NALYZING FRICTION
in the DESIGN
of RUBBER PRODUCTS
and Their A
PAIRED SURFACES

-

Robert Horigan Smith

CRC Pressy

Taylor & Francls Growp.



Contents
About thc Aulhor Gl bt arabililod i maira i e XXY
1 Introduction .. ol Drmiineidaiasdllatinimadlat, wel
1.1 Historical Background ............................ . |
1.2 Purposes of the Book 1
1.3 The Unified Theory of Rubber Friction ... 2
14 Surface Deformation Hysteresis in Rubber ..... PR T T R 2
1.5 Differences between Metallic and Rubber Friction
Mechanisms 3
1.6 Consequences Stemming from Use of the Traditional
Metallic-Friction Approach to Rubber Friction Analysis................3
1.7 Approach to the Subject .4
1.8 Organization of the Book........ciiimmiimmsmses. 4
1.9 Chapter Review L Wi (e p— 5
References - 6
2 Metallic Coefficient of Frickion ........cccocveiivecninssrinnemmserormenssssesennes 7
2.1 Introduction 7
2.2 Smooth-Metal Friction i
221 Friction Mechanism between Smooth-Metal Surfaces........ 7
2.2.2 Real Area of Surface-to-Surface Contact in Metallic
' Friction LS
2.2.3 Friction Force between Smooth-Metal Surfaces
Independent of Apparent Contact Area..........cvveeusirsnrensees 8
2.24 Constant Coefficient of Metallic Friction Equation............ 9
2.3 Adhesion Theory of Smooth-Metal Friction .........ccocvmrenseensecenssnnn @
2.31 Initial Friction Force Posits. 9
2.3.2 Smooth-Metal Friction Theory ; 10
24 Origin of the Friction Force between Smooth Metals..........covuunnee 10
241 Surface Energy and the Energy of Adhesion.........cccueenne 10
24.2 Evidence Supporting the Adhesion Theory of
Metallic Friction 11
2.4.3 Metallic Coefficient of Adhesion 11
2.5 Rough-Metal Friction..... 12
2.6 Laws of Metallic Friction . 12
2.7 Chapter Review B A s ens st sommmyansnis 12
References a : 13
3 Rubber Friction Mechanisms......cc.corivvrrvnsiiisrinnerseessenssssrsssesssansnes 15
31 Introduction 15




viii

Contents

3.2 Rubber Friction Coefficient Decreases 1'~ith Increasing Load......
3.3 Adhesionasa Rubber Friction Mechanism s eissssissssssansisiasninan,
34 Linking Rubber Friction to the

35 Hertz Equation
36 Bulk Deformation
37 Concurrently Acting Rub
3.8 vander Waals” Adhesion

Hysteresis in RUDDCT osvessssssssansvenss
ber Friction Mechanisms

and Surface Deformation

Real Area of Contact....n.,

Hysteresis iN RUBDET. ccococvninimaissssssrnssinase: .28
39 Adhesion, Bulk Deformation Hysteresis, and Wear in
Sliding Rubber e 28
3.0 Expressions for Bulk Deformation Hysteresis in Rubber ............. 3
3.11 Modified Hertz EQUation .. imsscssismmsssreasonsssimms it ssasissssss 32
3.12 Schallamach Waves 34
3.13 Elastomeric Friction 36
3.4 Microhysteretic Contributions to Wet-Rubber Friction.......cc.... 37
3.15 Chapter Review . 38
3.15.1 Rubber Coefficient of Friction Decreases with
Increasing Load b " 38
3.15.2 Adhesion as a Rubber Friction Mechanism.......ccoveevvennee. 39
3.15.3 Linking Rubber Friction to the Real Area of Contact.........40
3.15.4 Bulk Deformation Hysteresis in Rubber........covverveenrn...n. 40
3.15.5 Concurrently Acting Rubber Friction Mechanisms...........41
3.15.6 Adhesion and Surface Deformation in Rubber........cccieeune 42
3.15.7 Schallamach Waves i 42
3.15.8 Adhesion, Bulk Deformation Hysteresis, and Wear in
Sliding Rubber ... . 43
References. 43
Metallic Coefficient-of-Friction Equation Does Not Apply
fo Rubber . rm .  Lrlnt et A Imnhanni i v v o 45
4.1 Introduction 45
4.2 Coefficient of Rubber Friction on Dry, Smooth Surfaces............... 45
4.21 Walking-Surface Slip-Resistance Testing with a
Pendulum Device ... 45
4.2.2 Industrial Rubber Belting.......cencsiiissnsisiisininsnssiasssesssss 47
4.2.3 Rubber Friction on Steel and Aluminum Surfaces.............49
4.24 Aircraft Tire Friction on Different Portland Cement
Concrete Finishes: Smooth Surface .51
4241 Ambient-Temperature Testing......ccmmsssisenssesss 53
4.24.2 High-Temperature Testing .........cc..owewecssssenessssssmmsness 54
4.2.5 Rubber Adhesion on Smooth Solids Increases with
Surface Free Energy £ DB
4.2.6 ANOVA Slip-Resistance Testing of Dry, Elastomeric
Shoe Heels ... : .62
4.2.7 Friction of Natural and Synthetic Tire-Tread Rubber
on Ice 63




Contents

ix

43 Coefficient of Rubber Friction on Dry, Textured Sutfaces.............65
4.31 Aircraft Tire Friction on Different Portland Cement

Concrete Finishes: Textured Surfaces 65

4311 Ambient-Temperature Testing ..vueivicenscnsnnnens 66

4.31.2 High-Temperature Testing ; 66
4.3.2 Bias-Ply and Radial-Belted Aircraft Tire Friction on

an Ungrooved, Portland Cement Concrete Runway.......... 67

4.3.3 Rubber Friction on Gritted Floor Tile. 73

44 Coefficient of Rubber Friction on Wet, Smooth Sutfaces ............. 74

4.5

46

51

441 Rubber Friction on Oil-Coated Surfaces
4411 Testing with Smooth Rubber Specimens

44.1.2 Testing with Roughened Rubber Specimens......... 76
442 Walking-Surface Slip-Resistance Testing of Wet Work
Boots ; 80
44.3 Walking-Surface Slip-Resistance Testing of Wet
Safety Shoes g .80
444 ANOVA Slip-Resistance Testing of Wet, Elastomeric
Shoe Heels .ol umfedat padmdal o o 81
Coefficient of Rubber Friction on Wet, Textured Surfaces............ 84
451 Smooth-Rubber Friction Testing on Roughened, Oil-
Coated Surfaces 84
4.5.2 Tire Friction Testing with a Skid-Test Trailer in Wet
Conditions : 86
4.53 Bias-Ply and Radial-Belted Aircraft Tire Friction on a
Wet, Ungrooved, Portland Cement Concrete Runway ......89
4.54 Lubricated-Rubber Friction Testing with Smooth
Spheres .91
4.54.1 Slow-Speed Testing with Lubricated Smooth
Spheres 91
4.54.2 High-Speed Testing with Lubricated Smooth
Spheres 94
455 Lubricated-Rubber Friction Testing with Smooth
Cones it .94
Constant (Metallic) Coefficient-of-Friction Equation Not
Applicable to Rubber 96
4.6.1 Review of the Analyzed Data...... i 96
4.6.2 Deformational and Constitutive Differences between
Rigid Metals and Visco-Elastic Rubber.......c..covceriieennennnn.. 98
47 Chapter Review DRI S L - R——. 99
References .99
5 A Unified Theory of Rubber Friction........................ .. 101
Introduction.. ; : ' 101
52 Rubber Microhysteresis Development on Macroscopically
Smooth Surfaces : 101

5.21 Roth, Driscoll, and Holt

101




5.3

54

5.5

5.6

57
5.8

References

The Rubber Adhesion Transition Phenomenon

6.1
6.2

6.3

6.4

Contents

5.2.2 Thirion O PO P
5.2.3 Schallamach T,
524 Bartenev and Lavrentjev vt
5.2.5 Sigler, Geib, and Boone
526 Morietal. ‘
Rubber Microhysteresis Development on Macroscopically
Rough Surfaces...
5.3.1 Sigler, Geib, and Boone
53.2 Chang....cuemisssisme
Characteristics of the Rubber Microhysteresis Mechanism.......,
54.1 Rubber Microhysteresis Mechanism
54.2 Independence of the Rubber Microhysteresis Force ........
54.3 Dependence of the Rubber Microhysteretic Force............
544 Relevance of the Intercept-Indicated Friction Force —
Hurry and Prock
No-Load Adhesion Hypothesis
551 Use of the No-Load Adhesion Hypothesis in Rubber
Friction Analysis
5.5.2 Residence Time Considerations
5.5.3 No-Load Adhesion in Sliding Rubber.........coeuessessnsiannns
Rubber Surface Deformation Hysteresis Testng ...
5.6.1 Kummer: Dry Testing
562 Kummer: Wet Testing
5.6.3 Yandell: Dry Testing,
5.64 Yandell: Wet Testing, x
A Unified Theory of Rubber Friction
Chapter Review

.........................

Introduction
Further Aspects of the Rubber Adhesive Friction
Mechanism
6.2.1 Arnold, Roberts, and Taylor
6.2.1.1 Testing Protocols
6.2.1.2 Arnold et al’s Interpretations of Their Test

Data

6.2.13 gdditional Interpretations of the Arnold et al.

ata i

6.2.14 Rubber Microhysteresis and Schallamach
Waves, ; :

Adhesive Friction of Metal and Non-Elastomeric Plastics in
the Elastic Loading Range....
Determinants Controlling the Value of P,
6.4.1 Thirion's Adhesion Data
6.4.2 Schallamach’s Adhesion Data

...................................

137
137

137
139

. 139
. 140

140
141
142
149
150
151
153

155
155
155
155

.156

.:157

159
159

160
161

v 161
..162



Contents

xi
6.5 Controlling Adhesion Transition Pressure to Optimize
Friction Development........c..couuuvinsivececinscesesssessssessenns 162
6.6 “Low"” p, Values in the Low-Loading Range .........cccoocncerenevccene. 164
6.7 Chapter ReVIEW .......cccrinriinsiniesssssnssieissssssssssssssssossasssssasease s 165
References 166
Microhysteretic Friction in Dry Rubber Products....... e 167
71 .- Introdiictions. bmaiaanisusariaan s . 167
72  Microhysteresis in Automotive Tire Rubber in Dry Conditions.....168
73 Microhysteresis in Dry Aircraft Tires.....c.oeemens .170
731 B-29 Tire Rubber on Dry Concrete.....mmmmsmminnssccsieesens 170
7311 Testing on Smooth CONCIete ......uuerceeenscrmesnsenessens 170
731.2 High-Pressure Testing on Textured Concrete...... 175
73.1.3 Additional Hample Test Results..........corueerciurnncns 178
732 Commercial Aircraft Tires on Dry, Textured Concrete... 178
74 Rubber Microhysteresis in Dry Footwear Materials.........o.ccocr... 180
74.1 Shoe Heels on Dry, Smooth Floors 180
74.2 A Rubber Test Foot on in-Service FIOOIS. ......uiserererereens 182
75 Microhysteresis in Dry Rubber Belting 183
76 Rubber Adhesion-Transition-Pressure Phenomenon on
Macroscopically Rough Surfaces 184
76.1 Development of the Adhesion-Transition-Pressure
Phenomenon in Hample’s Testing of Rough Portland
Cement Concrete... 184
76.1.1 Accounting for Inertial Bias in Hample's
Testing .Lacmdsaddaatuaniasiicalife 184
76.1.2 Adhesion-Development Issues in Hample's
Testing . iiinmwliadadmannibdan i, 184
76.1.3 Transition Pressure Mechanisms in Hample's
Testing . 185
762 Quantifying Inertial Bias in Hample's Testing.................. 186
77 Chapter Review .. 188
References - o et AL 189
Microhysteresis in Wet Rubber Products 191
B.1  INtroduction ... e sesssrensesesas 191
8.2 Effects of Wet Lubricants on the Rubber Adhesion
Mechanism... ..191
8.21 Wet-Lubricant lm'estlgatlons in Friction Testmg 191
8.2.2 Rubber Friction in “Dry” and Wet Conditions .........cvunee 192
8.3 Microhysteresis in Automotive Tire Rubber under Wet
Conditions.. 193
831 Dependcnce of Wet-Tire Traction on Rubber
Microhysteresis ... ... 193
8.3.2 Rubber Mlcmhyslerems in Tire-Tread Tcst Spec1mens
in Wet Conditions.... 194




xii

10

Contents

84 Microhysteresis in Wet Aircra ft Tires...
8.5 Rubber Mlcrohyslere‘us in Wet Footwcar Outsoles .
851 Rubber Mlcrohystcreqls in Wet Work Shoe Outso]es,,,

852 Rubber

8.53 M:crohysterests in Wet ANOVA Testing of

Microhysteresis in Wet Safety Shoe Outsoles ...

o—— T
e 199
.. 199

199

Elastomeric Shoe Cutsoles ...... .202
86 Ramifications of the Presence of Mlcrohysteresls in Wet
Rubber Products 204
87 Rubber Adhesion-Transition Phenomenon on Wet Surfaces......206
871 Automobile Tire-Tread Rubber 206
872 Aircraft Tires. 208
873 Footwear Outsoles 209
8.7.31 Work Shoes . 209
8.73.2 Safety Shoes 209
874 Ramifications of the Presence of the Adhesion-
Transition Phenomenon in Wet Rubber Products............ 211
8.8 Chapter Review 212
References.. 213
Rubber Microhysteresis in Static-Friction Testing..... .. 215
91 Introduction 215
9.2 Does Static Friction in Rubber Exist? 215
921 Hurry and Prock’s Position 215
9.2.2 Kummer’s Position 216
93 Tio Portable Static-Friction Testing Devices .....c.ermmsessassiens 217
94 Definition of Static Friction 219
9.5 Rubber Microhysteresis in Static-Friction Testing s 220
9.5.1 Findings of the Powers et al. Testing.... ..220
95.2 Adhesion and Rubber M:crohystercsxs in I’IAST
Testing 220
9.6 Independence of the Rubber Microhysteresis Force in Static-
Friction Testing 223
9.7 Adhesion and Rubber Microhysteresis in VlT Testing ....cccieuns 223
9.8 Chapter Review 225
References 226

Inertial, Residence-Time, Adhesion-Transition, and

Contact-Time Bias in Portable Walking-Surface Slip-
Resistance Testers
10.1 Introduction

10.2 Remediable Inertial Bias in Portable Walkmg-Surface Slip- ,

Resistance Testers...

----------------------------------------------------------------

w227

10.2.1 Quantifying Inertnl Forces in Static-Friction Testing
Using the Hoechst Device S
10.2.2 Inertial Bias in VIT Testing

227

.229
229



Contents xiii

11

10.2.2.1 Static-Friction Testing Utilizing the VIT

Device ..o ...230
10.2.2.2 Correclmg for Inertial Bias in Dry VIT Stauc—
Friction Testing, 232
10.2.2.3 Inertial Bias in the VIT When Used as a
Dynamlc-Fr:chon Tester 234
10.2.3 Inertial Bias in the PIAST When Used as a Dynamlc-
Friction Tester v 236
10.2.4 Inertial Bias in the HPS When Used asa Statn:—
Friction Tester 237
10.3 Irremediable Inertial Bias in Portable Walkmg-Surhcc Slip-
Resistance Testers 238

10.3.1 Irremediable Inertial Bias in the I~1I’-M............. ..239
10.3.2 Irremediable Inertial Bias in Other Manually

Operated Pull-Meter Testers 240

104 Remediable Residence-Time Bias in Static-Friction Testing ....... 241

10.4.1 Quantifying Residence-Time Bias Using the Hoechst

Device 241
104.2 Demonstrating the Residence-Time Effect Using the
VIT 242
104.3 Remedying Residence-Time Bias in Portable S[ ip-
Resistance Testers 242
10.5 Irremediable Adhesion-Transition Bias in Portable Walking-
Surface Slip-Resistance Testers 242

10.5.1 Irremediable Adhesion-Transition Bias in VIT Testing ... 242
10.5.2 Irremediable Adhesion-Transition Bias in PIAST

Testing 244

10.6 Contact-Time Bias for Tribometer Comparability ..........cccoersrrrnns 245

10.7 Chapter ReVIEW v srscnstsssmsienssssstassssnssassmsssss st ssssssasssses 246

1071 Inertial Bias 246

10.7.2 Residence-Time Bias ..., 247

10.7.3 Adhesion-Transition Bias. 247
10.74 Test Foot Contact-Time Bias for Tribometer

Comparability 247

Referencesams imamnpeiivpaid, bl ardrmmada ), il Lt el 248

Nonscientific Application of the Laws of Metallic Friction

to Rubber Tires Operated on Pavements..........c.oooeiennccceene, 249
11.1 Introduction 249
11.2 Comparing the Charactcnst:cs of Rubber l'nctton to
Metallic FricHon sl aliada Sl N ubn Tl it 250
11.3 Effects of the Development of Microhysteretic Forces on
Tire-Friction ANalysis....coiimrniiimmiiisssinsiees 251

11.3.1 Development of the Constant Microhysteretic Friction
Force in Rubber Tires... 2 251




xiv Contenyg

11.3.2 Development of the Adhesion-Transition

Phenomenon in Rubber Tires .. 25
11.3.3 Development of the Macrohysteresis Friction Force in
Rubber Tires & 253

11.3.4 Application of a Unlfled Theory of Rubber Fr:ctmn to
Analysis of Tire-Roadway Traction-Testing Results.., w253

11.4 Comparability of Rubber-Friction Testing Data........c........... 254
11.5 Inadvertent Misapplication of the Laws of Metallic Friction
to Rubber Tires in ASTM Test Standards ......cuuvurenennns et 257
11.5.1 ASTM Test Standards with an “E” Designation...............258

11.5.1.1 ASTM E 274 - 06, Standard Test Method for

Skid Resistance of Paved Surfaces Using a

Full-Scale Tire 258
11.5.1.2 ASTM E 445/E 445M - 88 (Reapproved 2001),

Standard Test Method for Stopping Distance

on Paved Surfaces Using a Passenger Vehicle

Equipped with Full-Scale Tires .......ccoourvecnsinnane. 259
11.5.1.3 ASTM E 503/E 503M - 88 (Reapproved 2004),

Standard Test Methods for Measurement of

Skid Resistance on Paved Surfaces Using a

Passenger Vehicle Diagonal Braking Technique.... 260
11.5.1.4 ASTM E 670 - 94 (Reapproved 2000), Standard

Test Method for Side Friction Force on Paved

Surfaces Using the Mu-Meter. 260
11.5.1.5 ASTM E 1337 - 90 (Reapproved 2002), Standard

Test Method for Determining Longitudinal

Peak Braking Coefficient of Paved Surfaces

Using a Standard Reference Tire 261
11.5.1.6 ASTM E 1859 - 97 (Reapproved 2006),

Standard Test Method for Friction Coefficient

Measurements between Tire and Pavement

Using a Variable Slip Technique............cccccoeseeuues: 261
11.5.1.7 ASTM E 1890 - 01 (Reapproved 2006),

Standard Guide for Validating New Area

Reference Skid Measurement Systems and

Equipment.............. IO,
11.5.1.8 ASTM E 1911 98 (Reapprovcd 2002),

Standard Test Method for Measuring Paved

Surface Frictional Properties Using the

Dynamic Friction Tester 262
11.5.1.9 ASTM E 1960 - 03, Standard Practice for

Calculating International Friction Index of a

Pavement Surface 263
11.5.1.10 ASTM E 2100 - 04, Standard Practice for

Calculating the International Runway

Friction Index : ..




Contents

11.5.2 ASTM Test Standards with an “F” Designation ...
11.5.2.1 ASTM F 403 - 98, Standard Test Method for
Tires for Wet Traction in Straight-Ahead
Braking, Using Highway Vehicles.............ooovernne..
11.5.2.2 ASTM F 408 - 99, Standard Test Method for
Tires for Wet Traction in Straight-Ahead
Braking, Using a Towed Trailer...........ccceocrorennnnen.
11.5.2.3 ASTM F 538 - 03, Standard Terminology
Relating to the Characteristics and
Performance of Tires
11.5.2.4 ASTM F 1649 - 96 (Reapproved 2003),
Standard Test Methods for Evaluating Wet
Braking Traction Performance of Passenger
Car Tires on Vehicles Equipped with Anti-
Lock Braking Systems....
11.5.2.5 ASTM F 1805 — 00, Standard Test Method for
Single-Wheel-Driving Traction in a Straight
Line on Snow- and Ice-Covered Surfaces............
11.6 Inadvertent Misapplication of the Laws of Metallic Friction
to Rubber Tires in Motor Vehicle Accident Reconstruction
11.6.1 Background
11.6.2 Traditional Use of Newton's Second Law of Motion in
Accident Reconstruction
11.6.2.1 Use of Newton's Second Law of Motion
When Only the Rubber Adhesion and
Microhysteresis Mechanisms are Present.............
11.6.2.2 Use of Newton’s Second Law of Motion When
the Rubber Macrohysteresis Mechanism is
Present : &
11.6.2.3 Use of Newton's Second Law of Motion
When the Rubber Cohesion-Loss Friction
Mechanism is Present Lol 3 T E N
11.6.2.4 Use of Newton's Second Law of Motion When
Tread Temperatures Change.......u..........
11.6.2.5 Traditional Use of Newtons Second Law of
Motion When Dynamic Load Transfer Occurs..
11.6.2.6 Equations of Motion Utilized in Accident
Reconstruction in Which a p Term May Not
be Substituted for an a Term
11.6.3 Drag Factors : Y
11.6.3.1 Use of Drag Factors in Tire-Traction-Related
Motor Vehicle Accident Recanstruction..............
11.6.3.2 Use of Drag Factors in Motorcycle Accident
Reconstruction ; i3
11.6.4 Definition of the Maximum Braking Force in Motor
Vehicle Accident Reconstruction

..................................

266

266

267

267
267

268

269

. 269

270

270

.271

272

w274

274

274

275



xvi

12

Contens

ds in Motor Vehicle
11.6.5 Traditional Use of En?rgy Mctho ________________________________________ 275
Accident Rem.mtfucm; the Laws of Metallic Friction
11.7 Inadvertent Misfippllcatlon c:: e Dl of ROAAWAYS e -
to Rubber Tires mdlhe S TR VT 27
11.7.1 Backgrouf‘! ...................... e e Pavemant Eams s 277
11.72 Braking Distance on 1111 orsl,zn?:olh S — il
1721 Macroscop ¢4 Y h Pavements ... 278
11.7.2.2 Macroscopically Rough 'a i iy st
11.73 Braking Distance on Up- or Down-Gr4 2
1174 Side Friction FaCtOT...ccusumsmrmsesssssssm et i
175 SUPEIElEVALION.ciccssissmissssessssusssssssssmsssssssms s s
}1.7.6 Suﬁrelevation Runoff Lengthu.c..c.... 325!
11.77 Maximum Degree of Curvature.......... 2
11.78 Minimum Radius Of CUrvatUure ......c.ccuscesssesrees "23;
I REVIEW wecererareressmsnrassassssmsrsansnssessssssasessssssmmnenscs cesesssssesases
e ?Eg.rl)tecomparing Rubber Friction to ]\fletallic Friction ...ccceeeevene 282
11.8.2 Aspects of Microhysteretic Friction Force
Development in RUDDer . uscasersisisunsinesseiaresmmassessees 283
11.8.3 Comparability of Tire-Friction Test Results..comreeecemenians 284
11.8.4 Related ASTM Test Standards ..o sississiassessninmes 285
11.8.5 Motor Vehicle Accident Reconstruction........eesssessseersene 286
11.8.6 Geometric Design of Roadways 287
References : 287
Friction Analysis in the Design of Rubber Tires and Their
Contacted Pavements .....ccuceenrnivireeneen seineis289
12.1 Introduction .......cvecessiessnsess % e 289
12.2 Importance of Tire Microhysteresis on Wet Pavements............ 289
12.2.1 Three-Lubrication-Zones Concept............. 290

12.2.2 Traditional Wet Roadway Microtexture Analysis............

12.2.3 Importance of Aircraft Tire Microhysteresis on Wet
Pavement

12.24 Quantifying Tire Microhysteresis on Wet Pavement

Using the Unified Theory of Rubber Friction .........coees

12.2.5 Corroboration for the Three-Lubrication-Zones
Concept.....

......

12.3 Reformulation of the Traditio

| Frict: : 5
Relationship.... nal Friction Force vs. Tire Slip

12.4 Measurin et b ar st bean e e s aas s saaTe AT et

: g Tire Microh 'steresis on W p :
Design Process......... . ) ......... n Wet Pavements in the

1241 Us.ing the British Pendulum Tester for
Microhysteresis Measurements
12.4.1.1 Background

12412 Back-Calcul

ation Analysi p
Test Remiiie ysis of Yandell’s BPT

...............
..............................................

---------------------------------------

........................................

.................
----------------------------------------

291
293

293

294



Contents

xvii
12.4.2 Using the North Carolina State University
Variable-Speed Friction Tester for Microhysteresis
MEASITEMENS i s paia i 300
12.5 Application of the Unified Theory to Analysis of Friction in
the Design of Tire-Pavement Systems 301
12.5.1 Potential Benefits from Application of the Unified
Theory to Friction Analysis ....... 301
12.5.2 Rubber Macrohysteresis Mechanisms............ciuummscsne. 302
12.5.2.1 Adhesion-Assisted Macrohysteresis on Dry
Surfaces 302
12.5.2.2 Adhesion-Assisted Macrohysteresis in Wet
Conditions 307
12.5.2.3 Nonadhesion-Assisted Macrohysteresis on
Fully Wetted Surfaces .........cccrreeeerecesecnemssisesmsannes 309
12.5.3 The Load Dependence of Tire-Tread Rubber Friction...... 312
12.54 Use of the Unified Theory for Friction Analys:s in
Design of Tire-Pavement Systems.... iuinne 313
12.5.4.1 Process Brief 3
12.5.4.2 Process Specifications 314
12.5.4.3 Action Item Concept Design 315
12.5.44 Action Item Detail Design ... 316
12.6 Chapter Review 316
12.6.1 Importance of Tire Mlcrohyslere51s on Wet
Pavements 317
12.6.1.1 Three-Lubrication-Zones Conccpt ......................... 317
12.6.1.2 Traditional Wet-Roadway Texture Analysis........ 317
12.6.1.3 Importance of Aircraft Tire Microhysteresis
on Wet Pavement 318
12.6.1.4 Quantifying Tire Microhysteresis on Wet
Pavement Using the Unified Theory of
Rubber Friction ... 318
12.6.1.5 Corroboration for the Three-Lubrication-
Zones Concept 318
12.6.2 Reformulation of the Friction Force vs. Tire-Slip
Relationship 318
12.6.3 Measuring Tire Microhysteresis on Wet I’avements in
the Design Process 319
12.6.4 Application of the Unified Theory to Analysis of
Friction in the Design of Tire-Pavement Systems............. 319
12.6.4.1 Potential Benefits from Application of the
Unified Theory to Friction Analysis ..., 319
12.6.4.2 Rubber Macrohysteresis Mechanisms................... 320
12.6.5 The Load Dependence of Rubber Tire-Tread Friction...... 321
12.6.6 Use of the Unified Theory for Friction Am]ysm in
Design of Tire-Pavement Systems.... L1 SO 9.
12.6.6.1 Process Brief 322




xviil

13

References. it B bl iirasmemidailice

Nonscientific Application of the Laws of Metallic Friction

to Footwear Outsole-Walking Surface Pairings........................
131 Introduction ..o -

13.2 Comparing the Characteristics of Rubber Friction to

Metallic FriCtON wvuivsnnssiiissisinsmiiisissimmsisnn.n..,

13.3 Effects of the Development of Mlcrohystcretlc Slip-

Resistance Forces on Rubber-Friction Analysis....

13.3.1 Developmenl of the Microhysteretic Shp-Remstance
Force in Pedestrian Ambulation

13.3.2 Development of the Adhesion Transition
Phenomenon in Pedestrian Ambulation.......cocceunn....

1333 Development of the Macrohysteresis Slip-Resistance
Force in Pedestrian Ambulation .....................

13.3.4 Application of the Unified Theory of Rubber Friction
to Analysis of Footwear Outsole-Walking Surface
Slip-Resistance TeSting ........ccuumneseseseresines

134 Comparability of Slip-Resistance Testing Data ................ccenr
13.5 Inadvertent Misapplication of the Laws of Metallic Friction
in ASTM Slip-Resistance Testing Methods...

13.5.1 Irremediable Bias in Slip-Resistance Testers w1th
Active ASTM Test Standards -
13.5.1.1 ASTM D 2047 - 04, Standard Test Method for

Static Coefficient of Friction of Polish-Coated
Flooring Surfaces as Measured by the James
Machine i oonaiblaidin

we 327

327

.328

330
331

. 333

333

334

13.5.1.2 Irremediable Inertial and Resndence—Time
Bias in the James Machine
13.5.2 ASTM F 1646 - 05, Standard Terminology Relating to
Safety and Traction for Footwear
13.6 Inadvertent Misapplication of the Laws of Metallic Friction
by Slip-Resistance Testing Devices That are Not the Sub]ect
of Active ASTM Standards

13.6.1 Irremediable Bias in Sllp-Resnstance Testers That are
Not the Subject of Active ASTM Test Standards ..........

13.6.2 Misapplication of the Laws of Metallic Friction in the
PIAST and VIT When Used as Static-Friction Testers.....

13.6.3 Misapplication of the Laws of Metallic Friction in

the PIAST and VIT When Used as Dynamic-Friction
Testers i mmut Mt L C R C L o ssessenonssisidsis

13.64 ASM 825 Digital Slip Meter.
13.6.5 Portable Articulated Strut Slip Tester (PAST)....
13.6.6 Technical Products Corporation Model 80 Tcster

334

336

336

37

Lo ]

337

"fﬁﬁfass

338



Contents xix

14

13.7 Irremediable Inertial and Residence-Time Bias in Slip-
Resistance-Testing Devices That are Not the Subject of

ASTM Standards sxsiimitmm it ran i oA ol s 338
13.71 Irremediable Inertial and Residence-Time Blas in the
ASM 825 Digital Slip Meter........ C K
13.7.2 Irremediable Inertial and Residence-Time Bias in the
Technical Products Corporation Model 80 Tester............. 339
13.8 Chapter Review.. 339
13.8.1 Comparing the Characteristics of Rubber Friction to
Metallic Friction 340
13.8.2 Effects of the Development of Microhysteretic Sllp-
Resistance Forces on Rubber-Friction Analysis ................ 341

13.8.2.1 Development of the Microhysteretic Slip-
Resistance Force in Pedestrian Ambulation ........ 341
13.8.2.2 Development of the Adhesion-Transition
Phenomenon in Pedestrian Ambulation.......... e 341
13.8.2.3 Development of the Macrohysteresis Slip-
Resistance Force in Pedestrian Ambulation on
Rough Walking Surfaces 342
13.8.3 Application of the Unified Theory of Rubber Friction
to Analysis of Footwear Outsole-Walking Surface
Slip-Resistance Testing 342
13.8.4 Comparability of Slip-Resistance Testing Data.................343
13.8.5 Inadvertent Misapplication of the Laws of Metallic
Friction in ASTM Slip-Resistance Testing Methods......... 344
13.8.6 Inadvertent Misapplication of the Laws of Metallic
Friction by Slip-Resistance Testing Devices That are

Not the Subject of Active ASTM Standards......... Ry e 344
References : 344
Slip-Resistance Analysis in the Design of Footwear
Outsoles and Their Paired Walking Surfaces ............ccccou........ 345
14.1 Introduction 345
14.2 Importance of Footwear Outsole Microhysteresis in Wet

Conditions 345
14.2.1 Three-Lubrication-Zones Concept 346
14.2.2 Traditional Wet Roadway Microtexture Analysis............346
14.2.3 Importance of Aircraft Tire Microhysteresis on Wet

Pavement 347

14.2.4 Corroboration for the Three-Lubrication-Zones

Concept as Applied to Walking-Surface Slip
Resistance .....cuounn 348

14.2.4.1 Tisserand’s Testing

348

14.2.4.2 Grinqvist's Testing

348

14.2.4.3 Redfern and Bidanda's Testing....

14.3 Reformulating the Traditional Approach to \\.’alkmg—Surfacc

Slip-Resistance Testing

349

350




XX

Cﬂutems

14.31 Test Results from the ASTM F-13 Bucknell University

Workshop e s ey,

....... 351
14.3.1.2 Effect from the Presence of Test-Foot-Area
Bias on Test Measurements ..., 351
14.3.1.3 Effect from the Presence of Inertial Forces in
Test Measurements ..., 351
14.3.1.4 Effect from the Presence of Contact-Time Bias
on Test Measurements...........ooecerrrnsecsecnrrunnnn,.. 5
14.3.2 Conclusions from the ASTM F-13 Bucknell Workshop:
Sticktion crereennn 353
14.3.3 Exemplifying Inertial and Residence-Time Bias in an
ASTM F-13 Workshop Pull-Meter ..355
14.3.3.1 Inertial Bias w355
14.3.3.2 Contact-Time Bias 336
14.3.4 Developments Arising from the ASTM F-13
Workshop Conclusions, 357
144 Measuring Footwear Outsole Microhysteresis on Wet
Walking Surfaces in the Design Process 357
14.4.1 Using the British Pendulum Tester for
Microhysteresis Measurements on Rou gh Walking
Surfaces .358
14411 Background.... : 358
144.1.2 Back-Calculation Analysis of Yandell’s BPT
Test Results et i b bl 359
14.4.2 Using the Sigler Pendulum Tester for Microhysteresis
Measurements on Smooth Walking Surfaces................... 360
14.5 Application of the Unified Theory to Analysis of Slip
Resistance in the Design of Footwear Outsole-Walking
Surface Pairings 361
14.5.1 Potential Benefits from Application of the Unified
Theory to Friction Analysis ................ 361
14.5.2 Rubber Outsole Macrohysteresis Mechanisms.............. 362
14.5.2.1 Adhesion-Assisted Macrohysteresis on Dry
Surfaces ........... TnnA g 362
14.5.2.2 Adhesion-Assisted Macrohysteresis in Wet
Conditions..... ) 366
14523N onadhesion-Assisted Macrohysteresis on
Fully Wetted Surfaces ... .. 369
14.5.3 Use of the Unified Theory for Slip-Resistance
A‘}ﬁIE'SIs in Design of Footwear Outsoles and Their
Paired Walking Surfaces .mais iz 372
14.5.31 Process Brief.................... 373
14.53.2 Process Specifications....... - 373
14.5.3.3 Action Item Concept Design 374



Contenls

14.5.3.4 Action Item Detail Design...

xxi

375

14.6 Chapter ReVIEW ... ssemssssmssssssosmsssesss 375
14.6.1 Importance of Rubber Microhysteresis in Wet

Conditions . 376

14.6.1.1 Three-Lubrication-Zones Concept...mmmssmmsermsss 376

14.6.1.2 Traditional Wet-Roadway Texture Analysis........ 376

14.6.1.3 Importance of Aircraft Tire Microhysteresis

on Wet Pavement... .. esissssssessssressessssresasssssere 377

14.6.1.4 Corroboration for the Three-Lubrication-
Zones Concept as Applied to Walking-Surface

Slip ResiStance.......c.iimisscsassiinnes 377
14.6.2 Reformulating the Traditional Approach to Walking-
Surface Slip-Resistance Testing.................. 377
14.6.2.1 Test Results from the ASTM F-13 Bucknell
University WOrkShOp ...uuumsmmnmmssssssrnnes 378
14.6.2.2 Effect from Inadvertent Misapplication of the
Laws of Metallic Friction to Rubber Friction....... 378
14.6.2.3 Effect from the Presence of Unquantified
Inertial Forces in Workshop Test Measurements 379
14.6.2.4 Effect from the Presence of Contact-Time Bias
in Workshop Test Measurements ..........coccooeeevieenee 379
14.6.2.5 Effect from the Presence of Test-Foot-Area
Bias in Test Measurements 379
14.6.3 Conclusions from the ASTM F-13 Bucknell Workshop:
Sticktion 380
14.6.4 Measuring Footwear Outsole Microhysteresis on Wet
Walking Surfaces in the Design Process.......wmceneas 381
14.6.4.1 Using the British Pendulum Tester for Qutsole
Microhysteresis Measurements on Rough
Walking Surfaces 381
14.6.4.2 Using the Sigler Pendulum Tester for
Microhysteresis Measurements on Smooth
Walking Surfaces .. 382
14.6.5 Application of the Unified Theory to Analysis of
Slip Resistance in the Design of Footwear Outsole-
Walking Surface Pairings 382
14.6.5.1 Potential Benefits from Application of the
Unified Theory to Slip-Resistance Analysis ........ 382
14.6.5.2 Rubber Outsole Macrohysteresis Mechanisms
in Wet and Dry Conditions 383
14.6.5.3 Use of the Unified Theory for Slip-Reantance
Analysis in Design of Footwear Outsoles and
Their Paired Walking Surfaces.........ueevcreeevcrnnninens 385
REfEIENCES...cvurmmertrer st sresssstisstsssss s s st s anen 385



