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A logical sequence is suggested for the design of optimum 
skid-resistant pavements. The mean wavelength and slope of 
the texture may be determined from drainage requirements at 
the average maximum speed for the section of pavement under 
consideration, and the values may be checked by the demands 
of the hysteresis contribution to friction in the skidding mode. 
For surfaces where the asperities are rounded by wear and 
the demands of traffic, i t is necessary to provide a micro-
roughness at asperity peaks to establish adhesion between tire 
and road in wet rolling. The amplitude of the micro-roughness 
must be greater than the elastohydrodynamic water-film 
thickness which would otherwise exist at asperity tips due to 
relative slip between tread and road in driving or braked ro l l 
ing, whereas the adequacy of its sharpness is indicated quali
tatively by "feel." It is estimated that for practical road sur
faces the wavelength lies in the range 3 to 20 mm, and the 
micro-roughness has an order to magnitude of at least 10 to 
100 microns. 

•IT IS a well-known fact that the coefficient of sliding friction on a wet road surface 
decreases with increase of speed (1.), and that the rate of decay is a function primarily 
of drainage ability. Thus, coarser surfaces having inherently greater void volume 
between individual asperities (and hence greater drainage capacity) exhibit a lesser 
rate of decay than finer surfaces. The fallacy of attempting to characterize the skid 
resistance of a particular pavement by establishing one friction value at the speed of 
testing is at once obvious. Two pavements (one fine and one coarse) may have the 
same coefficient of sliding friction at a particular sliding speed, but since the slopes 
of the coefficient of friction vs velocity curves are entirely different, the finer texture 
is superior at speeds below the test speed and the coarser texture is superior at speeds 
exceeding the latter. 

The situation is not serious if the test speed corresponds either to the speed l imit 
of the particular pavement section, or to the average maximum speed (in cases where 
no speed limits are posted), since the pavement is then rated at its worst friction 
value. However, if the test speed is considerably less than the speed limit (or aver
age maximum speed) as shown in Figure 1, it is clear that the measurement of friction 
values at one speed is not sufficient. Either one or more additional speeds (clearly 
different from the original test speed) must be selected at which to measure skid re
sistance, or otherwise the gradient of the friction vs velocity curve for that pavement 
must be established from drainage considerations. The latter information combined 
with the measurement of skid resistance at one sliding speed is sufficient to deter
mine frictional performance over a range of speeds. 

OPTIMUM SURFACE TEXTURE 
The mean wavelength and slope of the individual asperities of the road profile can 

be shown to give a maximum hysteresis contribution to friction at a particular sliding 
speed (2). For typical road surfaces and rubber materials, this speed normally ex-
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ceeds the average m a x i m u m speed (even | 
i n Eu rope ) . I t i s also necessary that the | 
mean wavelength p rov ides a spe r i t i e s | 
w h i c h a re s u f f i c i e n t l y l a r g e to insure 
adequate drainage of wa te r in to the n e i g h 
b o r i n g voids (3) a t some t y p i c a l m a x i 
m u m speed. I n p r a c t i c e , the mean w a v e 
length selected m a y be a c o m p r o m i s e 
between dra inage cons idera t ions (wh ich 
suggest a l o w e r size l i m i t ) and hys te res i s 
r equ i r emen t s (which indicate an upper 
l i m i t ) a t the speed l i m i t o r average m a x i - ! 
m u m speed f o r the pavement under c o n 
s ide r a t i on . However , s ince the h y s t e r 
es i s r e q u i r e m e n t p e r t a i n s to the s l i d i n g 
mode alone and drainage cons idera t ions 
apply to both r o l l i n g and s l i d i n g , i t i s 

c e r t a i n tha t the drainage c r i t e r i o n p redomina tes i n the f i n a l se lec t ion of wavelength . 

The adhesion c o n t r i b u t i o n to f r i c t i o n can be m a x i m i z e d by p r o v i d i n g i n addi t ion a 
s u f f i c i e n t l y sharp t ex tu re . F i g u r e 2a shows one f o r m of an idea l i zed random road su r 
f ace , where the i n d i v i d u a l a spe r i t i e s a re poin ted to p rov ide s u f f i c i e n t l y h igh l o ca l i z ed 
p res su res between t r ead and su r face , w h i c h w i l l b r eak th rough w a t e r f i l m s en t ra ined 
by elastohydrodsmamic ac t ion (4) as the wet ted rubbe r s l i p s over the road a spe r i t i e s . 
Sandpaper sur faces l a r g e l y exh ib i t th i s p r o f i l e , al though the scale of the wavelength 
i s much too s m a l l to ma tch the hys t e r e s i s /d r a inage r equ i r emen t s o f road su r faces . 

Ac tua l r o a d sur faces have p r o f i l e s m o r e i n accordance w i t h that shown i n F i g u r e 2b. 
Here again, the hys te res i s and drainage condi t ions m a y be s a t i s f i e d by choosing the 
wavelength i n accordance w i t h a m a x i m u m des ign sk id-speed, bu t i t i s c l e a r that s ince 
the a spe r i t y t i p s a re p redominan t ly rounded r a the r than pointed, i t w i l l be necessary 
to c a r e f u l l y select an adequate m i c r o - r o u g h n e s s at a spe r i t y peaks to e l imina te sk idd ing l 
a cco rd ing to a method p r e v i o u s l y ou t l ined (5) . 

The se lec t ion of o p t i m u m su r face tex ture f o l l o w s a r a t i o n a l p rocedure w h i c h i s de 
p ic t ed i n F i g u r e 3. The mean wavelength and slope a re d ic ta ted by hys t e re s i s /d ra inage 
f a c t o r s , whereas the m i c r o - r o u g h n e s s i s selected to insure the existence of an a d -
hesional mechan i sm at a spe r i ty peaks i n def iance of w a t e r - f i l m en t ra inment . The 
va r ious f a c t o r s invo lved a re grouped f o r convenience i n the f o l l o w i n g categor ies : 

1 . D r i v i n g condi t ions ( f o r w a r d speed, r o l l i n g / s l i d i n g , nomina l s l i p and w e ^ d r y ) ; 
2. T i r e p r o p e r t i e s (v i s coe l a s t i c i t y , t r ead design); 
3. I n t e r a c t i o n events (hys te res i s , drainage, e las tohydrodynamic f a c t o r s , h y d r o 

planing) ; and 
4. Pavement geomet ry (wavelength/mean slope, m i c r o - r o u g h n e s s ) . 

E L A S T O H Y D R O D Y N A M I C CONSIDERATIONS 

Perhaps the mos t s i g n i f i c a n t i n t e r a c t i o n event o c c u r r i n g when a pneumat ic t i r e r o l l s 
w i t h b rake o r d r i v e s l i p on a we t road sur face , i s the genera t ion of hydrodynamic 

la ) ONE FORM OF IDEALIZED RANDOM ROAD SURFACE (SANDPAPER) 

(b) TYPICAL ROAD SURFACE PROFILE 
WITH MICRO-ROUGHNESS 

e m r - j ^ MICRO-ROUGHNESS 

Figure 2. Idealized and typical road surfaces 
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Figure 3. Sequence of events in selecting optimum surface geometry. 

pre s su re wedges on the leading edges of road a s p e r i t i e s , as a r e s u l t of r e l a t i v e s l i p 
between t i r e and road i n the contact pa tch . The degree to w h i c h the rubbe r i s d e f o r m e d 
ou tward f r o m the road p r o f i l e by such p re s su re genera t ion i s de t e rmined by t r e a d v i s -
coe l a s t i c i t y and i n f l a t i o n p r e s s u r e (4 , 5) , and t he re m u s t be a c o m p a t i b i l i t y between 
the hydrodynamic and v i scoe las t l c p r e s su re d i s t r i bu t i ons ( F i g . 4 ) . The r e s u l t i n g 
e las tohydrodynamic o r v i scoe las tohydrodynamic p r e s su re ac t ing at a spe r i t y t i p s i n the 
r o a d p r o f i l e can then be used to de t e rmine the m i n i m u m f i l m th ickness f r o m l u b r i c a 
t i o n theory , and the ampl i tude of the m i n i m u m m i c r o - r o u g h n e s s e^jjji r e q u i r e d at a s 
p e r i t y t ips to e l im ina t e o r counterac t th i s e f f e c t i s thereby p r e s c r i b e d . F i g u r e 5 shows 
p a r t o f the r e a r o f the contact a r ea i n w e t r o l l i n g a t any ins tant , w h e r e the genera t ion 
of hydrodynamic p re s su re s on i n d i v i d u a l a spe r i t i e s of the road su r face a t tempts to e n 
t r a i n w a t e r ove r the t ips of the l a t t e r and thereby to separate t r e a d and road l o c a l l y . 

I n theory , however , not a l l r o a d su r faces r e q u i r e the exis tence of a m i c r o - r o u g h n e s s 
( F i g . 6 ) . L e t i t be assumed that the wavelength X has been se lected p r e v i o u s l y by h y s 
t e r e s i s / d r a inage r equ i r emen t s , but that the mean slope i s v a r i a b l e w i t h i n p r e s c r i b e d 
l i m i t s . I t i s a lso s t ipu la ted that i nc r ea s ing slope and sharpness a re r e l a t ed i n some 
manner . The peak p r e s su re on any a spe r i t y increases r a p i d l y and n o n l i n e a r l y w i t h 
mean slope to a c r i t i c a l value at the po in t C, bu t the e las tohydrodynamic p r e s su re d i s 
t r i b u t i o n can be sustained on ly i n the r eg ion A to C. A s the sharpness increases b e -
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Figure 4 . Selection of an optimum micro-roughness for a given pavement. 
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Figure 5. Generation of h/drod/namic pressures on individual asperities of wet road. 

yond the value at C, the co r respond ing e las t ic p re s su re i s too grea t to p e r m i t the 
exis tence o f a w a t e r f i l m a t a s p e r i t y t i p s , and thus the hydrodynamic p r e s su re c o m 
ponent has ze ro value a long D E . The e las t ic o r v i scoe la s t i c p r e s su re d i s t r i b u t i o n 
continues to increase i n d e f i n i t e l y a long C B . 

I t i s apparent that i n the r e g i o n C to B no m i c r o - r o u g h n e s s i s r e q u i r e d to c o u n t e r 
act w a t e r - f i l m en t ra lnment , s ince none ex is t s i n t h i s range. T h i s type of su r face i s 
s i m i l a r to the sandpaper p r o f i l e depic ted i n F i g u r e 2a, a l though the wavelength w o u l d , 
o f course , be g r ea t e r . F o r v e r y s m a l l s lopes, there w i l l be inadequate dra inage i n 
the range A to F . The design l i m i t s f o r the se lec t ion of m i c r o - r o u g h n e s s a re t h e r e 
f o r e c l e a r l y spec i f i ed by C and F ( F ^ ) as ind ica ted i n F ^ r e 6. The extent of the range j 
CF^ r e m a i n s to be de t e rmined f r o m f u r t h e r r e s e a r c h , bu t i t i s c e r t a i n (4 , 5) tha t X has 
an o r d e r of magnitude of 3 to 10 m m and c j ^ j ^ ranges f r o m 10 to 100 fj,, 

F L O O D E D A N D D A M P CONDITIONS 

I n f l ooded condi t ions , the t r e a d g roov ing of the t i r e and the mean v o i d w i d t h of the 
pavement m u s t be capable of d i s cha rg ing an adequate amount of w a t e r f r o m the c o n 
tac t pa tch a t the average m a x i m u m speed f o r that p a r t i c u l a r r o a d sec t ion . Other i n 
ves t iga to rs (2) have shown that when a r o l l i n g t i r e i s b r a k e d on a f looded road su r face , 
the avai lable c o e f f i c i e n t of f r i c t i o n f a l l s o f f m u c h m o r e r a p i d l y w i t h increase of speed 
beyond the des ign l i m i t f o r that pavement ( F i g . 6 ) . F u r t h e r m o r e , as the des ign l i m i t 
i s inc reased (by app rop r i a t e ly i nc reas ing the wavelength and dra inage capaci ty of 
pavements) , there i s a loss of b r a k i n g capaci ty at speeds be low the average m a x i m u m 
speed o r des ign l i m i t . Thus , i t i s c l e a r ( F i g . 6) that pavement B i s designed f o r a 
h igher speed range than A , but the p e r f o r m a n c e of B i s i n f e r i o r to that of A below the 
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design speed l i m i t of the f o r m e r . 
A s i m i l a r a rgument appl ies to 
su r face C, when compared w i t h 
e i the r A o r B . I n p r a c t i c e , i t i s 
des i rab le to have as constant a 
f r i c t i o n c o e f f i c i e n t as poss ib le 
ove r the des ign range of speeds 
f o r any pavement . Thus , the s ize 
of wavelength w h i c h has a l ready 
been t en ta t ive ly selected as a com -
p r o m i s e between hys t e r e s i s and 
drainage cons idera t ions m u s t l i e 
between a m i n i m u m value (de
t e r m i n e d f r o m the r e q u i r e m e n t 
that the t r a n s i t i o n poin t , w h i c h i s 
apparent i n F i g u r e 7. l i e s o u t 
side the speed range) and a m a x i 
m u m suggested by the s a c r i f i c e 
i n b r a k i n g a b i l i t y a t l o w e r speeds 
w i t h i n that range. 

A n i n t e r e s t i n g app l i ca t ion of 
these p r i n c i p l e s i s the o p t i m u m 
design of runway sur face t ex tu r e . 
I f i t be assumed that a i r c r a f t may 
land i n e i t he r d i r e c t i o n on a p a r 
t i c u l a r runway, then i t i s c l e a r 
that m a x i m u m r o l l i n g ve loc i t i e s 
(equivalent to touchdown speed) 
occur at e i t he r end of the landing 
s t r i p . Now the d e f o r m a t i o n f r e 
quency upon w h i c h the hys t e r e s i s 
con t r i bu t i on to f r i c t i o n depends 

i s g iven b y the r a t i o of f o r w a r d speed to pavement wavelength . I t i s t h e r e f o r e appar 
ent that the wavelength se lected to m a x i m i z e sk idd ing f r i c t i o n i s grea tes t a t touchdown 
(o r t a k e - o f f ) speeds, w h i c h cor responds to the ends o f the runway . T h i s c r i t e r i o n 
also s a t i s f i e s drainage r e q u i r e m e n t s . A s the a i r c r a f t speed i s reduced a f t e r i n i t i a l 
touchdown, the wavelength of the t ex tu re w i l l decrease g radua l ly towards the center 
of the runway leng th . The o p t i m u m su r face t ex tu re w i l l t h e r e f o r e exh ib i t a decreas ing 
wavelength as the center of the runway i s approached f r o m e i t he r end. The ques t ion 
a r i s e s : Why not p r e s e r v e the same tex tu re w h i c h i s p r e sumed adequate f o r touchdown 
speeds, s ince dra inage r equ i r emen t s a re m o r e than s a t i s f i e d at a l l l e s se r speeds? 
However , F i g u r e 7 shows that unless the wavelength matches speeds at a l l sect ions , 
there may be a los s i n b r a k i n g e f fec t iveness on f looded landing s t r i p s . T h i s , of course , 
wou ld increase the l eng th of runway r e q u i r e d f o r safe b r a k i n g under wet condi t ions . 

W i t h damp pavements , the phenomenon of v iscous hydrop lan ing (4) may o c c u r . T h i s 
i s due to the en t ra inment of a v e r y t h i n wa te r f i l m ove r a spe r i t y t i p s i n the road t e x 
t u r e , as a r e s u l t of l oca l i z e d s l i p between t r ead rubbe r and road su r face i n r o l l i n g . 
Whereas the mean wavelength and slope of t ex tu re i s designed f o r the f looded condi t ion 
f r o m hys t e re s i s /d ra inage r e q u i r e m e n t s , the c r i t e r i o n "for the se lec t ion of. an adequate 
m i c r o - r o u g h n e s s at a spe r i t y peaks i s the e f f ec t i ve counte rac t ion of e las tohydrodynamic 
f i l m en t ra inment under damp o r t h i n f i l m condi t ions . The m i c r o - r o u g h n e s s p e r m i t s 
e f f ec t i ve adhesion to take place between rubbe r and sur face even i n the presence of 
t h i n f i l m s . 

Al though the f looded condi t ion i s r e l a t i v e l y r a r e on roads and runways , the damp o r 
t h i n - f i l m s i tua t ion occu r s whenever there i s any p r e c i p i t a t i o n whatsoever o r even a 
h igh h u m i d i t y . F u r t h e r m o r e , the v i scous hydrop lan ing phenomenon occu r s at the r e a r 
of the contact pa tch i n we t r o l l i n g , when the f r o n t p a r t exper iences dynamic h y d r o p l a n 
i n g under f looded condi t ions . The adhesion-genera t ing mechan i sm i s t h e r e f o r e the 

V E H I C L E S P E E D , k m / h r 

Figure 7. Optimum surface roughness for flooded 
pavements (2). 
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p r i n c i p a l c o n t r i b u t o r (4) to b r a k i n g e f fec t iveness i n we t r o l l i n g , i r r e s p e c t i v e o f the d e 
gree of p r e c i p i t a t i o n o r f i l m - t h i c k n e s s . 

The g ross r e l a t i v e s l i pp ing v e l o c i t y between t i r e and sur face i n the r e a r of the c o n 
tac t pa tch f o r wet r o l l i n g necessi tates the existence of m i c r o - r o u g h n e s s at a spe r i ty 
peaks to m a i n t a i n e f f ec t i ve adhesion and oppose the l u b r i c a t i n g e f f ec t . A t the same 
t i m e , the r u b b e r e lements i n the f r o n t o f the contact pa tch ( f o r t h i n - f i l m condi t ions) 
have v i r t u a l l y no long i tud ina l m o t i o n r e l a t i v e to the road s u r f a c e . He re , the sha rp 
ness of the m i c r o - r o u g h n e s s i t s e l f m u s t be capable of d i s cha rg ing minute d rop le t s of 
the f i l m in to ne ighbor ing vo ids . I t should be noted that the distance moved by these 
d rop le t s i s i n f i n i t e s i m a l , s ince t h i s i s consis tent w i t h the obse rva t ion that v e r y t h i n 
f i l m s when impac ted by t r ead r u b b e r i n h igh-speed r o l l i n g m u s t behave l i k e so l ids 
(6, 7) i n t r a n s m i t t i n g h igh shear f o r c e s w i t h no f i n i t e d i sp lacement . The e f fec t iveness 
of the m i c r o - r o u g h n e s s i n p e r m i t t i n g t h i s phenomenon to take place i s s t i l l best de 
s c r i b e d by Gi les qua l i t a t ive tes t (8)—the " f e e l " of the su r face t ex tu r e . Surfaces w h i c h 
a re s u f f i c i e n t l y ha r sh to the touch m a y t h e r e f o r e be deemed to have an adequate s h a r p 
ness o f m i c r o - r o u g h n e s s ; a t the same t i m e , the m i n i m u m p e r m i s s i b l e ampl i tude o f 
m i c r o - r o u g h n e s s i s de t e rmined by e las tohydrodynamic cons idera t ions i n the r e a r of | 
the contact pa tch as desc r ibed e a r l i e r . 

CONCLUSIONS 

A l o g i c a l des ign sequence f o r the se lec t ion of an o p t i m u m sur face t ex tu re i n roads 
and runways has been proposed on the bas i s of r e s e a r c h p e r f o r m e d by the author and 
o ther Inves t iga to r s . I t i s concluded that the mean wavelength and slope of t ex tu re i s 
chosen f r o m dra inage r equ i r emen t s ( w i t h cons idera t ion of the c o n t r i b u t i o n of h y s t e r 
es is to sk idd ing f r i c t i o n ) at the average m a x i m u m speed o r des ign speed l i m i t f o r the 
p a r t i c u l a r pavement under cons ide ra t ion . F o r sur faces w h i c h a re s u f f i c i e n t l y pointed | 
and sharp ( F i g s . 2a and 6) , the re i s no need f o r a m i c r o - r o u g h n e s s at a s p e r i t y t i p s , 
s ince the e las t ic p r e s s u r e peak i s s u f f i c i e n t l y g rea t to p rec lude the exis tence of a c o n - ' 
t inuous w a t e r f i l m . M o s t road su r faces have rounded a spe r i t i e s , however , and i t i s | 
necessary to design a m i c r o - r o u g h n e s s to oppose the l u b r i c a n t e f f e c t a t a spe r i ty peaks 
due to f l u i d en t r a lnmen t . The ampl i tude of the m i c r o - r o u g h n e s s should exceed the i 
e las tohydrodynamic f i l m th ickness w h i c h wou ld o the rwise e x i s t a t a spe r i t y peaks, and 
i t s sharpness should p e r m i t the d isp lacement of f l u i d d rop le t s th rough an i n f i n i t e s i m a l ' 
dis tance to es tab l i sh adhesion between t i r e and su r f ace . I t has been shown (4) that a d 
hesion cont r ibutes subs tan t ia l ly to the c o e f f i c i e n t of f r i c t i o n i n wet r o l l i n g . 

I t i s c e r t a i n that the wavelength f o r road su r faces l i e s i n the range 3 to 30 m m (de
pending on average m a x i m u m speed), whereas the m i c r o - r o u g h n e s s may be of the , 
o r d e r 10 to 100 /x. The sharpness of m i c r o - r o u g h n e s s i s q u a l i t a t i v e l y measured by 
i t s f e e l , but no mechanica l measure of th i s pa r ame te r has y e t been proposed . C o n 
s iderab le w o r k has been done on the drainage of road su r faces and i n the p r e d i c t i o n of 
sk id - re s i s t ance g rad ien t (3 , 8, 9) and i n the genera l evaluat ion of su r face t ex tu re as 
r e l a t ed to i t s f r i c t i o n - g e n e r a t i n g po ten t ia l (10, 11). Y e t there i s need f o r f u r t h e r r e 
f inemen t s i n es tab l i sh ing the exact geomet ry of the o p t i m u m su r face t ex tu re f o r a g iven 
set of env i ronmen ta l condi t ions . 
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