiL1] with permission from AIP PublishingRight: Current research

Thus, we can expect our estimation of the real contact area to be accurate too. Taa$sdbghis
assertionwe did a more detailed study and carried mote simulations to compare the outcome with
friction prediction results obtainable from the literature. We investigatedhth@agical viscoelastic

modelof Figure4-20[11]. The model corresponds to the viscoelastic modulus,

07 e (4-1)

where®w OjO andt -—¥O is the relaxation time. In all calculations below, 18t mip O

pTO Pand® p T T
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Figure4-20. Left: the rheological modeReproduced frorfil1] with permission from AIP Publishin@ight: master

curvefor the rheological model.

In Figure 4-21 the real contact area (RCA) is plotted with respect to magnification for four different
sliding velocities, for the rheogical modelon a seHaffine surface. As magnification increases, RCA

become smaller. Also, RCA decreases with increasing velocity.

Friction vs. Velocity for the rheological model on a saffine substrate is plotted iRigure4-22 for three
different magnification level€triction has a peak that corresponds to the peak af¢ The magnitude

increases as we go down to smaller minimum wavelengths.

Friction vs. Velocity for the rheological model on a selffine substrate is plotted iRigure 4-23 for

different fractal dimensions. Friction increases witltfabdimension(Hurst exponent decreasing).

Maximum Friction vs. Fractal Dimension for the rheological model on aafigtie substrate is shown in

Figure4-24. Fr i ctiond6s peak increases with the Hurst e»

The results confiimth&® e r s s 0 n 6 s of RGAtandrrigtion coeffisienare reproduced accurately
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Figure 4-21. RCA vs. Magnificationfor the rheological model on a sealffine subgate. Left: Perssonos

Reproduced fronil1] with permission from AIP PublishingRight current research.
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Figure 4-22. Friction vs. Velocityfor the rheological model on a seiffine subsrate; Left: Perssonobs

Reproduced froil1] with permission from AIP PublishingRight current research.
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Figure 4-23. Friction vs. Velocityfor the rheological model on a seiffine substratel eft: Per eslltsn 6s r

Reproduced frorfiL1] with permission from AIP Publishin@Right current research.
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Figure4-24. Max Friction vs. Fractal Dimensiofor the rheological model on a sedffine substratel. e f t : Per sson

results;Reproduced frorfiL1] with permission from AIP PublishingRight current research.

Then, we also study how RCA changes with magnification for real toeadpounds, since the
viscoelasticmaster curveof a tread compound is quite different from that of the simple rheological
model.In Figure4-25 andFigure4-26, we see that RCA decreases with magnification, for a carbon black
filled Styrene Butadiene rubber compound at low strain and a tread compound at large strain,

respectively. In both cases, RCA decreases with velocity tas&¢ that RCA increasevhen using
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large strain viscoelastic modulugsing the modulus data for a rdeead compound, the RCA ratio is

close tathe numbersnentionedn the literaturdor ABS-brakingsliding velocities (~ 1%).
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Figure4-25. SBR CB (small strain)Left: Master curveRight: Real Area of Contact vs. Magnification
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Figure4-26. Tread Compound (Large Straiheft: Master curveRigh: Real Area of Contact vs. Magnification

4.4.1 Sensitivity of Friction to Surface Parameters

This analysis carried out to learn how the differpatementparameterghat are used in thfiction

prediction algorithm affect friction and how sensitive the estimations are tofe@ckach case, we have

four surfaces, where one is the original 241 gandpaper, and the other three are pseudo surfaces

obtained by tweaking one parameter at a time.
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First, the effect of the short distance-offt wavevector fj ) is studied (se€igure4-27). As1 risesand
smaller length scales are included in the realization of the substietegarithmic PSD moves further to
the right (larger wavevectorgndthe shortdistance cubff wavelength decreases which in turn increases

friction (seeFigure4-27 Right).

Then, we investigate the influence of the Rifflwavevector ff ). As apparent irFigure4-28, whenn
is reduced and larger wavelengths (macrotexture roughness) are included in the realization of the

substratethe logarithmic PSD moves further to tleft (smallerwavevectorsjhatleads to an increase in

friction.

In Figure 4-29, the effect of thevertical cutoff distance('Q) is studied A larger’Q means a larger rms

roughnesswhich would surely bring about larger friction coefficients.

Finally, the influence of the fractal dimension is illustratedrigure 4-30. A larger fractal dimension

simply adds more microtexture features to the surface, and consequently increases friction.

I|“=O‘O(lﬂ(]4\‘ }_u=!’33|un; I)[=1.2."\: r7n=(]_2MDﬂ

-15
— | =~ -=A =12 pm Decrease short-
Vg 20— 'y
: A= 2pm 0 ‘~~-_5____~“ ‘1
8 h,=6um - ‘1
ED—ZS }.] =3 um
-- l] =1 pm
304 4.5 55 6 98 -6 0

5 -4 2
log(q) [1/m] log10(v) [m/s]

Figure 4-27. The effect of changes in shatistance cubff wavevector/wavelength; Left: Power spectral density;

Right: Friction vs. sliding velocity.
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Figure4-28. The effect of changes Roll-off wavevector/wavelength; Left: Power spectral density; Rigtittion

vs. sliding velocity.
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Figure4-29. The effect ofvertical cutoff length Left: Power spectral density; Right: Friction vs. sliding velocity.
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Figure4-30. The effect of changes fnactal dimension/Hurst exponerteft: Power spectral density; Right: Friction

vs. sliding velocity.

4.4.2 Contribution of different length scalesto friction

Which one is more important: macrotexture or microtexture? How important is thedstarice cubff
wavelength; e.g. what happens if we cut the spectrymratdinstead ob © & and how much does that
affect friction? Can we find length scale banidat have equal impact on friction; e.g, decades, octave
bands, 1/3 octave bands, linear bands? To answer all these questions, in thisveedtiam quantitative

analysis of the contribution of different wavelength levels to friction.

The first step idreaking the power spectrum of the surface into a number of length scale bands. For
Surface segmentation, we use two approaclgsTaking the complete original surfacewhere
contributions from wavelength bands add up to the friction value of the orgyiiate with all the length
scales; an@®) Breaking the roughness mseveral independent surfaces tlegtdls to a higher friction
coefficient than the origad surface, sincd Q@& & 06 GFBCE & Q6 £ & OB (rétio is one for

each segment.

For the rubber side, avhave usettead compoundnaster curve at both low and large strains, to see if

the dynamic behavior and characteristics of rubber makes a difference.

There are an infinite number of ways we can define the spatial frequency bands. We chose to investigate:
1) Linear Spatial Frequency Band®) Logarithmic Length Scale Band3) Linear Length Scale Bands
and 4)Friction vs. Continuous Length Scaleecaus they intuitively and also computationally made

more sense.
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After a carefil examination of the all the results, we reached a few important conclusions. Here, only the
results that are key for explaining those findings are preseftiedf the following results are for the

state of o6taking the complete original surfacebo.

In Figure 4-31 (left), the power spectral density of a sandpaper profil@listrated. Unlike the

d IoCYOol In@ t hat wedre used to s eandwagesinliinear scdiei e cas e,
reason why we did that is that in tfrction estimation integrals, the power spectral density and the
wavevector are nobgarithmic. Therefore, studying thogaantitiesin linear scale igheoreticallymore

relevant to length scalavolvement The equally wide spatial frequency bands are in linear scale, as well.

The same plunging behavior is seen in th& graph whenwe zoom in to the plateau at higher

frequencies.

15 PSD in Linear Space

] SX l O L T PSD in Linear Space i i LSy
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Figure4-31. Power spectral density of a sandpaper profile in linear scale. The equally wide spatial frequesacy band

are in linear scale, as well.

Then, the length scale bands in linear scale are transformed intdag IB§D (sed-igure 4-32 Left).
Since wavevector in linear scale is the integration variable in friction estimation, we observe a monotonic

decrease in contribution of linear wavevector bands to frictionHgere4-32 Right). For the rubber, we
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have used a tread compound at large strain. Another important point that is reinstated here is that

hysteresisriction is very sensitive to the shatistance cubff wavelength.

One Surface -- Large Strain One Surface -- Large Strain
-15 [ P ——
o + 5.54-60 pm
-+ S normalized to maximum * 2-;"'2-33 nm
- H = at pac ~F 1.97-2.90 pm
é 20 _5.54-60;1111\ _g 05 at each velocity 149197 m
=2.90-5.54 um = *1.20-1.49 pm
% 95197290 um T = © 1120 ym
o =—1.49-1.97 um 8 ............. .
- —:,2]02-[]),49 um =, PO s st H
-1.20 pm
230 0
4 4.5 5 5.5 6 -3 - -4 -2 0
log(q) [1/m] log10(v)

Figure 4-32. Left: Power spectral density of a sandpaper profile with spatial frequency bands are in linear scale
transformation into logog PSD; Right: Normalizetb-maxfriction (tread compound at large strain on sandpaper)

contribution from the frequency bands with respect to sliding velocity.

For thesame rubber and substrakégure 4-33 illustrates bgarithmiclengthscale lands(Left), andthe
normalizedto-max contributionof each band tfriction (Right). It is apparent that the contribution of the
different bands is not the same anymore at different sliktarities. However, one interesting point that

is noticeable here is thatery decade in length scale is roughly equally important.
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Figure 4-33. Left: Power spectral density of a sandpaper profile dtharithmic length scale bands; Right:
normalizedto-max contribution of each band to fricti¢liead compound at large strain on sandpaper) with respect

to sliding velocity.

The next step is to investigathe effectob ®§7 whi ch is i mportant because i
hysteresis friction (seEBigure4-34). By keepingd @ écpnstant(seeFigure 4-35), we can factor out the
influencefroor ubber 6s modul i changes with speed agesd fregq
dynamic properties. That helps us have a more accurate assessment of the contributions from different

length scales.

large Strain
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Figure4-34. Correlation between coefficient aidtion ando & &dr a large strain tread compound on sandpaper.
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In Figure4-36 (Left), for tread compound at large strain on sandpaper, the absoluts afateatribution

of logarithmic length scale bands to the coefficient of friction is shown for Wwheéxei§ hed constant.

To see the differences more distinctly, the results are normalized to the maximum value at each sliding
velocity (seeFigure4-36 Right). Although the sequence of the contributions for the different bands is the
same at different velocities, the bands are not in order (unlike for linear scale length scale bands). The

results reestablish thatery decade in length scale is roughtjuelly important
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Figure 4-36. Contribution to friction from logarithmic length scale bands with respect to sliding velocity; Left:

absolute values of contribution; Right: Normalizedmax values of conibution.

So far,we have only considered bands of length scales. But now we want to see how friction changes
with a corinuous spectrum of wavelengf@omputationally, the closest thing we can get to a continuous
range is a finely discretized arraygain, computationally the friction is zero if we consider a wavevector
number as the lower and upper limits of the integrals. Therefore, mggdeo aninfinitesimal boundary

around each value and cdite the friction for tha{Equation(4-2)),
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v

n 08 68 0 (4-2)

Where 61 andé are the integrands of friction prediction equation, which in turn include other

integrands.

Persson has stated thhetrolloff region gives a negligible contributioto friction. If O ¢, then the
large wavevector region becomes more important and the friction coefficient as a function of the short

distance cubff bends upwards with increasimg for log-scalery. However, using Equatio®-2) does

not yield to that outcome (sé&gure4-37).

x10”

e e s

1 n n |
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 1.8
log(&)

Figure 4-37. Coefficient of friction with respect teontinuouslinear magnification fortread compound at large

strain on sandpaper. Thdinitesimal boundary is considered around the linear wavevector values.

We redo the previous simulation, but this time for discretized values of logarithmic wavevectors
(Equation(4-3)). In Figure4-38 we see the expected behavior (the friction coefficient as a function of the

shortdistance cubff bends upwards with increasing for log-scaler).
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Where 6/ andd

integrands.

Figure4-38. Coefficient of friction with respect to continuous logarithmic magnification for tread compound at large

04

‘'n 08

are the integrands of

E=1:60

friction prediction equation, which in turn include other

1.3

E=10:60

14
Tog(£)

(4-3)

strain on sandpaper. The infinitesimal boundary is considered around the logarithmic wavevector values.
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not always a readily available optia. canalsobe roughly estimated, analyticalBut in most cases the

result is not accurate enougHowever, he contribution from the area of real contact has oppgsite

dependencyFurthermore, dér wet surfaces at high enough sliding spedde contribution from the

contact aea (adhesion) may besry small, lnt then the effect of flash heating becomes more important

and reduces frictionThus, adhesion at low velocities, and flash heating at high velocities may make

friction lessr| dependent.
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4.4.3 Flash heating

4.4.3.1 TheWLF modeli Horizontal shift

TheWLF coefficients can be calculated for any reference temperature through frequency and temperature
sweep DMA tests and computing the horizontal shift factor for a compoisdan example, in
Figure4-39 the master curve of a tread compound at reference temperatur@g ofrtt randy Tt zare

shifted to"Y ¢ m 3That leaves us with four equation aagd unknownsnamely the WLF coefficients

0 andd that were be computday theleast squares method.
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= 2 Timag % 2| T imag
§ shifted real S 1 sh?ﬁed Feal
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Figure 4-39. Master curve of a tread compound at reference temperaturé¥ of it rand (s 1t 3are shifted to

Y ¢T3
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4.4.3.2 Flash temperature results

Up to this point, all the simulation have been for hysteresis friction without considering the flash heating

effect. In this section, first we investigate tlifeet of speed andemperature ofriction.

For an all-seasortread compound at low strain @40-girt sandpaperfigure 4-40 illustrates how the
flash temperature increases with velocity. Changingsee Equation346)) between 2 to Bnly slightly

changsthe subsequent flash temperature.

flash temperature

180

160

140

120

Flash Temp
w =
(=] (=]

=3
=]

-1 0
log10 (v) [m/s]

Figure 4-40. Instantaneous temperatuiise in the contact of a tread compound at low strain and sandpaper; Left:
Flash temperaturavith respect to sliding velocity for the minimum and maximum magnification values; Right:

Scaled image of flash temperature with respect to sliding velocity agdification.

In Figure 4-41, we see how friction changes with sliding velocity, with and without flash temperature.
The cold and hot branches start to split at aroblindp 1 p 11 & fi. At slower speeds, the heat
geneated in the contact is diffused without increasing the temperdtutbe rubbery region, the cold
friction seems to always increase with velocity. However, the hot friction can either increase, decrease or
stay almost unchanged, for specific ranges d¢boiyy, depending on the rubber compound properties.

Adhesion ig/et to be included in the simulations
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Figure4-41. Cold and hot coefficient of friction with respect to sliding velocity for treashpound at low strain and
sandpaper. From left to right, by tweaking the WLF parameters, hot friction increases, stays level, and decreases

with velocity, respectively.

Next, we investigate the effect of nominal pressureriotidn. Some experiments the literature suggest

that the coefficient of friction changes significantly with pressure. Nevertheless, we have not been able to
replicate that i n our simul ati on figurd-42ent can see Per s s ¢
how the real contact area increases witYetther essur e
simulatedrate of friction reduction Wth pressure is not as expected (Begure4-43). The equation we

currently used to estimate RCA is simplified to work for the conditions whereupedssof a lower order
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thanédOmm p0 O @ Therefore, it might not hold fab p 1 O ¢hich is used in our simulations.
Nevertheless, based on experimental results, we expected to see a notable decrease in friction with
pressure, even for theractical operationalrange of footprint contact pressures thabfia lowerorder

thanO 1t . Persson has mentioned that on dry rough road surfaces in the typical pressure range in tire
applications, the friction coefficient is independent of the contact pressateningconstant temperature

[11]. But the experiments indicate otherwiS€smmpared to simulations, we have not augmeriteckffect

of achesion yet

v=1m/s
q0:400 pm--q, = 1 um
100
—0.2 MPa (cold)
----- 0.2 MPa (hot)
80 —1 MPa (cold)
——1 MPa (hot)
10 MPa (cold)
< 60 10 MPa (hot)
=
&~ 40

150 200 250 300 350 400

Figure4-42. Tread compound at large strain on sandpaplee; real contact area with respect to magnification, for

three nominal pressures o& (passenger tirep, andp 1 1) GResults are presented for cold and hot friction.
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Figure 4-43. Tread compound at large strain on sandpaper; The coefficient of friction with respect to nominal
pressure, for three sliding velocities st p T, andp & i. Results are presented for cold and hot friction. The

operational range of contact patch gre® is indicated.

Figure 4-44 shows that the flash temperature only very slightly changes with pressure for different
magnification levelsExperiments suggest that it is indeed not the case, and that temperature sncrease

with pressurewhich in turn decreases friction.
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Figure 4-44. Tread compound at large strain on sandpaper; Flash temperature with respect to sliding velocity, for
three nominal pressures o& (passenger tirep, andp 10 | Results are presented for cold and hot friction, and

for the minimum and maximum magnification levels.

4.4.4 Comparison of theory with outdoor experiments

The real area of contact between a tire and the road surface @&llfypicout only 1% of the nominal
contact ared12]. Therefore, the adhesion component of rubber friction is small compared to the
hysteresis contributioat high slip velocitiesThe results presented here are for hysteresis friction only.

The tread compound used is from ansa@lisa passenger tire, and has a glass transition temperature of

Y o s

In Figure 4-9, the surface roughness power spectra forfitree different highway surfaces are shown.

They were calculated from the profile measurement by the OGP Digital Range Sensor Syst860DRS
with a lateral resolution af U & The power spectrum for each surface is an average over the power

spectra of all the individual line scan measurements on that surface.
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One can realize from the figure that for every surface, the evaluation length hastgemdugh to
capture the rolbff region and all the wavelengtthat contribute to friction. As discussed before, for road
surfaces, the shedistance cubff wavevector is usually abopt p 11 & Yet, the horizontal resolution

of the profile data useh this study ist U & which means that the smallest wavelength that can be
processed i& Tt &(Nyquistwavelength. However, as expected for fractal surfaces, the power spectrum
curve on a lodog scale demonstrates a linear behavior for wavevedtoger than the rolbff

wavevector. Therefore, in order to obtain more accurate friction predictions, the spectrum is linearly

extrapolated tp 1 &

The fractal dimension can be calculated from the slope of thiedpgower spectrum curve. Feurfaces
14d1, 15d1, 26d1, 29d1 and 30b1l, the fractal dimension is 2.34, 2.27, 2.39, 2.29 and 2.28, respectively.
These values are consistent with the average fractal dimension {2222 of road surfaces reported in

the literature. A larger fractal dension could roughly mean more microtexture in the roughness.
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Figure 4-45. Power spectral density of surface roughness for the five fractal surfaces. The measurements were

carried out using the OGP DR&E00, with a lateral resolution of U & The power spectrum for each surface is an

average over the power spectra of all the individual line scan measurements on that surface.
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Figure4-62 illustrates the coefficient of friction as a function of sliding velocity for a tread compound on
the five fractal surfaces (calculated using Persson contact mechanics). The effect efrflzstature is

not included. For each profile, calculations are done assuming thedidtartce cubff wavelength to be

p 1t aand the nominal pressure to pe T& 0 0 WHysteresis friction, when not accounting for the
effect of flash heating, typilg has a peak that corresponds to the pealo@be( 0407 71
Y'QO1 ). Since only the rubbery region is considered, the coefficient of friction increases with sliding

velocity. Roughly speaking, the dynamic friction coefficient increases as treesugéts rougherf@o

increases).
=
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Figure4-46. Coefficient of friction with respect to sliding velocity for a tread compound on the five fractal surfaces.

For all simulations,,  p 1 dand, ™ - 0 A

The results presentegext include the flash temperature from the hysteresis friction. The term flash
temperature refers to a local and sharp temperature rise occurring initreatrasperity contact regions
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during slip. InFigure 4-47, for the same tread compound and the five fractal surfaces under study, the
cold (without flash temperature) and hot (with flash temperature) friction coeffiaduns at the sliding
velocity of T T rjQare plotted with respect to the friction numbe@J. The cold friction coefficient
values are fairly correlated with the friction measuremants (i@ ¢ A better correlation is observed

for the hot frictioncoefficient valuesi( 1@ p, which are expected to be closer to the real friction

coefficients. Adding the contribution from adhesion would possibly improve the correlations.

If hot friction was calculated for a range of velocities, it could be obsehatdhe cold and hot branches

start to split at around p ™ p 1 &7i. At slower speeds, the heat generated in the contact is
diffused without increasing the temperature. In the rubbery region, the cold friction always increases with
velocity. Howevey the hot friction can increase, decreasestay almost unchanged, for specific ranges

of sliding velocity, depending dme rubber compound properties.

The footprint flash temperature values for the five surfaces =it rjQare presented ifrigure 4-48.
Typically, rougher surfaces with larger friction coefficients generate more heat and higher flash

temperatures.

The rubber background temperatuse; it for all five surfaces. For surfaces 14d1, 15d1, 26d1, 29d1
and 30b1l, the flash temperature at the maximum magnification level (i.e. the temperature about 10 pum
below the rubber surface) isp,@ ¢p 1, P 0 andp v ¥, respectively (i.e. aboyt 1 p o 31 above

the rubber background temperature).
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Figure 4-47. Cold (without flash temperature) and hot (with flash temperature) friction coefficient values at the
sliding velocity oft 1@ fjQwith respet to the friction numbers (FN), for a tread compound and the five fractal
surfaces. The correlation coefficient between cold friction and RN is & @ The correlation coefficient for hot

friction with respectto FNis 180 p

On the other hand, the temperature increase a few millimeters below the surface (corresponding to the
magnification— p) is just a few degrees. During steady sliding, the temperature in the whole rubber
block will increase continuously with increasing ¢éinbut this effect is not included in this study, unless

one allows for the background temperatifdo increase with time.
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Figure 4-48. The flash temperature at the surface of rubber for the sliding velocity Téf rjQ The rubber
background temperature is 20 C. The flash temperature at the maximum magnification rises, as the surface gets

rougher and the sliding friction increases.

4.5 Kluppel

4.5.1 One scaling regime

For these simulationspughness data for rough granite, and tieester curve of CarbonBlack filled
StyreneButadieneRubber 5025 are useA linear approximation of aryingminimal length scale,

is consideredRecall that.  is velocity dependent and imposes the dominance of rtaxtore at high
sliding velocities.The real area of contadt at a length scale  with a twoscaling ranges approach
will be estimated in the futur@he effect micreand macrotexture at low and high sliding velocitiess

discussed in previous sections

The master curvdor carbon black fikd SSBR 5025 is shown ifigure4-49. The green line represents

the viscous modulus sweep, and black dotted line signifiesltistic modulus sweep at the minimum
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temporal frequency for the velocity range in the simulation.rBogh granite with a one scaling range
approach, the power sged density is shown ifkigure4-50. The simulated hysteresis friction for carbon
black SSBR 5025 on rouglgranite is plotted irFigure 4-51, for sliding velocities fromb p 1 to

p ma Ti. As shown inTable 4-7, there is good agreement between our predictions and the results

reported by Kluppel.
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Figure 4-49. Master curve for carbon black filled SSBR 5025 at a reference temperatiife ¢ odJ Strain
amplitudgf ™ P The dotted black line is the real modulus at minimum frequénicthe simulation velocity

range. The offsets afer the sake of distinguishability.
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Figure4-50. Power spectral density] for rough granite with a one scaling range approach.
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Figure4-51. Simulated hysteresis friction for carbon blaciSBR 5025 on rough granite. Nominal normal Igad-

12.3 kPa.
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Velocity (m/s) | H (Kluppel) | H(current research)
p Tt 0.33 0.32
p T 0.37 0.37
p T 0.46 0.41
p T 0.64 0.55
pm 0.88 0.81

Table4-7. Compari son between K| ¢ ppel 6s simulations and the

research, at different sliding velocities, for carbon bla@&BR 5025 on rough granite.

4.5.2 Two scaling regimes constant minimum wavelength

In the two scaling regimes approach, a transition wavelength is selected that separates the macrotexture
("Y1 ) and the microtexturéY 1 ) length scales. Ifrigure4-52, the power spectral density has two
different slopes and fractal dimensions for the scaling regkeigsire 4-53 shows themaster curvdor

carbon black filled SSBR 5025. The magenta and the yellow lines correspond the macrotexture and

microtexture scaling regions respectively. is considered to be constant here for all slidielpeities.

In Figure 4-54, simulated hysteresis friction for carbon blaciSBR 5025 on rough granite vs. sliding
velocity is shown. We didnot expect to get t he

constant. The next step is to use a varying to see how that affects the outcome.
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Figure 4-52. Power spectral density of rough granite. A transition wavelength

macrotexture Y ]

log{S{w))
R

) and the microtextureY 1

log(w)

) length scales.

is selected that separates the

Figure 4-53. Master curvefor carbon black filled SSBR 5025 at a reference temperatiite ¢ cdJ Strain

amplitudgf 1@ P The dottedblack line is the real modulus at minimum frequency for the simulation velocity
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range. The offsets are for the sake of distinguishability. The magenta and the yellow lines correspond the

macrotexture and microtexture scaling regions respectively.

= ' ‘ 1 : : '

Figure 4-54. Simulated hysteresis friction for carbon blackSBR 5025 on rough granite vs. sliding velocity.

Nominal normal loag = 12.3kPa_ is considered to be constaahd”Y ¢ 0dJ

4.5.3 Two scaling regimes;Varying minimum wavelength

We carry outthe simulations again for-SBR 5025 on rough granite, favd scaling regimesbut this

time with varying _ . Figure 4-55 shows how_ increases with sliding velocity. After some
velocity, _ is larger than_ (transition from microtexture length scales to macrotexture), and
microtexture is practically not effective anymoFegure 4-56 shows themaster cwe for carbon black
filled S-SBR 5025.The magentagreen line corresponds to the macrotexture wavelengths, as velocity
increases and higher frequencies are excited. The -pildw line signifies the microtexture
wavelengths and only extends to thiequency that corresponds to the velocity where the minimum

wavelength surpasses the transition wavelergtkigure 4-57, simulated hysteresis tion for carbon
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black SSBR 5025 on rough granite vs. sliding velocity is shoWme shape and the magnitude of the

curve i s cl| gmuatondataK| ¢ ppel 6s
-2.6 ¥ v ¥
DY — Fenneneeas R
| PP T I R S
0| PP Teremneannas Y :
:'E Y] T , ........... , ........... . ..........
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Figure4-55. Linear approximation.  vs. sliding velocity (blue line). The green dashed line denotes the transition
wavelength from microtexture to macrotexture length scales. The red dashed line is the maximum wavelength in the

roughness which is the upper limit for
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Figure 4-56. Master curvefor carbon black filled SSBR 5025. The dotted black line is the elastic modulus at the
minimum frequency for each sliding velocity increment. The maggran line corresponds to the macrtiee
wavelengths, as velocity increases and higher frequencies are excited. Theebtagkline signifies the
microtexture wavelengths and only extends to the frequency that corresponds to the velocity where the minimum

wavelength surpasses the tramsitivavelength.
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Figure 4-57. Simulated hysteresis friction for carbon blackSBR 5025 on rough granite vs. sliding velocity.
Nominal normal loag = 12.3 kPajeft: Results reported by KlippeRight: Current research considering varying

'Y ¢od) goal was to match the grey curve in figure 6ad

4.5.4 Mean Penetration Depth

The rQantoi@NHON0 QY @D IEQE QO | BXDIEWE teported to bed z ¢& for Carbon
Black filled Styrene Butadiene Rubber on asphalt at a normal lqad0f0 .6¥his ratio can increase with
pressure; for a passenger tire, typical pressur@id 0 ¢and it isT@ 0 n cbor truck tire. With these
values, one obtains thEenetration depth asdt ax & and @8t Y &, respectively{4]. These values are
below the rms roughness of typical road tragk® ¢ &), which represents an upper boundary for the

penetration depth. The petdkpeak height for typidaoad tracks i® ¢ & a8

We are studying two other cases here: 1) a very rough track surface; 2) a very smooth sandpaper surface.
Figure4-58 shows a very rough road surface (péabeak height @a &), with the penetration depth
highlighted for different sliding velocities. The surface asperities penetrate the rubber deeparat |

speeds.
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Figure4-58. A very rough road surface, with the mean penetration depth highlighted for different sliding velocities.
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Per sson6s Figured-69. The parafeteesextracted from each method are in agreement.
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Figure4-59. Characterization of the sandpaper profile; Top: HDCF (KlUupBeltom: PSD (Persson).

In Figure 4-60, hysteresis friction prediction is illustrated with respect to sliding velocity, based on

Perssonand | ¢ ppel 6s theories. Good agreement is seen h
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Figure4-60. Simulated coefficient of friction with respect to sliding velocity, for a tread compound at large strain on

sandpaper . stheory;BottBne Klgppebtineodry.
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Figure46li | | ustrates the smoot h -tepeaktdeaght pr@rgr ¢, withfthec e 6 s p
penetration depth highlighted for different sliding velocities. As expected, the surface raugbpesties

penetrate the rubber deeper at lower sliding velocities.

Figure 4-61. Smooth sandpaper -to-paak Height emBrsp ap withfthe Ipenetrétipnedadih

highlighted for differensliding velocities.

In current practice, the thickness of the excited layer of rubber is seemingly estimated through adaptations

of theory with friction measurement data.
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