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Assoc i a t i on 

The paper discusses the ro l e o f the t i r e and the pavement i n 
r educ ing m o t o r veh ic le accidents r e s u l t i n g f r o m sk idding . 
Cons ide ra t ion i s g iven to the i n t e r a c t i o n between the t i r e r u b ­
b e r c h a r a c t e r i s t i c s of adhesion and hys te res i s and the pave­
ment su r face c h a r a c t e r i s t i c s o f f i ne and coarse t ex tu re . Data 
a r e presen ted to show the impor t ance o f se l ec t ing w e a r - r e s i s t a n t 
f i n e aggregate, obta in ing a p r o p e r m i x design, and choosing a 
f i n i s h i n g method that w i l l produce the de s i r ed t ex tu re depth. 
I n add i t ion p rocedures a r e desc r ibed f o r r e s t o r i n g s k i d r e s i s ­
tance to pavements that have become s l i p p e r y . 

• E A C H y e a r the highways a r e be ing used by m o r e veh ic l e s t r a v e l i n g at i n c r e a s i n g 
speeds. The inc reased t r a f f i c has reduced the average distance between vehic les 
and t h i s combined w i t h inc reased speed has reduced a l e r t i n g t i m e to avo id o b s t r u c ­
t ions . T h e r e f o r e , every e f f o r t mus t be made to cons t ruc t veh ic l e s and highways to 
achieve o p t i m u m response to d r i v e r s ' reac t ions i n o r d e r to p revent accidents . 

Skidding occur s i n many accidents . However , i t i s somet imes d i f f i c u l t to de te rmine 
whether the s k i d was the cause o r the e f f e c t (1., 2) . A r e p o r t on accidents i n w h i c h 
sk idd ing was cons idered the p r i m a r y cause was presen ted by M i l l s and Shelton (3). A 
study of these data shows that about 50 percent of the accidents on snowy o r d i r t y 
pavements , 15 pe rcen t o f those on c lean we t su r faces , and l ess than 1 pe rcen t of those 
on d r y su r faces w e r e caused by sk ids . M o r e recent data on na t ion-wide t r a f f i c a c c i ­
dents f o r 1966 (4) show approx ima te ly these same percentage groupings f o r accidents 
on d r y , wet, and s n o w y - i c y condi t ions . A survey o f f i v e states i n 1964 showed that 
the percentage of wet pavement accidents r e s u l t i n g f r o m sk idd ing v a r i e d f r o m ze ro to 
23.4 percen t w i t h an average value o f about 12 percent . T h e r e f o r e , i t i s reasonable to 
assume, on a conserva t ive bas is , that about 15 percen t of a l l accidents can be a t t r i bu t ed 
to r educ t ion of t i r e - p a v e m e n t f r i c t i o n , and e f f o r t s must be made to overcome th i s f au l t . 

T h i s r e p o r t i s concerned w i t h the r o l e o f highway design i n the safety p r o g r a m and, 
i n p a r t i c u l a r , the development of s k i d - r e s i s t a n t su r faces on concrete pavements to 
obta in des i rab le t i r e - p a v e m e n t f r i c t i o n f o r c e s a s su r ing m a x i m u m v e h i c u l a r c o n t r o l . 

New f i e l d and l a b o r a t o r y tes t data a re r e p o r t e d together w i t h pe r t i nen t f ind ings 
avai lable i n the l i t e r a t u r e . Some f a c t o r s a f f e c t i n g the s k i d res is tance and safety of 
concrete pavements a re examined as a p a r t of the o v e r a l l r e l a t ionsh ips between v e ­
h ic les , t r a f f i c , and pavement. 

SCOPE A N D DEFINITIONS 

T h i s inves t iga t ion i s d i r e c t e d t o w a r d a study of the s k i d res is tance of pavements 
as an a i d to r e d u c i n g accident f r equency and s e v e r i t y . Of p a r t i c u l a r conce rn a re 
methods o f obta in ing and p r e s e r v i n g good s k i d res is tance on concrete pavements . 

T e r m s associated w i t h sk idd ing a re s l i d ing , s l ipp ing , and c o r n e r i n g . K u m m e r and 
M e y e r (5) suggested subcategor ies f o r sk idd ing to indica te the mode. Spec i f i c a l l y , 
sk idd ing means a s l i d i n g mot ion w i t h locked wheels , and when evaluated w i t h a s k i d 
t r a i l e r produces a s k i d number , o f t e n loosely ca l l ed c o e f f i c i e n t of f r i c t i o n . I f the 
wheels a r e not comple te ly locked , but continue to ro ta te w h i l e s l i d i n g , the mode i s 
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c a l l e d s l i p p i n g and the measure o f s l i p res is tance i s a s l i p number . F i n a l l y , r e s i s ­
tance to a c o r n e r i n g s k i d i s c o r n e r i n g res is tance , also ca l l ed c o r n e r i n g f o r c e . 

Of recent concern i s the phenomenon of hydroplan ing . When a m o t o r veh ic le moves 
out of c o n t r o l because the t i r e - s u r f a c e f r i c t i o n f o r c e s p r o v i d e i n s u f f i c i e n t r e s t r a i n t , 
the veh ic le i s e i t he r sk idd ing o r hydroplaning . I f the t i r e main ta ins contact w i t h a 
f i r m sur face , the movement i s genera l ly def ined as sk idding . I f wa te r f l o a t s the t i r e 
at the p r e v a i l i n g speeds, the movement i s c a l l ed hydroplaning, o r i n some a r t i c l e s , 
aquaplaning. H y d r o p l a n i i ^ may occur w i t h o r wi thout locked wheels . 

M o o r e (6) discussed two condi t ions o f hydroplaning . The v e l o c i t y that causes h y ­
drop lan ing w i t h locked wheels i s less than that f o r r o t a t i n g wheels , and i s c a l l ed the 
l o w e r l i m i t o r s l i d i n g l i m i t . The v e l o c i t y at w h i c h an acce le ra t ing veh ic le w i l l d r i f t 
out of c o n t r o l on a wa te r f i l m i s the upper l ^ d r o p l a n i n g l i m i t . I f b rakes a re appl ied 
d u r i n g upper l i m i t hydroplaning, no c o n t r o l w i l l be es tabl ished vui t i l the speed has 
f a l l e n t h rough the l o w e r l i m i t . 

M E A S U R E M E N T O F T I R E - P A V E M E N T F R I C T I O N 

Many methods and devices have been used t o measure s k i d res i s t ance o r pavement 
wear . These may be grouped in to (a) veh ic le s topping distance tes ts , (b) d r a g of a 
l o c k e d whee l t r a i l e r , (c) energy l o s s o f a pendulum, and (d) dece l e ra t i on o f a r o t a t i n g 
wheel—and also v a r i a t i o n s o f these p r i n c i p l e s . 

Stopping dis tance i s a measure o f the dis tance r e q u i r e d t o b r i n g a veh ic l e to a stop 
f r o m a spec i f i ed speed. I n the test , a d r i v e r a t ta ins the de s i r ed speed, locks the 
b rakes , and s l i des to a stop. T h e f r i c t i o n c o e f f i c i e n t o r s k i d number ( s k i d number i s 
the f r i c t i o n c o e f f i c i e n t t i m e s 100; t h i s t e r m i s used i n the paper in terchangeably w i t h 
f r i c t i o n c o e f f i c i e n t ) can be computed f r o m the f a m i l i a r equation, 

V ' 
30 d (1) 

w h e r e V i s v e h i c l e speed i n m i l e s p e r hour at i n i t i a t i o n o f the sk id , and d i s the s top­
p i n g distance i n feet . 

Devices 

The re a re a number o f locked wheel t r a i l e r designs. I n a l l cases, a t o w i n g veh ic le 
i s d r i v e n at the d e s i r e d speed and wa te r i s pumped onto the pavement ahead of the 
t r a i l e r t i r e s when one o r both of the t r a i l e r wheels a re locked. The output o f e i the r 
a to rque o r a l oad measu r ing device i s usua l ly t r a c e d o n an e l e c t r o n i c r e c o r d e r d u r i n g 
t e s t ing . The s ty lus displacement i s i n t e r p r e t e d i n t e r m s of the c o e f f i c i e n t of f r i c t i o n 
by r e fe rence to a c a l i b r a t i o n curve . 

The B r i t i s h Por t ab le T e s t e r (7, 8, 9) consis ts o f a pendulum w i t h a 1 - by 3 - i n . 
rubbe r i n s e r t at the end that i s set to s l ide f o r a distance o f 5 i n . ove r the spec imen 
su r f ace . T h e n f o r p r e d e t e r m i n e d machine constants , the f r i c t i o n c o e f f i c i e n t , f , i s 
approx ima te ly 

f = 0.178 h 

where h i s the v e r t i c a l dis tance o f the scale read ing below the ze ro , measured i n 
inches . 

A device used to evaluate pavement wea r consis ts o f a sp inning automot ive t i r e and 
a means o f measu r ing power r equ i r emen t s to d r i v e the t i r e against the t es t su r face . 
Whi t ehu r s t and Goodwin (10) have desc r ibed such a device, and a m o d i f i e d machine 
us ing th i s method was desc r ibed by B a l m e r (11). 

The P C A s k i d t r a i l e r , B r i t i s h pendulum tes ter , and a P C A device f o r eva lua t ing 
pavement wear a re shown i n F igu re 1. 

C o r r e l a t i o n 

C o r r e l a t i o n s tudies have been made so that values of s k i d res is tance r e p o r t e d by 
v a r i o u s agencies w o u l d be mean ingfu l . A c o r r e l a t i o n study (12) o f a number o f s k i d 
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Figure 1. Typical devices for measurement of skid resistance {U), 

res i s tance m e a s u r i n g machines was made at Tappahannock, V a . , i n 1962. F r i c t i o n 
c o e f f i c i e n t s as d e t e r m i n e d by eight s k i d t r a i l e r s at 50 m p h on f i v e su r faces a re c o m ­
p a r e d i n F i g u r e 2. These w e r e c o r r e l a t e d w i t h s topping distances, the B r i t i s h p o r t a b l e 
tes te r , the Na t iona l Crushed Stone Assoc i a t i on b i c y c l e whee l and the P D H drag tes te r . 
Considerable v a r i a t i o n i n r e s u l t s i s evident among the t r a i l e r s and s i m i l a r d i s c r e p ­
ancies ex i s t among the o ther devices . F r i c t i o n c o e f f i c i e n t s o r sk id - r e s i s t ance values 
mus t be q u a l i f i e d at p re sen t by i n d i c a t i n g the tes t device and method. , 

FACTORS A F F E C T I N G T I R E - P A V E M E N T F R I C T I O N 

A m o t o r i s t ope ra t ing h is veh ic le can speed up, t u r n , o r s low down. The f o r c e s at 
h i s d i sposa l f o r i m p l e m e n t i n g these changes a re appl ied p a r a l l e l to the pavement by 
means of a f r i c t i o n contact a rea between the t i r e and the road . Su f f i c i en t f r i c t i o n mus t 
develop to p e r m i t comple te c o n t r o l w h i l e a cce l e r a t i ng and c o r n e r i n g . The t i r e a lso 
p r o v i d e s a t r eaded su r face w h i c h helps m i n i m i z e the p r o b a b i l i t y of hydrop lan ing . The 
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S I T E S 

Figure 2. Comparison of trailer test results (j2). 

r o l e o f the pavement su r f ace i n s k i d 
res i s tance i s to t r a n s f e r necessary 
f r i c t i o n a l c h a r a c t e r i s t i c s to the t i r e 
and to p r o v i d e a t ex tu re that a ids 
drainage. Thus , f r i c t i o n a l f o r c e s 
a re func t ions o f both the t i r e and the 
pavement sur face , and each des ign 
should complement the o ther . 

T IRES 

Skid res i s tance as i n f luenced by 
the t i r e i s d iscussed i n t e r m s of 
r u b b e r c h a r a c t e r i s t i c s and e f f ec t s 
of t r e a d compos i t i on and design. 

Rubber C h a r a c t e r i s t i c s 

Adhesion and hys te res i s , the two 
p r i n c i p a l components o f r u b b e r f r i c ­
t i o n , a r e ind ica ted i n F i g u r e 3, w h i c h 
shows a p o r t i o n o f a t i r e t r e a d s l i d ­
i n g o v e r a r o u g h - t e x t u r e d pavement 
su r face . The adhesion component 
i s a f u n c t i o n o f the shear f o r c e s de­
ve loped at the t i r e - p a v e m e n t i n t e r ­
face , whereas the hys te res i s c o m ­
ponent i s a f u n c t i o n of the energy 
losses w i t h i n the r u b b e r as i t i s de ­
f o r m e d by the t e x t u r e d pavement 
su r face . The f r i c t i o n c o e f f i c i e n t i s 
the s u m m a t i o n o f the t w o components. 

Adhes ion i s of p r i m a r y impor tance on d r y pavements but assumes a l esse r r o l e on wet 
pavements as hys te res i s becomes dominant . M a x i m u m values of adhesion and the 
c r i t i c a l speeds at w h i c h they occur a r e dependent upon the e l a s t i c and damping p r o p e r ­
t i e s of the rubbe r . On wet pavements , the adhesion c o e f f i c i e n t i s l ow and changes only 
s l i g h t l y w i t h inc reased s l i d i n g speed. The hys te res i s c o e f f i c i e n t increases w i t h speed, 
w i t h the i n t e r n a l damping p r o p e r t i e s o f the rubber , and i s p r a c t i c a l l y p r e s s u r e i n d e ­
pendent w i t h l i t t l e s ens i t i v i t y to con tamina t ion and l u b r i c a t i o n . 

The e f f ec t o f t empera tu re (13) on the f r i c t i o n components o f adhesion and hys te res i s 
i s i n f l uenced by the type o f rubber , s l i d i n g speed, and c h a r a c t e r i s t i c s o f the su r face . 
I n genera l hys t e res i s w i l l decrease at h igher t empera tu res , whereas adhesion i s more 
sens i t ive to speed changes and may e i t he r increase , decrease, o r r e m a i n unaf fec ted . 

T h e r e su l t an t s u m m a t i o n o f adhesion and hys t e r e s i s c o m p r i s e s the c o e f f i c i e n t o f 
f r i c t i o n , and the e f f ec t o f t h i s summat ion f o r a locked whee l tes t on a wet pavement i s 
shown i n F i g u r e 4 (14). The coe f f i c i en t o f f r i c t i o n decreased f r o m 0.85 to 0.45 as 
s l i d i n g speed i nc rea sed f r o m 10 t o 50 mph. 

T r e a d Compos i t i on and Des ign 

The se lec t ion o f the rubbe r compos i t i on o f t i r e s i s i n f luenced by the t i r e use. A 
s o f t rubbe r w i t h good f r i c t i o n components does not usua l ly have s u f f i c i e n t t r e a d l i f e 
on highways to make th i s compos i t i on economica l ly p r a c t i c a l . T h e r e f o r e , the a b i l i t y 
to develop good f r i c t i o n i n a harder , m o r e durable rubbe r i s obtained by an appropr ia te 
t r e a d pa t t e rn . 

M a r i c k (15) has d iscussed the r o l e o f r i b s , grooves , and s lo t s i n t i r e des ign. He 
showed that the t i r e s k i d number on a smooth pavement was doubled as the number of 
r i b s was inc reased f r o m 0 to 6. Most o f the increase o c c u r r e d w i t h the addi t ion of 
the f i r s t t h r ee r i b s , and i n c r e a s i n g the number f r o m 6 to 12 d i d not r e s u l t i n a f u r t h e r 
s i g n i f i c a n t inc rease . 
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Figure 4. Effectof speed on skid resistance (14)— 
wet test. 

Figure 3. Friction components (13). 

The cu t t ing of s lo t s produces m o r e 
t r e a d edges and p r o v i d e s a w i p i n g ac t ion 
as w e l l as p e r m i t t i n g ven t ing between the 
r i b s . Depending on t r e a d depth, s l o t t i n g 
increases the s k i d number above that o f a 
p l a i n r i b design. F i g u r e 5 i l l u s t r a t e s how 
a t i r e , as i t loses t r e a d due to wear , ap­
proaches the p e r f o r m a n c e o f a p l a i n r i b des ign and eventual ly that o f a smooth 
t i r e . 

T r e a d des ign i s not s i gn i f i c an t on d r y pavement sur faces as smooth t i r e s on such 
su r faces produce good s l i p o r s k i d res i s tance . However , when su r faces a re tes ted 
wet , t i r e t r e a d gains i n impor tance . T h i s i s demons t ra ted by the data of Goodwin and 
Whi t ehu r s t (14) shown i n F i g u r e 6. The f r i c t i o n c o e f f i c i e n t va lues reduced m o r e r a p i d ­
l y f o r the smooth t i r e than the t r eaded t i r e as speed increased , and at 40 mph the 
smooth t i r e w o u l d have r e q u i r e d tw ice the s topping distance. Thus i t i s apparent that 
t i r e t r e a d i s s ign i f i can t , and that even on a h ighly s k i d - r e s i s t a n t su r face a d r i v e r w i t h 
smooth t i r e s i s a po ten t i a l hazard . 

The type and depth o f t i r e t r e a d as w e l l as the height o f pavement s u r f a c e a spe r i t i e s 
a re i m p o r t a n t i n reduc ing the dangers of hydroplaning . I t i s genera l ly conceded that i 
hydroplan ing can occur on a f i l m o f wa te r 
i f the pavement su r face i s smooth. F o r 
example , ba ld t i r e s may hydroplane on a 
smooth pavement su r face w i t h a wa te r f i l m 
0 .1 i n . t h i ck , whereas g rea te r w a t e r depths 
a re r e q u i r e d f o r t r eaded t i r e s . H o m e and 
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Figure 5. Skid-resistance reduction due Figure 6. 
to tread wear (15)—wet test. 

Effect of tire wire on skid resistance 
(14)-wet test. 
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D r e h e r (16) showed that f o r smooth o r r i b t r e a d t i r e s , where the f l u i d depth exceeded 
the depth of the t read , hydrop lan ing speed was g iven by the equation: 

Hydrop lan ing speed (mph) = 10.4 V t i r e i n f l a t i o n p r e s s u r e (psi) 

Based on th i s equation, hydroplan ing speed f o r the t j r p i c a l passenger veh ic le cou ld be 
reached at 50 t o 60 mph. 

The e f f ec t o f w a t e r depth on f r i c t i o n coe f f i c i en t s f o r d i f f e r e n t speeds i s shown by 
the data of F i g u r e 7, r e p o r t e d by T r a n t (17). The t i r e s had r i b t r eads and al though 
hydrop lan ing speed was not reached, t he r e was a l a r g e decrease i n the f r i c t i o n c o e f f i ­
c ient as w a t e r depth was inc reased f r o m 0.05 to 0.30 i n . 

T H E P A V E M E N T 

T o obta in good t i r e - p a v e m e n t f r i c t i o n values , the pavement su r face must develop 
good hys te res i s and adhesive f o r c e s i n the t i r e rubber . I n addi t ion , permanence of 
the s k i d - r e s i s t a n t p r o p e r t i e s o f a pavement su r face i s s i gn i f i can t . Many su r faces a re 
s k i d r e s i s t an t when f i r s t p laced but lose e f fec t iveness due to wear . The c o n t r i b u t i o n 
of the pavement to s k i d res i s tance i s cons idered by d e f i n i n g : (a) the r o l e and i m ­
por tance o f t ex tu re , (b) the va lue o f p r o p e r m i x design, (c) p rocedures f o r se lec t ing 
aggregates to m i n i m i z e wear , and (d) methods o f obta in ing a su i table t ex tu re d u r i n g 
concrete p lacement . 

T e x t u r e 

A s p e r i t i e s d i s t r i b u t e d o v e r a sur face f o r m a t ex tu r e . The nature of the a spe r i t i e s 
de te rmines the t ex tu re c l a s s i f i c a t i o n , 1. e . , i t may be coarse, f ine , sharp , dense, etc. 
I t i s gene ra l ly agreed that a pavement su r face should have a t ex tu re cons i s t i ng o f bo th 
f i n e and coarse a spe r i t i e s . The f i ne a spe r i t i e s i m p a r t the adhesion component i n the 
t i r e - p a v e m e n t i n t e r a c t i o n , whereas the coarse a spe r i t i e s have the dual r o l e o f i m p a r t ­
i n g the hys te res i s component and p r o v i d i n g drainage channels f o r wa te r . 

T e x t u r e on a b i t uminous pavement i s c rea ted by d i s t r i b u t i n g aggregate p a r t i c l e s o f 
v a r i o u s s izes i n the m i x and then r o l l i n g the m i x t u r e to f o r m the su r face . Thus , bo th 
coarse and f i n e aggregates a re genera l ly exposed at the su r face . I n a concrete pave­
ment, the f i n e t e x t u r e r e s u l t s f r o m the sand-cement m o r t a r l a y e r and the coarse t e x ­
t u r e i s f o r m e d by the f i n i s h i n g opera t ions w h i l e the concre te i s s t i l l p l a s t i c . Thus 
f o r concrete , the coarse t ex tu re i s the r idges of s cu lp tu red m o r t a r l e f t by f i n i s h i n g 
m a r k s ; t h e r e f o r e , the coarse aggregate s e ldom func t ions as a p o r t i o n o f the su r f ace . 
T h i s explains why the re appears to be a con t r ad i c t i on when a concre te engineer says 
permanence of s k i d res i s tance i s p r i m a r i l y c o n t r o l l e d by the f ine aggregate and the 
b i tuminous engineer says the coarse aggregate i s the m a j o r f a c t o r . 

The amoimt of f r i c t i o n developed 
by a su r face w i t h f i n e a spe r i t i e s has 
been r e l a t ed to the "degree o f t e x t u r e " 
as measured by v a r i o u s t es t p r o ­
cedures . Some p rocedures use t e c h ­
niques to obta in a cast r e p r o d u c t i o n i n 
a p l a s t e r o r r e s i n , an i n k p r i n t , o r a 
s tereophotographic v i ew of the su r face . 
F o r example, a " f o i l - p i e r c i n g " t e c h ­
nique was used by Gi l l e sp i e (18). Data 
a re shown i n F igu re 8. A t t emp t s to 
c o r r o b o r a t e these data made the 
P C A on new concrete su r faces us ing 
a 5 - l b weigh t and 2 - i n . d rop gave i m ­
pact punctures r ang ing between 40 to 
200 p e r sq i n . f o r f r i c t i o n coe f f i c i en t s 
v a r y i n g f r o m 0.55 to 0.88. These 
data, al though showing considerable 
scat ter , were i n f a i r agreement w i t h 
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Figure 7. NACA friction-cart trough test (17). 
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Figure 8. Coefficient of friction (35 mph) vs impact punctures. 

the upper p o r t i o n o f the curve ( F i g . 8) . However on o lde r pavements , t h i s c o r r e l a t i o n 
d i d not ex i s t . F o r example , some concrete pavements 12 to 15 yea r s o l d showed no fo i l ] 
punctures , but when tes ted wet at 40 m p h gave f r i c t i o n c o e f f i c i e n t s r ang ing f r o m 0.51 
to 0.62. Gi l l e sp ie a lso r e p o r t e d h igher than an t ic ipa ted s k i d numbers on concrete s u r ­
faces w i t h l i m i t e d numbers of f o i l punc tures . Thus i t appears that t h i s tes t p rocedure 
i s not a s u f f i c i e n t c r i t e r i o n f o r p r e d i c t i n g f r i c t i o n c o e f f i c i e n t s on concre te su r faces . 
T h i s i s not s u r p r i s i n g as exper ience gained d u r i n g 10 y e a r s of f i e l d t e s t i ng w i t h a 
s k i d t r a i l e r has shown that v i s u a l examina t ion and sense o f touch a re not subst i tutes 
f o r a s k i d tes t . 

Road contamina t ion r e s u l t i n g f r o m " t r a f f i c f i l m " can, when wet, reduce s i g n i f i c a n t l y 
the s k i d number o f a pavement that has f i ne asper t ies on ly . F o r example, K u m m e r (5) 
r e p o r t s a r i s e i n we t s k i d number f r o m 11 to 20 f o r tes ts made j u s t b e f o r e and a f t e r a 
r a i n preceded by a long d r y p e r i o d . Wet s k i d t r a i l e r tes ts w e r e made on concre te 
pavements by the P C A f o l l o w i n g a 0 . 6 - i n . r a i n that was p receded by 20 days w i t h no 
measurable p r e c i p i t a t i o n . The data showed that 4 0 - m p h s k i d numbers , obtained a f t e r 
the r a i n , had i n c r e a s e d by a g rea t e r percentage on pavements that had the l o w e r values 
p r i o r to the r a i n . I n general , the s k i d numbers obtained a f t e r the r a i n inc reased f r o m | 
6 to 18 percent , w i t h the 18 percent increase o c c u r r i n g on a pavement w i t h a p r i o r to j 
r a i n va lue o f 40, w h i l e on ly a 6 pe rcen t inc rease was observed f o r the pavement w i t h 
an i n i t i a l value o f 60. ' 

Paint i s another type o f con tamina t ion that reduces the s k i d numbers . Tes t s ob ­
ta ined by the P C A s k i d t r a i l e r at the A t l a n t a a i r p o r t showed that s k i d numbers i n 
pa in ted areas w e r e reduced f r o m 61 to 29. I t i s suggested that a i r p o r t areas r e q u i r i n g 
pa in ted m a r k i n g s be cons t ruc ted w i t h c o l o r e d concrete o r w i t h c o l o r e d aggregates 
p laced i n the su r face o f the concre te . 

L a r g e a spe r i t i e s somet imes r e f e r r e d to as macroscop ic roughness p r o v i d e d r a i n ­
age areas under the t i r e s . Macroscop ic roughness on a concrete pavement i s f o r m e d 
by the m o r t a r and f i n e aggregates as the su r face i s s cu lp tu red by the f i n i s h i n g ope r ­
a t ions . M a c r o - r o u g h n e s s a lso in f luences the vo lume of t i r e r u b b e r be ing d e f o r m e d 
(hys te res i s ) and se rves to increase the f r i c t i o n a l c h a r a c t e r i s t i c s of the pavement at 
g rea te r speeds. T h i s ac t ion i s p a r t i c u l a r l y valuable where condi t ions a re conducive 
to t ^ d r o p l a n i n g . Such condi t ions occur more r e a d i l y on a i r p o r t pavements where the 
combina t ion of r e l a t i v e l y slow drainage o f l a rge areas and h igh landing speeds c o n t r i b ­
ute to the p r o b l e m . On highways, drainage i s more r e a d i l y c o n t r o l l e d by the slope o f 
the pavement . Slopes p resen t ly used on In te r s ta te highways v a r y f r o m about 2.25 to 
5.75 i n . f o r a 2 4 - f t w i d t h . Because concrete pavements r e t a i n t h e i r shape, these 
magnitudes o f slope genera l ly p r o v i d e adequate drainage. 
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Measurements have been made of l a rge - sca l e a spe r i ty roughness us ing the "sand-
p a t c h " (19), "g rease - smea r" (20), and "drainage m e t e r " (21) methods. Data ( F i g . 9) 
w e r e obtained by Sabey (7) us ing the sand-patch method on concre te pavements . The 
b r a k i n g f o r c e c o e f f i c i e n t decreased about 15 uni t s as t e s t i ng speed was inc reased f r o m 
30 to 80 mph. The percentage decrease v a r i e d w i t h t ex tu re depth and i t was concluded 
that a m i n i m u m depth o f 0.025 i n . was r e q u i r e d I f the decrease was to be he ld to 25 
percent . 

Data ( F i g . 10) r e p o r t e d by Poeb l ikh (22) a re shown as a p lo t of c o e f f i c i e n t o f f r i c ­
t i o n ve r sus a spe r i t y height. The f r i c t i o n value o f both the d r y and the wet su r faces 
inc reased as a spe r i ty height increased . F o r the wet sur faces , the c o e f f i c i e n t was 
m o r e than doubled as a spe r i ty height inc reased f r o m 0.05 m m (0.002 i n . ) to 4 m m 
(0.16 i n . ) . However , i t should be noted that about 75 percen t o f the increase was ob­
t a ined at an a spe r i ty height of 2 m m (0.078 i n . ) . 

Measurements o f t e x t u r e made by the P C A us ing the sand-patch method showed 
a spe r i t y heights r ang ing f r o m 0.014 to 0.075 i n . as the method of f i n i s h v a r i e d f r o m a 
wood f l o a t to a w i r e b rush . M o r e comple te data w i l l be presen ted l a t e r when f i n i s h i n g 
techniques a re discussed, but i t i s apparent that the t ex tu re that can be obtained by 
f i n i s h i n g w i l l p r o v i d e adequate drainage under the t i r e s . A s p e r i t y depths o f 0.075 i n . , 
a l though adequate, a r e not l i m i t i n g values as even g rea t e r depths have been obtained 
d i s t r i b u t i n g l igh twe igh t aggregates on the su r face o f the p l a s t i c concre te . However i t 
should be recognized that a pavement su r face can become so rough that the s k i d r e s i s ­
tance w i l l decrease and ope ra t ing cost f o r t i r e s , gasoline, and veh ic le maintenance 
w i l l increase . I n addi t ion , rough t ex tu res can accumulate rubber deposi ts and cause 
l o w e r s k i d res i s tance . Wet s k i d t r a i l e r tes ts made by the P C A at 40 m p h on the St. 
L o u i s a i r p o r t showed that rubbe r deposits l o w e r e d the s k i d number f r o m 60 to 35. 

Concrete M i x Des ign 

Q u a l i t y concre te i s a p r e r e q u i s i t e to the r e t en t ion o f pavement s k i d res i s tance . A n 
i m p r o p e r m i x des ign o r the addi t ion o f wa te r to the su r face o f the p l a s t i c concre te can 
r e s u l t i n a pavement that has a h igh r a t e o f wear . Under these condi t ions , the benef i t s 
of a good su r face t ex tu re w i l l be of sho r t du ra t ion . 

Data obtained by Sawyer (23) demons t r a t ing the e f fec t of v a r i a t i o n s i n cement con­
tent and w a t e r - c e m e n t r a t i o on concrete wear a re shown i n F i g u r e 11 . F o r 2 - i n . 

s lump concrete , a f t e r 14 days o f m o i s t c u r i n g , the 
wea r inc reased as much as 130 percen t as the ce ­
ment content was decreased. Increased w a t e r -
cement r a t i o accompanying a change i n s lump r e ­
su l ted i n an inc rease of wea r o f 20 percent . 
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Data ( F i g . 12) obtained at the P C A L a b o r a t o r i e s also show the e f fec t on wear o f 
changes i n the w a t e r - c e m e n t r a t i o . These tes ts w e r e made us ing the r o t a t i n g whee l 
equipment desc r ibed p r e v i o u s l y (11.). F o r w a t e r - c e m e n t r a t i o s 0.47 and 0 .51 , wear 
inc reased by about 10 percent . The f i ne aggregate used i n the P C A tes t contained 
about 40 percen t s i l i ceous m a t e r i a l and, and w i l l be shown l a t e r , aggregates of t h i s 
type a re less suscept ible to wear . Tes t s w e r e also made to study the e f f e c t on wear 
of changes i n the cement content. Data f o r cement contents of 376 (4.0 bags) and 517 
l b (5.5 bags) c e m e n t / c u y d were i n good agreement w i t h Sawyer ' s r e s u l t s . 

T o study the e f f ec t on wear of adding wa te r to the concrete sur face d u r i n g f i n i s h i n g 
operat ions , dupl ica te specimens w e r e cast at a wa te r - cemen t r a t i o of 0.47, and 25 cu 
c m of wa te r w e r e s p r i n k l e d on the 4 - sq f t su r face a rea of the p l a s t i c concre te . Wear 
tes ts on these specimens showed that i n i t i a l power r equ i r emen t s needed to d r i v e the 
r o t a t i n g whee l w e r e decreased by about 35 percent f r o m the values on specimens w i t h ­
out added wa te r , and the f i n a l wear values averaged 6. 2 ins tead of 6. 7. 

Resul t s of tes ts w i t h v a r i e d sand content showed that the wear res i s tance was i n ­
creased as the percen t of sand was inc reased f r o m 34 to 42 percent . T h i s was probably] 
due to a combina t ion o f a l a r g e r su r face a rea of w e a r - r e s i s t a n t f i ne aggregate at the 
t i r e - p a v e m e n t i n t e r f a c e and also an increase i n the cement content to ma in t a in a constai] 
wa te r - cemen t r a t i o and s lump when the percentage of sand was increased . However , 
i t i s suggested that P C A recommended p rocedures (24) be used to de t e rmine m i x p r o ­

p o r t i o n s . The amount of sand should be based on 
the most economica l combina t ion of avai lable 
aggregates that w i l l produce the necessary w o r k ­
a b i l i t y i n the f r e s h concre te and the r e q u i r e d 
qua l i t i e s i n the hardened concre te . 

Wear Resistance and Fine Aggregates 

Concre te pavements cons t ruc ted w i t h numerous 
aggregate types have r e t a ined good s k i d res i s tance 
f o r many yea r s . The data i n F i g . 13 were obtainec 
f r o m a s k i d t r a i l e r su rvey by Ba rboza (25) that 
inc luded 177 concrete sur faces loca ted a long 
app rox ima te ly 6,500 m i l e s o f m a j o r highway 
routes i n the Uni ted States. Calcula t ions f o r wea r | 
index w e r e based on age o f pavement sur face , 
average t o t a l da i ly t r a f f i c count, and a c o r r e c t i o n 
f a c t o r f o r t r a f f i c d i s t r i b u t i o n w i t h i n the lane. 
T h e r e was a f a i r degree o f c o r r e l a t i o n between 
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Figure 12. Effect on w/c ratio on wear. 
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wea r index and age; t h e r e f o r e , both 
o f these values a re shown on the 
abscissa. The s t a t i s t i c a l best f i t 
cu rve shows an average i n i t i a l f r i c ­
t i o n c o e f f i c i e n t of about 0.5 and i n ­
dicates that the m a j o r p o r t i o n of the 
wear occurs i n the f i r s t f o u r o r f i v e 
y e a r s of s e rv i ce , w i t h l i t t l e f u r t h e r 
r educ t ion as t r a f f i c l i f e was extended 
to 35 yea r s . Many other r e f e rences 

To 2 0 30 4 0 can be c i t ed to show s i m i l a r t rends 
PAVEMENT AGE, YEARS o f good p e r f o r m a n c e . However a l l 

Figure 13. Effect of wear on friction coefficient (25). Pavement su r f aces w e a r and some 
— pavements cons t ruc ted w i t h unsa t i s ­

f a c t o r y m a t e r i a l s wear so r a p i d l y 
that the sur faces may become s l i ppe ry 

a f t e r only a few y e a r s o f s e rv i ce . Thus , the purpose o f t h i s sec t ion i s to d iscuss m e t h ­
ods o f evaluat ing wear and to suggest a test p rocedure f o r se lec t ing aggregates that 
w i l l give good p e r f o r m a n c e . 

Scholer (26), Mac lean (27), Shupe (28) and W h i t e h u r s t (29) have inves t iga ted the 
wear of aggregates and concre te . These studies have shown that the wear and hence 
the s k i d res is tance o f pavements depends p r i n c i p a l l y on the m i n e r a l compos i t ion and 
hardness of the aggregates. 

The equipment ( F i g . 1) used by the P C A f o r eva lua t ing wear of aggregates was de­
s c r i b e d b y B a l m e r (11). I n the test , wa te r i s f ed continuously to an A S T M t i r e he ld 
against a concre te spec imen w i t h a n o r m a l f o r c e o f 600 l b w h i l e the t i r e i s r o t a t ed at 
a constant speed o f 250 r p m (20 mph). A f t e r 75 m i n of wear , a second tes t phase 
begins d u r i n g w h i c h a f i ne Ottawa sand i s b lown onto the specimen w i t h the s t r e a m of 
wa te r pass ing between the r o t a t i n g t i r e and the concrete . T h i s abrades the spec imen 
and accelera tes wear . A f t e r two hours o f sand abras ion , the tes t i s cont inued f o r 75 
m i n wi thout the addi t ion o f sand to evaluate the w o r n pavement . The power i n k i l o ­
wat ts r e q u i r e d to ro ta te the whee l against the spec imen i s r e f e r r e d to as the "wear 
index" and i s cons idered a compara t ive measure of the s k i d res is tance . 

E a r l y i n the P C A inves t iga t ion , i t was de t e rmined that the compos i t i on o f the f i ne 
aggregate was the m a j o r f a c t o r c o n t r o l l i n g the wear of concre te pavements . Wear 
tests were made w i t h f i ne aggregate samples obtained f r o m 20 d i f f e r e n t sources . As 
these aggregates had been used to cons t ruc t concrete pavements , the wea r index could 
be c o r r e l a t e d w i t h i n - s e r v i c e pavement p e r f o r m a n c e . I n addi t ion , the wear index was 
compared w i t h r e s u l t s f r o m an a c i d inso lub le res idue l a b o r a t o r y t es t p ionee red by 
Gray and Renninger (30). 

I n the a c i d inso luble res idue test , a represen ta t ive sample o f 2 l b of the f i ne aggre ­
gate i s t r ea t ed w i t h a 6N so lu t ion o f h y d r o c h l o r i c ac id . The ac id d isso lves the c a r b o ­
nates and leaves the s i l t , c lay , and s i l i ceous m a t e r i a l as a res idue . I t i s e s sen t i a l to 
use an adequate amount of ac id to be c e r t a i n that the ac t ion continues u n t i l comple t ion . 
A f t e r the ac t ion i s completed, the so lu t ion i s f i l t e r e d and the res idue i s washed w i t h 
water , screened on the No. 200 mesh sieve, d r i e d , and weighed. The s i l t and clay a re 
cons idered d e t r i m e n t a l to the s k i d res is tance and a re subt rac ted f r o m the res idue . 
Thus the s i l i ceous p a r t i c l e content i s de f ined as the res idue r e t a ined on the 200-mesh 
sieve e ^ r e s s e d as a percentage o f the t o t a l sample . 

The compos i t ion o f each f ine aggregate tes ted i s g iven i n Tab le 1, together w i t h the 
s i l i ceous p a r t i c l e content, the l abo ra to ry wear index, and the f i e l d p e r f o r m a n c e o f the 
pavements cons t ruc ted w i t h each aggregate. T h e inc rease i n w e a r res i s tance w i t h i n ­
c reas ing s i l i ceous p a r t i c l e content suggested that bene f i c i a t ion o f poo r aggregates 
cou ld be obtamed by a p a r t i a l replacement o f the f i ne s w i t h a s i l i ceous sand. L a b o r a ­
t o r y test r e s u l t s that show p r o g r e s s i v e i m p r o v e m e n t of s e v e r a l aggregates by b e n e f i ­
c i a t i o n a re g iven i n Tab le 2. T w e n t y - f i v e percent rep lacement was s a t i s f a c t o r y f o r 
most o f the aggregates; however, the acceptable percentages o f rep lacement depended 
on the s i l i ceous p a r t i c l e content of the b lend. Maclean and She r g o l d (27) have stated 
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T A B L E 1 

EFFECT OF AGGREGATE CONSTITUENTS 

Fine 
Aggregate 

No. 

Pr inc ipa l 
Constituents 

(*) 

Ratmg of 
Field 

Performance 

Wear 
Index 
(kw) 

Siliceous 
Part icle 

Content (i) 

1 90 calcite Poor 3.6 2 

2 70 calci te, 
24 dolomite Poor 4 .4 2 

3 90 calcite Poor 4 .0 3 

4 80 dolomite Poor 5.6 6 

5 75 dolomite Poor 5.8 9 

6 70 dolomite Poor 5.4 13 

7 60 calci te, 
16 s i l t and clay Poor 5.3 17 

8 80 calcite, 
15 quartz Fa i r 6.2 19 

9 65 calci te, 
12 dolomite Poor 5.9 22 

10 50 calci te, 
33 mica and 
quartz Excellent 6.8 33 

11 55 dolomite, 
39 quartz, 
quartzite and 
feldspar Excellent 6.8 39 

12 55 calcite and 
dolomite, 
40 quartz, mica 
and epidote Excellent 6 7 40 

13 45 calci te, 
42 quartz and 
feldspar Excellent 7.3 42 

14 50 dolomite, 
44 quartz Excellent 7 0 44 

15 45 dolomite, 
45 quartz Excellent 6.8 50 

16 45 dolomite, 
45 quartz Excellent 7.2 53 

17 30 graywacke, 
55 quartz Excellent 7.0 96 

18 75 quartz, 
17 feldspar Excellent 7.3 97 

19 72 quartz, 
20 feldspar Excellent 7.2 98 

20 99 quartz Excellent 7.5 99 

tha t " . . . an i m p o r t a n t c h a r a c t e r i s t i c o f r ocks that r e m a i n rough i s the presence of 
two m i n e r a l s that have a cons iderable d i f f e r e n c e i n the res i s tance to w e a r . " The data 
presen ted indica te that t h i s concept can be extended to concrete by the p rocedure of 
b lend ing aggregates. 

A p l o t of wea r index values as a f u n c t i o n of s i l i ceous p a r t i c l e content f o r the basic 
f i e l d aggregates and l a b o r a t o r y combinat ions i s shown i n F i g u r e 14. Al though the re 
was no abrupt change i n the curve to indicate a separa t ion between poor and excel lent 
f i e l d p e r f o r m a n c e , aggregates w i t h a wea r index g rea te r than 6.2 w e r e c l a s s i f i e d 
excel lent . T h i s suggests that a f i ne aggregate w i t h a s i l i ceous p a r t i c l e content of 25 
percent o r g rea te r w i l l p r o v i d e excel lent f i e l d p e r f o r m a n c e . 

Ottawa sand was used to study the inf luence o f p a r t i c l e s ize on the wear o r s k i d 
res is tance o f concre te . T h i s m a t e r i a l was selected because i t had a g rea t e r u n i f o r m i t y | 
of hardness throughout the v a r i o u s p a r t i c l e s izes than cou ld be found i n most n a t u r a l 
sands. M o r t a r m i x t u r e s w i t h v a r i a t i o n s i n the m a x i m u m and m i n i m u m p a r t i c l e s izes 
w e r e used to apply a Vz-in. t h i c k r e s u r f a c e to specimens tes ted p r e v i o u s l y . F i g u r e 15 
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T A B L E 2 

IMPROVEMENT OF SKID RESISTANCE BY BENEFICIATION 

Basic 
Aggregate 

No. 

Replacement 
Aggregate 

No. 

Final Blend (4) 

Basic Replacement 

Siliceous 
Part ic le 

Content (4) 
Wear Index 

(kw) 

1 17 100 0 2 3.6 
75 25 26 5.9 
50 50 49 6.5 
25 75 72 6.8 
0 100 96 7.0 

2 19 100 0 2 4.4 
50 50 50 7.0 
25 75 74 7 1 
0 100 98 7 2 

4 18 100 0 6 5.6 
75 25 29 6.3 
60 40 42 6.6 
50 50 52 7.0 
0 100 97 7 3 

S 11 100 0 9 5.8 
50 50 24 6.3 
0 100 39 6.8 

6 18 100 0 13 5.4 
75 25 34 6.5 
50 50 55 7.2 
25 75 76 7.7 
0 100 97 7.3 

7 11 100 0 17 5.3 
75 25 22 6.4 
50 50 28 6.6 
25 75 34 6.7 

0 100 39 6.8 

10 18 100 0 33 6.8 
75 25 49 7.2 
60 40 59 7.4 
50 50 65 7.6 
0 100 97 7 3 

shows that be t te r wea r values o c c u r r e d w i t h the l a r g e r sand s ize p a r t i c l e s , a l though i t 
i s s ign i f i can t that a spec imen conta in ing Ottawa sand graded to include the t o t a l range 
of p a r t i c l e s izes f r o m the No. 20 to 200 mesh s ieves gave a wea r index o f 7.5, w h i c h 
was near the o p t i m u m value o f 8.2. 

I n compar i son , recent studies by Walz (31) concluded that the m o r t a r su r face should 
be composed of quar tz sand w e l l graded below 3 m m (0.12 i n . ) . He ind ica ted also that 
t ex tu re grooves o f about 2. 5 m m (0.1 i n . ) w i d t h and a l ow w a t e r - c e m e n t r a t i o combined 
to give good s k i d res i s tance f o r long pe r iods of t r a f f i c . 

» 7 

• F i e ld Aggrega tes 

o L a b o r a t o r y Combinations 

0 10 2 0 3 0 4 0 50 6 0 7 0 8 0 9 0 100 

SILICEOUS PARTICLE CONTENT, Percent 

Figure 14. Effect of siliceous particle content on wear index (11 ). 
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Figure 15. Effect of particle size on skid resis­
tance (11). 

Figure 16. Evaluation of exposed coarse aggre­
gates (11). 

Concrete sur faces w i t h exposed iVz i n . 
m a x i m u m size aggregates w e r e tes ted w i t h 
the P C A equipment to compare wear r e s i s ­
tance w i t h that of a convent ional m o r t a r 

su r face . The wea r index ( F i g . 16) f o r the m o r t a r sur face made w i t h f ine aggregate No. 
11 (39 percent s i l i ceous p a r t i c l e content) was 6.8 as compared w i t h values that ranged 
f r o m 5.2 f o r the coarse exposed do lomi te to 6.3 f o r the coarse exposed qua r t z i t e . I t 
i s conceivable that an exposed coarse aggregate w i t h an unusual ly g r i t t y t ex tu re could 
be m o r e s k i d r es i s t an t than a convent ional concrete su r f ace ; however, these tests 
demons t ra ted that a s i l i ceous sand m o r t a r su r face was m o r e s k i d r es i s t an t than many 
of the coarse aggregate sur faces tes ted. 

T o obta in s u p e r i o r f r i c t i o n su r faces , abras ives such as a l u m i n u m oxide and s i l i c o n 
ca rb ide o f 12 g r i t and s m a l l e r we re spread over the su r face of specimens and f loa t ed 
in to the p l a s t i c concre te . The data ( F i g . 17) showed the 1 Ib /sq y d of a l u m i n u m oxide 
inc reased the wear res i s tance o f a concrete w i t h a s i l i ceous p a r t i c l e content o f 39 p e r ­
cent f r o m 6.8 to 8.2 and inc reased a concrete w i t h only 9 percent s i l i ceous p a r t i c l e 

content f r o m 5.8 to 7.8. S i l i c o n ca rb ide i n 
the same amount was even m o r e e f fec t ive 
and produced values o f 10.4 and 8.2. Other 
tes ts u s ing % Ib /sq y d o f a l u m i n u m oxide 
y i e l d e d 7.2 and 6.4, r espec t ive ly , and a 
l i k e amount of s i l i c o n ca rb ide produced 
8.4 and 6.4. Abra s ive s i n concrete may 
be advantageous i n c r i t i c a l areas such as 
t o l l p lazas , near busy in te r sec t ions , o r i n 
areas where f requent b reak ing , t r a c t i o n , 
o r c o r n e r i n g occu r s . 

F i n i s h i n g Methods and T e x t u r e 

I n c o r p o r a t i o n o f a p r o p e r l y selected 
f i ne aggregate m a qua l i ty concrete m i x 
w i l l p rov ide a g r i t t y f i n e - t e x t u r e d su r face 
w i t h excel lent f r i c t i o n c h a r a c t e r i s t i c s . 
F i m s h i n g opera t ions add the coarse a s p e r i ­
t i e s r e q u i r e d to a i d drainage between the 
t i r e s and the pavement su r face and reduce 
the p o s s i b i l i t y of hydroplaning . 

F i n i s h i n g has genera l ly been a c c o m ­
p l i s h e d us ing a bur l ap drag , a b r o o m , o r 
a bel t . I n 1963, approx ima te ly 60 percent 
of the highway depar tments used a bur l ap 

10 

o 

Without abrasives 

I lb /yd ^(0 5 4 K f m ' j A l j O j 

l l b / y d " ( 0 5 4 "fm^jSrC 

5 5 % Dolomite 
3 9 % Quartz, Ouartzite 

and Feldspar 

7 5 % Dolomite 

Figure 17. Use of abrasives to develop superior 
friction surfaces (11). 
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drag , 12 percen t s p e c i f i e d e i the r a bu r l ap d r a g o r a b r o o m , 8 pe rcen t a combina t ion o f 
a b r o o m and a b u r l a p drag , 6 pe rcen t a be l t , 6 pe rcen t a b r o o m , and the r e m a i n d e r 
spec i f i ed that e i t he r a be l t o r a bu r l ap d r a g should be used. 

T o inves t iga te the su r face t ex tu re p roduced by these and other f i n i s h i n g methods, 
specimens w e r e p r e p a r e d and v a r i o u s f i n i s h i n g devices w e r e used to t ex tu re the su r face 

MEDIUM B R O O M HEAVY B R O O M 

U G H T BURLAP D R A G HEAVY BURLAP D R A G 

WIRE D R A G 

r •^^'^T^^^^'K,^'^ -•r*^*^-^-* ^.^p^",^*^ 

FLEXIBLE WIRE BRUSH 

Figure 18. Examples of surface texture. 
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T A B L E 3 

TEXTURE DEPTHS 

Specimens No. Method of Finish Texture Depth ( in ) 

1 Wood f loat 0 014 

2 Light belt 0.015 

3 Light burlap drag 0.017 

4 Heavy belt 0 020 

5 Steel wool 0 022 

6 Heavy burlap drag 0 025 

7 Wallpaper brush 0.026 

8 Medium paving broom 0.029 

9 Door mat (cocoa matting) 0.032 

10 Wire drag 0 036 

11 Heavy paving broom 0.037 

12 Flexible wi re brush 0.051 

13 Stiff w i r e brush 0.075 

30 m i n a f t e r cas t ing . T e x t u r e 
depths measured by the sand-patch 
method a r e l i s t e d i n Tab le 3 and 
photographs of the su r face t ex tu re 
f o r specimens 3, 6, 8, 10, 1 1 , and 
12 a re shown i n F i g u r e 18. The 
l a rges t dev ia t ion i n depth of any 
i n d i v i d u a l spec imen i n a set o f 
f o u r f r o m the average was only 
0.003 i n . T h i s indica tes that the 
t e x t u r e depth f o r each method o f 
f i n i s h was unique f o r the concrete 
m i x and t i m e i n t e r v a l between 
c a s t i n g and f i n i s h i n g . Other data 
w e r e obtained where the t i m e i n ­
t e r v a l was a v a r i a b l e . I n general , 
on ly m i n o r d i f f e r e n c e s i n t ex tu re 
depth w e r e obtained w i t h a b r o o m 
f o r t i m e delays between 30 m i n 

and \ % h r o r w i t h a be l t f o r t i m e delays between 30 to 50 m i n . I n cont ras t , t ex tu re 
depths obtained w i t h a bu r l ap d r a g v a r i e d cons iderab ly w i t h the t i m e of f i n i s h i n g . F o r 
example, at 20 m i n a f t e r cas t ing , depths w e r e about 25 pe rcen t l a r g e r than those l i s t e d 
f o r 30 m i n a f t e r cas t ing . The t i m e delays d iscussed f o r the l a b o r a t o r y tes ts w o u l d not 
be v a l i d i n the f i e l d whe re changing t empera tu re , humid i ty , and w i n d v e l o c i t y must be 
considered. However , the t r ends should r e m a i n the same and one way of obta in ing a 
t ex tu re when f i n i s h i n g w i t h a b u r l a p d r a g w o u l d be to make t h r e e passes. T h e f i r s t 
pass should be made w h i l e the re i s s t i l l a s l igh t wa te r sheen on the su r f ace and subse­
quent passes should f o l l o w wi thout an appreciable delay between passes. 

The t ex tu re depths (Table 3) obtained i n the l a b o r a t o r y u s ing the be l t f i n i s h are less 
than the 0.025 i n . found necessary by Sabey (7) to ho ld the r educ t ion i n wet s k i d number 
to 25 percen t as speed inc reased f r o m 30 to 80 mph. However , these s m a l l depths 
obtained w i t h a be l t a r e not compat ib le w i t h the 4 0 - m p h wet s k i d t r a i l e r tes t data ob­
ta ined by B a r b o z a (25). He showed that e x i s t i n g pavements f i n i s h e d w i t h a be l t had 
g rea t e r i n i t i a l s k i d numbers and r e t a ined s k i d res i s tance longer than those f i n i s h e d 
w i t h e i the r a bu r l ap d r a g o r a b r o o m . Undoubtedly, these data represen t accura te ly 
the pavements tes ted; however, i t i s the op in ion o f the authors that they may not be 
r ep resen ta t ive o f what can be achieved as i t i s be l i eved that only l i m i t e d a t ten t ion was 
g iven i n the past to ob ta in the best poss ib le f i n i s h f o r each p rocedure . F o r example, 
wet s k i d t r a i l e r t es t s w e r e made by the P C A i n 1967 on two sect ions of the same pave­
ment, one sec t ion f i n i s h e d by t r a n s v e r s e b r o o m i n g and the o the r w i t h the l ong i t ud ina l 
bu r l ap d rag . On th i s p r o j e c t a t ten t ion was g iven to obta in ing a m e d i u m t ex tu re w i t h 
both f i n i s h i n g p rocedures , and the average 4 0 - m p h wet s k i d number obtained w i t h the 
bu r l ap d r a g was 55 as compared to an average value o f 66 f o r the b r o o m f i n i s h . I t i s 
s i g n i f i c a n t that s k i d numbers obtained on the b r o o m f i n i s h i n a d i r e c t i o n p a r a l l e l to 
the f i n i s h m a r k s w e r e about 9 pe rcen t less than those obtained t r ansve r se to the f i n i s h 
m a r k s . A l though these data a r e cons idered m o r e r ep resen ta t ive o f what can be done, 
they should be r ega rded also as ten ta t ive . E x p e r i m e n t a l sect ions should be b u i l t on 
new cons t ruc t ion by each state i n c o r p o r a t i n g both these and other f i n i s h i n g p rocedures . I 

T h e homemade w i r e d r a g used on spec imen 10 i s shown i n F i g u r e 19. T e x t u r e s 
obtained u s ing t h i s d r a g on specimens 45 m i n . a f t e r cas t ing w e r e s i m i l a r to those ob­
ta ined by sawing grooves i n hardened concrete . Thus a device o f t h i s type cou ld be 
used to f i n i s h concrete on p r o j e c t s where dra inage i s a severe p r o b l e m . 

A s a l l pav ing m a t e r i a l s wear o r po l i sh , i t i s obvious that w i t h o ther f a c t o r s be ing 
equal, a pavement w i t h a deep t ex tu re w i l l r e t a i n s k i d res i s tance longer than a pave­
ment w i t h a shal low t ex tu re . B u t i t does not f o l l o w that the t ex tu re should be as deep 
as poss ib le . Instead, the f i n i s h i n g method selected should be compat ib le w i t h the 
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Figure 19. Wire drag. 

The choice o f method depends on the econom-

env i ronmen t , speed and densi ty o f t r a f f i c , 
topography and layout o f the pavement , and 
economics o f v e h i c l e opera t ions . 

METHODS FOR R E S T O R A T I O N O F 
SKID RESISTANCE 

Al though t he re appears to be a f r i c t i o n 
c o e f f i c i e n t tha t i s o p t i m u m f o r bo th safe ty 
and c o m f o r t , i t may be necessary to i n ­
c rease t h i s va lue i n p a r t i c u l a r l y hazardous 
a reas . A l so , some aggregates p o l i s h w i t h 
w e a r and the f r i c t i o n c o e f f i c i e n t may i n 
t i m e be reduced to an unsafe va lue . M e t h ­
ods o f i n c r e a s i n g the s k i d res i s tance o f 
s u r f a c e s inc lude a c i d e tching, m e c h a n i ­
c a l l y abrading, sawing, and r e s u r f a c i n g , 
i c s and the end to be accompl i shed . 

A c i d E t c h i n g 

A n I m p r o v e m e n t i n s k i d res i s tance o f a concre te s u r f a c e can be achieved w i t h an 
a c i d etch. T w o ac ids have been used f o r t h i s purpose . When i t i s d e s i r e d to d isso lve 
the l imes tone and expose the s i l i c a t e i n the m o r t a r , a c o m m o n m u r i a t i c a c i d wash i s 
app l ied . I t i s f o l l o w e d by a wa te r f l u s h when c h e m i c a l ac t ion i s no longer evident . I f 
the r eason f o r l ow s k i d res i s tance was a p o o r f i n i s h , t h i s method i s adequate; however, 
i f the fundamen ta l p r o b l e m was so f t aggregate, t h i s t r e a t m e n t mus t be repeated f r e ­
quent ly to assure safe s k i d res i s tance . 

When i t i s d e s i r e d to e tch the s i l i c a t e , a h y d r o f l u o r i c a c i d i s used. A p r o p r i e t a r y 
p r e p a r a t i o n o f t h i s m a t e r i a l i s now m a r k e t e d f o r t h i s purpose . 

Mechan ica l A b r a d i n g 

A smoo th concre te su r f ace may be roughened mechan ica l ly w i t h a machine w i t h 
hardened s tee l c u t t e r s r o t a t i n g on a d r u m , such as a Tennant machine o r , as i n England, 
the roughening may be p roduced by a f l a i l i n g ac t ion . Depth of cut and spacing may be 
v a r i e d . A disadvantage o f these opera t ions i s lo s s o f the m o r t a r l a y e r . A l s o , the 
grooves have somewhat rounded edges. I f the l a r g e aggregates a r e nonpol i sh ing , these 
t r ea tmen t s may be success fu l . I n a reas w h e r e hydrop lan ing i s a p r o b l e m , drainage 
channels can be p roduced tha t w i l l reduce the w a t e r f i l m th ickness and a lso p r o v i d e 
escape f o r the w a t e r compressed beneath a t i r e . 

Sawing 

A m o r e recent p r a c t i c e i n mechan ica l b e n e f i c i a t i o n i s the c u t t i n g o f a s e r i e s o f p a r a l ­
l e l grooves w i t h a bank o f d iamond o r ab ras ive saw blades. T h i s t r e a tmen t has been 
r ecommended to a i d dra inage and thus reduce the tendency to hydroplane . C o m m o n 
p r a c t i c e i s to groove t r a n s v e r s e l y to reduce s topping distance o r to groove l o n g i t u d i ­
n a l l y on c u r v e s ; however , the Road Resea rch L a b o r a t o r y has data to ind ica te that t r a n s ­
v e r s e g r o o v i n g i s genera l ly m o r e e f f e c t i v e . 

Sk id number s measu red by the P C A s k i d t r a i l e r b e f o r e and a f t e r sawing a concre te 
pavement a r e g iven i n Tab le 4. T h r e e sect ions w e r e sawed t r a n s v e r s e l y w i t h Va-in. 
w ide by Vs-in. deep cuts on e i t h e r % - , 172-, o r 3 - i n . cen te rs . Ano the r sec t ion had % -
i n . w ide by Va-in. deep cuts sawed long i tud ina l ly on % - i n . cen te r s . The t r a i l e r tes ts 
w e r e made at 40 m p h w i t h w a t e r pumped onto the d r y pavement ahead of the t r a i l e r 
t i r e s when bo th of the t r a i l e r wheels w e r e locked . The pavement s k i d number s w e r e 
not s i g n i f i c a n t l y changed by sawing e i the r t r a n s v e r s e o r l ong i tud ina l grooves . I t should 
be noted that these tes t s w e r e made on a concre te pavement having an average s k i d 
number o f 63. 



T A B L E 4 

SKID NUMBERS BEFORE AND A F T E R SAWING 

Saw 
Cut 

Spacing (in.) 

Skid Number Saw 
Cut 

Spacing (in.) Before Sawing A f t e r Sawuig 

Transverse 

% 63 60 

1'/.. 60 60 

3 66 66 

Longitudinal 

% 63 63 

96 

I n con t ras t to these r e su l t s , tes ts r e p o r t e d 
by H o m e (32) on f looded pavements r e p r e ­
sentat ive o f poo r drainage ind ica ted that bo th 
long i tud ina l and t r ansve r se grooves were 
b e n e f i c i a l i n decreas ing s topping distance. I n 
addi t ion , data f r o m the C a l i f o r n i a Highway 
Depar tment (33) ind ica ted that l ong i tud ina l 
g r o o v i n g on h o r i z o n t a l cu rves g rea t ly reduced 
accident ra tes . F o r example, i n the 12 months 
b e f o r e g roov ing 900 f t of the Santa Ana F r e e ­
way, 52 accidents o c c u r r e d ; i n the yea r f o l l o w ­
ing , t he re were only 8 accidents . 

F r o m the s tudies descr ibed , i t may be 
concluded that sawing grooves w i l l be o f l i t t l e 
benef i t on w e l l - d r a i n e d pavements where the 
m a x i m u m speed of t r a f f i c i s less than approx­

i m a t e l y 40 mph. F o r pavements w i t h g rea te r t r a f f i c speeds and m o r e su r face wa te r than 
that suppl ied by a s k i d t r a i l e r , sawing grooves may increase the c o e f f i c i e n t of f r i c t i o n 
as a r e s u l t o f i m p r o v e d drainage and d e f o r m a t i o n o f the t i r e in to the grooves . 

R e s u r f a c i n g 

Concrete ove r l ays a re w e l l su i ted f o r i m p r o v e m e n t o f s k i d res i s tance . A l o n g -
l a s t i ng su r face t ex tu re meet ing any r equ i r emen t s can be obtained eas i ly by the f i n a l 
f i n i s h i n g opera t ion . A number of a i r f i e l d s have been r e s u r f a c e d w i t h bonded concrete 
and p e r f o r m a n c e was r epo r t ed by G i l l e t t e (34). T h i c k concrete r e s u r f a c i n g wi thout 
bond has been l a i d on both concrete and asphalt . W e s t a l l (35) r e p o r t e d p e r f o r m a n c e 
of t h i s cons t ruc t ion on a i r f i e l d s i n f i v e states. A n A C I Commi t t ee r e p o r t (36) presents 
essent ia ls o f ove r l ay des ign f o r both bonded t h i n and unbonded t h i c k r e s u r f a c i n g s . 

The development of techniques f o r success fu l concrete r e s u r f a c i n g has been aided 
by l a b o r a t o r y s tudies at the P C A (37, 38). These studies ind ica ted that be fo re r e ­
su r f ac ing , the o l d pavement should be p r o p e r l y p r e p a r e d to obta in good bond between 
the new and the o l d concre te . Any unsound concrete and f o r e i g n ma t t e r such as o i l , 
asphalt , o r s o i l should be r emoved . The o l d concrete should be ac id etched o r s c a r i ­
f i e d and cleaned. A c i d e tching i s a des i rab le , economica l method of su r face p r e p a ­
r a t i o n f o r imcontamina ted sound concrete , but i f the concrete i s scaled, s c a r i f i c a t i o n 
i s advisable . Heat ing the coatings of o i l and grease by a h igh - t empera tu re b u r n e r 
i m m e d i a t e l y f o l l o w e d by sc rap ing has been found to be expedient f o r heavy con tamina­
t i o n . I n some cases, o i l and grease can be r e m o v e d by washing and v igo rous b r u s h i n g 
w i t h s t r o n g detergents such as a so lu t ion o f sod ium metas i l i ca te w i t h a r e s i n soap o r a 
so lu t ion of t r i s o d i u m phosphate. A f t e r these t rea tments , the concrete should be 
thoroughly f l u shed w i t h wa te r and cleaned. Then a t h i n l a y e r o f m o r t a r o r neat cement 
should be i n t i m a t e l y brushed in to the c lean su r face p r i o r to p lacement of the r e s u r f a c e 
l aye r . 

Another p rocedure that has been used to a l i m i t e d extent i s to r e s u r f a c e the pave­
ment w i t h an epoxy r e s i n and abras ives . The su r face p r e p a r a t i o n o f concrete f o r an 
ove r l ay o f a r e s i n i s s i m i l a r to the p r e p a r a t i o n f o r r e s u r f a c i n g w i t h concrete , except 
that no m o r t a r o r neat cement l a y e r i s p laced on the o l d concrete as a bonding m e d i u m . 
O r d i n a r i l y 2.5 to 3 Ib /sq y d of epoxy r e s i n (1.4 to 1.6 kg/m^) i s s u f f i c i e n t f o r s u r f a c i n g . 

I n a P C A study (11.), abras ives such as t r a p r o c k , g ran i te , expanded slag, and ex ­
panded shale w e r e appl ied at a r a t e o f 1 Ib /sq y d to the epoxy r e s i n . The s izes o f the 
abras ives w e r e between the No. 8 and 16 mesh (2.38 to 1.19 m m ) s ieves . Tes t r e su l t s 
ind ica ted that a l though i n i t i a l s k i d res i s tance values were excel lent , the epoxy r e s i n 
due to m o i s t u r e m i g r a t i o n i n a s lab on ground d i d not p rov ide a l o n g - w e a r i n g suriface. 

S U M M A R Y 

Skid res is tance i s an i m p o r t a n t cons ide ra t ion i n safe veh ic le opera t ion . F r o m a 
study o f accident r e p o r t s , i t was es t ima ted that about 15 percen t of a l l accidents can 
be a t t r i bu t ed to r educ t ion of t i r e - p a v e m e n t f r i c t i o n . 
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A study of methods o f measur ing t i r e - p a v e m e n t f r i c t i o n ind ica ted that f r i c t i o n coef ­
f i c i e n t s o r s k i d res i s tance values v a r y depending on the tes t method, and v a r i a t i o n 
w i t h i n methods makes i t d i f f i c u l t to e s tab l i sh s tandard s k i d numbers . 

Sk id res is tance as in f luenced by the t i r e i s a f u n c t i o n o f i t s r ubbe r c h a r a c t e r i s t i c s 
and t r e a d design. Rubber f r i c t i o n i s composed p r i n c i p a l l y o f adhesion and hys te res i s 
and v a r i e s ma in ly w i t h the condi t ions o f the pavement sur face , s l i d i n g speed, and r u b ­
b e r t empe ra tu r e . The type and depth o f t i r e t r e a d a re i m p o r t a n t i n obta in ing good 
s k i d res i s tance on wet pavements and i n reduc ing the dangers of hydroplan ing . 

T o obta in good s k i d res is tance , a concrete pavement sur face should have la t ex tu re 
cons i s t ing o f both f ine and coarse a spe r i t i e s . The f i ne a spe r i t i e s f o r m e d by the pas te-
coated f ine aggregate i n the m i x i m p a r t the adhesion component i n the t i r e -pavemen t 
i n t e r a c t i o n whereas , the coarse a spe r i t i e s f o r m e d by the scu lp tu red sur face o f the 
concrete d u r i n g f i n i s h i n g operat ions have the dual r o l e o f i m p a r t i n g the hys te res i s 
component and p r o v i d i n g drainage channels f o r wa te r . 

F i n i s h i i ^ o f a concrete pavement has genera l ly been accompl i shed us ing a bur l ap 
drag , a b r o o m , o r a be l t . Resul ts of specimens f i n i s h e d i n the l a b o r a t o r y ind ica ted 
that t ex tu re depths obtained w i t h a bu r l ap d r a g v a r i e d cons iderably w i t h the t i m e of 
f i n i s h i n g compared w i t h f i n i shes obtained w i t h a b r o o m . I t i s suggested that one way 
of ob ta in ing a t ex tu re when f i n i s h i n g w i t h a bu r l ap d r a g wou ld be to make t h r ee passes, 
each at a d i f f e r e n t t i m e i n t e r v a l a f t e r cas t ing. I t i s obvious that w i t h o ther f a c t o r s 
being equal a pavement w i t h a deep t ex tu re w i l l r e t a i n s k i d res is tance longer than a 
pavement w i t h a sha l low t ex tu re ; however, the f i n i s h i n g method selected should be c o m ­
pa t ib le w i t h the envi ronment , speed and densi ty o f t r a f f i c , topography and layout o f the 
pavement, and economics of veh ic le opera t ions . 

Qua l i t y concre te i s a p r e r e q u i s i t e to the r e t en t ion of pavement s k i d res i s tance . Tes t 
data ind ica ted that an increase i n the wa te r - cemen t r a t i o o r the add i t ion of wa te r to the 
su r face o f p l a s t i c concrete d u r i n g f i n i s h i n g r e s u l t e d i n an increase i n pavement wear 
and caused the benef i t s o f a good sur face t ex tu re to be of shor t du ra t ion . A decrease 
i n cement content also decreased wea r res i s tance . 

The s k i d res i s tance o f a concrete pavement i s c o n t r o l l e d ma in ly by the f i n e aggre ­
gate i n the m o r t a r l aye r that i s t e x t u r e d d u r i n g f i n i s h i n g r a t h e r than the coarse aggre ­
gate that se ldom func t ions as a p o r t i o n o f the su r face . Tes t data ind ica ted that a f i ne 
aggregate w i t h a s i l i ceous p a r t i c l e content o f 25 percent o r g rea te r w i l l p r o v i d e good 
f i e l d p e r f o r m a n c e . 

To i m p r o v e s k i d res is tance at c r i t i c a l areas such as t o l l p lazas o r near busy i n t e r ­
sect ions, abras ives such as a l u m i n u m oxide o r s i l i c o n carb ide can be spread ove r the 
su r face and f l oa t ed in to the p las t i c concre te . 

Methods o f i n c r e a s i n g the s k i d res is tance of o l d o r w o r n su r faces include ac id 
etching, mechanica l abrading, sawing, and r e s u r f a c i n g . The choice of method depends 
on the economics and the end to be accompl ished . 
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