
>tate of the Art of Rigid Pavement Design 
T H E FIRST extensive concrete road sys t em i n the Uni ted States was cons t ruc ted i n 
^ayne County, M i c h i g a n , i n 1909. A t tha t t i m e the re was no r a t i o n a l design theory i n 
x is tence and consequently, des ign dec is ions w e r e based e n t i r e l y on " e n g i n e e r i n g j u d g -
l e n t . " Since tha t t i m e c i v i l engineers have continued to g rapple w i t h the many p r o b -
sms i n v o l v e d m the des ign of such pavement . Goldbeck (1) and O lde r (2) independently 
eveloped f o r m u l a s f o r a p p r o x i m a t i n g the s t resses i n concre te pavements m the e a r l y 
920 ' s . The best known of these f o r m u l a s i s gene ra l ly ca l l ed the " c o r n e r f o r m u l a " and 
t was the bas i s f o r r i g i d pavement th ickness des ign f o r many y e a r s . I n 1926 W e s t e r -
a a r d comple ted h i s t r e a t i s e on the ana lys i s o f s t resses i n pavement slabs ( ^ ) . The 
/ e s t e rgaa rd equations have become the d e f i n i t i v e des ign equations f o r pavement slabs 
a the Un i t ed States . 

A l t h o u g h many approaches have been made to the so lu t ion of t h i s p r o b l e m , l i m i t a -
ions o f convent ional ma thema t i c s , p a r t i c u l a r l y hand so lu t ions , have r e s t r i c t e d develop-
nents. Owing to the complex i ty of the p r o b l e m a l l of the solu t ions invo lve severe ly 
i m i t i n g assumpt ions w h i c h bypass c e r t a i n in f luenc ing f a c t o r s that , i n r e a l i t y , a re v e r y 
m p o r t a n t . A s a consequence, none i s comple te ly s a t i s f a c t o r y . 

Severa l l a r g e - s c a l e road tes ts have been conducted i n a t tempts to b r idge t h i s gap 
etween t h e o r y and r e a l i t y . These inc lude the Bates Road Tes t i n 1922, the M a r y l a n d 
load Tes t m 1950, and the AASHO Road Tes t i n 1958-61 . A l l t h ree of these f u l l - s c a l e 
ixper iments have added to the knowledge o f pavement des ign . The AASHO Road Tes t 
ra.s l a r g e enough to p r o v i d e s i g n i f i c a n t i n f o r m a t i o n , but even i t cons idered only s i x 
lasic v a r i a b l e s : (a) slab th ickness , (b) s lab length , (c) axle load , (d) number of axle 
epe t i t ions , (e) subbase th ickness , and ( f ) j o i n t e d r e i n f o r c e d vs j o in t ed p l a i n pavements . 

I n add i t ion to these road tes ts , s e v e r a l l a rge tes ts have been c a r r i e d out by the U . S . 
^orps o f Eng ineers f o r the U . S . A i r F o r c e , such as the Sha ronv i l l e Tes t T r a c k s . The 
•esults of these tes ts have been p a r t i c u l a r l y pe r t inen t to a i r f i e l d pavements but a lso 
ihed add i t i ona l l i g h t on highway pavement p r o b l e m s . 

Many engineers recognized the magnitude of the p r o b l e m . The Bureau o f Pub l i c 
toads as w e l l as many state highway depar tments recognized the impor t ance of the i n -
luence of env i ronmen t and c l i m a t i c f a c t o r s on the p e r f o r m a n c e of pavements . A s a 
•esult t he re was a p r o l i f e r a t i o n of s m a l l r e s e a r c h p r o j e c t s , many of t hem i n v o l v i n g 
' i n - s e r v i c e " pavements . Each o f these p r o j e c t s was n a t u r a l l y l i m i t e d i n s i ze and 
h e r e f o r e l i m i t e d i n the v a r i a b l e s i t cons ide red . F u r t h e r m o r e , a t remendous v a r i a t i o n 
n m a t e r i a l s and t e s t m g methods has made i t d i f f i c u l t to c o r r e l a t e the r e s u l t i i ^ 
n f o r m a t i o n . 

Pavement des ign involves f o u r genera l classes of v a r i a b l e s : (a) load v a r i a b l e s , (b) 
s t ruc tu ra l v a r i a b l e s , (c) r eg iona l v a r i a b l e s , and (d) p e r f o r m a n c e v a r i a b l e s . The 
'Guidel ines f o r Sa te l l i t e Studies of Pavement P e r f o r m a n c e " (4) discusses these v a r i -
ib les i n some d e t a i l . M a j o r t h e o r e t i c a l e f f o r t s have been d i r e c t e d t o w a r d evaluat ing 
s t r u c t u r a l v a r i a b l e s , and the f a c t that they i n t e r a c t p r o h i b i t s the cons ide ra t ion of a l l 
var iables i n any s ingle t e s t . 

T o f u r t h e r compl ica te the p r o b l e m , many new techmques have been developed i n 
recent y e a r s . Cont inuously r e i n f o r c e d concrete pavements have been inves t iga ted and 
i r e c u r r e n t l y being used . Continued i m p r o v e m e n t s a r e being sought m the use o f p r e -
3 t r e s s e d concre te pavements . Other recen t developments invo lve the use of new mate ­
r i a l s such as expansive cements and synthe t ic aggregates . I n add i t ion , t r a f f i c vo lumes 
i n d axle o r a i rp l ane gear weights have i nc reased . The advent of these new m a t e r i a l s 
m d t h i s inc reased t r a f f i c makes the cont inued i m p r o v e m e n t and up-da t ing of pavement 
i e s i g n techniques d e s i r a b l e . 

A l l eng ineer ing developments combined theory and exper ience i n v a r y i n g degrees . 
These developments then lead to des ign p rocedures f o r " c u r r e n t use" but a lways leave 
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many questions unanswered. A grea t deal of r e s e a r c h i s p resen t ly i n p rog re s s t o w a r d 
s o l v i n g these p r o b l e m s . A c r i t i c a l examina t ion of t h i s r e s e a r c h i n l i g h t of the o v e r a l l 
p r o b l e m and p r o g r a m would be a valuable addi t ion to c u r r e n t techniques . 

A f t e r cons ide r ing the o v e r a l l p r o b l e m , the w o r k that has been done and that is c u r ­
r e n t l y being done, i t i s valuable to cons ider the addi t iona l r e sea rch needed. Th i s un ­
doubtedly would inc lude some basic r e sea rch , some appl ied resea rch and, i n c e r t a i n 
ins tances , some " f a r - o u t concepts" wh ich may be v e r y va luab le . 

I n t h i s r e p o r t f o u r basic types o f p o r t l a n d cement concrete pavement w i l l be cons id­
e r e d . These a re (a) p l a i n concrete pavement, (b) j o in t ed r e i n f o r c e d concrete pavemeni 
(c) cont inuously r e i n f o r c e d concrete pavement, and (d) p r e s t r e s sed concrete pavement . 
These categor ies w i l l be c a r r i e d th rough each succeeding chapter where app rop r i a t e . 

I n the p r e p a r a t i o n of t h i s r e p o r t every e f f o r t was made to avoid express ing persona l 
opinions of the au tho r s . The statements made a re intended to r e f l e c t the i n f o r m a t i o n 
contained i n the v a r i o u s re fe rences o r a reasonable i n t e r p r e t a t i o n of t h e m . There was 
no in ten t ion to i m p l y that one design o r p r ac t i c e i s cons idered supe r io r to another un ­
less the r e fe rence m a t e r i a l was c i t ed to support the s ta tement . The reader i s u rged 
to pe r sona l ly v e r i f y any such statements contained here by consul t ing the r e fe rence 
i t e m . 

HISTORY O F C O N C R E T E P A V E M E N T 

P r i o r to 1890, concrete as known today was not used f o r bu i ld ing roads (5 ) . I n the 
e a r l y 1890's th ree i m p o r t a n t " f i r s t s " o c c u r r e d . I n 1891 the f i r s t po r t l and cement con­
c re te pavement was cons t ruc ted at Be l ie fon ta ine , Ohio . I t c o n s i s t e d o f a n 8 - f t - w i d e s t r i p 
of concrete to p rov ide a s o l i d pavement i n f r o n t of a l i ne of h i tch ing r a i l s (6) . 

I n 1893 Be l l e fon ta ine , Ohio, cons t ruc ted the f i r s t f u l l - w i d t h concrete pavement, and 
J . F . D u r y e a success fu l ly opera ted the f i r s t A m e r i c a n - m a d e gasol ine-engined automo­
b i l e (7 ) , W i t h i n the f o l l o w i n g hal f century paved roadways and m o t o r vehic les became 
v i t a l l y i m p o r t a n t i n the Uni ted States. 

F r o m 1893 u n t i l 1908 less than f i v e m i l e s of concrete pavement were cons t ructed i n 
the en t i r e coun t ry , and these w e r e located on c i t y s t ree t s o r p r i v a t e es tates . I n 1909 
the f i r s t m i l e of r u r a l concrete pavement i n the Uni ted States was cons t ructed i n Wayne 
County, M i c h i g a n , and opened to pub l ic t r a f f i c on Ju ly 4th (8 ) . A p p r o x i m a t e l y f o u r 
m i l e s of r u r a l r oad w e r e paved w i t h concrete that y e a r . The mi leage of r u r a l concrete 
roads mcreased annual ly; the f i r s t b i g increase came i n 1912 when 250 m i l e s were con­
s t r u c t e d . By 1924 ove r 31,000 m i l e s o f concrete pavement w e r e i n use, and cons t ruc ­
t i o n was proceeding at the r a t e of 6,000 m i l e s pe r yea r (9 ) . D u r i n g t h i s same p e r i o d , 
1909 to 1924, the p roduc t ion of m o t o r cars increased f r o m about 350,000 to ove r 
3, 300,000 p e r year , and the number r e g i s t e r e d went f r o m about 306,000 to ove r 
15 ,400,000 (10) . 

Ne i the r the veh ic le no r concrete pavement i s the product of a s ingle inventor ; ra ther 
they have been developed th rough the e f f o r t s of thousands o f technica l and nontechnical 
people . Today ' s concrete pavements a re the r e s u l t of the accumulated experience of 
pavement engineers gained by (a) study and app ra i s a l of ex i s t i ng pavements , (b) obser ­
v a t i o n of t r i a l roads and long- range expe r imen ta l road tes ts c a r r y i n g n o r m a l t r a f f i c , 
(c) acce le ra ted c o n t r o l l e d t r a f f i c tests on ex i s t i ng o r spec ia l ly cons t ructed pavement 
sect ions, (d) l a b o r a t o r y exper imenta t ion , and (e) t h e o r e t i c a l and r a t i o n a l analyses . 

Between 1893 and 1920 there was v e r y l i t t l e basic t echn ica l i n f o r m a t i o n avai lable to 
highway engineers concerned w i t h concrete pavements . The expe r imen ta l roads of the 
p e r i o d w e r e cons t ruc ted p r i m a r i l y to de te rmine the most economica l designs appl icable 
to l o c a l c l i m a t e , t r a f f i c and subgrade condi t ions (11) . 

The l a rge - sca l e road b u i l d m g p r o g r a m w h i c h f o l l o w e d W o r l d W a r I i n t e n s i f i e d the 
need f o r engineer ing data . F o r example , no tes t i n f o r m a t i o n was avai lable on the sup­
p o r t i n g s t reng th of subgrade so i l s , s t resses and def lec t ions induced by axle loads of 
m o v i n g veh ic les , o r e f f ec t s of t empe ra tu r e and m o i s t u r e v a r i a t i o n s on the p e r f o r m a n c e 
of the pavement (12) . Consequently, a nat ionwide p r o g r a m of r e sea rch was launched i n 
1920 by the Bureau of Pub l ic Roads and the Highway Research B o a r d , Many u n i v e r s i t i e 
and state highway depar tments p a r t i c i p a t e d i n th i s endeavor. 



Between 1920 and 1923 the State of I l l i n o i s cons t ruc ted and opera ted the Bates E x ­
p e r i m e n t a l Road at Bates , I l l i n o i s . T h i s was the f i r s t c o n t r o l l e d t r a f f i c road tes t , and 
f r o m i t came the f i r s t des ign c r i t e r i a f o r d e t e r m i n i n g the th ickness of a concrete pave­
ment f o r a known whee l load (2 ) . Other outstanding road tes ts w e r e conducted i n the 
1920's and 1930 's . The P i t t s b u r g , C a l i f o r n i a , Road Tes t , s t a r t ed i n 1921 and c o m ­
pleted i n 1922, was designed to de te rmine the e f f i c i e n c y of both r e i n f o r c e d and nonre -
i n f o r c e d pavements of v a r y i n g des igns . A l though the r e su l t s w e r e not conclus ive , they 
added to the supply of t e c h m c a l i n f o r m a t i o n . They also ind ica ted tha t l ong i tud ina l j o i n t s 
were e f f ec t i ve i n p reven t ing long i tud ina l c r acks (12) . 

F r o m 1930 th rough 1936 the Bureau of Pub l i c Roads conducted the A r l i n g t o n T e s t . 
T h i s was an extensive inves t iga t ion of the s t r u c t u r a l design of concrete pavement made 
at A r l i n g t o n , V i r g i n i a . T h i s r e s e a r c h w o r k suppl ied the basis f o r mode rn concrete 
pavement des ign c r i t e r i a (13) . 

I n the m i d d l e 1930's the use of de i c ing sa l ts f o r w i n t e r maintenance produced severe 
sca l ing of concrete pavement sur faces i n the n o r t h e r n s ta tes . Numerous r o a d tes ts 
were cons t ruc ted conta in ing va r i ous i i ^ r e d i e n t s that m i g h t produce sca l e - r e s i s t an t 
pavements . A i r - e n t r a i n e d concrete came out of t h i s w o r k . The e a r l i e s t use of a i r -
en t r a inmen t was i n New Y o r k State i n 1938. Between 1938 and 1942 a t o t a l of 17 tes t 
pavements w e r e cons t ruc ted i n s eve ra l n o r t h e r n s ta tes . 

I n the la te 1930's many highway engineers became concerned about the use of expan­
s ion j o i n t s whe re con t r ac t i on j o i n t s w e r e also used . The use of dowels i n c lose ly 
spaced con t r ac t i on j o i n t s and o ther p r o b l e m s i n the j o i n i n g of pavements were also s tudied i n 
v i ew of s e rv i ce r e c o r d s . To p rov ide answers to these questions the Bureau of Pub l ic 
Roads au thor i zed the cons t ruc t i on of long- range e x p e r i m e n t a l road tes ts i n C a l i f o r n i a , 
Kentucky , M i c h i g a n , Minnesota , M i s s o u r i and Oregon (14) . 

Jus t p r i o r to W o r l d W a r I I , pumping became common on p r i m a r y sys tems i n many 
sect ions of the c o u n t r y . I n mos t cases the p u m p i i ^ developed on roads that c a r r i e d 
l a r g e vo lumes of heavi ly loaded veh ic l e s , and i n areas where subgrade m a t e r i a l s w e r e 
m o s t l y c l a y l i k e o r p l a s t i c i n c h a r a c t e r . Many pavements on m a j o r t r u c k routes w e r e 
damaged by pumping , w h i l e pavements on l i g h t l y t r a v e l e d roads w i t h comparable de­
s igns , ages, and su t ^ r ade so i l s d i d not pump {15}. Pumping i s usua l ly not as se r ious 
a p r o b l e m i n connect ion w i t h a i r p o r t pavements . 

D u r i n g W o r l d W a r I I t he re was a s i g n i f i c a n t increase i n the v o l u m e and weigh t of 
t r u c k t r a f f i c on highways and a l a rge increase i n the whee l load and t i r e p r e s s u r e of 
m i l i t a r y a i r c r a f t on a i r p o r t pavements . I n add i t ion , adequate maintenance d u r i n g t h i s 
p e r i o d was a l m o s t i m p o s s i b l e , l eav ing many of these pavements i n se r ious need of r e ­
p a i r and u p g r a d i n g . Added to t h i s was the need f o r many m i l e s of add i t iona l pavements 
to s a t i s f y the t remendous g r o w t h of both r u r a l and m e t r o p o l i t a n a r ea s . Consequently, 
r e s e a r c h p r o g r a m s i n a l l phases of pavement technology w e r e m t e n s i f i e d to meet the 
e v e r - i n c r e a s i n g demands o f pos twar t r a f f i c . Two of these p r o g r a m s a re o u t s t a n d i n g -
M a r y l a n d Road Tes t O n e - M D and the AASHO Road T e s t . 

The M a r y l a n d Road Tes t One -MD was conducted on a sec t ion of e x i s t i i ^ concre te 
pavement near L a P la ta , M a r y l a n d , i n the s u m m e r of 1950. The p r i n c i p a l ob jec t ive 
was to de t e rmine the e f f ec t s of loads up to 44, 800 l b p e r tandem axle on th i s pavement . 
T h i s was the f i r s t c o n t r o l l e d t r a f f i c t e s t made on concrete pavement since the Bates and 
P i t t s b u r g road t e s t s i n 1921-1923 (16) . 

The AASHO Road Tes t , sponsored by the A m e r i c a n A s s o c i a t i o n of State Highway 
O f f i c i a l s and o the r highway agencies, was conducted on a spec ia l ly cons t ruc ted sec t ion 
of highway near Ottawa, I l l i n o i s , between 1958 and 1961. One of the ob jec t ives of the 
AASHO Road Tes t as s tated by the Na t iona l A d v i s o r y C o m m i t t e e was " t o de t e rmine the 
s i g n i f i c a n t r e l a t ionsh ips between the number of r e p e t i t i v e appl ica t ions of s p e c i f i e d axle 
loads of d i f f e r e n t magnitude and a r rangement and the p e r f o r m a n c e of d i f f e r e n t t h i c k ­
nesses of u n i f o r m l y designed and cons t ruc ted asphal t ic concre te , p l a i n p o r t l a n d cement 
concre te , and r e i n f o r c e d p o r t l a n d cement concre te su r faces on d i f f e r e n t th icknesses o f 
bases and subbases when on a basement s o i l of known c h a r a c t e r i s t i c s . " A s f a r as p o r t -
l and cement concre te pavements a re concerned, s i x basic v a r i a b l e s w e r e considered: 
(a) slab th ickness , (b) s lab length , (c) axle load, (d) number of axle r epe t i t i ons , (e) 
subbase th ickness , and (f) presence o r absence of s tee l r e i n f o r c e m e n t . 



Pavement Foundat ion 

The need f o r u n i f o r m i t y of subgrade suppor t under concre te pavements has long bee 
r ecogn ized . Spec i f ica t ions publ i shed i n 1910 conta in a sec t ion r e l a t i n g to the p r e p a r a ­
t i o n o f the subgrade (17) . However , i t was not u n t i l 1924-1925 tha t r a p i d f i e l d methods 
of i d e n t i f y i n g the qua l i ty o f subgrade so i l s became ava i lab le ( 1 ^ ) . P r i o r to 1925, ac­
cep tab i l i t y o f subgrades depended e n t i r e l y on the judgment o f highway eng ineers . The 
p u b l i c a t i o n o f the Rose r e p o r t s i n 1925 m a r k e d a t u r n i n g p o i n t i n highway and concre te 
pavement des ign . They became the founda t ion upon w h i c h m u c h subsequent subgrade 
s o i l r e s e a r c h was based. These r e p o r t s a lso poin ted out tha t studies w e r e needed to 
evaluate the in f luence o f subgrade s o i l s o n pavement p e r f o r m a n c e . However , i t was 
not u n t i l the e a r l y 1930's that s e r ious a t ten t ion was g iven to such studies (19) . 

Subbases w e r e used under concre te pavements as e a r l y as 1894, when a l l eys i n 
Bos ton w e r e cons t ruc ted f o l l o w i n g s i dewa lk p r o c e d u r e s ( 8 - i n . c inde r subbase under 5-
i n . conc re t e ) . One o f the f i r s t uses of subbases under s t r e e t pavements was i n R i c h ­
mond, Indiana, i n 1896. I t cons is ted o f 10 i n . o f compacted stone rubb le under 5 - i n , 
and 6 - i n . t h i c k concre te pavements (20 ) . Spec i f i ca t ions pub l i shed i n 1910 conta in sec­
t ions p e r t a i n i n g to subbases. I t was s p e c i f i e d that subbases " . . . of c lean, h a r d , s u i t ­
able m a t e r i a l , not exceeding 4 m . i n l a rges t d imens ion . . . be used . . . whe re r equ i r ed ; 
t h a t they have a m i n i m u m th ickness o f 6 i n . and "be thorough ly r o l l e d and t a m p e d " (17) 
The use o f subbases to ove rcome the e f f e c t of poor subgrade so i l s was recommended 1^ 
Rose m 1925 (18) . By the end of W o r l d W a r I I the m a j o r i t y o f states w e r e s p e c i f y i n g 
subbases t o p r even t pumping and to a i d i n ma in t a in ing the s t r u c t u r a l capaci ty o f pave­
ments (21) . However , t h i s was not a common p r a c t i c e f o r c i t y s t r ee t and a i r f i e l d 
des ign . 

Pavement Thickness 

A t abu la t ion o f data o n 29 concre te roads cons t ruc ted i n Ohio i n 1911, 1912, and 191; 
shows tha t a wide v a r i e t y o f th icknesses w e r e used . Those w i t h u n i f o r m c ros s sections 
r a i d e d i n th ickness f r o m 6 to 7 i n . Those w i t h n o n u n i f o r m c r o s s sect ions w e r e o f 
th ickened-cen te r des ign w i t h th icknesses o f 6-7-6 o r 5-7-5 i n . I t was f e l t that the 
g r e a t e r center th ickness w o u l d p reven t long i tud ina l c r a c k i n g (22) , P r i o r to W o r l d W a r 
I m o s t concre te highway pavements w e r e cons t ruc ted to a u n i f o r m th ickness o f 4 to 6 i n 

The thickened-edge design was developed m 1920 as a means o f s t r e i ^ t h e n i n g pave­
ment edges . T h i s type o f c r o s s sec t ion p r o v e d s u p e r i o r to comparab le c r o s s sect ions 
of u n i f o r m th ickness i n the r e l a t i v e l y n a r r o w pavements tes ted i n the Bates Road Tes t 
(1920-1923) and the P i t t s b u r g , C a l i f o r n i a , Road Tes t (1921-1922). A s a r e s u l t i t was 
qu ic ldy adopted and by 1934 41 states w e r e us ing some f o r m of thickened-edge des ign 
(21) . The thicknesses o f these n o n u n i f o r m sect ions w e r e usua l ly 7 -6 -7 , 8 -6-8 , and 
5 ^ - 9 o r 9 -6 -9 i n . A s the use of w i d e r pavements became m o r e p reva len t , some d i s ­
s a t i s f a c t i o n w i t h the sec t ion developed. B y 1945 the states w e r e about evenly d iv ided 
between u n i f o r m - t h i c k n e s s and thickened-edge des igns . Since 1956, a l l s tates w i t h 
concrete pavement spec i f i ca t ions have r e q u i r e d u n i f o r m c ros s sect ions (21) . Thickened 
edge pavements a re used i n a i r f i e l d pavement des ign to take ca re of edge s t r e s se s . 

Pavement Type 

Concre te pavement i s gene ra l ly c l a s s i f i e d as e i the r p l a i n , r e i n f o r c e d , o r con t inu ­
ously r e i n f o r c e d . The f i r s t p l a i n pavement ( i n Bel le fonta ine) has a l ready been ment ioned 
( 6 ) . One o f the f i r s t r e i n f o r c e d pavements was cons t ruc ted i n 1908. T h i s r o a d was 24 
f F w i d e , 11 m i l e s long , contained superelevated lanes , and was p laced i n two courses 
t o a t o t a l t h i ckness o f 5 i n . ( 7 ) . Re in fo rcemen t was r ecommended i n 1914 t o counterac t 
c r a c k i r ^ caused by t h e r m a l l y induced expansion and con t r ac t i on (23) . I n 1916 i t was 
r ecommended t t iat a l l concre te roads be r e i n f o r c e d and spec i f i c a t i ons w e r e w r i t t e n to 
cover s e v e r a l i m p o r t a n t des ign p r o b l e m s (24) . I n 1931 the common pavement s lab i n 
use i n many states was o f the thickened-edge des ign conta ining 30 to 60 l b of s tee l , w i r e 
mesh o r ba r ma t p e r 100 sq f t (25) . 



The concept of continuous r e i n f o r c e m e n t was f i r s t t r i e d e x p e r i m e n t a l l y by Indiana 
in 1938. T h i s p r o j e c t l e d to the cons t ruc t ion of tes t sect ions i n I l l i n o i s i n 1947, Texas 
in 1949, C a l i f o r n i a i n 1949, and New Je r sey i n 1947. 

l o i n t i n g P r a c t i c e 

E a r l y pavements w e r e cons t ruc ted wi thou t j o i n t s , but i t soon became evident that i t 
vas necessary to in t roduce t r a n s v e r s e j o i n t s to c o n t r o l t r a n s v e r s e c r a c k i n g . I n 1914 
;he A m e r i c a n Concre te In s t i t u t e r ecommended tha t t r a n s v e r s e j o i n t s should be not less 
;han 74 i n . no r m o r e than Va i n . w ide and should be p laced ac ross the pavement pe rpen -
l i c u l a r to the cen t e r l i ne and not m o r e than 35 f t a p a r t . Randomized j o i n t spacing i s 
j s e d i n C a l i f o r n i a (13, 19, 18, 12 f t ) to a v o i d resonant response f r o m v e h i c l e s . 

A s e a r l y as 1914 I l l i n o i s t r i e d skewed j o i n t s w i t h a skew a i ^ l e of 60 degrees w i t h the 
l e n t e r l i n e of the roadway . A d j a c e n t j o i n t s w e r e skewed i n opposi te d i r e c t i o n s to make 
:he i r r e g u l a r i t i e s l e ss not iceable and to reduce cumula t i ve v i b r a t i o n s (26) . C a l i f o r n i a 
const ructed an e x p e r i m e n t a l sec t ion of pavement w i t h skewed j o i n t s i n 1932. Skewed 
o in t s a r e now s tandard i n C a l i f o r n i a , Idaho, Co lorado , and s e v e r a l o the r s ta tes . 

F o l l o w i n g W o r l d W a r I the use of s t ee l dowels and p r o p r i e t a r y devices to p r o v i d e load 
: r ans f e r inc reased (27) . Weakened plane con t r ac t i on j o i n t s i n w h i c h load t r a n s f e r i s achieved 
ay aggregate i n t e r l o c k we r e in t roduced i n 1919 (28) and have gained cons iderable acceptance 
i h r o i ^ h the y e a r s . Aggrega t e i n t e r l o c k has been the m a j o r means o f load t r a n s f e r f o r the 
closely spaced c o n t r a c t i o n j o i n t s of p l a i n conc re t e . Mechan ica l load t r a n s f e r devices a re 
i s e d u n i v e r s a l l y i n the j o i n t s separa t ing the r e l a t i v e l y long slabs o f r e i n f o r c e d concre te 
pavements (21) . 

E a r l y concre te pavements w e r e cons t ruc ted wi thou t l ong i tud ina l j o i n t s . A s w i d e r 
slabs w e r e cons t ruc ted and t r a f f i c inc reased , meander ing l ong i t ud ina l c r acks developed 
fiear the c e n t e r l i n e . Some engineers contended, even b e f o r e 1914, tha t a pavement o v e r 12 
f t w i d e should have a l ong i tud ina l j o i n t down the m i d d l e . They contended that d i v i d i n g the 
pavement in to two sect ions w o u l d se rve to reduce w a r p i n g s t resses and to c o n t r o l l ong i tud ina l 
c r a c k i n g , and w o u l d be m o r e economica l than b u i l d i n g " th ickened-cen te r s l abs" (26) . 
The e f fec t iveness of such j o i n t s i n p r e v e n t i n g long i tud ina l c r acks i n both p l a i n and r e i n ­
f o r c e d pavements was ind ica ted by the P i t t s b u r g , C a l i f o r n i a , Road Tes t {12). D u r i n g 
the 1920's the use o f l ong i tud ina l con t r ac t i on j o i n t s was gene ra l ly adopted. 

The o c c u r r e n c e of b lowups in e a r l y pavements tha t had been i n s e r v i c e f o r f i v e o r 
more y e a r s was cons idered evidence tha t concrete pavements r e q u i r e d expansion j o i n t s 
;o p r o t e c t t h e m f r o m compres s ive s t r e s se s . By 1934 expansion j o i n t s w e r e m genera l 
i s e , but w i t h cons iderab le v a r i a t i o n i n j o i n t spacing a m o i ^ the state highway depa r tmen t s . 

I n 1934 the B P R r e q u i r e d expansion j o i n t s at not m o r e than 1 0 0 - f t spacing and con-
; r ac t ion j o i n t s at i n t e r v a l s of not m o r e than 30 f t on a l l f e d e r a l - a i d road c o n s t r u c t i o n . 
La rge ly because o f t r oub l e s exper ienced w i t h cons t ruc t i on and maintenance, some state 
s i ^ i n e e r s expressed a d e s i r e to increase the s p a c i i ^ of expansion j o i n t s o r to o m i t t h e m 
i l t o g e t h e r (29) . Based on e x p e r i m e n t a l p r o j e c t s i n 1940 w h e r e expansion j o i n t s w e r e 
spaced f r o m 100 f t to one m i l e apa r t , i t was concluded tha t pavement des ign w i t h con-
; r ac t ion j o i n t s only could be adopted wi thou t f e a r o f b lowups . A grea t v a r i e t y of ex­
pansion and c o n t r a c t i o n j o i n t a r r angemen t s w e r e used by the states i n the p e r i o d i m ­
mediate ly a f t e r W o r l d W a r I I . Since then the use of expansion j o i n t s has p r o g r e s s i v e l y 
i e c l i n e d except at s t r u c t u r e s and abu tments . A study of pavement b lowups made i n 
[ndiana was r e p o r t e d m 1945 (116) . On the bas is o f t h i s r e p o r t the State of Indiana 
ibandoned the use o f expansion j o i n t s i n concre te pavements except a t ends o f s t r u c t u r e s . 
A. number of states f o l l o w e d t h i s p rocedure w i t h i n the next f e w y e a r s . 

THEORIES F O R C O N C R E T E P A V E M E N T D E S I G N 

Load St resses 

Eng ineers o f t e n speak of the t heo r i e s of pavement des ign . I n r e a l i t y the numerous 
so - ca l l ed t heo r i e s a l l s p r i n g f r o m a s ingle t h e o r y , the theory of e l a s t i c i t y . A b r i e f 
r e v i e w of the pe r t i nen t aspects of the p r o b l e m w i l l be h e l p f u l i n unders tanding subse­
quent w o r k . 
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A pavement s lab i s v a r i o u s l y ca l l ed a s l ab -on - founda t ion , a pavement s lab, a s lab , 
o r a p l a t e - o n - f o u n d a t i o n . Regard less of the name appl ied , a pavement s lab can be cor 
s ide red to be a p la te w i t h v a r i o u s suppor t cond i t ions . T imoshenko (30) d i s t ingu ishes 
t h r e e k inds o f p la te bendings: (a) t h i n p la tes w i t h s m a l l de f lec t ions ,~Ib) t h i n p la tes w i t 
l a r g e de f l ec t ions , and (c) t h i c k p l a t e s . Since the de f l ec t ions of pavement s labs a r e 
s m a l l i n c o m p a r i s o n w i t h t h e i r th ickness , a s a t i s f a c t o r y app rox ima te theory o f bendini 
of s labs by l a t e r a l loads can be developed by a s suming tha t (a) t he r e i s no d e f o r m a t i o n 
i n the m i d d l e plane of the s lab ( th is plane r e m a i n s n e u t r a l d u r i i ^ bending), (b) planes 
of the s lab i n i t i a l l y l y i n g n o r m a l to the m i d d l e plane of the s lab r e m a i n n o r m a l a f t e r 
bending, (c) the n o r m a l s t resses i n the d i r e c t i o n t r a n s v e r s e to the s lab can be d i s r e ­
garded ( th is a s sumpt ion i s necessary m the ana lys i s of bending o f the p la te as w i l l be 
seen l a t e r ; app rox ima te c o r r e c t i o n s can be made to account f o r p r e s s u r e s d i r e c t l y 
under the t r a n s v e r s e l o a d ) . W i t h these assumpt ions a l l components of s t r e s s can be 
expressed i n t e r m s o f the de f l ec ted shape of the s l ab . T h i s f u n c t i o n m u s t s a t i s f y a 
l i n e a r p a r t i a l d i f f e r e n t i a l equat ion w h i c h , together w i t h the boundary condi t ions , c o m ­
p le t e ly def ines d e f l e c t i o n w . The so lu t ion o f t h i s d i f f e r e n t i a l equat ion g ives a l l neces­
sa ry i n f o r m a t i o n f o r c a l c u l a t i i ^ the s t resses at any poin t i n the p l a t e . 

The a p p r o x i m a t e t h e o r i e s w h i c h de f ine the behav io r of t h i n s labs become u n r e l i a b l e 
f o r s labs o f cons iderable th ickness , p a r t i c u l a r l y i n the v i c i n i t y of h igh ly concent ra ted 
loads . I n these cases t h i c k pla te theory mus t be app l i ed w h i c h cons iders the p r o b l e m 
of the s lab as a t h r e e - d i m e n s i o n a l p r o b l e m of e l a s t i c i t y . The s t r e s s ana lys i s o f such 
cases i s complex and, a c c o r d i n g to T imoshenko , the p r o b l e m i s comple te ly so lved f o r 
only a f ew p a r t i c u l a r cases . I n some instances the necessary c o r r e c t i o n s to t h i n plate 
theory a r e i n t roduced at the po in ts of app l i ca t i on of concent ra ted loads . T h i s i s des i r ­
able i n pavement s labs and has been d iscussed by W e s t e r g a a r d (3 ) . 

T imoshenko (30) has d e r i v e d a d i f f e r e n t i a l equation w h i c h desc r ibes the d e f l e c t i o n 
s u r f a c e o f pavement s labs subjec ted t o loads app l i ed p e r p e n d i c u l a r to t h e i r s u r f a c e . 
T h i s equat ion can be s tated as 

, ^ ^ % x , ^ X y 
kw (1) 

whe re M x i s the bending moment ac t ing on an e lement of the p la te i n the x d i r e c t i o n , 
M y I S the bending moment ac t i ng on an e lement of the p la te i n the y d i r e c t i o n , M x y i s a 
t w i s t i n g momen t tending to ro ta te the e lement about the x - a x i s ( c lockwise p o s i t i v e ) , 
M y x i s a t w i s t i n g m o m e n t tending t o ro t a t e the e l ement about the y - a x i s , q i s the ap­
p l i e d l a t e r a l load , k i s the suppor t s t r eng th of the subgrade, and w i s the d e f l e c t i o n at 
any p o i n t . 

By i n t r o d u c i n g the app rop r i a t e moment equations (31 , 32) the exp res s ion obta ins 

5 ' a* \ 

'^^y' ayV 
^ w 

° l - 7 - 2 ^ . = q . k w (2) 
ax* ax̂ ay 

A c c o r d i n g to T imoshenko (30) t h i s equat ion was obtained by LaGrange i n 1811 . The 
h i s t o r y of t h i s development i s g iven i n Todhunter and Pea r son ' s " H i s t o r y of E l a s t i c i t y . 
The so lu t i on i s complex and s i g m f i c a n t s t r i d e s w e r e not made u n t i l the e a r l y 1920 's . 

C o r n e r F o r m u l a 

The equations developed m the e a r l y 1920's by Goldbeck and Olde r f o r a p p r o x i m a t i u j 
the s t resses i n concre te pavement s labs a re e m p i r i c a l i n n a t u r e . They apply only unde 
g r o s s l y s i m p l i f i e d cond i t i ons . The bes t known of these f o r m u l a s i s g e n e r a l l y c a l l e d t h t 
" c o r n e r f o r m u l a " and i s expressed as 
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where 

cTj, = m a x i m u m tens i l e s t r e s s i n pounds pe r square i nch i n a diagonal d i r e c t i o n i n 
the su r face of the s lab near a r ec tangu la r c o m e r ; 

P = s ta t ic load i n pounds appl ied at a poin t at the co rne r ; and 
h = depth o f the concrete slab i n inches . 

T h i s f o r m u l a was d e r i v e d us ing the assumptions o f po in t load app l i ed at the e x t r e m e 
c o r n e r and no suppor t f r o m the subgrade . The f i b e r s t resses i n the su r face of the s lab 
a re assumed to be u n i f o r m on any sec t ion at r i g h t angles to the c o r n e r b i s e c t o r . 

S t r a i n measurements taken on the Bates Road Tes t i n 1922-23 appear to c o n f i r m the 
c o r n e r f o r m u l a . Obvious ly the assumpt ion of po in t load and l oad appl ied at the ex t r eme 
c o r n e r w e r e not c o r r e c t f o r the Bates tes t sec t ions . I t i s i n t e r e s t i n g to note tha t i n 
spi te of t h i s t he r e was reasonably good c o m p a r i s o n . T h i s good agreement cou ld be 
p a r t l y due to the h igh i m p a c t t r a n s m i t t e d to the slabs w i t h the s o l i d r ubbe r t i r e s used 
i n the Bates t e s t o r to the f a c t that subgrade suppor t may have been v e r y low as as­
sumed by t h i s f o r m u l a . 

W e s t e r g a a r d Solut ions 

I n 1926 W e s t e r g a a r d comple ted a so lu t ion of E q . 2 and hence f o r the s t resses i n con­
c re t e pavement s l abs . T h i s ana lys i s i s concerned w i t h the d e t e r m i n a t i o n o f m a x i m u m 
s t resses i n slabs of u n i f o r m th ickness r e s u l t i n g f r o m th r ee separate condi t ions of l oad ­
ing : (a) load appl ied near the c o r n e r of a l a rge rec tangu la r s lab ( co rne r load) ; (b) load 
app l i ed near the edge o f a s l ab but a t a cons iderable dis tance f r o m any c o r n e r (edge 
load) ; and (c) load appl ied at the i n t e r i o r of a l a r g e s lab at a cons iderable dis tance f r o m 
any edge ( i n t e r i o r l o a d ) . I n h i s so lu t ion of t h i s p r o b l e m , W e s t e r g a a r d made the f o l l o w ­
i n g i m p o r t a n t assumptions: 

1 . The concre te slab acts as a homogeneous i s o t r o p i c e las t i c s o l i d i n e q u i l i b r i u m . 
2 . The reac t ions of the subgrade a r e v e r t i c a l only and they a re p r o p o r t i o n a l to the 

de f l ec t ions o f the s l a b . 
3 . The r e a c t i o n of the subgrade p e r un i t of a rea at any g iven poin t i s equal to a con­

stant k m u l t i p l i e d by the d e f l e c t i o n at the p o i n t . The constant k i s t e r m e d " the modulus 
of subgrade r e a c t i o n " o r "subgrade modu lus , " and i s assumed to be constant at each 
po in t , independent o f the d e f l e c t i o n , and t o be the same a t a l l po in t s w i t h i n the a r ea o f 
cons ide ra t ion . 

4 . The th ickness of the s lab i s assumed to be u n i f o r m . 
5. The l oad a t the i n t e r i o r and at the c o r n e r of the s lab i s d i s t r i b u t e d u n i f o r m l y 

o v e r a c i r c u l a r a rea of contact; f o r the c o r n e r load ing the c i r c u m f e r e n c e of t h i s c i r c u l a r 
a rea i s tangent to the edge of the s l a b . 

6 . The load at the edge of the s lab i s d i s t r i b u t e d u n i f o r m l y o v e r a s e m i c i r c u l a r a r ea 
of contact , the d i a m e t e r o f the s e m i c i r c l e being at the edge of the s l ab . 

F o r the t h r ee cases g iven and the app rop r i a t e assumptions as l i s t e d , the f o l l o w i n g 
express ions f o r s t r e s s w e r e developed by Wes te rgaa rd : 

CTi = 0.31625 ^ 4 l o g i o + 1.0693 (4) 

ere = 0.57185 ^ 4 log^o + 0.3593 (5) 

- = f [ ' - ( f f l 



where 

P = po in t load , i n pounds; 
ay = m a x i m u m tens i l e s t r e s s i n pounds p e r square i n c h at the b o t t o m o f the s lab 

d i r e c t l y under the load , when the load i s appl ied at a po in t i n the i n t e r i o r of 
the slab at a considerable dis tance f r o m the e(^es ; 

(JQ = m a x i m u m tens i l e s t ress i n pounds p e r square i nch at the bo t t om of the s lab 
d i r e c t l y under the load at the edge, and i n a d i r e c t i o n p a r a l l e l to the edge; 

cTc = m a x i m u m tens i l e s t ress i n pounds p e r square i nch at the top of the s lab, i n a 
d i r e c t i o n p a r a l l e l to the b i s ec to r of the c o r n e r angle, due to a load appl ied at 
the c o r n e r ; 

h = th ickness o f the concrete slab i n inches; 
H = Poisson ' s r a t i o f o r concrete (taken as 0.15 i n these equations); 
E = modulus of e l a s t i c i t y of the concre te i n pounds p e r square inch ; 
k = subgrade modulus i n pounds p e r cubic inch ; 
a = r ad ius of a rea of load contact i n inches (the a rea i s c i r c u l a r i n the case of 

c o r n e r and i n t e r i o r loads and s e m i c i r c u l a r f o r edge loads); 
r a d i u s o f equivalent d i s t r i b u t i o n o f p r e s s u r e a t the bo t t om of the s lab = 

1.2 a ' + h ' - 0.675 h ; and 
TJ11_3 

the r ad ius of r e l a t i v e s t i f f n e s s ' 
12 (1 - fi^) k 

M o d i f i c a t i o n s to the o r i g i n a l 1926 equations w e r e made by W e s t e r g a a r d i n 1933,193! 
and 1947, The 1933 m o d i f i c a t i o n s w e r e concerned p r i m a r i l y w i t h i n t e r i o r loads and 
w i l l not be d iscussed h e r e . 

Slab on E l a s t i c Sol id 

Other m a j o r t h e o r e t i c a l w o r k appl icable to concrete pavement des ign invo lves the 
so lu t ion o f l a r g e slabs suppor ted on an e las t i c s o l i d . W o r k i n t h i s a rea has been done 
by Hogg (33) and H o l l (34) among o t h e r s . M o r e compl ica ted load ing cases have been 
cons ide red by VolterraT35) and B e r g s t r o m (36). 

The case o f a l a r g e slab suppor ted by an e las t i c s o l i d l a y e r o f f i n i t e th ickness i s 
perhaps m o r e r e a l i s t i c than the s e m i - i n f i n i t e s o l i d case. P i c k e t t (37), H o l l (38), and 
B u r m i s t e r (39) have cons idered t h i s case among o t h e r s . T h e ma thema t i c s of these 
so lu t ions a re quite complex and some assumpt ions a re necessary to make so lu t ion 
pos s ib l e . 

P i c k e t t e t a l (40) con t r ibu ted g r ea t l y to the so lu t ion o f these s l a b - o n - e l a s t i c - s o l i d 
p r o b l e m s w i t h t h e i r w o r k at Kansas State Col lege , pub l i shed i n 1951. They considered 
the equations govern ing the slab on an e l a s t i c founda t ion . W h e r e poss ib le they solved 
these equations i n c losed f o r m ; w h e r e solu t ions w e r e not obtainable they developed 
n u m e r i c a l techniques f o r evaluat ing the equat ions . They f u r t h e r developed in f luence 
char t s to make the r e s u l t s r e a d i l y usable by p r a c t i c i n g eng inee r s . They a lso extended 
the methods to r ec t angu la r slabs suppor ted on e l a s t i c s o l i d l a y e r s of f i n i t e t h i ckness . 

L a y e r e d Sys tem Ana lyses 

Some au tho r i t i e s cons ider tha t pavement behavior i s m o r e c lose ly approx ima ted as 
a t h r e e - l a y e r e d sys t em than as a s l ab -on- founda t ion p r o b l e m . C l a s s i c a l w o r k i n the 
ana lys i s of a t w o - l a y e r e d sys t em has been done by B u r m i s t e r (41) and by o t h e r s . The 
analyses of t h r e e - l a y e r e d sys tems a re m u c h m o r e complex than s ing l e - o r two- l aye rec 
s y s t e m s . Because o f the g r ea t number of v a r i a b l e s i nvo lved , so lu t ions have only been 
made f o r su r face de f l ec t ions between the center of the c i r c u l a r , u n i f o r m , v e r t i c a l load 
and f o r c e r t a i n s t resses and s t r a i n s beneath the same l o a d . These s t r u c t u r e s cover a 
w i d e range of va lues o f the p h y s i c a l constants w h i c h a r e appl icab le to o r d i n a r y pave­
ment s t r u c t u r e s . B u r m i s t e r (42) l a i d much of the g roundwork f o r the so lu t ion of two 
e las t i c l a y e r s on a s e m i - i n f i n i t e e las t i c subgrade . He d i d not, however , p r o v i d e n u ­
m e r i c a l eva lua t ion o f the de f l ec t i on o r s t r e s s . Eva lua t ion o f these s t resses has been 
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Lccomplished by Hank and S c r i v n e r (43) and Peat t ie and Jones (44) among others. To 
late these equations have been used p r i m a r i l y in the evaluat ion and analysis o f f l e x i b l e 
tavements. I n reality they a r e p robab ly m o r e appl icable and can be m o r e helpful i n 
he des ign of concrete pavements than i n the so-called f l e x i b l e pavements, A t t h e p r e s -
!nt t i m e , however , they awai t f u r t h e r eva lua t ion and application, 

Analysis of F i n i t e Pavement Slabs W i t h D i s c o n t i n u i t i e s and 
fonuniform Pavement Support 

The theor i e s desc r ibed p r e v i o u s l y i nvo lve s ing l e - load app l i ca t ion , and the so lu t ion 
)f the equations imposes l i m i t i n g assumptions on r e a l i s t i c pavement p r o b l e m s , A l l 
he solu t ions i nvo lve u n i f o r m slab th ickness , u n i f o r m homogeneous i s o t r o p i c (or s p e c i a l -
:ase o r t h o t r o p i c ) s labs, u n i f o r m foundat ion suppor t , and c e r t a i n u n i f o r m o r s p e c i a l -
:ase load ing cond i t ions . L a t e r a l loads a re cons idered , bu t i n -p l ane f o r c e s and app l i ed 
couples o r moments cannot be handled, 

Hudson and M a t l o c k (32) have developed a method f o r ana lyz ing s labs w h i c h i s not 
Limited by many of these p rev ious l i m i t a t i o n s , The method invo lves the f o r m u l a t i o n of 
;he p r o b l e m by f i n i t e e lement techniques and the so lu t i on o f the r e s u l t i n g equations by 
l u m e r i c a l methods i n a l a r g e d i g i t a l c o m p u t e r . The gene ra l method i s sui table f o r 
i n a l y z m g o r t h o t r o p i c and i s o t r o p i c s labs and i s not l i m i t e d by d i s c o n t i n u i t i e s , The 
method a l lows cons iderable f r e e d o m m p lan c o n f i g u r a t i o n load ing , f l e x u r a l s t i f f n e s s 
and boundary cond i t ions . Th ree p r i n c i p a l f ea tu res a r e i n c o r p o r a t e d in to the method: 
[a) the pla te i s de f ined by a f i n i t e e lement mode l , and the components of t h i s mode l a r e 
grouped f o r ana lys i s in to or thogonal sys tems of b e a m - c o l u m n e lements and f o r c e s ; (b) 
each i n d i v i d u a l l i n e - e l e m e n t o f the t w o - d i m e n s i o n a l sy s t em i s so lved r a p i d l y and d i ­
r e c t l y by r e c u r s i v e techniques; and (c) an a l t e r n a t i n g - d i r e c t i o n i t e r a t i v e method i s 
u t i l i z e d f o r coord ina t ing the so lu t ion o f the i n d i v i d u a l l i n e - e l e m e n t s in to the s lab s o l u ­
t i o n . The method necessi tates the use of h igh-speed d i g i t a l computa t iona l equipment , 
but p r o g r a m s f o r the so lu t i on have been developed and debugged and a r e ava i l ab le f o r 
so lu t i on of a l l c lasses of p r o b l e m s . 

Other W o r k 

I n the 1930's, F . T . Sheets in t roduced an equation c o n t a m i i ^ a constant, c, w h i c h 
was equated to the value of k as employed by W e s t e r g a a r d . The Sheets equation can be 
w r i t t e n as 

= (7) 
h^ 

T h i s equat ion i s r e p o r t e d to give s t resses w h i c h a r e i n good agreement w i t h those ob­
ta ined a t the Bates Road T e s t . However , t h i s equat ion i s no l o n g e r i n gene ra l use and 
does not conta in a l l the v a r i a b l e s of i n t e r e s t to the des igner . 

Many subsequent s t r e s s equations a r e based on some m o d i f i c a t i o n of the o r i g i n a l 
W e s t e r g a a r d equat ion . The m a j o r w o r k w h i c h r e s u l t e d i n these m o d i f i c a t i o n s inc luded 
the K e l l y equat ion developed as a r e s u l t of the B P R A r l i n g t o n Tes t , the Spangler equa­
t i o n developed as the r e s u l t of the Iowa State Col lege tes t s and the P i cke t t equations 
developed as the r e s u l t o f add i t iona l m a t h e m a t i c a l a n a l y s i s . 

Special Theo r i e s A p p l i c a b l e to P a r t i c u l a r Pavement Types 

The f i r s t p o r t i o n of t h i s sec t ion desc r ibed the v a r i o u s l oad - s t r e s s equations d e v e l ­
oped f o r use i n concrete pavement des ign . These equations have genera l a p p l i c a b i l i t y 
f o r d e t e r m i n i n g pavement th icknesses r e q u i r e d to r e s i s t c e r t a i n t r a f f i c loads . I n the 
design of p a r t i c u l a r pavement types , however , c e r t a i n of these equations a r e used 
m o r e than o t h e r s . I n add i t ion , spec ia l t heo r i e s i n v o l v i n g the des ign o f r e i n f o r c e m e n t 
and p r e s t r e s s i r ^ a r e somet imes i n v o l v e d . T h i s p a r t discusses the app l i ca t ion of load-
s t r e s s theor i e s and o the r spec ia l t heo r i e s wh ich a r e needed f o r the i n d i v i d u a l pavement 
t y p e s . 
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P la in Concrete Pavements—Plain concrete pavements are ordinari ly designed ut i -
l iz ing one of the bas ic theories described e a r l i e r . Probably a majori ly of the pave­
ments have been designed using Westergaard's corner loading formula with or without 
subgrade support under the corner . In some cases a completely unsupported corner 
with no load transfer i s util ized, but in some cases part ia l transfer of the load to an 
adjacent slab through some type of load transfer i s considered, thus reducing required 
pavement thickness . P l a i n pavements require no other spec ia l theories in design. 

Jointed Reinforced Concrete Pavement—Thickness design of jointed reinforced con­
crete pavement i s bas ical ly the same a s that for plain concrete pavement with the ex­
ception that some designers use Westergaard's edge loading formula for highway de­
sign and his modified edge loading formula for airport design. Those who use c o m e r 
loads always consider some load transfer since common design dictates mechanical 
load transfer devices between s labs of reinforced pavement. 

Reinforcement design for r ig id pavement i s based on the concept that s ince i t i s 
often not economically possible to prevent the formation of c r a c k s , it i s necessary to 
control the opening of c r a c k s in such a manner that the original load-carry ing capacity 
of the s lab i s preserved . I f the c r a c k i s permitted to open, contact between the faces 
of the crack is lost, with a corresponding loss in shearing res is tance , and continued 
application of load resul ts in progress ive breakage. The function of the steel r e i n ­
forcement IS to hold the mterlocking faces of the crack in tight contact and thus render 
the crack shear -res i s tant . A s a consequence, load transfer i s maintained across the 
c r a c k and both slab ends act together as a load approaches. T h i s design i s based on 
the concept that this action maintains the structural integrity of the slab and p r e ­
vents excess ive deflections. 

Since the principal function of steel reinforcement in r ig id pavement is to hold the 
interlocking faces of the concrete at a crack in tight contact, it i s only necessary to 
furnish sufficient steel a r e a to r e s i s t the forces tending to pull the crack faces apart . 
These forces develop when the slab tends to shorten as a result of a drop in tempera­
ture, concrete shrinkage, and/or a reduction in moisture content. A s the s lab con­
tracts , the movements are res i s ted by the fr ict ion between the slab and the underlying 
subgrade or subbase. The res is tance to movement produces a direct tensile s t re s s 
and may cause the concrete to c r a c k . A s soon as the concrete c r a c k s , the tensile 
s t re s s IS transferred to the steel reinforcement. 

Since the c r a c k can occur at any location m the slab, the steel must be designed to 
r e s i s t the maximum frict ional force that can be developed in any one section of the slab. 
T h i s force i s considered to be a maximum, for a slab of given length, at a distance 
from the nearest free edge equal to half the slab length. Using the notation given be­
low, the maximum force i s equal to L / 2 x F w pounds per foot of width. The tensile 
res is tance of the reinforcing steel per foot of width i s equal to Agfg. Equating these 
external and internal forces gives 

(8) 

where 

Ag = required a r e a of steel per foot of width or length, sq i n . ; 
F = coefficient of subgrade friction; 
L = distance between free joints, ft; 
w = weight of slab, lb per s q ft; and 
fg = allowable tensile s t re s s in steel, p s i . 

Continuously Reinforced Concrete Pavement—Continuously reinforced concrete pave­
ment i s a relatively new concept of pavement design in that t ransverse joints long con­
s idered essent ial in the construction of concrete pavement a r e eliminated. I n their 
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place the pavement is allowed to crack in a seemii^ly uncontrolled random pattern and 
these cracks are held tightly together by contmuous steel reinforcement. 

The same theory for thickness design can be used for continuous pavements as for 
jomted pavements, if it i s f i r s t considered that the concrete and steel are going to act 
separately. The purpose of the concrete i s to c a r r y the wheel load, and the purpose of 
the steel i s to keep c r a c k s tightly closed so that there i s effective load transfer a c r o s s 
these c r a c k s . If the c r a c k s a r e kept tightly closed so that no water wi l l seep through 
them to harm the subgrade, then pumping and other detrimental effects a r e reduced. 

B y removing the joints in the pavement it i s theoretically possible to design contin­
uous pavements based on interior loads or edge loads. Ledbetter and McCuUough (46) 
show that using the interior load design resul ts in a 20 percent savings in concrete 
thickness over the regular or jointed pavement designed for corner loading. The same 
equations cited for use with jointed pavements can be used for continuous pavements by 
making proper choice of loading conditions. 

Design of Steel Reinforcement—The purpose of the continuous steel reinforcement i s 
not to prevent cracking . Its purpose i s to hold the c r a c k s which do result tightly closed 
and provide prac t i ca l continuity of slab a c r o s s the c r a c k . The design of this steel i s 
often based on the bas ic relationship proposed in 1933 by Vetter (47). T h i s relationship 
states that the percent of steel required to control volume change is equal to the tensile 
strength of the concrete divided by the tensile strength of the s tee l . T h i s approach i s 
discussed thoroughly by Ledbetter and McCuUough (46). It i s appropriate to point out 
that this relationship indicates that stronger concrete requires more steel in order to 
be adequately designed, that i s , in order to r e s i s t contraction of the concrete. 

To i l lustrate the theory involved here, assume a temperature drop which causes the 
concrete to contract. Restrained contraction induces tensile s t r e s s e s in the steel at 
c r a c k s and builds up tensile s t r e s s e s in the concrete between c r a c k s until the tensile 
strength of the concrete is reached. At this point the concrete c r a c k s again, thus r e ­
ducing the s t r e s s m the steel at the existing c r a c k . With this concept, l e s s steel than 
heretofore considered necessary is needed because only enough steel i s required to i n ­
sure that the concrete tensile strength i s reached before the steel s t res s at the c r a c k 
reaches the y ie ld point o r some percent of the yie ld point. 

I n the 1962 AASHO Interim Guide for the Design of Rigid Pavement Structures (111) 
the Committee on Design recommended that the percentage of longitudinal steel m a 
C R C pavement be determined by correlat ing a number of variables (such as tensile 
s t r e i ^ h of the concrete, yield strength of the steel , fr ict ional res is tance of the sub-
base) and by u s i i ^ engineering judgment based on experience. In general, the theoret­
i c a l minimum percentage of longitudinal steel (Ps) may be determined by 

Pg = (1.3 - 0 . 2 F ) X 100 (9) 

where 

Pg = ratio of a r e a of longitudinal steel to a r e a of concrete, percent; 

F = coefficient of fr ict ion between pavement and subbase; 

St = tensile strength of concrete, ps i (about 0 .4 S c , modulus of rupture); 

fg = allowable working s t re s s in steel , ps i ; 

N = E g / E c ; 

E Q = modulus of elasticity of concrete, ps i ; and 

E g = modulus of elasticity of steel , p s i . 

The formula i s based on the assumptions (a) that sufficient bond a r e a i s provided to 
develop the full working s t r e s s of the steel , and (b) that adequate load transfer is 
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provided at t ransverse construction joints . The fr ict ional factor, F , depends upon the 
surface smoothness of the subbase immediately beneath the r ig id pavement. The value 
of F may range between 1 and 2, with 1.5 commonly used. In general , the fr ict ion 
factor may be set accordmg to the following standards: 

F = 1.0 for smooth-textured subbase surface , 
F = 1.5 for medium-textured subbase surface , or 
F = 2.0 for rough-textured subbase surface . 

Equation 9 wi l l generally govern the percentage of longitudmal s tee l required in a 
continuously reinforced pavement. Under severe temperature variations or when un­
usual mater ia l properties a r e encountered, a formula which considers the thermal 
coefficient may be required: 

P s = (1.3 - 0 . 2 F ) X 100 (10) 
^ 2 (fs - T € E s ) 

where T = temperature r a i ^ e in degrees F , and e = thermal coefficient of concrete and 
stee l . The percentage of steel should be calculated by both formulas , under the specia l 
conditions outlined, and the highest value used in design. 

P r e s t r e s s e d Concrete Pavements—Prestressed concrete pavements a r e more com­
plex to design than conventional pavements. Design problems are increased because 
pres tres sed pavements contain many features not used in other pavement types. F o r 
example, specia l devices a r e needed to p r e s t r e s s the concrete; fr ict ion-reducing layers 
are necessary to reduce subgrade restraint s t r e s s e s in relatively longer slabs; specia l 
t ransverse joints may be needed to allow large horizontal movements with controlled 
ver t i ca l movements; and end abutments may be required. Other methods for deter-
mimng load s t r e s s e s and deflections are not adequate for design of pres t re s sed pave­
ments. In the design of the other pavement types, it i s assumed that load s t r e s s e s and 
deflections remain within the e last ic range of the concrete and therefore design methods 
based on elast ic theory can be used. P r e s t r e s s e d concrete pavement studies (48, 49, 
50) concerned with load response indicated that pres tressed pavements can adequately 
support interior and edge loads of greater magnitude than those causing bottom s u r ­
face c r a c k s . These bottom c r a c k s serve as part ia l plast ic hinges under passage of 
load. A s the load i s removed, the c r a c k s are closed by the pres tress ing f o r c e s . I n 
the design of pres tressed pavements it i s thus necessary to determine s t r e s s e s and 
deflections after bottom surface cracking or for conditions not covered by elast ic theory. 
Theoret ica l methods for determining these values have been reported for the case of 
interior loading by L e v i (51), Cot and Becker (52), and Osawa {52). These analyses are 
l imited to a concrete s lab supported by a dense liquid subgrade and pres t re s sed equally 
in longitudinal and transverse direct ions. The principal difference between the method 
used by L e v i and the methods used by Cot and Becker and Osawa i s the type of cracking 
assumed at the bottom surface of the s lab . L e v i assumed an init ial c i r c u l a r bottom 
surface crack to simplify the computation of moments from slopes by use of the rec ip ­
r o c a l theorem. In the methods used by Cot and B e c k e r and Osawa, it was assumed 
that bottom surface cracking occurred in a radia l pattern. The radia l c r a c k assumption 
seems more reasonable because the e las t ic theory shows the tangential moment to be 
greater than the radia l moment near the loading point. The Cot and B e c k e r solution 
selects a le i^th for the bottom surface radia l crack and determines the load required to 
produce a crack of this length. In contrast, the Osawa solution i s a step-by-step pro­
cedure whereby an increment of load resul ts in an incremental increase in the length 
of the bottom surface rad ia l c r a c k s . E a c h of these theoretical solutions provides a 
method for predicting the load causing top surface c i r c u l a r cracking . Top cracking 
occurs at a load of more than twice that c a u s i i ^ bottom cracking in most pres tres sed 
pavements and is considered to be an indication of pavement fa i lure . 
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In pres tressed pavement design, consideration must also be given to s t r e s s e s other 
than those caused by wheel loads. A method (54) based on both theory and resul ts of 
pavement r e s e a r c h has been proposed for computing subgrade restraint and tempera­
ture warping s t r e s s e s in 400- to 800-ft long pres tressed s labs . These s t r e s s e s were 
combined with wheel load s t r e s s e s to prepare recommendations for required amounts 
of longitudinal and transverse p r e s t r e s s in highway pavements. 

Because pres tress ing a concrete pavement increases its load capacity, the thick­
ness of a pres tres sed pavement may be l e s s than other r ig id pavement types for sup­
port of equal loads. The loss of a l l p r e s t r e s s at any section of a pres tres sed pavement 
could result in a fa i lure caused by insufficient thickness to support design traf f ic loads. 
Therefore , it i s essential that a certain minimum amount of p r e s t r e s s be maintained at 
a l l t imes and at a l l locations of a pres tres sed pavement. To a s sure that p r e s t r e s s i s 
maintained, some additional p r e s t r e s s should be applied initially to compensate for 
certain lo s ses that w i l l occur during and following construction. These lo s ses could 
resul t f rom elast ic shortening, creep, shrinkage of the concrete, relaxation in the 
steel , anchorage losses , tendon fr ict ion in post-tensioned systems, and hygrothermal 
contraction. Theoret ical methods for determining these losses have been developed 
for most pres tressed members . Accepted procedures for determimng such losses in 
pres tres sed pavements have been summarized elsewhere {55). 

A C C O M P L I S H E D R E S E A R C H A N D S E R V I C E E X P E R I E N C E 

Since the f i r s t appearance of concrete pavements there has been a continuous effort 
to improve design. T h i s r e s e a r c h effort includes (a) laboratory experimentation, (b) 
theoretical analys i s , (c) performance studies of existing pavements under actual s e r ­
vice conditions, (d) observations and tests on special ly constructed pavements for a 
long period of y e a r s under normal traf f i c , (e) accelerated testing of selected sections 
of existing pavements and special ly constructed pavements under controlled traf f i c , and 
(f) accelerated testing with specially built load car t s on prototype pavements. 

Observations of pavement performance under actual serv ice conditions and normal 
traf f ic comprise many variables that are difficult to analyze and correlate with other 
factors under study. These observations must often continue for s e v e r a l y e a r s before 
the resul ts can be evaluated. 

A l l r igid pavement r e s e a r c h emphasizes the interrelationship of traf f ic loadi i^, en­
vironment and subgrade support. E a c h plays its part in prolonging or reducing the s e r ­
v ice l ife of the pavement and each has beenthe subject of much study and experimentation. 

T r a f f i c Loading 

Magnitude of wheel loadings, wheel distribution and high airplane t i re p r e s s u r e and 
the number of load repetitions are the most important factors that influence the useful 
l i fe of a properly designed and constructed pavement. Although this statement i s se l f -
evident, design c r i t e r i a combining these factors could not be established until r e s e a r c h 
f r o m experimental tests became avai lable . 

E a r l y Road Test—The Bates Road T e s t demonstrated how an increase in the ms^ni -
tude of the wheel load (dual solid rubber t ires ) and an increase in the load applications 
reduced the serv ice l i fe of pavements v a r y i i ^ in type and th ickness . I t produced the 
f i r s t r ig id pavement design c r i t e r i a based on wheel load and allowable s t r e s s in the 
concrete. 

I n order to obtain up-to-date information on the relat ive effects of load repetitions 
corresponding to the large volumes of heavy trucks using the highways al ter World W a r 
n, the controlled traf f ic test, Road T e s t One-MD (16), was conducted on a section of an 
existing highway in Maryland. T h i s test establisheH~that a 32-kip tandem axle caused 
greater d i s t r e s s than an 18-kip single axle; s i m i l a r l y a 44 .8 -k ip tandem-axle load was 
more severe than a 22 .4-k ip s i i^ l e -ax l e load. 

Data f r o m Road T e s t One-MD showed that s t r e s s e s and deflections measured at ve ­
hic le speeds of 40 mph were about 20 percent l e s s than those at creep speed. It was 
found that wheel placement at 30 i n . f rom the pavement e ^ e gave edge s t r e s s e s and 
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deflections about 50 percent l e s s than those recorded with the wheel 6 i n . from 
the edge. 

AASHO Road Test—The most comprehensive accelerated test under controlled t ra f ­
f i c ' E o ' a a t i T i l S e T S S H O Road Tes t (56) at Ottawa, I l l inois (1958-1961). The test pave­
ments were subjected to over one mill ion repetitions of s ingle-axle loads ranging f rom 
2 to 30 kips or tandem-axle loads f rom 24 to 58 k i p s . Analys i s of the resul ts produced 
r ig id pavement performance equations which make it possible to determine the tandem-
axle load in t erms of equivalent single-axle load. These performance equations have 
been extended (57, 111) to cover the conversion of mixed traf f ic into equivalent single-
axle loads. Equivalence factors have been developed which make i t possible to estimati 
the effects of different axle loadings on the pavement s tructure . Since these equations 
include the effect of load repetitions, they furnish a basis for estimating the design 
requirements for a pavement to remain serviceable for a given number of y e a r s under 
the anticipated traf f ic as determined by tra f f i c surveys . A l s o , they provide a bas is for 
estimating the serv ice l i fe of existing pavements under f ixed or changing traf f ic 
conditions. 

U . S . Corps of Engineers Tests—During the period 1941 to 1956 the Corps of E i ^ i -
neers conducted for the A i r F o r c e surveys of existing pavements and accelerated test­
ing with controlled traf f ic on existing pavements and on special ly constructed prototype 
pavements (58, 59, 60, 61, 62). Some basic findings with respect to traf f ic loadings 
discussed by Mellinger, Sale and Wathen (62) are: 

1. The repetitive traf f ic of slow-moving a i r c r a f t i s the most severe loading to whicl 
a i r f i e ld pavements a r e subjected; this occurs on taxiways, runway ends and aprons. 

2 . Impact on normal landings can be ignored due to l i f t on the wing surfaces at a i r ­
craf t landing speeds. 

3 . E a r l y studies indicated that 5000 coverages were representative of 10 to 20 years 
of pavement l i f e . 

4. L a t e r studies showed that the heavier a i r c r a f t tended to confine their trave l to 
the central portion of a taxiway, result ing in channelized traf f ic indicating that 30,000 
coverages could be expected in 10 to 20 y e a r s of pavement l i f e . 

The t e r m coverage i s defined as a sufficient number of vehicle operations to produce 
one application of the design load over the entire width of the traf f ic a r e a . In the tests 
described, a c o v e r ^ e was equivalent to three repetitions of the wheel loading (62). 

Theor ies give concrete s t r e s s e s on the bas is of one application of the load. T h e r e ­
fore a design factor must be added to compensate for fatigue of the concrete due to load 
repetitions a s we l l a s other factors to compensate for the l imited efficiency of load 
transfer devices at jomts, temperature s t r e s s e s , impact and eccentr ic loadi i^ (part ic ­
ular ly in the case of loading by airplane landing gears ) . The design factor b e i i ^ p r i n ­
cipally related to the l i fe expectancy of the pavement (the Corps of Engineers uses 25 
y e a r s for roadways with normal maintenance) makes it possible for the designer to 
relate pavement s t r e s s e s of various magnitudes to an equivalent number of applications 
of a constant s t r e s s . 

The Corps of Engineers developed a method of correlat ing traf f ic volume and load 
intensity with equivalent 18,000-lb s ingle-axle dual wheel load operations (119, 150). 
F a c t o r s can be developed based on stat ist ical analys is of the relationship oFoperations 
to width of pavement, width of t i re contact area , number of wheels on the axle, spacing 
of wheels and degree of wander to produce one coverage. A i r f i e l d pavement data a r e 
available to 30,000 coverages and can be extended on the bas is of the fatigue c h a r a c ­
t er i s t i c s of concrete for greater vehicular t r a f f i c . T h i s establishes the coverage desigi 
factor a s it affects the design thickness obtained f rom s t re s s consideration. 

Using the Westergaard analys is for loading tangent to a free edge and incorporating 
a dynamic factor of 1.55, the Corps of Engineers would require a thickness h for 5000 
coverages: 

" - [ f 1)]'" 



15 

vhere P i s the wheel load, a i s the design s t re s s in the pavement, M/P i s the maxi ­
mum moment per pound of wheel load induced by a l l wheels on the axle, which i s a 
function of A/I2 (A i s the t ire contact a r e a and I the radius of relat ive stiffness) for a 
;iven wheel s p a c i i ^ . During the anticipated 25-year l i fe , the number of coverages w i l l 
3e a factor of the assumed 5000, and l ikewise the thickness w i l l be a related percent of 
[1 ranging f r o m 82 percent for 1 to 158 percent for 300,000,000 equivalent coverages 
[from the minimum of the low range to the maximum of the high range). 

Environment 

Pavement performance, l ike human behavior, i s influenced by environment. E n ­
vironmental factors such as frost , ra infa l l , and temperature, although variable m i n ­
tensity f rom year to year , a r e constantly at work . Thus it i s necessary to adjust 
designs accordingly. Stat ist ical data and general information on frost , ra infa l l and 
temperature are available in publications of the Department of Agricul ture (63) and the 
U.S. Weather B u r e a u . 

Frost—Although the effects of frost action on pavements cannot be separated f rom 
temperature and ra in fa l l , i t i s the most severe of the environmental factors and has 
been the subject of a large volume of r e s e a r c h in the laboratory and in the f ie ld (64, 
65, 66, 67, 68). Formulas have been developed for pred ic t i i^ the depth of frost pene­
tration, and the Corps of Engineers (69) has produced empir ica l curves giving the r e l a ­
tionship between fros t penetration a n J l r e e z i n g index. 

Rainfal l—The influence of ra infa l l on the stability and strength of the supporti i^ 
medium (subgrade and subbase) has long been recognized, and rainfal l records a r e nor­
mally included in important pavement r e s e a r c h . Although it has not been possible to 
make a quantitative determination of the effects of ra infa l l , it i s we l l established as a 
factor in (a) the moisture content of the subgrade and subbase (s tre i^th and volume 
change), (b) the elevation of the water table, (c) the intensity of frost action, (d) erosion, 
(e) pumping, and(f) infi l tration. 

The moisture content of the concrete slab w i l l vary with ra infa l l and w i l l affect the 
expansion and contraction. 

T e m p e r a t u r e - A i r temperature has a direct influence on both the r ig id s lab and the 
supporting medium. Design of the horizontal slab dimensions i s controlled by the p e r ­
miss ib le change in le i^th and width resulting f rom changes in a i r temperature. These 
changes a l so control the design of steel re inforcement . 

Variat ions in temperature between the top and bottom of the r ig id slab affect warping 
and curling and, consequently, deflections. 

Intensity of fros t action i s direct ly related to a i r temperature and w i l l influence the 
subbase design. 

Structural Var iab le s 

Subgrade—Ever s ince 1920 there has been a continuii^ effort to advance our knowl-
edge of subgrade soi ls and the application of this knowledge to the design of pavements. 
Standard methods of surveying, s a m p l i i ^ and testing of so i l s have been adopted by 
A A S H O (70). T h r e e so i l c lass i f icat ions based on these standards, o r modifications of 
them, have been established. In general, the highway departments and the Bureau of 
Publ ic Roads use the A A S H O class i f icat ion which i s based pr imar i ly on grain s ize , 
l iquid l imit and plasticity index. The F e d e r a l Aviation Agency, using the same tests 
and methods, has set up a c lass i f icat ion (^1) that i s applied to pavement design on c iv i l 
a i r p o r t s . The Unified System, also based on grain s i ze and plasticity tests , i s used 
by the Corps of Engineers (72), the Department of the A i r F o r c e and the Bureau of 
Y a r d s and Docks (73) for mi l i tary pavements. 

These c lass i f icat ions , which combine a knowledge of the physical properties of the 
so i l a s determined by laboratory tests and their performance a s subgrades under pave­
ments, s erve to identify a subgrade soi l as having phys ical properties s i m i l a r to those 
of known behavior. Therefore , they can be expected to furnish the same degree of 
stability under the same conditions of moisture and c l imate . 
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The soi l profi le , determined by borings, shows the arrangement of the different sc 
l a y e r s , the elevation of the water table and the other properties that supply informati( 
on the need for subsurface dramage and i ts design. 

With a knowledge of environmental factors such as topography and cl imate the engi 
neer can uti l ize the information f rom the subgrade survey and the c lass i f icat ion tests 
estimate the susceptibility of the s o i l to volume change, f ros t action and pumping. All 
these data disclose the existence of conditions of nonuniform support, detect res i l i ent 
so i l s that are subject to detrimental deflection and rebound, and indicate the feasibil it 
of improving the stability of the so i l by means of additives. 

There a r e a number of other tests (74) that can be performed in place and in the 
laboratory to estimate the strength and supporting power of the s o i l . The most widelj 
used test for r ig id pavements i s the plate loading test to determine the modulus of sub 
grade reaction re f erred to as the k value. A s a resul t of r e s e a r c h (75) the 30-inch 
diameter plate has been most widely adopted for the test with a given loading procedui 
keyed to the re su l t s . 

The subject of expansive subgrade soi l s has been-the bas i s for many investigations 
A bibliography on this subject i s provided in reference numbers 123 through 149 inclusiv 

Subbase—Some y e a r s ago, r ig id pavements designed s tr ic t ly on the bas i s of the 
weight distribution and repetition of loads were considered adequate to c a r r y any traff 
regardless of the type of subgrade soi l on which they were placed. With the rapid i n ­
crease i n the volume of heavy vehic les i t became evident that the s e r v i c e l i fe of the 
pavement was greatly affected by the stability and strength of the sul^rade s o i l . A s a 
result , pract ical ly a l l heavy-duty r ig id highway pavements and a few airport pavemeni 
include a subbase as part of the s tructure . The subbase may consist of one or more 
l a y e r s of granular or stabil ized mater ia l , properly compacted, between the subgrade 
and the rigid s lab . T h i s subbase may serve one or more of the following purposes: (: 
to provide uniform support; (b) to increase the supporti i^ power above that provided t 
the subgrade soi l ; (c) to minimize the detrimental effects produced by volume changes 
in the subgrade; (d) to minimize or eliminate the detrimental effects of frost action; ai 
(e) to prevent pumping. 

G r a n u l a r mater ia l s , dense-graded and open-graded, a r e most commonly used to ac 
complish these purposes . In many cases they a r e available m such quality that the on 
requirements are uniform distribution and good compaction. Marginal mater ia l s may 
be improved by stabilization to meet speci f ic requirements . 

F i e l d and laboratory mvestigations (56, 76, 77, 78, 79) have shown the effectivene 
of granular mater ia l s in overcoming subgracle problems, provided they have the prope 
phys ica l properties , a r e adequate in thickness , and properly compacted. Highway de­
partments and airport authorities have adopted standard specifications (70, 73, 80, 81 
82) covering composition, plasticity index and compaction. 

Thickness requirements a r e determined largely by experience. F o u r - to nine-inch 
thicknesses are common for the purpose of providing umformity of support and strengt 
Grea ter thicknesses , 12 m . or more, may be required on highly active c lays , very un 
stable so i l s in poorly drained locations, and highly res i l ient s o U s . Some wheel loads 
encountered on a irports may also require thicknesses greater than 12 i n . 

Subbase design for frost action and pumping are spec ia l situations and are covered 
in the discussions that follow. 

F r o s t Act ion—Frost action in relation ô r igid pavements r e f e r s to the heaving whi( 
takes place when the ground freezes and loss of stability when thawing o c c u r s . The 
mechanics of fros t heave, the l o s s of strength under thawing conditions and methods oi 
prevention have been rather we l l covered in the l i terature (64, 65, 66, 67, 68). T h e n 
i s general agreement that the occurrence and magnitude of detrimental IFost action de­
pends on the character of the so i l , the depth and rate of freezing, and the availability 
of water . F r o s t heave studies have disclosed that very fine sands, s i l t s , and some 
clays a r e the worst offenders, while wel l -drained sandy and gravelly so i l s are not sub 
ject to heaving. Serious differential heaving was observed where so i l s such "as s i l t s 
and very fine sands were found as pockets surrounded by wel l -drained sandy s o i l s . 
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Heaves were encountered also in sandy and gravelly mater ia l s where they were main­
tained in a saturated condition by blocked drainage or a water table close to the surface . 

Detrimental frost action can be reduced in most granular mater ia l s if underdrains 
a r e installed at proper locations so as to intercept and remove water that would other­
wise tend to collect in them. 

Other frost-susceptible so i l s a r e sometimes excavated to a specif ied depth and r e ­
placed with non-frost-susceptible mater ia l or a r e blanketed with a layer of this mate­
r i a l . Among highway departments the thickness of selected mater ia l ranges f rom one-
half to the ful l depth of frost penetration—mostly f rom one-half to two-thirds. 

More interest i s being shown among highway departments in the use of freezing index 
data to determine depth of freezing and required thickness of selected mater ia l . T h i s 
method, used by the Departments of the A r m y and A i r F o r c e and the Navy Bureau of 
Y a r d s and Docks , i s described in the pavement design manuals of these E^encies (69, 
73) a s wel l a s in a paper by L i n e l l , Hennion and Lobacz (67). 

Pumping—The problem of r ig id pavement pumping took on such proportions in 1942 
that the publication of "Wartime Road Problem No. 4, Maintenance Methods for P r e ­
venting and Correc t ing the Pumping Action of Concrete Pavement Slabs" was published 
in October of that y e a r . The H R B Committee responsible for this report sponsored 
further studies and issued a f inal report (83) in 1948. T h i s report defined pumping as 
the "ejection of water and subgrade soi l through joints, c r a c k s and along the edges of 
pavements caused by downward slab movement actuated by the passage of heavy axle 
loads over the pavement after the accumulation of f ree water on or in the subgrade." I n 
1957 Yoder (84) reported the results of a study of pumping of highway and a irport pave­
ments . These reports and others (76, 77, 78, 79) agree that three basic conditions 
must be present to create pumping. They are ( infrequent heavy loads, (b) f ine-grained 
so i l s that w i l l go into suspension with water, and (c) f ree water under the pavement. 

E a r l y investigators ^ r e e d that in many instances pumping was eliminated when 
granular subbases were included as a part of the rigid pavement s tructure . However, 
Yoder (84) points out that large volumes of heavy trucks w i l l cause pumping if the gran­
ular subbase has an excess ive amount of part ic les passing the No, 200 s ieve . He indi­
cates that 10 percent passing the No. 200 sieve may be the l imit under severe condi­
t ions. P u m p i i ^ development on Road Tes t One-MD (1^) supports these findings. 

On the A A S H O Road T e s t (56) a l l fa i lures in r ig id pavements were preceded by pump­
ing of mater ia l f rom beneath the concrete s labs . General ly , this mater ia l consisted of 
subbase gravel including the c o a r s e r fract ions . Pumping of embankment soi l was 
generally confined to those sections constructed without subbase. Severe pumping of 
the subbase mater ia l was experienced only in sections with the two thinner slab thick­
nesses . However, some pumping appeared in a l l but one of the sect ions. V e r y little 
mater ia l pumped through joints or c r a c k s . The major pumping was along the pavement 
edge. The importance of a subbase l a y e r was reiterated at the A A S H O Road T e s t even 
though there was no difference in performance for subbase thicknesses f rom 3 to 9 i n . 
There was , however, a significant improvement m the use of a granular subbase as 
opposed to p l a c i i ^ the pavement directly on c lay . 

It appears f rom a l l these studies that (a) the subbase should be wel l graded from 
coarse to f ine and that the percentage passing the No. 200 sieve can vary depending on 
the maximum s ize of the graded mater ia l ; and (b) in open-graded mater ia l s the minus 
No. 200 mater ia l should be kept to a minimum with a maximum of 10 percent while up 
to 15 percent may be permiss ib le in dense-graded mater ia ls and up to 10 percent in 
sandy types . 

Stabilization—When available granular mater ia ls for subbase do not conform to speci ­
f ication requirements, they can be improved to an acceptable standard by means of 
stabil ization. Mechanical procedures or chemical additives may be used to accomplish 
this improvement. 

Mechanical stabilization consists in the introduction of a second mater ia l in such 
proportions that the required gradation and physical requirements of the specifications 
are met. 
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It may be more economical in a part icular a r e a to use an admixture of portland ce ­
ment, l ime or bituminous mater ia l to improve substandard or marginal mater ia l s . Both 
l ime and portland cement have been widely used to reduce plasticity and as a binder for 
a great variety of so i l s and soi l aggregate mixtures . Bituminous mater ia l s have been 
used as a binder to produce effective stabilization of some marginal subbase m a t e r i a l s . 

When granular mater ia l s must be hauled long distances, it has been found economical 
to reduce the subbase thickness and stabil ize the sul^rade s o i l . T h i s problem generally 
a r i s e s in a r e a s where the predominant so i l s a r e the p last ic types, and subgrade stabi­
l ization under these conditions i s becoming more popular. Portland cement, l ime , c a l ­
cium chloride and combinations of portland cement and l ime, mixed with the soi l and 
compacted to a depth of 6 inches, are used for this purpose. 

Stabilization i s generally covered by highway department and federal specif ications. 
Publications of the Portland Cement Associat ion (85), the Asphalt Institute (86), and the 
National L i m e Associat ion (87) contain recommendations covering the details of testing, 
design, and construction. Publications of the Highway R e s e a r c h Board (88, 89, 90, £ 1 , 
92) contain additional information. 

Compaction— Modern construction pract ice requires density and moisture control 
when compacting subgrades and subbase m a t e r i a l . E v e r since Proctor (93) brought out 
the relationship e x i s t i i ^ between the so i l , the degree of compaction and the resulting 
density, a great deal of effort has been expended to develop c r i t e r i a applicable to com­
paction control for different types of mater ia l (94, 95, 96). T h i s has been especial ly 
important m connection with the compaction of granular mater ia l s for subbases, s ince 
vibratory action of t ra f f i c can result in differential settlement of the r ig id slab if the 
subbase i s not properly compacted. A l l constructing agencies such as the various 
highway departments represented by AASHO (70), the Corps of E i ^ i n e e r s (80), the 
Bureau of Y a r d s and Docks (73), the F e d e r a l Sv iat ion Agency (81), and the Bureau of 
Public Roads (82) specify definite compaction requirements (density and moisture 
content). 

Slab Dimensions and Charac ter i s t i c s 

Thickness—As noted e a r l i e r , the corner formula for estimating the required thick­
ness of a r ig id pavement was proposed by Goldbeck (1) in 1919 and later applied by 
Older (2) in analyzing the resul ts of the Bates Road Tes t in 1924. P r i o r to the Bates 
Road T e s t most pavement s labs were uniform in c r o s s section and f r o m 4 to 6 i n . thick. 
A s a result of the Bates Road Tes t the thickened-edge cros s section was widely adopted 
and the p r e v a i l i i ^ thicknesses were 8-6-8 and 9-7-9 i n . 

I n the early 1930* s the Bureau of Public Roads conducted extensive investigations on 
the s tructural design of concrete pavements {IS). Among many other important findings 
it was concluded that, so long as the bas ic conditions assumed for the analys is are 
approximated, the Westergaard theory descr ibes quite accurately the action of the pave­
ment. F r o m tests c a r r i e d on in the 1940's by the Corps of Engineers (58) a s i m i l a r 
conclusion was drawn with respect to a i r f i e ld pavements. 

Acce lerated tests under controlled traf f ic , such as Road Tes t One-MD(16) and the 
AASHO Road Tes t (56) for highway pavements and the Lockbourne (59, 60 ,"^) and 
Sharonvil le (62) tests for a i r f i e ld pavements, produced information on the influence of 
dynamic load repetitions on slab thickness requirements . A s a result of these invest i ­
gations, and the fact that higher speeds on highways required wider pavements with the 
consequence that the wheels of vehicles could operate at a greater distance f rom the 
pavement edge, a c r o s s section of uniform thickness has been generally adopted. 

With the development of continuously re inforced concrete pavements and the e l imina­
tion of t ransverse joints (97) it appears that the thickness of a concrete pavement, con­
tinuously reinforced with adequate steel a r e a , can be reduced. 

W a r p i n g - K e l l e y (98) has pointed out that a s ear ly as 1926 Westergaard presented a 
theoretical analys is oTwarping s t r e s s e s due to temperature but their importance was 
not generally recognized and it remained for the Arlington tes ts (13) to demonstrate 
their magnitude. Based on the theoretical analys i s , Bradbury (gS^developed general 
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equations for the computation of temperature warping s t r e s s e s . Using these equations, 
Kel ley shows that the maximum warping s t r e s s e s can go as high as 275 and 375 ps i , 
respectively, for a 6- and 9 - i n . s lab . 

Data from Road Tes t O n e - M D ( j ^ ) show that s t r e s s e s and deflections caused by loads 
acting at the corners and ecfees of a pavement slab were influenced to a marked degree 
by temperature warping of the s lab . F o r the corner loading the s t r e s s e s and deflections 
for a severe downward-warped condition were observed to be only approximately one-
third of those for the c r i t i c a l upward-warped condition. F o r the free-edge loading the 
effect of temperature w a r p i i ^ , although appreciable, was not as pronounced as for the 
case of the corner loading. 

A n important observation quoted f r o m the report of Road T e s t One-MD states, "It i s 
noted that the values of the combined load and warping s t r e s s e s greatly exceeded one-
half of the modulus of rupture value of the concrete. At f i r s t thought, and in light of 
the fatigue properties of the concrete determined from laboratory tests, it would seem 
that such high s t r e s s values would soon cause fa i lures in the s tructure . However, this 
was not the case of the sections in the experimental pavement, even after 10 y e a r s of 
serv ice ." 

A l l studies (Arlington, One-MD and AASHO) show higher s t r e s s e s when the slab i s 
warped upward than when warped downward. The warped down condition gave a reduc­
tion m s t r e s s e s on the AASHO Road Tes t , but the reduction was l e s s on a percentage 
bas i s than that on Road T e s t O n e - M D . 

A report on warping of concrete pavements was published in 1945 (45). 

Jointing—In order to control certain s t r e s s e s adequately, it i s necessary to l imi t the 
width and length of s labs by means of ]oints spaced at suitable intervals . Most of the 
available information relating to joint s p a c i i ^ and joint design has been obtained f rom 
f ie ld inspections of pavements in s e r v i c e . A s a result it i s known that horizontal slab 
dimensions, which determine the spacing of joints, depend p r i m a r i l y on whether the 
pavement i s re inforced o r nonremforced. Other factors may include environment, m a ­
ter ia l s and thickness . 

It has been found that the formation of random longitudinal c r a c k s can be eliminated 
f rom highway pavements 5 to 10 i n . thick if they a r e divided by longitudinal joints into 
lanes not over about 12 ft wide. 

On a irports , where greater thicknesses a r e common, the design manuals of the 
F e d e r a l Aviation Agency (71), the U . S . Navy (73), and the Corps of E i ^ i n e e r s (100) 
permit the construction of pavement widths of 25 ft without a center joint when the pave­
ment i s over 10 i n . th ick. With respect to t ransverse contraction joints, nonremforced 
slabs may be f r o m 15 to 25 ft long depending on thickness while adequately reinforced 
s labs may be up to 75 ft long regardless of thickness . Nonreinforced s labs , generally, 
are l imited to lengths of 15 to 20 ft for s labs up to 10 i n . thick and from 20 to 25 ft for 
s labs over 10 in . thick. In pract ical ly a l l cases these are contraction joints . R a n ­
domized joint spacing i s used by some agencies. 

Experimental construction to study the behavior of expansion and contraction joints 
at different spacings was initiated in 1940 and 1941, and the resul ts after 10 y e a r s of 
s erv i ce were reported in 1956 (101). In summariz ing the reports f rom the various 
states, Sutherland (101) stated: 

"It was found that i n pavements with expansion joints spaced at what was considered 
to be a desirable interval and intermediate contraction joints at sufficiently close inter­
va l s to control t ransverse cracking there was a tendency for the expansion joints to close 
progress ive ly and the contraction joints to open progressively with t ime . These move­
ments progress rapidly during the early life of the pavement and within a few y e a r s a r e 
of sufficient magnitude to destroy aggregate interlock in contraction joints of the weak­
ened plane type. Where the expansion joints were eliminated or widely spaced there 
has been little or no tendency for the contraction joints to open progress ive ly . 

"On the bas i s of the 5-year progress reports the pract ice of many of the states with 
respect to expansion joints has changed. Today pract ical ly every state has eliminated 
expansion joints in nonreinforced concrete pavements except at s tructures and other 
specia l locations. T h i s has resulted in pavements which offer greater res is tance to 
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pumping and faulting because of the better maintenance of aggregate interlock in the 
contraction joints." 

In a study of the s tructural efficiency of t ransverse weakened-plane joints, Sutherland 
and C a s h e l l (102) concluded that aggregate interlock in weakened-plane joints could be 
expected to break down under the severe hammering of heavy, high-frequency traf f ic 
and that where s t r e s s control i s desirable it i s necessary to use some more effective 
device for load t rans fer . 

Load transfer devices, generally in the form of round, smooth steel dowels, are r e ­
quired at a l l t ransverse joints between long reinforced s labs . In 1959 T e l l e r and 
Cashe l l (103) reported the resul ts of laboratory tests to develop information on the 
s tructural action of load transfer systems under repetitive loading. Of immediate ap­
plication was their finding that for round stee l dowels at a 12- in. spacing in joint open­
ings of % i n . or l e s s , the dowel diameter in eighths of an inch should equal the s lab 
depth in inches . 

Reinforcement— Reinforcement has been involved in a l l accelerated tests under con-
trol led tra f f i c f rom the Bates Road Tes t (2) to the AASHO Road T e s t (56). T h i s included 
Road Tes t Qne-MD and tests on a i r f i e ld pavements at Lockbourne (59, 60) and Sharon-
v i l l e (62). In each of these investigations except Road T e s t One-MD, both reinforced 
and nonreinforced pavements were subjected to the prescr ibed t r a f f i c . I n a l l cases ex­
cept for the AASHO Road Test , the reinforced pavements generally performed better 
than the nonreinforced. 

Under the A A S H O Road Tes t conditions there was no significant difference between 
the performance of the reinforced and nonreinforced pavements. However, load t r a n s ­
f e r dowels were used at the joints between the 15-ft nonreinforced s labs a s we l l a s be­
tween the joints for the 40-ft reinforced s labs . These have been absent f rom the nonre­
inforced pavements in other previous investigations. 

I n the Bates Road T e s t and the tests at Lockbourne and Sharonvil le a common f ind­
ing was that the reinforcing prolonged the l ife of the pavement after the f i r s t c r a c k oc­
c u r r e d . A n analys i s of the Lockbourne and Sharonvil le tests demonstrated that the 
steel reinforcement increased the effective thickness of the r ig id pavement in propor­
tion to the percentage of steel used in the design. 

B a s e d on a very comprehensive survey covering s e v e r a l thousand mi les of highways 
in s erv i ce , Hogentogler (104) reported in 1925 on the economic value of reinforcement 
i n r ig id pavements. F u r t h e r information on performance of re inforced pavements i s 
reported by Spencer, Al len and Smith (77), by Vogelgesang and Teske (105) and by V e l z 
and C a r s b e r g (106). A significant observation f rom these surveys and experiments i s 
that the use of distributed reinforcement in the s lab prevents faul t i ly and l essens pro­
gress ive deterioration at c r a c k s between joints . It i s also indicated that rel iable r e ­
sults a r e obtained if the required stee l a r e a i s determined on the bas i s of the "subgrade-
drag" formula using an average coefficient of subgrade fr ict ion of 1.5 and an allowable 
s t r e s s in the steel equal to % to V4 of the yie ld strength of the part icular grade of s tee l . 

Rigid Over lays 

Bradbury (99) reported that a composite pavement consisting of a concrete base and 
a grout-fiUed b r i c k surface in the Bates Road T e s t (2) was s i m i l a r in its effectiveness 
to r e s i s t f lexure due to loads to an equivalent thickness of concrete pavement in a c ­
cordance with the formula h^ = hb^ + hg^ where h i s the equivalent thickness and hb and 
hg a r e the thicknesses of the concrete base and the grout-fi l led br ick surface respectively. 

Although a number of r ig id over lays had been constructed over the y e a r s , it was not 
until the Corps of Engineers (100) initiated a program in the 1950's that data were ob­
tained to formulate design c r i t e r i a for overlay pavements. T h i s program included 
theoretical studies and actual f ield tes ts . A s a result of these investigations the above 
equation was modified to cover two conditions a s follows: 

P a r t i a l bond: ho''* = hd'"* - C h ' ' * 

No bond: ho'' = hd* - Ch^ 
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where 

h = thickness of base slab, 
ho = overlay thickness, 
hd = equivalent s ingle-s lab thickness, and 

C = coefficient relating to the condition of the base s lab . 

Continuously Reinforced Pavement 

Exper imenta l continuously reinforced concrete pavements were constructed in Indi­
ana (1938), New J e r s e y and I l l inois (1947), Cal i fornia (1949) and Texas (1951). Since 
these early experiments a considerable mileage of additional experimental pavements 
as wel l as standard construction has been built (97). The experimental data and serv ice 
behavior surveys indicate that the optimum amount of longitudinal steel i s that which 
resul ts in a c r a c k spacing of f rom 3 to 10 f t . A c loser spacing i s not necessary and a 
s p a c i i ^ greater than 10 ft i s not des irable . A l so , it has been found that c r a c k intervals 
within this range may be obtained with a steel a r e a of f rom 0 .5 to 0.7 percent of the 
cross - sec t iona l a r e a of the s lab . 

Performance studies revea l that (a) the numerous fine t ransverse c r a c k s are usually 
not v is ible to the d r i v e r or passenger and that c r a c k widths remain insignificant under 
a l l conditions and sealing i s not necessary; (b) although the edges of the c r a c k s were 
under traf f i c , this i s only a surface condition which does not affect the load-carrying 
capacity or the riding qualities; (c) there i s no spall ing, faulting or pumping at the 
tightly closed c r a c k s ; and (d) the c r a c k s a r e held tightly closed, which prevents the 
passage of water and the infiltration of solid m a t e r i a l . 

A n important finding f rom the various studies i s that longitudinal movements are 
l imited to the end sections (200 to 500 ft) and that the long central portion i s , for a l l 
pract ica l purposes, fully res tra ined . T h i s i s true regardless of the uninterrupted 
length of the pavement. Var ious states and organizations (107, 108) have developed 
design pract ices which cover design details such as the calculation of required steel 
a r e a s , s i ze and spacing of members , lap requirements, construction joints and t e r m i ­
nal jo ints . 

P r e s t r e s s e d Pavements 

The state of the ar t of pres tressed concrete pavements has been presented quite com­
prehensively in the report (55) of the Subcommittee on P r e s t r e s s e d Concrete Pavements 
of the H R B Committee on Rig id Pavement Des ign. Prac t i ca l ly a l l pre s t re s sed concrete 
pavements up to the present time a r e to be found in Western Europe and most of these 
were constructed in the late 1950's. Except for reports that these pavements a r e p e r -
f o r m i i ^ sat isfactori ly , no detailed performance data concerning them were available 
when the Subcommittee report was prepared. 

Design theories and construction pract ices have been developed to the point where 
pres tres sed pavements can compete economically against conventional concrete pave­
ments in certain countries in Europe—especially on a irports where the reduction in 
pavement thickness can be more than 50 percent . T h i s reduction could probably apply 
to highway pavements a s we l l , but because of necessary construction procedures a 
minimum thickness of about 5 i n . seems to be required. 

The construction of the few relatively short sections of pres t re s sed concrete pave­
ment thus f a r in the United States has been rather costly, probably because this i s a 
new concept and there i s a lack of construction experience. In addition to the customary 
construction equipment and processes , a pres tres sed pavement requires (a) specia l 
jointing s ince t ransverse joints may be 300 to 800 ft apart, (b) s leeper s labs under the 
joints, (c) fr ict ion-reducing l a y e r s between the pavement and the subgrade or subbase, 
(d) steel tendons and conduits distributed throughout the a r e a of the pavement, (e) f i l l ing 
the conduits with grout after the tensioning i s completed, and (f) j a c k s for s tress ing the 
tendons. 

An empir i ca l equation has been developed (109) for predicting the top surface c r a c k ­
ing load of a pres tres sed pavement. T h i s equation was based on resul ts of laboratory 
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load tests on 45 s m a l l - s c a l e p r e s t r e s s e d s labs constructed of gypsum cement. Both 
pre-tensioned and post-tensioned s labs were loaded statically with loads simulating 
single-wheel and multiple-wheel gear configurations. During testing, the slabs were 
supported by a rubber subgrade that had a reaction modulus of 35 p c i . The resul ts i n ­
dicate that, for a single static application at an interior location, the top surface c r a c k ­
ing load of a pres tres sed pavement i s dependent on the radio of the radius of the loadmg 
a r e a to the radius of relat ive s t i f fness . 

Because a pres tres sed pavement w i l l be subjected to many repetitions of mov i i^ 
loads during its l i fetime, pavement fatigue must be considered, especially at the work­
ing bottom surface c r a c k s . The l i fe of a pres t re s sed pavement subjected to repeated 
moving loads at interior locations was studied (110) during tests on seven precast , 
pre-tensioned laboratory model s l abs . These tests were designed to determine the 
relationship between pres tressed pavement performance under repetitive moving loads 
and performance under single static loads as previously established by the empir i ca l 
equation. In i t ia l v i sua l d i s tress from traf f i c loads consisted of top surface c i r c u l a r 
cracking patterns in the traf f ic a r e a . T h e r e was little or no evidence of pavement d i s ­
t r e s s p r i o r to the development of surface cracking . Af ter the c i r c u l a r c r a c k patterns 
occurred , a few additional repetitions of load generally were sufficient to completely 
disintegrate the concrete for the ful l slab depth in the d is tressed a r e a . Results of these 
model tests were evaluated to determine design factors for repetitive loading. A graph 
of design factors v s interior load coverages producing pavement fa i lure was presented 
for use in predicting pres tressed pavement traf f ic l ife for different combinations of 
design var iab les . 

H R B Specia l Report 78 rev iews the progress that has been made during the y e a r s 
s ince the init ia l construction of a pres tres sed a ir f i e ld pavement (55). It i s evident that 
further improvements are needed, f rom the standpoint of both des!^n and construction, 
before a l l the advantages of this type of pavement can be rea l i zed . However, experience 
in Europe demonstrates that ex i s t i i^ difficulties can be overcome and that current de­
sign and construction pract ices can be used with the assurance of satisfactory re su l t s . 

There i s a considerable amount of accomplished r e s e a r c h and serv i ce experience 
on concrete pavements that i s not included in the reference section of this report . Two 
possible sources for this additional mater ia l would be the U . S . Bureau of Public Roads 
Off ice of R e s e a r c h and Development and the Highway R e s e a r c h Information Serv ice 
(HRIS) of the Highway R e s e a r c h B o a r d . 

S O M E C U R R E N T D E S I G N P R O C E D U R E S 

Because of the wide range of environments and mater ia l s encountered in pavement 
construction it i s not surpris ing that many methods are available for the thickness de­
sign of concrete pavements. Most of the methods combine a theoretical determination 
of the load s t r e s s e s with an experimental or theoretical approach to the fatigue of con­
crete . However, in some cases the theoretical analysis has been supplemented or 
modified by experience gained f rom field observations of the performance of i n - s e r v i c e 
pavements. To i l lustrate some of the considerations involved in the thickness design 
of concrete pavements, a brief description i s given of some current design procedures . 
References to a part icular design method should not be considered an endorsement of 
one method over others, nor should i t be construed that a method not included was con­
s idered inadequate. 

P la in Concrete Pavements 

A m e r i c a j i Associat ion of State Highway Off ic ia ls—The e m p i r i c a l equation derived 
f rom the A A S H O Road Tes t (111) provides a bas is for design that incorporates axle 
load, number of load applications and slab thickness . The equation was derived for 
fixed values of modulus of elasticity, modulus of rupture, modulus of su l^rade reaction, 
joint design, environmental conditions and test period. The equation expresses the 
ratio of the loss in serviceabil i ty at any time to the total potential l o s s . The bas ic 
equation was extended for general use by incorporating the s e m i - e m p i r i c a l s t r e s s equa­
tion developed by Spark ler . The Spangler equation i s used to l inear ize the measured 
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s tra ins , and the two combined equations y ie ld a general design equation. The Spangler 
equation applies to a load at a corner, and for development of the Road Tes t equation 
the distance f rom the corner to the center of the load was taken as 10 m . The dense 
liquid subgrade theory i s assumed, and the strength of the subgrade i s expressed by the 
modulus of subgrade reaction, k . The design nomographs assume constant values of 
E = 4,200,000 ps i and M = 0 .20 . However, these values can be chained in the design 
equation. The allowable w o r k i i ^ s t re s s i s set at 75 percent of the modulus of rupture. 
To simplify the equation a standard single-axle load of 18 kips i s used. F o r other axle 
loads, conversion factors a r e provided to convert any given load into equivalent 18-kip 
single-axle loads. The fatigue of the pavement i s considered indirectly in the concept 
of serviceabi l i ty by including an estimate of the number of load applications for the de­
sign road l i f e . No special provision i s made for impact or a safety factor . At present, 
the design procedure does not include a regional factor . The nomographs a r e based on 
a design l i fe of 20 y e a r s . F o r a road l i fe other than 20 y e a r s , the daily equivalent load 
applications are multiplied by a factor equal to the design life in y e a r s divided by 20 
y e a r s . 

A m e r i c a n Concrete Institute—Recommendations a r e presented for the design of con-
crete pavements and bases (122) based on pract ice proved success fu l in the United 
States. Comprehensive directions a r e given for designing r ig id a irport and highway 
pavements or bases for conditions of cl imate, t ra f f i c , available construction mater ia l s 
and equipment, and construction methods of the United States. Included a r e recom­
mendations for soi l foundations, selection of slab dimensions, joints and details for 
nonreinforced pavements. 

F e d e r a l Government Agencies—The following agencies have design procedures for 
plain concrete pavements (details a r e contained m the references noted): Department 
of the Navy (73); F e d e r a l Aviation Agency (71); and Corps of E i ^ i n e e r s ( 1 0 0 , 120, 1 2 1 -
used by Departments of the A r m y and A i r F o r c e ) . 

Texas State Highway Department—The Texas design method for r ig id pavements 
(112) i s basical ly an extension of the design developments presented in the A A S H O 
Inter im Pavement Design Guide. The variables a r e magnitude of load, repetition of 
load, t i re p r e s s u r e , axle type, strength of support media, concrete s tre i^th, concrete 
modulus of elasticity, Poisson's ratio, the continuity condition, fr ict ion of the support 
media and the regional fac tors . 

The pavement structure i s designed to encompass external loads introduced to the 
pavement f r o m wheel loads. The foUowii^ equation for pavement thickness i s s i m i l a r 
to that presented in the AASHO Guide except that it was ejqpanded to include concrete 
modulus of elasticity, total traf f ic and pavement continuity (jointed or continuous): 

l o g S L = -8 .682 - 3.513 log r - ^ / l - ^ ^ i ^ \ l + 0 . 9 1 5 5 | (11) 

where 

S L = number of accumulated equivalent 18-kip single-axle loads; 
J = a coefficient dependent upon load transfer character i s t i c s or s lab continuity; 

Sx = modulus of rupture of concrete at 28 days (psi); 
D = nominal thickness of concrete pavement (inches); 
Z = E / k ; 
E = modulus of elasticity for concrete (psi); 
k = modulus of subgrade reaction (psi / inch); 
a = radius of equivalent loaded a r e a = 7.15 for Road Tes t 18-kip axles; 

G = P Q - Pt _ 4 . 5 - P t . 
3 3 ' 

P Q = 4 .5 = serviceabil i ty at time zero; 



24 

Pt = serviceabi l i ty at end of time, t; and 

1.624 X 10'' B 
(D + 1)= 

Only one t e r m in the equation has not been evaluated adequately, the continuity or 
J t e r m . The selection of a value J for design purposes must be postulated on the ' 
bas is of l imited data. The J value for the jointed pavements on the AASHO Road 
Tes t i s automatically fixed at the value of 3 ,2 which was used m a l l correlat ion 
work. 

Portland Cement Association—The design procedure (113) i s s e m i - e m p i r i c a l , ut i ­
l iz ing the mathematical analys is developed by Westergaard (98). The solution of the 
mathematical analys is has been presented in convenient influence charts (114) for de­
termination of moments for var ious positions and configurations of loads. The axle i s 
assumed para l l e l to a joint with no load transfer and with the t i re contact areas a s close 
as possible to the joint. Design nomographs have been developed from the influence 
charts for single- and tandem-axle loads. The nomographs relate s t r e s s e s , modulus 
of subgrade reaction k, axle load and slab thickness . 

I n developing the nomographs, t i r e imprint a r e a s were var i ed with the amount of 
load. Poisson's ratio was given a fixed value of 0 .15 , and the modulus of elasticity was , 
assumed equal to 4 mil l ion p s i . These values can be var ied in the bas ic equation. L i f e 
expectancy of the pavement i s determined by considering the applied s t r e s s as a func­
tion of the f lexural strength of the concrete and the anticipated number of load appl ica­
t ions. L o a d s c a u s i i ^ a s t r e s s l e s s than one-half the modulus of rupture a r e not con­
s idered in the design. The fatigue res is tance consumed by each load level i s the ratio, , 
e:qpressed as a percentage, of the expected load repetitions to the allowable load repet i ­
tions determined from a fatigue d iagram. The sum of the fatigue res i s tances should not 
exceed about 125 percent . A fatigue res i s tance of greater than 100 percent i s p e r m i s ­
s ible because a conservative value of f l exura l strength i s used that does not consider the 
gain in concrete strength with age. Load safety factors are recommended for a l l high­
ways except residential streets and other l ight-traff ic roads . 

Jointed Reinforced Concrete Pavements 

W i r e Reinforcement Institute—Thickness design for re inforced concrete pavement, 
in accordance with the W i r e Reinforcement Institute design procedures, i s based on the 
theoretical analyses of Westergaard modified by e m p i r i c a l relationships obtained f r o m 
observations of performance under s erv i ce conditions (99). In this respect thicknesses 
a r e the same as for plain pavements, but the bas ic design includes distributed steel 
throughout the s lab and mechanical load transfer at the jo ints . T h i s design provides 
load transfer at a l l joints and at any c r a c k s that may form between the joints . 

The amount of s tee l , long i tudin i and t ransverse , i s determined by the "subgrade 
drag" formula discussed e a r l i e r , which takes into account (a) the length of the slab be­
tween free joints, (b) the coefficient of fr ict ion between the slab and subgrade or sub-
base, (c) the weight of the slab, and (d) the allowable s t r e s s in the s tee l . The steel i s 
intended to hold c r a c k s tightly closed and thus maintain the shearmg res i s tance of the 
slab at a c r a c k . T h i s permits the use of longer s labs (40 to 100 ft) than can be p e r ­
mitted in plain pavements. 

A m e r i c a n Concrete Institute—Recommendations a r e given for the design of jointed 
reinforced concrete pavements and bases (122) based on pract ice proved success fu l in 
the United States, (This i s the same reference as shown for plain concrete pavements.) 

Texas State Highway Department—Steel reinforcement i s used in concrete pavement 
where the joint spacing exceeds 15 ft . The reinforcement i s placed in the slab to hold 
any c r a c k s that f o r m in the pavement tightly c losed. The pavement may thus perform 
as an integral s tructural unit. The Texas method covers the design of two of the three 
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bas ic types of reinforced concrete pavement, i . e . , jointed reinforced and continuous 
reinforced (prestressed concrete pavement i s not covered). 

The equation for thickness design i s the same as used for plain pavements (see E q . 
11). A value of 3 .2 i s used for the J t e r m . The reinforcement for the jointed con­
crete pavement i s determined by the application of the conventional subgrade drag 
theory. In essence, the equation i s based on the principle of balancing the slab r e s i s ­
tance to movement against tensile strength of the s tee l . The formula i s 

P s = X 100 (12) 

where 

Pg = required steel percentage, percent; 
L = length of slab between joints, feet; 
F = fr ict ion factor of subbase; and 
fs = allowable working s t re s s in steel , p s i . 

Portland Cement Association—The P C A design procedure for reinforced concrete 
pavement does not consider distributed steel to increase the f l exura l strength of an un­
broken slab when used in quantities considered to be within the range of pract ica l eco­
nomics . The principal functioning of the steel i s to hold together the fractured faces 
of s labs after c r a c k s have formed. Hence, the thickness design procedure of the con­
crete i s the same as for plain concrete pavements. The amount of distributed steel 
required i s based on (a) distance between joints, (b) coefficient of fr ict ion between slab 
and subgrade, (c) the weight of the s lab, and(d) the allowable working s t r e s s in the 
s tee l . 

A m e r i c a n Associat ion of State Highway Off ic ia ls—The AASHO procedure does not 
specify a method for design of thickness of the concrete. The amount of steel i s de­
termined by the subgrade drag theory. 

Departments of the A r m y and A i r F o r c e — T h e advantages in using steel re inforce-
ment include a reduction in the required slab thickness . The design procedure of the 
C o r p s of E i ^ i n e e r s has been developed empir ical ly f rom a l imited number of prototype 
test pavements subjected to accelerated traf f ic testing and performance data. Although 
it I S anticipated that cracking w i l l occur m pavements under the design traf f ic loadings, 
the reinforcing w i l l hold the c r a c k s tightly closed, which prevents spalling and faulting 
and provides a serviceable pavement during the anticipated design l i f e . The designer 
determines the percent of steel required, the thickness of the reinforced r ig id pave­
ment and the maximum allowable length of the s l abs . The Corps of Engineers uses the 
following relationship to determine the increase in effective slab thickness h in percent 
as a function of the amount of steel S each way as a percent of the area: 

h = 16.0 X loge S + 50 

T h i s relationship i s shown graphically a s F i g u r e 8 in the paper by Mell inger et a l 
(62) and has been found applicable also to vehicular t r a f f i c . 

The maximum allowable s lab width o r length on Corps of Engineers projects i s de­
termined by the equation 

L = [0.00047 hr (fgS)^]'/' 

where hf i s the thickness of the reinforced pavement in inches, fg the y ie ld strength of 
the r e i n f o r c i i ^ steel in ps i , and S the percent of re inforcing s tee l . 
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I t should be noted that, while equal percentages of steel are used in both transverse 
and longitudinal directions of a i r f i e ld slabs, vehicular pavements were found to per form 
satisfactorily f o r their design l i f e wi th the percentage of steel used in the transverse 
direction equal to one-half that used m the longitudinal direction. 

The design cr i te r ia fo r reinforced pavements were found by the Corps of Engineers 
to be subject to the following limitations: 

1. No reduction in the required thickness of nonreinforced r ig id pavements should 
be allowed f o r S < 0.06. 

2. No fur ther reduction in the required thickness of nonreinforced r ig id jointed pave­
ments should be allowed over that computed f o r S = 0.50 regardless of the amount of 
steel used. 

3. The length L should not exceed 75 f t f o r vehicular and 100 f t f o r a i r f i e ld pave­
ments regardless of the values of S, hj. or f g f o r jointed pavements. 

4. The minimum value of hr should be 6 i n . 

Continuously Reinforced Concrete Pavements 

American Association of State Highway Officials—The Guide (111) provides an equa-
tion f o r the determination of a theoretical minimum percentage of steel based on (a) the 
coefficient of f r i c t i on between slab and subgrade, (b) the allowable working stress in 
the steel, (c) the tensile strength of the concrete, and (d) the elastic modulus ratio of 
the steel to that of the concrete. 

Under severe temperature variations a formula is suggested which considers (a) the 
thermal coefficient of concrete and steel, (b) the temperature range, (c) the coefficient 
of f r i c t i o n between slab and subgrade, (d) the allowable working stress in the steel, (e) 
the tensile strength of the concrete, and (f) the modulus of elasticity of the steel. 

Wire Reinforcement Institute—The selection of pavement thickness is based on ob-
servations of the performance of continuously reinforced concrete pavements under 
service conditions. I t takes into account route classification, locality description, con­
t ro l l ing vehicle type, and controlling single-axle load. On the basis of these factors, 
recommendations f o r pavement thickness vary between 6 and 9 i n . In this connection 
i t is suggested that the design methods under development by AASHO be used when they 
become available. The in ter im AASHO Guide (111) i s an example of a more rational 
design. 

The amount of longltudmal steel, based on a yie ld strength of 70,000 psi fo r deformed 
steel welded wire fabric , is recommended as 0.5 to 0.7 percent of the cross-sectional 
area of the slab. A proportionate adjustment i n percentage is recommended f o r steels 
having other yield strengths. The area of transverse reinforcement is determined in 
the same manner as fo r jointed concrete pavements. 

Recommendations are given f o r spacing of longitudinal and transverse members, and 
i t I S recommended that the steel not be placed below the mid-depth of the slab and that 
the concrete cover be not less than 2 i n . 

Concrete Reinforcing Steel Institute—The CRSI design procedure (108) is semi-
empirical and utilizes the mathematical analysis developed by Westergaard (3). The 
equations have been given i n influence charts (114) that may be used i n the design. 

The design procedure assumes that the load is applied at an interior position. The 
subgrade is assumed to be a dense l iquid and i ts strength is expressed by the modulus 
of subgrade reaction, k . Design charts are shown based on the assumption that the t i r e 
impr in t area is a function of the wheel load, and the loaded area is assumed equal to the 
area of contact of the dual-wheel t i res plus the area between them. The equivalent 
radius is the radius of the loaded area as defined. Poisson's ratio is assumed as 0.15 
and the modulus of elasticity is taken as 4 mi l l ion ps i . An allowable working stress of 
50 percent of the modulus of rupture is suggested f o r use. The design wheel load is 
taken as the design static wheel load increased by a 20 percent load factor allowance. 
Fatigue is impl ic i t ly considered by permitting a working stress of 50 percent. The 20 
percent load factor allowance provides f o r an impact o r safety factor . No regional 
factor IS considered. 
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The amount of steel is based on accepted minimum cr i te r ia of (111) 0.7 percent 
longitudinal steel fo r a 7- in . slab or (112) 0.6 percent f o r an 8-in. slab. Deformed re­
inforcing bars % m . (No. 6) or less in diameter with a minimum yield point of 60, 000 
psi are recommended. 

The reinforcement may be located at a depth f r o m 272 i n . below the surface to mid-
depth of the slab. I f longitudinal bars are staggered, they should be lapped a minimum 
of 25 bar diameters; i f not staggered, 30 bar diameters. 

Texas State Highway Department—Thickness design is based on the same equation 
used fo r plain pavements, but a continuity or J value of 2.2 has been established based 
on comparisons of previous design procedures and performance studies. The design 
method f o r continuous reinforced concrete is based on the concept of balancing the i n ­
ternal concrete stresses developed by temperature and shrinkage against the strength 
of steel. The formula fo r determining the minimum percent longitudinal steel is 

Pg = (1.3 - 0.2F) S X 100 (13) 
f s - N S ' e 

where 

Pg = required steel percentage; 

F = f r i c t i on factor of subbase; 

S = tensile strength of concrete, psi; 

fg = allowable working stress m steel, psi (0.75 of yield strength recommended, 
the equivalent of safety factor of 1.33), 

Eg = modulus of elasticity of concrete, psi . 

Eg = modulus of elasticity of steel, psi; and 

N = Eg/Ep. 

PROPOSED AREAS FOR FUTURE RESEARCH 

Af te r considering the research now in progress and the overall problem of pavement 
design, the Rigid Pavement Committee proposes several areas of study fo r future re­
search. The Committee recommends that any agency conducting research on r ig id 
pavements give serious consideration to encompassir^ or part ial ly encompassing any of 
the research problem areas l is ted. 

The various areas of research are outlined as research problem areas with subdivi­
sions describing the problem and defimng the objectives of the proposed research. 

Research Problem Area No. 1 

Problem— Several very significant changes in the design and construction of r ig id 
pavements have taken place in recent years. Evaluation of the effects of these charges 
has generally been on a state basis or l imited to experimental projects. Consequently, 
a c r i t i ca l need exists fo r a nationwide appraisal of the performance of postwar r ig id 
pavements, wi th emphasis on diagnosis of pavement defects. 

Objectives 

1. Identify and describe the significant changes that have taken place in pavement 
design in the past 15 years, such as subbase requirements, pavement type, jointing 
practices, and sealants. 

2. Characterize possible defects that may occur m these pavements. 
3. Develop guidelines that w i l l provide fo r (a) a nationwide study of the nature, ex­

tent, seriousness and cause of pavement defects, and (b) correlation of these defects 



28 

with construction materials, structural components, climate, t r a f f i c , soil conditions 
and other factors . 

Research Problem Area No. 2 

Problem—Current analysis procedures of pavements subjected to dynamic loads are 
inadequate. Current methods of basing so-called repetitive load designs on fatigue l i f e 
of concrete are not satisfactory. Information made available by repetitive load tests 
such as the AASHO Road Test, while very helpful, has not provided adequate solution 
to the problem. 

Objectives—Establish analysis techniques that w i l l provide a coordinated evaluation 
of repetitive load variables m pavement design. Utilize these analysis techniques to 
evaluate existing information, such as that available f r o m ful l-scale t r a f f i c tests (AASHO 
Road Test) and repetitive load tests on model pavements. Finally, based on these anal­
yses, make recommendations f o r additional physical testing or other work required to 
provide the necessary information f o r correct dynamic design of pavements. 

Research Problem Area No. 3 

Problem—It is postulated by some that the effect of environment on r ig id pavement 
performance f a r outweighs the effect of a l l other variables involved, including the effect 
of repetitive loads. This is part icularly true in the northern part of the United States. 
Therefore, there exists a great need to evaluate the effects of environment, including 
climatic and regional variables (moisture and temperature), on pavements on a nation­
wide basis. 

Objectives—Establish the magnitude of various environmental effects on r ig id pave-
ment performance. These effects are known to include temperature and moisture as 
wel l as the general effects of location which have been termed regional effects in NCHRP 
Report 2A (4). 
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