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Skid resistance is a significant feature that provides consistent traffic safety management for road pavements. An
appropriate level of Skid resistance describes the contribution that the pavement surface makes to tire/road friction,
and the surface of the road pavement can reduce vehicle operation cost, traffic accidents, and fatalities, particularly
in wet conditions. Wet conditions decrease the level of the skid resistance (pavement friction), and this may lead to
serious struggles related to driving on the road pavement (e.g., skidding or hydroplaning), which contributes to
higher crash rates. The knowledge of skid resistance is essential to ensure reliable traffic management in
transportation systems. Thus, a suitable methodology of skid resistance measurement and the understanding of

the characterization of the road pavement are key to allow safe driving conditions.

skid resistance infrastructure assessment road friction data analysis interoperability

NDT road sensors

| 1. Introduction of Skid Resistance
1.1. Background

Safe roads are essential to ensure the reliable movement of goods and people within the transport system. Multiple
factors influence road collisions, which are usually grouped into three different categories, namely features related
to drivers (e.g., stopping distance, driver skills and behavior of drivers, and vehicle speed), features related to the
vehicle (e.g., tire and loading characteristics, vehicle design, and brake performance) and aspects corresponding
to the roadway conditions (e.g., roadway geometry, traffic control measurement systems, and pavement
conditions) . Nevertheless, a remarkable relationship between accident rates and such aspects of pavement
surfaces as friction and pavement texture has been investigated in previous studies 2Bl The number of crashes
was linked to the friction values of the road surface; a higher friction value was concluded, primarily based on
empirical data, to decrease the number of accidents, particularly in dry conditions, Bl. Poor surfaces of pavements
with low skid resistance, inadequate visibility due to the spray used in wet conditions, and insufficient friction
between vehicle tires and the surface of the pavement may lead to uncontrolled skidding and cause severe traffic
crashes within the transportation system (€. Moreover, over 1.35 million people die and between 20 and 50 million
are injured each year from different causes of road traffic crashes around the world according to the World Health
Organization (WHO) and the authors of &I On the other hand, in Europe, around 23,400 persons die each year
in road accidents: 45% of the fatalities are passenger car drivers or passengers, and 21% are pedestrians,
according to the statistics provided in 2. Traffic management studies indicate that 20% of traffic crashes are due to

wet-weather conditions, which decrease the frictional resistance of the pavement surface L9 The frictional
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resistance of the pavement surface is considered to be a fundamental feature of the driving task, which ensures
the safe maneuvering of vehicles in both the longitudinal and transversal directions 22, Another definition of skid
resistance is the force generated when a tire is prevented from sliding in a circular manner on the pavement
surface 314 |t is a crucial parameter among the characteristics of the pavement surface, and significantly
influences the efficiency of the roadway traffic system. Pavement assessment is essential to provide valuable
information related to friction value and can be considered as a supporting tool to deliver appropriate maintenance
and repair procedures to ensure a safe roadway system in all weather conditions. Consequently, comprehensive
knowledge of skid resistance prediction and pavement surface characteristics can lead, as a function of different

roadway parameters, to a reliable traffic management system.

| 2. Factors Influencing Skid Resistance

Pavement friction is commonly defined as the force that resists the relative movements between a vehicle tire and
the surface of the road pavement. Thus, skid resistance is generated due to the rolling or sliding of vehicle tires on
the pavement surface B3, various factors can, directly and indirectly, influence the changes occurring in the skid
resistance of the surface pavement. Table 1 shows a critical summary list of the main factors that affect the skid

resistance of surface pavements.

Table 1. Factors affecting the pavement surface skid resistance (modified from [22l13)) grouped into 6 categories.

Road Surface Traffic Vehicle Road Users Tire Environmental
Characteristics Conditions Operations Properties Conditions
1. Sli 1. Lack of
1. Traffic s eeﬁ I(FS)P) knowle:ce Zbout LG
1. Microtexture ' P . g design and 1. Temperature (°C)
load asa skid resistance .
. . conditions
function of: reduction
2. Macrotexture 2. Trafflc L.a. vehicle 2. Inattention Inflation 2. Water content;
density speed, V pressure
3. Applied
3. Material 3. 1.b. Slip conditions of road R.ubber' .
L . . pavement due to configuration 2.a. Rainfall
characteristics  Congestion ratio % (G) .
extreme weather and rigidity
conditions
4. Megatexture L.c. Braking 4. §topp|ng Footprint 2.b. Condensation
System distance
5. Roughness/ 1.d. Vehicle 5. Driving : 3 Snow z_md
Tire load icelfreezing
unevenness age manoeuvre -
conditions
6. Geometric of le. 5.a. Turning Tire 4. Contamination
pavements Capacity of temperature
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Road Surface Traffic Vehicle Road Users Tire Environmental
Characteristics Conditions Operations Properties Conditions
engine
1.f.
6.a. Curves Suspension 5.b. Overtaking 4.a. Sand/dust
stability
6.b. Slopes LURCIEE 4.b. Salt
load
1.h.
7. Temperature Electronic .
C) stability 4.c.bin
control
d. Mud
4.e. Organic
materials

4.f. Organic debris . .
gan ' sified into

4.9. Rubber particles ns, driver

4.h. Wind

2.1. Category A: Pavement Surface Characteristics

§%l{é {ﬁé{'s&ﬁﬁesl iﬁc?o@ﬂ?i@é@fi@%%t&fy%fréqﬁe%ﬁ?&?irﬁ)ﬁ\ﬁ%nem’ which can offer an efficient means of better

understanding the road surface for traffic operation purposes. It is a measurement of friction obtained under
specified, standardized conditions, and is intended to fix the values of potential variable factors so that the
contribution that the pavement provides to tire/road friction can be isolated X8. A non-dimensional friction
coefficient can be calculated based on the pavement surface forces acting on the rotating wheels. The pavement
surface friction coefficient requires the transmission of all of the forces related to a given maneuver under a given
set of conditions, and is obtained as follows (see Figure 3 and Figure 4 for details of adhesion and hysteresis

forces RIS and mathematical expression 1 below):

= — 1
# Fuw M

where u is the non-dimensional friction coefficient, F is the tangential friction force between the tire tread rubber

and the horizontal traveled surface and F, is the perpendicular force or vertical load.
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Figure 4. A typical schematic of the rubber-tire and pavement surface interaction components.

Theoretically, a complex interaction between tires and road pavements consists of two phenomena, such as
molecular adhesion and hysteresis losses, and thus, the overall friction between the tire and the road surface is the
sum of these two components I8 Molecular adhesion is generated as a consequence of the shearing of
molecular bonds (S) formed when the tire rubber is hard-pressed into a close contact area (A;) with pavement
surface particles (see Figure 4). Hysteresis losses are produced due to the energy dissipation of the deformed tire

rubber when passing across the asperities of a rough pavement surface. The hysteresis losses relate to the energy
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that is stored (E.;) and dissipated (E.) during tire—surface interaction for an acknowledged velocity (V) in that
section. Thus, energy losses (C) happen during tire—surface interaction as the rubber is consecutively compressed
and expanded. Generally, pavement surface adhesion friction decreases when the hysteresis losses increase 119
(20 These two components of skid resistance are related to the two key properties of road pavement surfaces:

micro-texture and macro-texture (see Figure 4).

Friction phenomena are generated through the interaction of the tire and the road surface, even though there are
several components in a roadway system that influence the friction mechanism. The pavement surface texture is a
crucial characteristic, and it is based on the characterization of pavement asperities, specifically the grain
roughness of the pavement mixture. The surface texture is a key parameter of the road surface, and it can include
phenomena ranging from micro-level roughness to a span of unevenness stretching across the road surface BIEIE
(21 Adequate use of the asphalt mix can increase friction, reduce water spraying and splashing, and abate noise.
The scales of surface texture were defined in the XVII World Road Congress in Brussels in 1987 by the World
Road Association (PIARC). Thus, the surface texture is divided into four categories as a function of the wavelength
(\) 2921 and the amplitude (A) of the deviations (more details are given in Table 2), and each texture is explained
separately. The two main levels of surface texture that predominantly affect the skid resistance are the micro-

texture and the macro-texture 29

Table 2. Pavement texture classification according to the wavelength and amplitude (modified from [21]),

No. Level of Texture Wavelength, A (mm) Amplitude, A (mm) Texture View

1 Micro-texture 0<A<0.5 0.001 <A<05
2 Macro-texture 0.5<A<50 0.1<A<20
3 Mega-texture 50 <A <500 1<A<50 )
nent
4 Roughness or unevenness A > 500 1<A<200 retwork

4. Zhenning, L.; Yusheng, C.; Cong, C.; Guohui, Z.; Qiong, W.; Qian, Z.S.; Prevedouros, P.D.; Ma,

D,T. Investigation of driver in'ugy %everities.in Ig;ural %ngle-veh'cle cr?shes under rain conditjons .
¢ Microtexture Ts a fine-scale texture characteristic that I1s based on the surface propertles of the asp alt mix,

ing.mi logit an nt cl . Accid. Anal. Prev. 2019, 124, 219-2
\lljvﬂclg inCIﬁ.(Jgg itggs"itzgl agujastt?ap;[e? gss g’vgﬂ %g% Se grgg}gnt oqet,he agﬁg¥eggte,9én oh %egasp%galt/bitumen materials

used to generate molecular adhesion (see Figure 4). The microtexture depends on the roughness of the
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?gg[ﬁga&e apne}rat.: %slve}r]gna. eﬁ)lﬁo é‘é‘f"i‘l‘é. e larger size, shape, and gradient of the coarse aggregate in the
asphalt mix. The macrotexture is the main characteristic that produces a loss of hysteresis (see Figure 4).

7. FRYEebaN. BsRpvementcRurags Ghatactesistiex@reyirtesis and Guidle Bkakieed.. (e, AspRisH
RRRSHRISHEaYRR e e sorRtioN sekalderdboriRfo2@0Ravelength (0.5 < A < 50) (measured in mm) and

8. Aya0)plityde (Bl Bes<?) €% &astelo Branco, V.T.F. Measuring skid resistance of hot mix asphalt
Despiip ftheSi9gikcgadineage flelSurdirielriysténf (ARFEfeysstn BifdIMaiRiop Afsskig rasigtance,

additiopal pavement surface textures are also very important pavement characteristics (i.e., megatexture and

roughness (unevenness)), including the following:
9. Eurostat, 2018. Available online: https://ec.europa.eu/eurostat/statistics-explained/index.php?
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WISt REgAL KR IILRBESMRIRNAS EIARE Baf@ng resisiuse satresbanthecrtisl iesipignceag the road

pavements. The texture level considered in this category is (50 < A < 500) and (1 < A <50) in terms of

11. Mé:v%%\rﬁgmar?d ;aRm%ﬁEJ%’ePré%%Xﬁ\?éIPﬁ@.tate Practices to Reduce Wet Weather Skidding Crashes.

U.S. Department of Transportation. 2011. Available online:

. RBOSHARSaRRLBER QY Wew/Aeli 9L0R (@GRESSAE FRcFSRIRMBAHZ202bh also influence the rolling

12. PEIRI20AZ 854N AEBALHINB FYBHY ANHHMURBE B, WREF, At 1€ SRIdTeSiStamed e the YR ATdBRa Ture

ahBRtERGEPAGNBRK COBRDR BuikhaliaRaeesu2, % d)i§peHanal Roughness Index (IRI). This texture

level is (A > 500) for wavelength and (1 < A < 200) for amplitude [22123]
13. Highway Research Board. Skid Resistance. National Cooperative Highway Research Program.

Paveriihasia Rt Bighwias Brasticadéhibliahinay iRessrrehuReardaMipliphalfcasiemitb Seie MFRs taking
into/¥ReRIRG RN Cpdlhetd27@.g., wet conditions, the age of the pavement, binder, noise, tire wear, rolling

18SPERGe Yand, SPIash AMaprey: iBthdNK 220198y, R5ORSHIRS BfeRRINreaRie)BHL AURRITRSIKRIRE
APPERATRIALIPOISifRY RO SPEPHYEIF DG A 4 aigRtdrd 6 i BRI RiRRYRAIS P aetals. For
thisygagon, the level of influence of the aggregate characteristics (e.g., shape, angularity, abrasion, and hardness)
on skid resistance is high. The role of the aggregate macrostructure is to induce the hysteresis force of the tire and
13 Rlsd WarG UG QP RVERL T Htgry INF Naonal AcadsmIes ressie L/ asngia O % i R to
pro%ggga microtexture that facilitates and maintains safe friction levels on the road surface 1229 Geometric
1€eiante, 3/ thE drsiidsosuth lasngradenreiiduasistanceant alsphaftusndedig skichdesigtaremtéd: Several
reseaiigoratigtjesah @cnipesitond Gatetalisdtciters! pae eolshtsonehdecnd atifesreviticly (r@gatd dpefivgdaas
an 2028i0454 tIIBBYparticles of aggregate asperities (microtexture) that results from rubbing action that occurs
after grinding_and shearin_lg caused b|¥ repeated traffic loadings. The polishing of aggreg&tes_ is one of the most
17. Cairney, P.T. ARRB Transport Research. In Skid Resistance and Crashes: A'Review of the
significant pavement texture properties that affect the functionality of the road surface, and it also affects the
Literature; ARRB Transport Research, Limited.: Melbourne, Australia, 1997.

standard level of the road surtace’s skid resistance. This can be measured by means of Polish Stone Value (PSV)
158. grotha dVinfdsmatidion keereSidtancd &y agdaiiniabing attonafteir skisler asistamsenoreliones repgre gatae
coreeretE thavesaentidce eiei2aedld. Mater. 2020, 256, 119423.
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12.2° @atedory B: Hratfio Conditiems H.; Roji, E. Skid resistance prediction for new two-lane roads.

Proc. Inst. Civ. Eng. Transp. 2019, 172, 264-273.
Traffic conditions are also considered to have the potential to slightly impact the skid resistance, particularly during

Aarfs DatBNIS e dP AaHRNO RN ARAEE, FHGHANALRFAREAE SHY BEMAYSPEBRTH P Ebad users
durlNg Wit eyRiReRshAsmiaalt Polisher. Int. J. Civ. Eng. 2017, 15, 1007-1017.

21. Permanent International Association of Road Congresses (PIARC). Report of the Committee on
2'3Sucr?§%g?fxacr:éc 8”&%@598%9&%‘% w?d‘sd(')tf ¥ x VIl World Road Congress, Brussels, Belgium,

Veﬂ@lg%%é%'ﬂ@%?éﬁge a significant influence on skid resistance in traffic management systems. It is well-
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variations in the vehicle speed. Water trapped between the tires and road pavement may escape, and the escape

23. Wi moko, D.; Kingdom, U. The importan R rf Texture in Activ fety Design
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and Th Imgortancwﬂl?oad Surface Texture in Active Road Safety Design and Assessment. In
ensure a sare maneuver .

Proceedings of the International Conference Road Safety and Simulation (RSS2013), Rome, Italy,

Th@&#&&@%@?&&&e speed based on the vehicle tire circumferences and the surface road pavement in the
2PNt 6t EeS N!INg 6, coneRiisrles G195k enrshedteelskiher GSRRIMIGR Spkdosipuiatio. while a
fregriali{8Y AR SO B SPRARE tprgr@@.sﬁ[p,gatmﬂy'ej’rig@,_n' gagificient increases significantly, to a high value, in
anses ir? Wh_ichScritic.aIIqslippa%e reﬁches the rang% 0;‘ 10% to 20%. The friction decreases to a Vé;l_lue known a%s the
SR By LS I aeRie! Sgvemein iian samagne s edysment
skid number for temperature. J. Transp. Eng. 2005, 131, 470-476.
2B1eshakingveysieskief Resishifieds andtirieptiactasiméatipe pttifgaipmResiti thelkasl sesiRIaNas drad eSke RS
to apaRipuRsaligyglue. In particular, new vehicles commonly use high-tech brake systems, namely Antilock brake
systems ﬁABS). ABS can maintain the slip ratio at 15%, which increases the surface force of the road pavement to

27, Rasol, M A.; Pérez-Gracia, V.; Fernandes, F.M.; Pais, J.C.; Santos-Assuncao, S.; Santos, C.;
allow the vle\ﬂlcle to stop in a séa}e anA:reIPa%le manner. Several ot(F;'er actors canslmjlqt%nce the s%r(]j resistance of

Sossa, V. GPR laboratory tests and nymerical models to characterize cracks in cement concret
the surface pavement Ha. . %g vefsutae age, the capacity oq t#]e engpne, tﬁe sus ensﬁ)n stat()zlﬁty, and the veehl%le

Ioag %?ec Ig?gni?wﬁp?c%team]tp #fgtlonr t %Enc% eirlnnpz';iI I(tL as\t/aebrlrlllg/ng'f Me%?c é‘sf?pr%?t?ctu ar@o\ivr}esnsgmjét\)/%gesaﬁbng curves at
289y, V.; Solla, M.; Fontul, S.; Antunes, V. Assessing the pavement subgrade by combining

different non-destructive methods. Constr. Build. Mater. 2017, 135, 76-85.

2.4. Categ?vlotx D: Road Users Behaviour _ _
29. Rasol, M.A.; Pérez-Gracia, V.; Solla, M.; Pais, J.C.; Fernandes, F.M.; Santos, C. An experimental

Drivai chahuieri ¢alcapgitessh tto o bieing GecksydiiRenstfatingiitadastancheo syiiaittal v odadhing folow
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36¢ I:h?é_ié’&,OR/ﬁkHeR‘?éi%%‘Pﬁé*n%”@Fﬁf‘e“v‘&;tzs[?ﬁi?i')Feﬁ%‘S%i e IPadiPa e MR ChRERE FRanAES " the

Conﬂglsoggscmé)ﬁg ﬁl%vzeéneeenr% %ﬁﬁﬁ%h‘naﬁ Rasol Rasol; Polytechnic University of Catalonia (UPC):

_Barcelona, Spain, 2021. o _ _ _
Driver behavior during driving tasks is interrelated with other factors such as vehicle operation, road surface, and

3kHRasaksidrA A BasiezhaialeidyeVorf seih eswiigsnde M. r&aismkhde S alladivier Sanalsls, L. RUAT assesshaeiot
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Rétrianatidrothentipanieribpcitpepiagdistancy/ bistosesheeh@dos e also correlated with the friction coefficient of the
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road pavement surface, and this is directly controlled by drivers based on the driving task conditions. The average

stopping distance is considered to be 67 to 121 m for ribbed tires and 68 to 155 m for vehicles without ribbed tires

7]

Table 3. Possible actions to be taken into consideration for various road pavement conditions.

No Pavement Skid Vehicle Additional Causes or
" Condition Resistance Speed Extreme Conditions
1 Dry High Low Normal dry condition
Wet
2 Low High Normal wet condition
Tire age, or damaged tires
3 Low High (both wet and dry
conditions)
Curves, steep hills, edges,
4 Low High and junctions (both wet and
dry conditions)
5 Low High Snow or Ice

Actions that Need to Be
Taken by Road Users

Considered as a normal

situation
Decrease the vehicle speed
Increase the stopping

distance

Control the vehicle speed due
to the high possibility of
accidents

Decrease the vehicle speed
The maneuver should be
performed cautiously due to

the increasing of the slip

speed
Decrease the vehicle speed

Increase the stopping

distance

Perform driving tasks with
caution and decrease the

vehicle speed

Decrease the vehicle speed
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No Pavement Skid Vehicle Additional Causes or Actions that Need to Be
" Condition Resistance Speed Extreme Conditions Taken by Road Users
» Increase the stopping
distance
for
+ Considered as unfavorable speed fo
situation; park if needed ns), could
)ns to be
o | the st i ’
7 Low High Contamination nerease the stopping Jperators
distance
« Decrease the vehicle speed
9/9
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