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D I S C L AI M E R 

T his d o c u m e nt is diss e mi n at e d i n t h e i nt er est of i nf or m ati o n e x c h a n g e. T h e c o nt e nts of t his r e p ort r efl e ct t h e vi e ws 

of t h e a ut h ors w h o ar e r es p o nsi bl e f or t h e f a cts a n d a c c ur a c y of t h e d at a pr es e nt e d h er ei n. T h e c o nt e nts d o n ot 

n e c ess aril y r efl e ct t h e offi ci al vi e ws or p oli ci es of t h e St at e of C alif or ni a or t h e F e d er al Hi g h w a y A d mi nistr ati o n. 

T his p u bli c ati o n d o es n ot c o nstit ut e a st a n d ar d, s p e cifi c a ti o n, or r e g ul ati o n. T his r e p ort d o es n ot c o nstit ut e a n 

e n d ors e m e nt b y t h e D e p art m e nt of a n y pr o d u ct d es cri b e d h er ei n. 

F or i n di vi d u als wit h s e ns or y dis a biliti es, t his d o c u m e nt is a v ail a bl e i n alt er n at e f or m ats. F or i nf or m ati o n, c all 

( 9 1 6) 6 5 4- 8 8 9 9, T T Y 7 1 1, or writ e t o C alif or ni a D e p art m e nt of Tr a ns p ort ati o n, Di visi o n of R es e ar c h, I n n o v ati o n 

a n d S y st e m I nf or m ati o n, M S- 8 3, P. O. B o x 9 4 2 8 7 3, S a cr a m e nt o, C A 9 4 2 7 3- 0 0 0 1. 

A C K N O W L E D G M E N T S 

T h e a ut h ors w o ul d li k e t o a c k n o wl e d g e t h e s u p p ort, assist a n c e, a n d dir e cti o n of Dr. D ul c e R ufi n o F el d m a n a n d 

Dr. T. J os e p h H oll a n d of C altr a ns, a n d Pr of. L e v K h a z a n o vi c h, w h o pr o vi d e d a d vi c e a n d t e c h ni c al r e vi e w. T h e y 

w o ul d als o li k e t o a c k n o wl e d g e U C P R C S e ni or E dit or D a vi d S pi n n er’s h el p i n pr o d u ci n g a n d p u blis hi n g t his 

r e p ort. 

U C P R C- R R- 2 0 1 9- 0 2 viii 



 

  

  

               

                

                

                   

                  

                  

   

                 

               

    

                 

     

                

 

     

                 

    

              

       

 

               

                

                

                 

  

P R O J E C T O B J E C TI V E S 

T h e g o al of P art n er e d P a v e m e nt R es e ar c h C e nt er Str a t e gi c Pl a n El e m e nt ( P P R C S P E) 3. 4 9, titl e d “I m pl e m e nt 

C o n cr et e M E D esi g n T o ols, ” is t o c ali br at e t h e P a v e m e nt M E s oft w ar e f or tr affi c, cli m at e, m at eri als, a n d 

c o nstr u cti o n pr a cti c es i n C alif or ni a a n d t h e n, b as e d o n t h e c ali br at e d s oft w ar e, u p d at e t h e ri gi d p a v e m e nt d esi g n 

c at al o g i n t h e C altr a ns Hi g h w a y D esi g n M a n u al. A n a d diti o n al g o al, if C altr a ns d e ci d es t o p urs u e it, is t o d e v el o p 

a si m plifi e d us er i nt erf a c e f or o p er ati n g t h e c ali br at e d v e rsi o n of P a v e m e nt M E. T h e f oll o wi n g t as ks ar e t o b e 

c o m pl et e d t o a c c o m plis h t h es e g o als, w hi c h h a v e b e e n u p d at e d b as e d o n t h e r es ults of a m e eti n g wit h st a k e h ol d ers 

i n S e pt e m b er 2 0 1 9: 

1. C o n d u ct a n a n al y sis of t h e s e nsiti vit y of t h e c urr e nt v ersi o n of P a v e m e nt M E t o d esi g n v ari a bl es 

2. Ass e m bl e t h e d at a n e e d e d t o c a li br at e P a v e m e nt M E f or C alif or ni a tr affi c a n d cli m at e c o n diti o ns, 

m at eri als, a n d c o nstr u cti o n pr a cti c es 

3. I d e ntif y a n y iss u es wit h t h e c urr e nt v ersi o n of P a v em e nt M E t h at will i nfl u e n c e l o c al c ali br ati o n or 

pr e p ar ati o n of t h e d esi g n c at al o g 

4. C ali br at e P a v e m e nt M E f or C alif or ni a c o n diti o ns a n d a r eli a bilit y a p pr o a c h usi n g t h e r es ults of t h e 

c ali br ati o n 

5. D e v el o p a d esi g n c at al o g 

6. If C altr a ns c h o os es t o h a v e a si m plifi e d us er i nt erf a c e d e v el o p e d f or t h e c at al o g, d e v el o p a si m plifi e d 

w e b- b as e d us er i nt erf a c e 

7. Pr e p ar e d o c u m e nt ati o n f or t h e c ali br ati o n, c at al o g, a n d, if d e v el o p e d, t h e si m plifi e d us er i nt erf a c e 

8. Assist C altr a n s i n d e v el o pi n g d esi g n g ui d a n c e 

T h es e r es ults d e m o nstr at e t h e s e nsiti vit y of t h e P a v e m e nt M E d esi g n s oft w ar e f or j oi nt e d pl ai n c o n cr et e 

p a v e m e nts (J P C P) t o a s et of s el e ct e d d esi g n v ari a bl e i n p ut s. T his a n al y sis c o nsi d er e d d esi g n v ari a bl es i d e ntifi e d 

fr o m C alif or ni a p a v e m e nt s e cti o ns distri b ut e d ar o u n d t h e st at e. T h e w or k pr es e nt e d w as als o us e d t o i d e ntif y 

p ot e nti al iss u es i n t h e P a v e m e nt M E s oft w ar e t h at s h o ul d b e c o nsi d er e d i n c ali br ati o n a n d d e v el o p m e nt of t h e 

d esi g n c at al o g. 
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E X E C U TI V E S U M M A R Y 

T h e M e c h a nisti c- E m piri c al P a v e m e nt D esi g n G ui d e ( M E P D G) is a c o m pr e h e nsi v e t o ol r el e as e d i n 2 0 0 4 b y t h e 

A m eri c a n As s o ci ati o n of St at e Hi g h w a y a n d Tr a ns p ort a ti o n Offi ci als ( A A S H T O) t o a n al y z e a n d d esi g n b ot h 

fl e xi bl e a n d ri gi d p a v e m e nts, a n d it h as b e e n u p d at e d s e v eral ti m e s i n t h e s u c c e e di n g y e ars. T h e m o d els i n t h e 

M E P D G ar e i m pl e m e nt e d i n a s oft w ar e pr o gr a m c all e d P a v e m e nt M E t h at w as c ali br at e d usi n g L o n g- T er m 

P a v e m e nt P erf or m a n c e ( L T P P) s e cti o ns fr o m ar o u n d t h e U nit e d St at es, i n cl u di n g s o m e fr o m C alif or ni a. T h e 

M E P D G r e c o m m e n ds t h at n ati o n all y c ali br at e d m o d els b e v ali d at e d usi n g l o c al d at a a n d t h e n r e c ali br at e d if 

n e c ess ar y. T his m a k es s e ns e f or C alif or ni a b e c a us e of di ff er e n c es b et w e e n t h e st at e’ s cli m at e a n d t h os e of t h e 

ot h er st at es w h er e s e cti o ns w er e us e d f or t h e n ati o n al c ali br ati o n. T h e r e c ali br ati o n w o ul d als o a c c o u nt f or a n y 

diff er e n c es i n tr affi c, m at eri als, a n d c o nstr u cti o n pr a cti c es. 

T h e first st e p i n t h e r e c ali br ati o n pr o c ess is t o p erf or m a s e nsiti vit y a n al y sis st u d y t o c h e c k t h e r e as o n a bl e n ess of 

t h e m o d els’ pr e di cti o ns, t o i d e ntif y p ot e nti al s oft w ar e iss u es, a n d t o h el p i d e ntif y a n d u n d erst a n d t h e i n p uts t h at 

si g nifi c a ntl y aff e ct t h e m o d els’ o ut p uts. T h e f a ct ori al of c as e s a n d t h e v ari a bl e f a ct or l e v els us e d f or t h e s e n siti vit y 

a n al y sis ar e i nt e n d e d t o e v al u at e t h e tr e n ds a n d s e nsiti vit y of t h e m o d els i n t h e P a v e m e nt M E s oft w ar e. H o w e v er, 

t h e f a ct ori al v ari a bl es a n d t h eir l e v els u s e d i n t h e s e n siti vit y a n al ysis will diff er fr o m t h e o n es t h at will b e us e d 

aft er c ali br ati o n of t h e m o d els t o cr e at e t h e d esi g n c at al o g. 

I n 2 0 0 6, t h e U ni v ersit y of C alif or ni a P a v e m e nt R ese ar c h C e nt er ( U C P R C) p erf or m e d a r es e ar c h st u d y t h at 

i n cl u d e d a n i niti al s e nsiti vit y a n al y sis of j oi nt e d pl ai n c o n cr et e p a v e m e nt (J P CP) distr ess pr e di cti o n m o d els i n t h e 

M E P D G . T h at st u d y i d e ntifi e d t h e m o st i m p ort a nt v ari a bl es aff e cti n g pr e di ct e d p erf or m a n c e, a n d st u di e d a d esi g n 

v ari a bl e t h at w as f o u n d t o b e t h e m o st i m p ort a nt f or t h e pr e di ct e d p erf or m a n c e of J P C P p a v e m e nts i n C alif or ni a — 

t h e ti m e t o l oss of b o n di n g b et w e e n t h e c o n cr et e a n d t h e bas e. Aft er t h at c ali br ati o n, t h e s oft w ar e w as us e d t o 

pr o d u c e a pr eli mi n ar y d esi g n c at al o g f or t h e C altr a ns Hi g h w a y D esi g n M a n u al ( H D M); C altr a ns a dj ust e d t h at 

c at al o g f urt h er t o pr o d u c e t h e o n e i n t h e c urr e nt H D M. 

I n 2 0 1 0, C altr a ns d e v el o p e d a c a p a cit y f or A ut o m at e d P av e m e nt C o n diti o n S ur v e y ( A P C S) d at a c oll e cti o n fr o m 

t h e st at e hi g h w a y n et w or k, a n d as a r es ult a m u c h l ar g er a n d m or e r eli a bl e p a v e m e nt c o n diti o n d at a b as e is n o w 

a v ail a bl e i n t h e p a v e m e nt m a n a g e m e nt s y st e m ( P M S). D u e t o a c o nsi d er a bl e eff ort o n t h e p art of C altr a n s, t h e 

d at a b as e n o w i n cl u d es as- b uilt d at a s u c h as p a v e m e nt st r u ct ur e, b as e t y p e, s h o ul d er t y p e, sl a b l e n gt h, a n d 

c o nstr u cti o n y e ar, it e ms t h at w er e s c ar c e i n t h e pr e vi o us st u d y b ut ar e n o w a v ail a bl e f or al m o st e v er y pr oj e ct b uilt 

si n c e 1 9 9 0, a n d m a n y b uilt pri or t o t h at y e ar. T h es e d a t a pr o vi d e t h e c a p a bilit y t o v ali d at e a n d c ali br at e 

P a v e m e nt M E usi n g t h o us a n ds of p erf o r m a n c e d at a o bs er v ati o ns a n d t o us e t he e x pl a n at or y d at a i n t h e as- b uilt 

d at a b as e. I n a d diti o n t o t h e d at a i n t h e P M S, t h e U C P R C h as c oll e ct e d d et ail e d d at a f or C altr a ns f or m or e t h a n 

1 0 0 pr oj e cts, s a m pl e d i n t h e e arl y 2 0 0 0s a n d 2 0 1 0s. T h os e d a t a ar e f or v ari a bl es n ot i n t h e as- b uilt d at a b as e i n t h e 

P M S, s u c h as t h e pr o p erti es of t h e c o n cr et e a n d t h e stiff n ess e s of u n d erl yi n g l a y ers. 
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U p d at es i n P a v e m e nt M E a n d i m pr o v e m e nts, c o m bi n e d w it h t h e i n cr e as e d a m o u nt a n d hi g h er q u alit y of d at a n o w 

i n t h e C altr a ns P M S, h a v e cr e at e d t h e o p p ort u nit y t o p erf or m a n e w J P C P pr e di cti o n m o d el s e nsiti vit y a n al y sis 

a n d c ali br ati o n s p e cifi c all y f or C alif or ni a. T his st u d y us e d v ersi o n of P a v e m e nt M E ( v. 2. 5. 3), t h e l at est v ersi o n 

a v ail a bl e at t h e ti m e. 

T h e tr a diti o n al a p pr o a c h f or v ali d ati n g a n d c ali br ati n g m e c h a nisti c- e m piri c al ( M E) d esi g n m et h o ds is t o c oll e ct 

all i n p ut d at a, i n cl u di n g p erf or m a n c e, as- b uilt, a n d d et ail e d m at eri al s d at a fr o m t e ns of s e cti o ns wit hi n a st at e, a n d 

t o c o m p ar e t h e pr e di ct e d a n d m e a s ur e d p erf or m a n c e f or t h os e f e w s e cti o ns. F or t h e n ati o n al c ali br ati o n of 

P a v e m e nt M E, t his w as d o n e o n t h e s c al e of s e v er al h u n dr e d L T P P s e cti o ns a cr oss t h e U S. T h e n e xt P a v e m e nt M E 

c ali br ati o n f or C alif or ni a will t a k e a d v a nt a g e of a c o m bi n ati o n of h u n dr e ds of ti m es m or e p erf or m a n c e a n d as-

b uilt d at a fr o m t h e C altr a n s P M S, as w ell as d et ail e d m at eri als d at a c oll e ct e d fr o m t e ns of s e cti o ns i n t h e st at e. 

T his will pr o vi d e a m u c h diff er e nt a n d m u c h l ar g er d at a b as e t h a n h as b e e n us e d t o d at e f or t h e n ati o n al a n d s e v er al 

st at e c ali br ati o ns of P a v e m e nt M E usi n g t h e tr a diti o n al a p pr o a c h. 

A n e w a p pr o a c h will b e us e d f or t h e c ali br ati o n pr o c ess, w h os e r es ults will b e c h e c k e d f urt h er usi n g t h e d at a f or 

t h e t e ns of s e cti o ns i n t h e st at e t h at h a v e c o m pl et e s et s of d et ail e d d at a. T his n e w a p pr o a c h r e c o g ni z es t h at i n t h e 

d esi g n- bi d- b uil d (l o w- bi d) c o ntr a cti n g e n vir o n m e nt us e d i n C alif or ni a, a d esi g n er d o es n ot a ct u all y k n o w i n d et ail 

t h e pr o p erti es of t h e m at eri als t h at will b e us e d w h e n t he d esi g n is b uilt. T h er ef or e, t h e c ali br ati o n will us e d et ail e d 

m e di a n st at e wi d e v al u es of t h e m at eri al s’ pr o p erti es t o c ali br at e t h e m o d els usi n g t h e l ar g e p erf or m a n c e d at a b as e, 

a n d t o c al c ul at e t h e v ari a bilit y of p e rf or m a n c e c a us e d b y diff er e n c es b et w e e n t h e c o ntr a ct ors’ as- b uilt m at eri al s 

a n d t h e st at e wi d e m e di a n v al u es. T h e c ali br ati o n will us e t h e d et ail e d i nf or m ati o n a v ail a bl e fr o m t h e P M S 

r e g ar di n g l a y er t y p es, t hi c k n ess es, sl a b di m e nsi o ns, s h o ul d er t y p es, d at es of c o nstr u cti o n, a n d p erf or m a n c e d at a, 

al o n g wit h d et ail e d cli m at e a n d tr affi c d at a, t o fi n d t h e c o effi ci e nts i n P a v e m e nt M E t h at o n a v er a g e pr o d u c e t h e 

b est m at c h b et w e e n pr e di ct e d p erf or m a n c e a n d o bs er v e d p erf or m a n c e. T h e distri b uti o n of diff er e n c es b et w e e n 

t h e pr e di ct e d a n d o bs er v e d p erf or m a n c e als o pr o vi d e i nf or mati o n n e e d e d f or i ntr o d u ci n g r eli a bilit y i nt o t h e f ut ur e 

d esi g n t o ols. 

As n ot e d a b o v e, b ef or e t h e m o d els c a n b e c ali br at e d, a s e nsiti vit y a n al y sis m u st first b e p erf or m e d t o c h e c k t h e 

r e as o n a bl e n ess of t h e m o d els’ pr e di cti o ns, t o i d e ntif y p ot e nti al s oft w ar e is s u es, a n d t o h el p i d e ntif y a n d u n d erst a n d 

t h e i n p uts t h at si g nifi c a ntl y aff e ct t h e m o d els’ o ut p uts. T h at s e nsiti vit y a n al ysis is t h e s u bj e ct of t his r e p ort. It 

s h o ul d b e n ot e d t h at t h e r a n g es of v ari a bl es c o nsi d er e d i n t his st u d y w er e s el e ct e d b as e d o n t h e hist ori c al d at a 

a v ail a bl e i n t h e P M S d at a b as e f or d esi g n v ari a bl es ( k n o w n t o t h e d esi g n er, e. g., p ortl a n d c e m e nt c o n cr et e [ P C C] 

sl a b t hi c k n ess, P C C sl a b l e n gt h, b as e t y p e, s h o ul d er t y p e , et c.), a n d t h e U C P R C m at eri al d at a b as e f or n o n- d esi g n 

v ari a bl es ( n ot k n o w n t o t h e d esi g n er, e. g., P C C c o m pr essi v e str e n gt h, P C C c o effi ci e nt of t h er m al e x p a nsi o n 

[ C T E], P C C s h ort w a v e a bs or pti vit y, et c.). T h er ef or e, t h e r a n g e s el e ct e d f or e a c h v ari a bl e r efl e ct s p ast c o nstr u cti o n 

pr a cti c es i n C alif or ni a w hil e c h e c ki n g t h e s e nsiti vit y of t h e m o d els’ p erf or m a n c e t o t h e v ari a bl e’ s c h a n g e. T h es e 
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v ari a bl es a n d t h e r a n g es s el e ct e d f or t h e m f or t h e s e nsiti vit y a n al ysis f a ct ori a l ar e n ot t h e s a m e as t h os e t h at will 

b e us e d f or eit h er c ali br ati o n or d esi g n c at al o g d e v el o p m e n t. I n t h e c ali br ati o n pr o c ess, t h e s el e ct e d r a n g e f or e a c h 

v ari a bl e will i n cl u d e all t h e v al u es e v er us e d f or J P C P c o nstr u cti o n i n C alif or ni a, b as e d o n t h e P M S d at a b as e. T h e 

d esi g n c at al o g d e v el o p m e nt will b ot h i n cl u d e s el e ct e d v al u es fr o m t h e c ali br ati o n f or u s e i n f ut ur e d esi g ns a n d 

a d diti o n al v al u es i nt e n d e d t o r efl e ct f ut ur e r a n g es f or t h e d esi g n v ari a bl es i n C alif or ni a. P a v e m e nt M E c ali br ati o n 

a n d d esi g n c at al o g d e v el o p m e nt will b e e x pl ai n e d i n d e t ail i n t h e n e xt r e p ort pr o d u c e d b y t his pr oj e ct. 

T his s e nsiti vit y a n al y sis i n cl u d e d t h e P a v e m e nt M E m o d els f or tr a ns v ers e cr a c ki n g, m e a n tr a n s v ers e j oi nt f a ulti n g, 

a n d s m o ot h n ess i n d e x (I nt er n ati o n al R o u g h n ess I n d e x [I RI ]). T h e C altr a ns p a v e m e nt m a n a g e m e nt s y st e m 

m a n a g es J P C P b as e d o n t hir d-st a g e cr a c ki n g r at h er t h a n o n tr a ns v ers e cr a c ki n g. A n e arli er C alif or ni a c ali br ati o n 

of P a v e m e nt M E att e m pt e d t o c ali br at e tr a ns v ers e cr a c k i n g b y esti m ati n g hist ori c al tr a ns v ers e cr a c ki n g; t h at 

att e m pt us e d t h e hist ori c al first-st a g e a n d t hir d-st a g e cr a c ki n g d at a c oll e ct e d i n t h e P M S. T h e c ali br ati o n eff ort 

als o us e d a v er y li mit e d s et of tr a ns v ers e cr a c ki n g o bs er v ati o ns f or t h e t e ns of s e cti o ns i n cl u d e d i n t h at c ali br ati o n. 

H o w e v er, c o m bi ni n g t h es e d at a r es ult e d i n a d d e d u n c ert ai n t y t o t h e c ali br ati o n. S o o n aft er, C altr a ns as k e d f or a 

tr a nsf er f u n cti o n t h at c o ul d pr e di ct t hir d-st a g e cr a c ki n g fr om pr e di cti o ns of tr a ns v ers e cr a c ki n g; t his f u n cti o n w as 

d e v el o p e d a n d us e d i n t h e cr e ati o n of t h e pr eli mi n ar y d esi g n t a bl es t h at s er v e d a s t h e b asis f or t h e d esi g n t a bl es 

i n cl u d e d i n t h e 2 0 0 7 H D M. 

F oll o wi n g t his s e nsiti vit y a n al y sis, P a v e m e nt M E will b e c ali br at e d t o tr a ns v ers e cr a c ki n g r at h er t h a n first- or 

t hir d-st a g e cr a c ki n g. T h at c ali br ati o n pr o c ess will us e a m uc h m or e e xt e nsi v e d at a b as e of si m ult a n e o us tr a ns v ers e 

a n d l o n git u di n al cr a c ki n g o bs er v ati o ns, a n d first-st a g e (firs t cr a c k, eit h er tr a ns v ers e or l o n git u di n al) a n d t hir d-

st a g e cr a c ki n g o bs er v ati o ns fr o m t w o y e ars of st at e wi d e A P C S d at a. T h es e d at a will b e us e d t o cr e at e a m o d el t o 

esti m at e tr a ns v ers e cr a c ki n g i n t h e e ntir e hist ori c al P M S d a t a, w hi c h ot h er wis e c o nsists o nl y of first- a n d t hir d-

st a g e cr a c ki n g o bs er v ati o ns. W hil e t h e y ar e still li mit e d t o o nl y t w o y e ars of si m ult a n e o us d at a c oll e cti o n f or t h e 

diff er e nt t y p es of cr a c ki n g, t h es e eff orts will pr o d u c e h u n dr e ds of ti m es m or e o b s er v ati o ns t h at c a n b e us e d t o 

cr e at e a m o d el t h at tr a nsl at es first-st a g e cr a c ki n g i nt o tr a ns v ers e cr a c ki n g t hr o u g h o ut t h e e ntir e P M S d at a b as e. 

T h e a m o u nt a n d s c o p e of t h e d at a us e d i n t h es e eff orts w ill als o e n a bl e c o nsi d er ati o ns a b o ut t h e i nfl u e n c e t h at 

cli m at e, s h o ul d er t y p e, a n d ot h er v ari a bl es h a v e o n t h e pr o p e nsit y of a p a v e m e nt t o first f or m eit h er a l o n git u di n al 

or tr a ns v ers e cr a c k. T h e tr a ns v ers e cr a c k i n g n e wl y tr a nsl at e d fr o m first-st a g e cr a c ki n g will t h e n b e a d d e d t o t h e 

alr e a d y- k n o w n t hir d-st a g e cr a c ki n g i n t h e d at a b as e, b e c a us e a n y t hir d-st a g e cr a c k h as at l e ast o n e tr a ns v ers e cr a c k 

i n it. T h e n e w, c o m bi n e d r es ults will t h e n b e us e d i n t h e P a v e m e nt M E c ali br ati o n. 

I n t his st u d y, t h e s e nsiti vit y a n al y sis p erf or m e d o n t h es e m o d els c o nsi d er e d v ari o us d esi g n a n d n o n- d esi g n 

v ari a bl es: p ortl a n d c e m e nt c o n cr et e ( P C C) sl a b t hi c k n ess, P C C sl a b l e n gt h, l o a d tr a nsf er, fri cti o n l oss d ur ati o n, 

b as e t y p e, s h o ul d er t y p e, s u b gr a d e t y p e, er o di bilit y i n d e x, P C C c o m pr essi v e str e n gt h, P C C c o effi ci e nt of t h er m al 

e x p a nsi o n ( C T E), P C C s h ort w a v e a bs or pti vit y, P C C h e at c a p a cit y, P C C t h er m al c o n d u cti vit y, tr affi c i n p uts, 

U C P R C- R R- 2 0 1 9- 0 2 xiii 



 

  

              

                  

              

   

    

    

       

    

             

             

   

     

      

    

   

  

  

      

   

   

   

      

   

     

    

    

  

    

   

 

                  

                  

 

               

              

a v er a g e a n n u al d ail y tr u c k tr affi c ( A A D T T), w ei g h-i n- m o ti o n ( WI M) s p e ctr a, a n d cli m at e. T h es e v ari a bl es w er e 

f o u n d t o h a v e diff er e nt eff e cts o n t h e t hr e e p erf or m a n c e pr e di cti o n m o d els, wit h t h e it e ms list e d b el o w h a vi n g t h e 

gr e at est i nfl u e n c e r a n k e d fr o m m o st t o l e ast f o r t h e v ari a bl e r a n g es (f a ct or l e v els) us e d: 

 Tr a ns v ers e cr a c ki n g 

o P C C sl a b t hi c k n ess 

o B uilt-i n c url- w ar p t e m p er at ur e 

o P C C c o effi ci e nt of t h er m al e x p a nsi o n ( C T E) 

o P C C s h ort w a v e a bs or pti vit y 

o P C C c o m pr essi v e str e n gt h, w hi c h w as us e d wit h A m eri c a n C o n cr et e I nstit ut e ( A CI) e q u ati o ns 

i m pl e m e nt e d i n P a v e m e nt M E t o pr e di ct P C C fl e x ur al str e n gt h a n d m o d ul us of el asti cit y 

o S h o ul d er t y p e 

 M e a n tr a ns v ers e j oi nt f a ulti n g 

o L o a d tr a nsf er ( us e of d o w els) 

o B uilt-i n c url- w ar p t e m p er at ur e 

o S h o ul d er t y p e 

o Cli m at e 

o A A D T T 

o P C C c o effi ci e nt of t h er m al e x p a nsi o n 

o P C C t hi c k n ess 

o S u b gr a d e t y p e 

 S m o ot h n ess i n d e x 

o L o a d tr a nsf er ( us e of d o w els) 

o S h o ul d er t y p e 

o C o effi ci e nt of t h er m al e x p a nsi o n 

o P C C s h ort w a v e a bs or pti vit y 

o B uilt-i n c url- w ar p t e m p er at ur e 

o A A D T T 

o P C C t h er m al c o n d u cti vit y 

o P C C t hi c k n ess 

As n ot e d, t h es e r a n ki n gs ar e b a s e d o n t h e s c e n ari os a n d r a n g es of v ari a bl es r u n i n t his a n al y sis usi n g 

P a v e m e nt M E, a n d it is c ert ai n t h at t h es e r a n ki n gs w o ul d c h a n g e if t h e r a n g es of v ari a bl es w er e c h a n g e d. 

T h e s e nsiti vit y a n al y sis s h o ws t h at t h e o v er all J P C P p erf o r m a n c e pr e di cti o ns b y P a v e m e nt M E ar e r e as o n a bl e. 

T h e P a v e m e nt M E – pr e di ct e d distr ess e s f oll o w e d tr e n ds e x p e ct e d f or t h e v ari a bl es c o ns i d er e d i n t h e a n al y sis. 
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F urt h er, o v er t h e c o urs e of t h e st u d y, t h e P a v e m e nt M E s oft w ar e r a n wit h o ut t h e o c c u rr e n c e of a n y m aj or iss u es, 

s u c h as u nr e a s o n a bl e r es ult s t h at c o ul d b e attri b ut e d t o s oft w ar e b u gs. B as e d o n t h es e r e s ults, t h e n e xt st e ps ar e 

c ali br ati o n of P a v e m e nt M E a c c or di n g t o C alif or ni a c o n diti o ns a n d d e v el o p m e nt of t h e d esi g n t o ols. 
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P M S P a v e m e nt m a n a g e m e nt s y st e m 

P C C P ortl a n d c e m e nt c o n cr et e 

P P R C P art n er e d P a v e m e nt R es e ar c h C e nt er 

S H S St at e hi g h w a y s y st e m 

U C P R C U ni v ersit y of C alif or ni a P a v e m e nt R es e ar c h C e nt er 

WI M W ei g h-i n- M oti o n 
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SI * ( M O D E R N M E T RI C) C O N V E R SI O N F A C T O R S 
A P P R O XI M A T E C O N V E R SI O N S T O SI U NI T S 

S y m b ol W h e n Y o u K n o w M ulti pl y B y T o Fi n d S y m b ol 
L E N G T H 

i n. i n c h es 2 5. 4 0 milli m et er s m m 
ft. f e et 0. 3 0 4 8 m et ers m 
y d. y ar ds 0. 9 1 4 4 m et ers m 
mi. mil es 1. 6 0 9 kil o m et ers k m 

A R E A 
i n2 s q u ar e i n c h es 6 4 5. 2 s q u ar e milli m et ers m m 2 

ft2 s q u ar e f e et 0. 0 9 2 9 0 s q u ar e m et ers m 2 

y d 2 s q u ar e y ar ds 0. 8 3 6 1 s q u ar e m et ers m 2 

a c. a cr es 0. 4 0 4 7 h e ct ar es h a 
mi 2 s q u ar e mil es 2. 5 9 0 s q u ar e kil o m et ers k m 2 

V O L U M E 
fl. o z. fl ui d o u n c es 2 9. 5 7 millilit ers m L 
g al. g all o ns 3. 7 8 5 lit er s L 
ft3 c u bi c f e et 0. 0 2 8 3 2 c u bi c m et er s m 3 

y d 3 c u bi c y ar ds 0. 7 6 4 6 c u bi c m et er s m 3 

M A S S 
o z. o u n c es 2 8. 3 5 gr a ms g 
l b. p o u n d s 0. 4 5 3 6 kil o gr a ms k g 
T s h ort t o ns ( 2 0 0 0 p o u n d s) 0. 9 0 7 2 m etri c t o ns t 

T E M P E R A T U R E ( e x a ct d e gr e e s) 
° F F a hr e n h eit ( F‐3 2)/ 1. 8 C elsi us ° C 

F O R C E a n d P R E S S U R E or S T R E S S 
l bf p o u n d ‐f or c e 4. 4 4 8 n e wt o ns N 

l bf/i n2 p o u n d ‐f or c e p er s q u ar e i n c h 6. 8 9 5 kil o p as c als k P a 

A P P R O XI M A T E C O N V E R SI O N S F R O M SI U NI T S 
S y m b ol W h e n Y o u K n o w M ulti pl y B y T o Fi n d S y m b ol 

L E N G T H 
m m milli m et er s 0. 0 3 9 3 7 i n c h es i n. 
m m et ers 3. 2 8 1 f e et ft. 
m m et ers 1. 0 9 4 y ar ds y d. 
k m kil o m et ers 0. 6 2 1 4 mil es mi. 

A R E A 
m m 2 s q u ar e milli m et ers 0. 0 0 1 5 5 0 s q u ar e i n c h es i n2 

m 2 s q u ar e m et ers 1 0. 7 6 s q u ar e f e et ft2 

m 2 s q u ar e m et ers 1. 1 9 6 s q u ar e y ar ds y d 2 

h a h e ct ar es 2. 4 7 1 a cr es a c. 
k m 2 s q u ar e kil o m et ers 0. 3 8 6 1 s q u ar e mil es mi 2 

V O L U M E 
m L millilit ers 0. 0 3 3 8 1 fl ui d o u n c es fl. o z. 
L lit er s 0. 2 6 4 2 g all o ns g al. 

m 3 c u bi c m et er s 3 5. 3 1 c u bi c f e et ft3 

m 3 c u bi c m et er s 1. 3 0 8 c u bi c y ar ds y d 3 

M A S S 
g gr a ms 0. 0 3 5 2 7 o u n c es o z. 
k g kil o gr a ms 2. 2 0 5 p o u n d s l b. 
t m etri c t o ns 1. 1 0 2 s h ort t o ns ( 2 0 0 0 p o u n d s) T 

T E M P E R A T U R E ( e x a ct d e gr e e s) 
° C C elsi us 1. 8 C + 3 2 F a hr e n h eit ° F 

F O R C E a n d P R E S S U R E or S T R E S S 
N n e wt o ns 0. 2 2 4 8 p o u n d ‐f or c e l bf 

k P a kil o p as c als 0. 1 4 5 0 p o u n d ‐f or c e p er s q u ar e i n c h l bf/i n2 

* SI i s t h e a b br e vi ati o n f or t h e I nt er n ati o n al S yst e m of U nit s. A p pr o pri at e r o u n di n g s h o ul d b e m a d e t o c o m pl y wit h S e cti o n 4 of A S T M E 3 8 0. 
( R e vi s e d A pril 2 0 2 1) 
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1 I N T R O D U C TI O N 

1. 1 P r e vi o us C ali b r ati o n a n d D esi g n C at al o g D e v el o p m e nt 

T h e A m eri c a n Ass o ci ati o n of St at e Hi g h w a y a n d Tr a ns p ort ati o n Offi ci als ( A A S H T O) 2 0 0 2 M e c h a nisti c-

E m piri c al P a v e m e nt D e si g n G ui d e ( M E P D G) w as c ali br at e d usi n g L o n g-T er m P a v e m e nt P erf or m a n c e ( L T P P) 

s e cti o ns t hr o u g h o ut t h e U nit e d St at es, i n cl u di n g s o m e fr o m C alif or ni a ( 1). H o w e v er, t h e M E P D G r e c o m m e n d s 

t h at n ati o n all y c ali br at e d m o d el s b e v ali d at e d usi n g l o c al d at a a n d, if n e c ess ar y, r e c ali br at e d. T his m a k e s s e ns e 

f or C alif or ni a b e c a us e n e arl y all of t h e st at e’ s cli m at e z o nes ar e dri er a n d w ar m er t h a n t h e cli m at es of m o st of t h e 

s e cti o ns i n t h e n ati o n al c ali br ati o n s et. It als o m a k es s e n s e b e c a us e m u c h of t h e n ati o n al d at a s et p ert ai n s t o 

c o n cr et e wit h li m est o n e a g gr e g at es, w hil e t h e a g gr e g at es us e d i n C alif or ni a’s c o n cr et e ar e pri m aril y of i g n e o us 

ori gi n, a n d t h es e i g n e o us a g gr e g at es oft e n h a v e gr e at er c o effi ci e nts of t h er m al e x p a nsi o n ( C T E) t h a n li m est o n e 

a g gr e g at es. T h e dr y cli m at e a n d i g n e o us a g gr e g at es w o ul d t e n d, r es p e cti v el y, t o i n cr e as e t h e dr yi n g s hri n k a g e 

gr a di e nts a n d t h e eff e cts of t h er m al gr a di e nts, i n cr e asi n g t h e t e nsil e str ess es t h at c a us e cr a c ki n g. F urt h er, 

C alif or ni a h as n eit h er t h e pr ol o n g e d fr e e zi n g n or t h a wi n g pr e v al e nt i n t h e n ati o n al c ali br ati o n, w hi c h c h ar a ct eri z e 

t h e cli m ati c c o n diti o ns of a si g nifi c a nt p orti o n of t h e c o u ntr y. 

T h er ef or e, t o us e t h e M E P D G f or p a v e m e nt d esi g n i n C alif or ni a, it b e c a m e n e c ess ar y t o v ali d at e t h e m o d els i n 

t h e M E P D G b as e d o n t h e p erf or m a n c e of t h e st at e’ s p a v e m ents, a n d t o r e c ali br at e t h e m o d els if n e e d e d. I n 

a d diti o n, t h e r eli a bilit y a p pr o a c h u s e d i n t h e s oft w ar e pr o gr a m P a v e m e nt M E, w hi c h i m pl e m e nts t h e M E P D G 

m o d el s, is b as e d o n t h e n ati o n al c ali br ati o n a n d d o es n ot e x pli citl y a d dr ess t h e t y pi c al l o c ali z e d v ari a bilit y of 

i m p ort a nt v ari a bl es. T h er ef or e, o n c e t h e m o d els h a v e b e e n c ali br at e d t o a c c o u nt f o r l o c al c o n diti o ns, u p d at e d 

d esi g n t o ols b as e d o n t h e c ali br at e d s oft w ar e m u st b e d e v e l o p e d. T h e first st e p i n t his pr o c ess is t o p erf or m a 

s e nsiti vit y a n al y sis t o c h e c k t h e r e as o n a bl e n ess of t h e m o d els’ pr e di cti o ns, t o i d e ntif y p ot e nti al s oft w ar e iss u es, 

a n d t o h el p i d e ntif y a n d u n d erst a n d t h e i n p uts t h at si g nifi c a ntl y aff e ct t h e m o d els’ o ut p uts. 

I n 2 0 0 6, t h e U ni v ersit y of C alif or ni a P a v e m e nt R ese ar c h C e nt er ( U C P R C) p erf or m e d a r es e ar c h st u d y t h at 

i n cl u d e d a n i niti al s e nsiti vit y a n al y sis of j oi nt e d pl ai n c o n cr et e p a v e m e nt (J P CP) distr ess pr e di cti o n m o d els i n t h e 

M E P D G ( 2). T h at st u d y i d e ntifi e d t h e m o st i m p ort a nt v ari a bl es aff e cti n g pr e di ct e d p erf or m a n c e, a n d st u di e d a 

d esi g n v ari a bl e t h at w as f o u n d t o b e t h e m o st i m p ort a nt o n e f or pr e di cti n g t h e p erf or m a n c e of J P C P p a v e m e nts i n 

C alif or ni a ( 3) —t h e ti m e t o l oss of b o n di n g b et w e e n t h e c o n cr et e an d t h e b as e. Aft er t h at st u d y, t h e s oft w ar e w as 

us e d t o pr o d u c e a pr eli mi n ar y d esi g n c at al o g f or t h e C altr a ns Hi g h w a y D esi g n M a n u al ( H D M); C altr a ns f urt h er 

a dj ust e d t h at c at al o g t o pr o d u c e t h e o n e i n t h e c urr e nt H D M. T h e ass u m pti o ns a n d r es ults f or t h at pr eli mi n ar y 

d esi g n c at al o g ar e d o c u m e nt e d i n R ef er e n c e ( 4). 
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As n ot e d, P a v e m e nt M E, t h e c urr e nt s oft w ar e pr o gr a m d e v el o p e d fr o m t h e M E P D G m o d els, us es t h os e m o d els 

t o pr e di ct I RI, f a ulti n g, a n d tr a ns v ers e cr a c ki n g. ( N ot e: i n t his r e p ort t h e d esi g n g ui d e is r ef e rr e d t o as M E P D G 

a n d t h e s oft w ar e is r ef err e d t o as P a v e m e nt M E.) 

T h e C altr a ns p a v e m e nt m a n a g e m e nt s y st e m ( P M S) b as es it s m a n a g e m e nt of J P C P o n t hir d-st a g e cr a c ki n g, as 

o p p os e d t o first-st a g e cr a c ki n g or tr a ns v ers e cr a c ki n g. First-st a g e c r a c ki n g is d efi n e d as cr a c ki n g st at e w h er e t h e 

first cr a c k di vi d es a sl a b i nt o t w o pie c es. A first-st a g e cr a c k c a n b e a tr a ns v ers e cr a c k, t h e o nl y t y p e of cr a c ki n g 

m o d el e d b y P a v e m e nt M E, or a l o n git u di n al cr a c k, w hi c h als o o c c urs o n C altr a ns J P C P ( 5). T hir d-st a g e cr a c ki n g 

is d efi n e d as a st at e of cr a c ki n g t h at divi d es a sl a b i nt o t hr e e or m or e pi e c es. I n C alif or ni a, a tr a ns v ers e cr a c k is 

o n e of t h e cr a c k t y p es t h at c o m m o nl y cr e at e s a t hir d- st a g e cr a c k w h e n it c o m bi n es wit h a l o n git u di n al cr a c k — 

alt h o u g h, l ess fr e q u e ntl y, t hir d-st a g e cr a c ki n g is als o cr e at e d b y t w o tr a ns v ers e cr a c ks, or t w o l o n git u di n al cr a c ks. 

1. 1. 1 E arli er P a v e m e nt M E C ali br ati o n 

T h e tr a diti o n al a p pr o a c h t a k e n f or v ali d ati n g a n d c ali br a ti n g m e c h a nisti c- e m piri c al ( M E) d esi g n m et h o ds is t o 

c oll e ct all i n p ut d at a —i n cl u di n g p erf or m a n c e, as- b uilt, a n d d et ail e d m at eri al s d at a —f or t e ns of s e cti o ns wit hi n a 

st at e, a n d t o t h e n c o m p ar e t h e pr e di ct e d a n d m e as ur e d p erf or m a n c e of t h os e s e cti o ns. F or t h e n ati o n al c ali br ati o n 

of P a v e m e nt M E, d at a w as c oll e ct e d o n s e v er al h u n dr e d L o n g- T er m P a v e m e nt P erf or m a n c e ( L T P P) s e cti o ns 

a cr oss t h e U S. 

T h e C alif or ni a-f o c us e d c ali br ati o n of a n e arl y v ersi o n of P a v e m e nt M E ( 3) f oll o w e d t h e tr a diti o n al a p pr o a c h, a n d 

i n cl u d e d j ust 5 2 J P C P a n d 4 3 cr a c k, s e at, a n d o v erl a y s e ctio ns. At t h e ti m e t h e y w er e c or e d, t h e s e cti o ns’ first-

st a g e tr a ns v ers e a n d l o n git u di n al cr a c ki n g a n d t hir d-st a g e cr a c ki n g w er e m e as ur e d, a n d d efl e cti o n t esti n g w a s 

p erf or m e d o n ar e a s of t h e s e cti o ns t h at h a d n ot b e e n o v erl ai d wit h as p h alt. T o d e v el o p b ett er tr a ns v ers e cr a c ki n g 

hist ori es of all t h e s e cti o ns, a n d t o l e ar n w h et h er t h e m e as ur e d t hir d-st a g e cr a c ks h a d b e g u n as a first-st a g e 

tr a ns v ers e or a l o n git u di n al cr a c k, it w as n e c ess ar y t o pr o d u c e a n esti m at e d tr a ns v ers e cr a c ki n g hist or y f or e a c h 

s e cti o n, st arti n g at t h e ti m e of its c o nstr u cti o n. B ut b e c a us e t h er e w a s i ns uffi ci e nt d a t a a n d b e c a us e t h e s e cti o n di d 

n ot c o m e fr o m e n o u g h ar e as of t h e st at e t o b e tr ul y r e pr es e nt ati v e of c o n diti o ns e v er y w h er e, it w as n ot p ossi bl e 

t o d e v el o p a m o d el f or pr e di cti n g w h et h er a t hir d-st a g e cra c k h a d ori gi n at e d as a tr a ns v ers e cr a c k or a l o n git u di n al 

o n e. T o a c c o u nt f or t h es e s p e cifi cs, a r a n g e of p ot e nti a l tr a ns v ers e cr a c ki n g hist ori es w as pr o d u c e d f or e a c h 

s e cti o n; i n t h es e hist ori es, t h e m a xi m u m of t h e r a n g e ass u m e d t h at all t hir d-st a g e cr a c ks b e g a n as tr a ns v ers e cr a c ks 

w hil e t h e mi ni m u m of t h e r a n g e ass u m e d t h at all t hir d- st a g e cr a c ks b e g a n as l o n git u di n al cr a c ks. Alt h o u g h t his 

pr o vi d e d a m e a ns f or d e ali n g wit h t h e l a c k of d at a, it als o a d d e d u n c ert ai nt y t o t h e c ali br ati o n p erf or m e d. 
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S o o n aft er t h at c ali br ati o n, C altr a ns r e q u est e d d e v el o p m e nt of a tr a nsf er f u n cti o n t h at c o ul d pr e di ct t hir d-st a g e 

cr a c ki n g fr o m tr a ns v er s e cr a c ki n g pr e di cti o ns; t his f u n c ti o n w as d e v el o p e d a n d us e d i n t h e cr e ati o n of t h e 

pr eli mi n ar y d esi g n t a bl es t h at s er v e d as t h e b asis f or t h e d esi g n t a bl es i n cl u d e d i n t h e 2 0 0 7 H D M. ( N o 

d o c u m e nt ati o n of t h e tr a nsf er f u n cti o n’ s d e v el o p m e nt h as b e e n p u blis h e d.) T h e c ali br ati o n of P a v e m e nt M E t h at 

f oll o ws t his s e nsiti vit y st u d y will b e t o tr a ns v ers e cr a c ki n g, b ut it will us e a m o d el t h at is b ett er at s e p ar ati n g t h e 

first-st a g e cr a c ki n g hist ori es i n t h e P M S p erf or m a n c e d at a i nt o esti m at e s of tr a ns v ers e a n d l o n git u di n al cr a c ki n g. 

T his is n o w p ossi bl e usi n g t h e m u c h l ar g er a n d b ett er d at a b as e t h at is n o w a v ail a bl e. 

1. 2 O v e r vi e w of C u r r e nt C ali b r ati o n a n d D esi g n D e v el o p m e nt 

I n 2 0 1 0, C altr a ns d e v el o p e d t h e c a p a cit y t o c oll e ct A ut om at e d P a v e m e nt C o n diti o n S ur v e y ( A P C S) d at a fr o m t h e 

st at e hi g h w a y n et w or k, a n d as a r es ult a m u c h l ar g er a n d m or e r eli a bl e p a v e m e nt c o n diti o n d at a b as e is n o w 

a v ail a bl e i n t h e p a v e m e nt m a n a g e m e nt s y st e m ( P M S). Aft er a c o nsi d er a bl e eff ort b y C altr a ns t o u p d at e t h e 

d at a b as e, it n o w i n cl u d es as- b uilt d at a s u c h as p a v e m e nt str u ct ur e, b as e t y p e, s h o ul d er t y p e, sl a b l e n gt h, a n d 

c o nstr u cti o n y e ar. It e ms t h at w er e m o stl y u n a v ail a bl e f o r t h e pr e vi o us st u d y ar e n o w a c c e ssi bl e f or al m o st e v er y 

pr oj e ct b uilt si n c e 1 9 9 0, a n d m a n y b uilt pri or t o t h at y e ar. T h es e d at a pr o vi d e t h e c a p a bilit y t o v ali d at e a n d 

c ali br at e P a v e m e nt M E usi n g t h o u s a n ds of p erf or m a n c e d at a o bs er v ati o ns a n d t o us e t h e e x pl a n at or y d at a i n t h e 

as- b uilt d at a b as e. F urt h er, i n a d diti o n t o t h e n e w d at a i n t h e P M S, t h er e ar e als o m or e d et ail e d d at a c oll e ct e d f or 

C altr a ns b y t h e U C P R C o n m or e t h a n 1 0 0 pr oj e cts s a m pl e d i n t h e e arl y 2 0 0 0s a n d 2 0 1 0s. T h es e ar e d at a f or 

v ari a bl es n ot i n t h e P M S as- b uilt d at a b as e, s u c h as t h e pr o p erti es of c o n cr et e m at eri als a n d t h e stiff n ess es of 

u n d erl yi n g l a y ers. 

P a v e m e nt M E h as c o nti n u e d t o e v ol v e si n c e t h e e arli er st u d y, a n d si n c e 2 0 0 6 A A S H T O h as r el e as e d s e v er al n e w 

v ersi o ns t h at i n cl u d e i m pr o v e m e nts t o b ot h t h e m o d els a n d t h e i m pl e m e nt ati o n of t h e s oft w ar e. 

H a vi n g a n u p d at e d, i m pr o v e d v ersi o n of P a v e m e nt M E a n d m or e, hi g h er q u alit y d at a i n t h e C altr a ns P M S g a v e 

C altr a ns a n d t h e U C P R C t h e o p p ort u nit y t o p erf or m a n e w J P C P cr a c ki n g m o d el s e nsiti vit y a n al y sis a n d a 

C alif or ni a-s p e cifi c c ali br ati o n w h os e r es ults c a n b e us e d t o pr o d u c e u p d at e d d esi g n t o ols. T his c urr e nt st u d y 

u n d ert o o k t h os e t as ks usi n g t h e l at est v ersi o n of P a v e m e nt M E a v ail a bl e at t h e ti m e, v ersi o n v. 2. 5. 3. A n d, m or e 

i m p ort a ntl y, t h e st u d y f oll o w e d a n e w a p pr o a c h t o t h e c ali br ati o n pr o c ess. 

T his n e w c ali br ati o n pr o c ess a p pr o a c h r e c o g ni z es t h at i n C alif or ni a’ s d esi g n- bi d- b uil d (l o w- bi d) c o ntr a cti n g 

e n vir o n m e nt, a d esi g n er d o es n ot a ct u all y k n o w i n d et ail t h e pr o p erti es of t h e m at eri als t h at will b e us e d w h e n t h e 

d esi g n is b uilt. T h er ef or e, t h e c ali br ati o n will us e d et ail e d m e di a n st at e wi d e v al u es of t h e m at eri als’ pr o p erti es t o 

c ali br at e t h e m o d el s usi n g t h e l ar g e p erf or m a n c e d at a b as e, a n d t o c al c ul at e t h e v ari a bilit y of p erf or m a n c e c a us e d 
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b y diff er e n c es b et w e e n t h e c o ntr a ct ors’ as- b uilt m at eri al s a n d t h e st at e wi d e m e di a n v al u es. T h e c ali br ati o n will 

us e t h e d et ails fr o m t h e P M S r e g ar di n g l a y er t y p es, t h i c k n ess es, sl a b di m e nsi o ns, s h o ul d er t y p es, d at es of 

c o nstr u cti o n, a n d p erf or m a n c e d at a, al o n g wit h d et ail e d cli m at e a n d tr affi c d at a, t o fi n d t h e c o effi ci e nts i n 

P a v e m e nt M E t h at o n a v er a g e pr o d u c e t h e b est m at c h b et w e e n pr e di ct e d a n d o bs er v e d p erf or m a n c e. T h e 

distri b uti o n of diff er e n c es b et w e e n t h e pr e di ct e d a n d t h e o bs er v e d p erf or m a n c e als o pr o vi d e i nf or m ati o n n e e d e d 

f or i ntr o d u ci n g r eli a bilit y i nt o t h e f ut ur e d esi g n t o ols. 

T his pr oj e ct will c ali br at e P a v e m e nt M E t o t h e tr a ns v er s e cr a c ki n g esti m at es t h at r es u lt fr o m a d di n g t h e tr a ns v ers e 

cr a c ki n g esti m at e d fr o m first-st a g e cr a c ki n g t o t hir d-st a g e cr a c ki n g. T o a c hi e v e t his r es ult, t h e st u d y will d e v el o p 

a n e w m o d el t h at yi el ds t h e pr o b a bilit y t h at a first-st a g e cr a c k is l o n git u di n al or tr a n s v ers e. T his eff ort will us e 

t h e 2 0 1 1/ 2 0 1 2 A P C S d at a, w hi c h a c c ur at el y s e p ar at e d tr a ns v ers e a n d l o n git u di n al cr a c ki n g o n all of t h e J P C 

p a v e m e nts a cr oss t h e st at e, t h er e b y pr o vi di n g s uffi ci e nt d at a t o pr o d u c e t h e m o d el. T his m o d el will t h e n b e us e d 

t o pr e di ct t h e r at e of tr a n s v ers e a n d l o n git u di n al cra c ki n g d e v el o p m e nt i n d e p e n d e ntl y f or all of t h e J P C P 

p erf or m a n c e d at a i n t h e P M S d at a b as e, i n cl u di n g c o nsi d er ati o n of e x pl a n at or y v ari a bl es s u c h as s h o ul d er t y p e, 

cli m at e r e gi o n, t hi c k n ess, a n d sl a b di m e nsi o ns, a m o n g ot h ers. 

T h e m o d el will als o b e a bl e t o r el at e t h e d e v el o p m e nt of tr a ns v ers e cr a c ki n g t o t h e s u bs e q u e nt d e v el o p m e nt of 

t hir d-st a g e cr a c ki n g. D at a a b o ut t his r el ati o ns hi p c a n b e us e d t o s et tr a ns v ers e cr a c ki n g f ail ur e l e v els f or t h e 

d e v el o p m e nt of d esi g n t o ols, a n d t o r el at e pr e di ct e d tr a ns v ers e cr a c ki n g fr o m P a v e m e nt M E t o t h e t hir d-st a g e 

cr a c ki n g us e d i n t h e P M S. 

T h e c ali br ati o n of t h e P a v e m e nt M E e m piri c al m o d el tr a ns v ers e cr a c ki n g c o effi ci e nts C 4 a n d C5 will b e m a d e 

usi n g t h e pr e di ct e d p orti o n of tr a ns v ers e cr a c ki n g fr o m t h e o bs er v e d first-st a g e cr a c ki n g. T h e m o d el will al s o b e 

a bl e t o i d e ntif y sit u ati o ns w h er e l o n git u di n al cr a c k i n g is e x p e ct e d, a n d ass o ci at e d d esi g n g ui d a n c e will b e 

d e v el o p e d t o h el p d esi g n ers li mit t h e p ossi bilit y of e arl y f ail ur e fr o m t his cr a c ki n g m o d e. P a v e m e nt M E w as n ot 

d e v el o p e d t o pr e di ct l o n git u di n al cr a c k i n g b e c a us e t his t y p e of cr a c ki n g s el d o m o c c urs o utsi d e of t h e dr y cli m at e 

r e gi o ns t h at ar e pr e d o mi n a nt i n C alif or ni a a n d i n s o m e ot h er W est er n st at es. 

As a first st e p i n t h e v ali d ati o n a n d c ali br ati o n pr o c ess, a s e nsiti vit y a n al y sis w as p erf or m e d o n t h e P a v e m e nt M E 

m o d el s f or J P C P. T his st e p is t h e s u bj e ct of t his r e p or t. As n ot e d i n S e cti o n 1. 1, t h e s e nsiti vit y a n al y sis w as 

p erf or m e d t o c h e c k t h e r e as o n a bl e n ess of t h e m o d els’ pr e d i cti o ns, t o i d e ntif y p ot e nti al s oft w ar e i ss u es, a n d t o 

h el p i d e ntif y a n d u n d erst a n d t h e i n p uts t h at si g nifi c a nt aff e ct t h e m o d els’ o ut p uts. T h e s e nsiti vit y a n al y sis i n cl u d e d 

t h e d e v el o p m e nt of d et ail e d m at eri al s pr o p erti es distri b uti o ns, f oll o w e d b y a n e v al u ati o n of t h e s e nsiti vit y of 

P a v e m e nt M E p erf or m a n c e pr e di cti o ns t o b ot h t h e v ari a b l es k n o w n t o t h e d esi g n er a n d t h e distri b uti o ns of t h e 

u n k n o w n d et ail e d m at eri als v ari a bl es. 
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It s h o ul d b e n ot e d t h at t h e r a n g es of v ari a bl es c o nsi d er e d i n t his st u d y w er e s el e ct e d b as e d o n t h e hist ori c al d at a 

a v ail a bl e i n t h e P M S d at a b as e f or d esi g n v ari a bl es ( k n o w n t o t h e d esi g n er, e. g., p ortl a n d c e m e nt c o n cr et e [ P C C] 

sl a b t hi c k n ess, P C C sl a b l e n gt h, b as e t y p e, s h o ul d er t y p e , et c.) a n d t h e U C P R C m at eri al d at a b as e f or n o n- d esi g n 

v ari a bl es ( n ot k n o w n t o t h e d esi g n er, e. g., P C C c o m pr essi v e str e n gt h, P C C c o effi ci e nt of t h er m al e x p a nsi o n 

[ C T E], P C C s h ort w a v e a bs or pti vit y, et c.). T h er ef or e, t h e r a n g e s el e ct e d f or e a c h v ari a bl e r efl e ct s p ast c o nstr u cti o n 

pr a cti c es i n C alif or ni a w hil e t esti n g t h e s e nsiti vit y of t h e m o d els’ p erf or m a n c e wit h t h e v ari a bl es’ c h a n g es. 

T h e v ari a bl es a n d t h eir r a n g es us e d i n t h e s e nsiti vit y a n al y sis f a ct ori al ar e diff er e nt fr o m t h os e t h at will b e us e d 

f or eit h er c ali br ati o n or d esi g n c at al o g d e v el o p m e nt. I n t he c ali br ati o n pr o c ess, t h e r a n g e s el e ct e d f or e a c h v ari a bl e 

will i n cl u d e all t h e v al u es e v er us e d f or J P C P c o nstr u c ti o n i n C alif or ni a, b as e d o n t h e P M S d at a b as e. T h e d esi g n 

c at al o g d e v el o p m e nt will b ot h i n cl u d e s el e ct e d v al u es fr o m t h e c ali br ati o n a n d a d diti o n al v al u es i nt e n d e d t o r efl e ct 

f ut ur e r a n g es f or t h e d esi g n v ari a bl es i n C alif or ni a. T he P a v e m e nt M E c ali br ati o n a n d d esi g n c at al o g d e v el o p m e nt 

will b e e x pl ai n e d i n d et ail i n t h e n e xt r e p ort pr o d u c e d b y t his pr oj e ct. 

T h e s e nsiti vit y a n al y sis i n cl u d e d t h e m o d el s f or tr a n s v ers e cr a c ki n g, m e a n tr a ns v ers e j oi nt f a ulti n g, a n d 

s m o ot h n ess i n d e x (I nt er n ati o n al R o u g h n ess I n d e x [I RI]). 

T h e r es ults pr es e nt e d i n t his r e p ort d e m o nstr at e t h e s e nsiti v it y of t h e r es ults of t h e P a v e m e nt M E d esi g n s oft w ar e 

t o t h e v ari o us i n p uts b as e d o n a n ass ess m e nt of t h e distri b uti o ns of d esi g n v ari a bl es. I n a d diti o n, t h e w or k 

pr es e nt e d w a s als o us e d t o i d e ntif y p ot e nti al iss u es wit h t h e P a v e m e nt M E s oft w ar e a n d t o pr o vi d e a pr a cti c al 

ass e ss m e nt of h o w b est t o us e P a v e m e nt M E f or d esi g n. 

I n C h a pt er 2, P a v e m e nt M E p erf or m a n c e pr e di cti o n m o d els f or tr a ns v ers e cr a c ki n g, m e a n tr a ns v ers e j oi nt 

f a ulti n g, a n d s m o ot h n ess i n d e x ar e s u m m ari z e d. I n C h a pt er 3, t h e s e nsiti vit y a n al y sis r es ults ar e pr es e nt e d. 

C h a pt er 4 pr es e nts t h e s e nsiti vit y a n al y sis st u d y’ s c o n cl usi o ns. T h e a p p e n di x pr o vi d es i nf or m ati o n a b o ut t h e 

distri b uti o ns of t h e d et ail e d m at eri al s d at a a v ail a bl e f or c ali br ati o n o bt ai n e d fr o m v ari o us e arli er U C P R C pr oj e cts, 

i n cl u di n g t h e r a n g e, m e a n, a n d st a n d ar d d e vi ati o ns f or e a c h v ari a bl e, a n d a s h ort d es cri pti o n of w ei g h-i n- m oti o n 

( WI M) gr o u ps i n C alif or ni a. 
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2 P A V E M E N T M A N A G E M E N T S Y S T E M D A T A 

2. 1 I nt r o d u cti o n 

P a v e m e nt m a n a g e m e nt is t h e pr o c ess of usi n g a v ail a bl e fi n a n ci al r e s o ur c es as effi ci e ntl y as p ossi bl e t o e ns ur e t h e 

hi g h est o v er all f u n cti o n al p erf or m a n c e of a r o a d n et w or k, b ot h s p ati all y a n d wit h ti m e, w hil e m ai nt ai ni n g t h e 

str u ct ur al c o n diti o n of t h e p a v e m e nts t o pr ot e ct t h e i n iti al i n v est m e nt i n c o nstr u cti o n. T o p erf or m p a v e m e nt 

m a n a g e m e nt, it is n e c ess ar y t o c a pt ur e t h e c urr e nt f u n cti o n a l a n d str u ct ur al c o n diti o n of t h e n et w or k a n d pr e di ct 

t h e f ut ur e c o n diti o n f or diff er e nt m a n a g e m e nt s c e n ari os. Hist ori c all y, a t e a m of C altr a n s p a v e m e nt r at ers 

c o n d u ct e d a m a n u al p a v e m e nt c o n diti o n s u r v e y at v ari o us l o c ati o ns al o n g t h e st at e hi g h w a y s y st e m ( S H S) o n c e 

a y e ar. T h e p a v e m e nt r at ers vis u all y i ns p e ct e d t h e o utsi d e hi g h w a y l a n es f or b ot h dir e cti o ns of tr a v el usi n g 

s y st e m ati c s a m pli n g t e c h ni q u es. P a v e m e nt c o n diti o n ass ess m e nts w er e e xtr a p ol at e d f or e a c h s e cti o n of t h e e ntir e 

S H S b as e d o n s a m pl e l o c ati o ns wit hi n e a c h s e cti o n. 

T h e b o u n d ari es of p a v e m e nt m a n a g e m e nt s e cti o ns a cr oss t h e n et w or k c h a n g e d a n n u all y, as di d t h e l o c ati o ns 

w h er e s ur v e y s o c c urr e d. T his m a d e b uil di n g p erf or m a n c e hist ori es diffi c ult f or t h e 2 0 0 6 P a v e m e nt M E c ali br ati o n 

b e c a us e t h e s a m e l o c ati o n w as n ot s a m p l e d e a c h y e ar. T h e c h a n gi n g of s e cti o n b o u n d ari es fr o m y e ar t o y e ar als o 

m e a nt t h at a gi v e n p a v e m e nt’s l o c ati o n c o ul d b e i n cl u d e d i n a diff er e nt p a v e m e nt s e cti o n i n a n y gi v e n y e ar. 

T y pi c all y, j oi nt e d pl ai n c o n cr et e p a v e m e nts (J P C Ps) s e cti o ns w er e a p pr o xi m at el y o n e mil e l o n g. 

B et w e e n 2 0 1 1 a n d 2 0 1 2, C altr a n s b e g a n t esti n g a n d tr a nsiti o ni n g t o t h e A ut o m at e d P a v e m e nt C o n diti o n S ur v e y 

( A P C S). T h e A P C S c a n effi ci e ntl y c oll e ct, e v al u at e, a n d a n al y z e p a v e m e nt c o n diti o ns f or all l a n es o n t h e S H S. It 

utili z es v e hi cl es e q ui p p e d wit h a n arr a y of o n- b o ar d hi g h- d efi niti o n c a m er as, l as er s e ns ors, Gl o b al P ositi o ni n g 

S y st e m tr a c k ers, a n d ot h er m e as ur e m e nt d e vi c es t h at q ui c kl y c oll e ct p a v e m e nt d at a at hi g h w a y s p e e ds. T h e 

i nf or m ati o n c oll e ct e d i n cl u d es g e o gr a p hi c al l o c ati o ns of t h e hi g h w a y s, d o w n w ar d-l o o ki n g p a v e m e nt s urf a c e 

i m a g es, f or w ar d ri g ht- of- w a y i m a g es, a n d p a v e m e nt s urf a c e pr ofil es. T h e d at a ar e c oll e ct e d i n s e g m e nts r ef err e d 

t o as el e m e nt s, w hi c h ar e 2 6. 4-f o ot s e cti o ns. T his is tr u e f or b ot h as p h alt p a v e m e nt a n d c o nti n u all y r ei nf or c e d 

c o n cr et e p a v e m e nt ( C R C P). T h e s a m e is d o n e o n e v er y c o n cr et e sl a b f or a J P C p a v e m e nt. T h es e d at a ar e t h e n 

a g gr e g at e d t o c al c ul at e a w ei g ht e d a v er a g e of t h e p a v e m e nt c o n diti o n f or e a c h 0. 1- mil e s e g m e nt. 

B e c a us e e v al u ati n g c o n diti o n, es p e ci all y f u n cti o n al c o n diti o n, c a n b e s u bj e cti v e, a g e n ci es h a v e g e n er all y s ettl e d 

o n tr yi n g t o i d e ntif y a n d q u a ntif y s p e cifi c distr ess es. A distr ess is a m e as ur a bl e p h e n o m e n o n o n t h e s urf a c e of a 

p a v e m e nt, s u c h as o bs er v a bl e cr a c ki n g, c h a n g es i n ri d e q u alit y (s m o ot h n ess/r o u g h n ess), or r utti n g. Distr ess is t h e 

r es ult of i nt er n al d et eri or ati o n wit hi n t h e p a v e m e nt, s uc h as b ott o m- u p f ati g u e cr a c ki n g or pl asti c d ef or m ati o n of 

m at eri als. D et eri or ati o n, i n t ur n is t h e r es ult of i nt er n al d a m a g e wit hi n t h e m at eri als, w hi c h is n ot o bs er v a bl e. T his 

mi g ht i n cl u d e p arti cl e m o v e m e nt, br e a ki n g of b o n ds, or ot h er at o mi c/ mi cr os c o pi c c h a n g es. 
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T h es e d a m a g e pr o c ess es als o t a k e pl a c e at diff er e nt r at es at diff er e nt l o c ati o ns i n t h e p a v e m e nt b e c a u s e of 

v ari a bilit y i n t h e m at eri al s a n d c o nstr u cti o n of t h e p a v e m e nt. As a r es ult, distr ess is o bs er v e d t o a c c u m ul at e at 

diff er e nt r at es al o n g t h e r o a d s urf a c e, e v e n wit hi n a s e cti o n t h at is n o mi n all y u nif or m wit h r e g ar d t o c o nstr u cti o n, 

tr affi c, a n d cli m at e. 

T his c h a pt er o utli n es t h e p a v e m e nt str u ct ur al, cli m at e, a n d tr affi c v ari a bl es al o n g wit h distr ess m e as ur es a v ail a bl e 

i n C alif or ni a’s p a v e m e nt m a n a g e m e nt s y st e m ( c all e d P a v e M ) d at a b as e. It als o bri efl y dis c uss es i n q u alit ati v e 

t er ms t h e eff e cts of diff er e nt v ari a bl es o n t h e p erf or m a nc e of t h e J P C P o v er t h e s er vi c e lif e o bs er v e d i n t h e d at a. 

T h es e s a m e d at a w er e us e d t o d e v el o p e m piri c al p erf or m a n c e m o d els f or t h e C altr a ns P M S, w hi c h w er e i n t ur n 

us e d t o c ali br at e P a v e m e nt M E. 

A st atisti c al p erf or m a n c e m o d el is d e v el o p e d usi n g d at a o bt ai n e d t hr o u g h p a v e m e nt c o n diti o n s ur v e y s. T h e m o d el 

pr e di cts t h e f ut ur e p erf or m a n c e ( c o n diti o n) of t h e p a v e m e nt —i n t his st u d y, t h e m o d el pr e di ct e d p erf or m a n c e i n 

t er ms of cr a c ki n g as a p er c e nt of sl a bs cr a c k e d, ri d e q u alit y as m e as ur e d b y t h e I nt er n ati o n al R o u g h n ess I n d e x 

(I RI), a n d f a ulti n g. As e x pl a n at or y v ari a bl es, t h e m o d el us e d b ot h p a v e m e nt str u ct ur al v ari a bl es s u c h as sl a b 

t hi c k n ess, P C C sl a b l e n gt h, b as e t y p e, s h o ul d er t y p e, a n d l o a d tr a n sf er effi ci e n c y ( d o w el e d/ u n d o w el e d), as w ell 

as n o nstr u ct ur al v ari a bl es s u c h as cli m at e a n d tr affi c l o a ds. T his r e p ort is n ot i nt e n d e d t o c o v er t h e d e v el o p m e nt 

of p erf or m a n c e m o d els; h o w e v er, t h e r es ults of t h e p erf or m a n c e m o d el s f or first- a n d t hir d-st a g e J P C P cr a c ki n g 

d e v el o p e d f or t h e P M S w er e us e d t o i n v esti g at e t h e e ff e cts of diff er e nt v ari a bl es o n t h e p erf or m a n c e of J P C P. 

D et ail e d d es cri pti o ns of t h e P a v e M p erf or m a n c e m o d els will b e pr o vi d e d i n a s e p ar at e r e p ort. 

2. 2 J P C P St r u ct u r al Dist r e ss M e as u r es i n C alt r a ns P M S D at a 

2. 2. 1 C o n cr et e Sl a b Cr a c ki n g 

Cr a c ki n g is a t y pi c al t y p e of distr ess t h at o c c urs i n j oi nt e d pl ai n c o n cr et e d u e t o tr affi c l o a di n g a n d e n vir o n m e nt al 

c o n diti o ns. E a c h tr affi c l o a di n g p ass a p pli es d a m a g e-i n d u ci n g str ess a n d str ai n i n t h e c o n cr et e sl a bs, wit h t h e 

mi n or d a m a g e fr o m e a c h l o a d a c c u m ul ati n g o v er t h o us a n ds t o h u n dr e ds of milli o ns of l o a d p ass es u ntil it 

e v e nt u all y r es ults i n f ail ur e i n t h e f or m of f ati g u e cr a c ki n g. E n vir o n m e nt al c o n diti o ns s u c h as t h e c urli n g c a us e d 

b y diff er e nti al t e m p er at ur es i n t h e sl a b a n d t h e w ar pi n g c a us e d b y diff er e nti al s hri n k a g e als o cr e at e str es s i n t h e 

c o n cr et e t h at c o ntri b ut es t o t h e d a m a g e i n t h e c o n cr et e sl a b. 

Cr a c ki n g i n c o n cr et e sl a bs c a n b e c at e g ori z e d i nt o t hr e e m ai n t y p es: tr a ns v ers e cr a c ki n g, l o n git u di n al cr a c ki n g, 

a n d c or n er cr a c ki n g. T h e t y pi c al t y p e of cr a c ki n g i n c o n cr e t e sl a bs i n C alif or ni a is tr a ns v ers e cr a c ki n g. Tr a ns v ers e 

cr a c ks a p p e ar p er p e n di c ul ar t o t h e p a v e m e nt c e nt erli n e a n d e xt e n d a cr oss t h e e ntir e sl a b fr o m o n e l o n git u di n al 
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e d g e t o t h e ot h er. L o n git u di n al cr a c ks a p p e ar p ar all el t o t h e p a v e m e nt c e nt erli n e a n d e xt e n d al o n g t h e e ntir e sl a b 

fr o m o n e tr a ns v ers e j oi nt t o t h e ot h er. C or n er cr a c ks o c c ur i n o n e q u a dr a nt of a sl a b, a n d h a v e o n e e n d p oi nt o n a 

l o n git u di n al j oi nt a n d t h e ot h er o n a tr a ns v ers e j oi nt. 

T y pi c all y, a c o m bi n ati o n of r e p e at e d l o a ds c o m bi n e d w it h t h er m al a n d s hri n k a g e str ess e s c a us es tr a ns v ers e 

cr a c ki n g i n c o n cr et e sl a bs. T h e i niti ati o n a n d pr o gr essi o n of tr a ns v ers e cr a c ki n g g e n er a ll y o c c ur i n t w o p att er ns: 

b ott o m- u p cr a c ki n g a n d t o p- d o w n cr a c ki n g. I n t h e c as e of b ott o m- u p cr a c ki n g, w h e n tr u c k a xl es ar e n e ar t h e 

l o n git u di n al e d g e of t h e sl a b, mi d w a y b et w e e n t h e tr a ns v ers e j oi nts, a criti c al t e nsil e str ess o c c urs at t h e b ott o m 

of t h e sl a b wit h its m a xi m u m v e ct or i n t h e l o n git u di n al dir e cti o n. T h e pr es e n c e of a hi g h p ositi v e v erti c al 

t e m p er at ur e gr a di e nt (t h e t o p of t h e sl a b is w ar m er t ha n t h e b ott o m of t h e sl a b) t h r o u g h t h e sl a b t hi c k n ess c a us es 

a d diti o n al t e nsil e str ess at t h e b ott o m of t h e c o n c r et e sl a b t h at c o ntri b ut es t o b ott o m- u p cr a c ki n g. 

I n c o ntr ast, h e a v y tr u c ks wit h s h ort er a xl e s p a ci n gs l o a d t h e o p p osit e e n ds of a sl a b si m ult a n e o usl y. T h e r es ult is 

t h at hi g h er t e nsil e str es s es o c c ur at t h e t o p of t h e sla b t h a n t h e b ott o m, a n d c o ns e q u e ntl y tr a ns v ers e f ati g u e 

cr a c ki n g b e gi ns at t h e t o p of t h e sl a b. T o p- d o w n tr a ns v ers e cr a c ki n g is a c c el er at e d b y hi g h n e g ati v e t e m p er at ur e 

gr a di e nts (t h e t o p of t h e sl a b is c o ol er t h a n t h e b ott o m of t h e sl a b) t h at c a us e t e nsil e str ess at t h e t o p of t h e sl a b. 

L o n git u di n al cr a c ki n g i n C alif or ni a is pri m aril y c a us e d b y hi g h diff er e nti al dr yi n g s hri n k a g e t h at c a us es hi g h 

t e nsil e str ess es at t h e t o p of t h e sl a b, w hi c h c o m bi n e d wit h tr u c k a xl e l o a di n g n e ar t h e e d g e of t h e sl a b r es ults i n 

t o p- d o w n cr a c ki n g. C or n er cr a c ki n g is als o c a us e d b y a to p- d o w n m e c h a nis m, w h er e l o a d r e p etiti o ns at t h e c or n er 

of t h e sl a b c o m bi n e d wit h p o or j oi nt a n d s h o ul d er l o a d tr a n sf er, l oss of s u p p ort i n t h e b as e, a n d c urli n g a n d w ar pi n g 

str ess es c a us e cr a c ks at t h e c or n er of t h e sl a b. T h e l a c k of s u p p ort a n d p o or l o a d tr a nsf er m a y b e d u e t o t h e 

p u m pi n g of u n d erl a y er m at eri al or a l oss of l o a d tr a nsf er b et w e e n a dj a c e nt c o n cr et e sla bs, s u c h as a n u n d o w el e d 

c o n cr et e p a v e m e nt t h at d o es n ot h a v e ti e d c o n cr et e s h o ul d ers. 

C altr a ns h as als o c at e g ori z e d t h e cr a c ki n g i n J P C P i n t er ms of its s e v erit y i nt o t w o m ai n gr o u ps: first-st a g e 

cr a c ki n g a n d t hir d-st a g e cr a c ki n g. I n C altr a ns’ s offi ci al d efi niti o n, a first-st a g e cr a c k is a cr a c k t h at br e a ks t h e 

c o n cr et e sl a b i nt o t w o pi e c es; t his cr a c k c a n b e a tr a ns v ers e, l o n git u di n al, or di a g o n al cr a c k. A t hir d-st a g e cr a c k 

is a s et of t w o or m or e i nt ers e cti n g cr a c ks, l o n git u di n al or tr a ns v ers e, t h at di vi d e t h e c o n cr et e sl a b i nt o t w o or 

m or e pi e c es. H o w e v er, d es pit e t h es e s p e cifi c d efi niti o ns, C a ltr a ns r at ers h a v e l o n g us e d si m pl er d efi niti o ns: a sl a b 

h as first-st a g e cr a c ki n g if it is di vi d e d i nt o t w o pi e c es, a n d it h as t hir d-st a g e cr a c ki n g if it is di vi d e d i nt o t hr e e or 

m or e pi e c es. It s h o ul d b e n ot e d t h at c or n er cr a c ki n g is n ot c o nsi d er e d i n t h es e t w o c at e g ori es a n d is d efi n e d a n d 

m e a s ur e d s e p ar at el y. 
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C altr a ns m e a s ur es cr a c ki n g as t h e p er c e nt of cr a c k e d sl a b s i n a p a v e m e nt s e cti o n. C altr a ns hist ori c all y h as 

c oll e ct e d first- a n d t hir d-st a g e cr a c ki n g d at a o nl y, wit h o ut d efi ni n g w h et h er t h e first-st a g e cr a c ki n g is tr a ns v ers e 

or l o n git u di n al. H o w e v er, as p art of t h e A P C S d at a c oll e cti o n i n 2 0 1 1 t o 2 0 1 2 a n d i n 2 0 1 8, C altr a ns als o c oll e ct e d 

tr a ns v ers e a n d l o n git u di n al cr a c ki n g as i n di vi d u al m e as ur es. T h er ef or e, t h e a m o u nt of tr a ns v ers e a n d l o n git u di n al 

cr a c ki n g d at a i n t h e d at a b as e c o m es o nl y fr o m t h es e y e ars, a n d t h e a m o u nt of d at a wit h tr a ns v er s e a n d l o n git u di n al 

cr a c ks d efi n e d is m u c h s m all er t h a n t h e a m o u nt of first- a n d t hir d-st a g e cr a c ki n g d at a. 

2. 2. 2 Tr a ns v ers e J oi nt F a ulti n g 

F a ulti n g is t h e diff er e n c e i n el e v ati o n a cr oss a tr a ns v er s e j oi nt b et w e e n t w o a dj a c e nt c o n cr et e sl a bs or a cr o ss a 

tr a ns v ers e cr a c k. It is pri m aril y c a us e d b y p o or l o a d tr a nsf er a n d is t h er ef or e us u all y a n iss u e wit h u n d o w el e d 

J P C P. 

T h e m ai n m e c h a nis m t h at c a u s es f a ulti n g is m o v e m e nt of fi n e m at eri al , fr o m u n d er t h e l e a v e c o n cr et e sl a b t o 

u n d er t h e a p pr o a c h sl a b, c a us e d b y l ar g e diff er e n c es i n d efl e cti o n b et w e e n t h e l o a d e d sl a b a n d t h e u nl o a d e d sl a b. 

T h es e diff er e n c es i n d efl e cti o n r e v ers e as a w h e el tr a v els a cr oss a j oi nt, cr e ati n g a p u m pi n g a cti o n. D o w el b ars 

si g nifi c a ntl y d e cr e as e r el ati v e d efl e cti o ns a cr oss tr a ns v ers e j oi nts u n d er l o a d , t h us r e d u ci n g f aulti n g d e v el o p m e nt 

a n d f urt h er d et eri or ati o n of j oi nts a n d c or n er cr a c ks. 

C altr a ns q u a ntifi es f a ulti n g as t h e p er c e nt a g e of tr a ns v ers e j oi nts i n a p a v e m e nt s e cti o n wit h f a ults gr e at er t h a n a 

t hr es h ol d v al u e. 

2. 2. 3 I nt er n ati o n al R o u g h n ess I n d e x (I RI) 

P a v e m e nt r o u g h n ess is g e n er all y d efi n e d as a n e x pr essi o n of p a v e m e nt-s urf a c e irr e g ul ariti es t h at a d v ers el y aff e ct 

ri d e q u alit y f or v e hi cl es a n d f or us ers. R o u g h n ess is a n i m p ort a nt p a v e m e nt c h ar a ct eristi c b e c a us e it aff e cts n ot 

o nl y ri d e q u alit y b ut als o v e hi cl e m ai nt e n a n c e c osts a n d f u el c o ns u m pti o n. I n P a v e M, r o u g h n ess d at a ar e 

q u a ntifi e d usi n g t h e I nt er n ati o n al R o u g h n ess I n d e x (I RI). I RI is us e d t o d efi n e a c h ar a ct eristi c of t h e l o n git u di n al 

pr ofil e of a tr a v el e d w h e el tr a c k a n d c o nstit ut es a st a n d a r di z e d r o u g h n ess m e as ur e m e nt. I n P a v e M, I RI is m e a s ur e d 

i n u nits of i n c h es/ mil e. 

2. 3 P a v e m e nt St r u ct u r al As- b uilt, T r a ffi c, a n d Cli m at e D at a i n t h e P M S 

C altr a ns r e c or ds n e w J P C P pr oj e cts as “ L a n e R e pl a c e m e nt ” i n t h e P M S d at a b as e. 

1 0 U C P R C- R R- 2 0 1 9- 0 2 



 

  

              

               

              

               

                 

                  

  

 

                

                 

                 

          

 

 

      

 

                

                  

  

 

T h e C altr a ns c o n diti o n s ur v e y d at a b as e c o nt ai ns a b o ut 2 6 0, 0 0 0 o bs er v ati o ns of first- a n d t hir d-st a g e cr a c ki n g 

p erf or m a n c e d at a c oll e ct e d fr o m 3 0, 0 0 0 J P C P s e cti o ns, t ot ali n g a b o ut 4, 3 0 0 l a n e- mil es b uilt o n 3 0 2 l a n e 

r e pl a c e m e nt pr oj e cts c o m pl et e d b et w e e n 1 9 4 7 a n d 2 0 1 7. T h e d at a b as e’ s p erf or m a n c e d at a w er e o bt ai n e d fr o m 

m a n u al p a v e m e nt c o n diti o n s ur v e y s ( P C S) c o n d u ct e d fr o m 1 9 7 8 t o 2 0 1 3 a n d fr o m t h e a ut o m at e d p a v e m e nt 

c o n diti o n s ur v e y s c o n d u ct e d fr o m 2 0 1 1 t o 2 0 1 2 a n d i n 2 0 1 8. E a c h o bs er v ati o n i n t h e c o n diti o n s ur v e y d at a 

c orr es p o n ds t o t h e p erf or m a n c e c o n diti o n of a p a v e m e nt s e c ti o n i n t h e hi g h w a y n et w or k at t h e ti m e t h e s ur v e y 

w as d o n e. 

T h es e d at a w er e di vi d e d i nt o a p pr o xi m at el y u nif or m s u bs e c ti o ns as p art of t h e p erf or m a n c e m o d eli n g eff ort, wit h 

s e cti o n b o u n d ari es k e pt c o nst a nt t hr o u g h ti m e a n d d efi n e d as h a vi n g t h e s a m e p a v e m e nt str u ct ur e fr o m t h e l ast 

c o nstr u cti o n pr oj e ct, t h e s a m e tr affi c l o a di n g, a n d t h e s a m e cli m at e c o n diti o n. Fi g ur e 2. 1 s h o ws t h e v ari a bilit y i n 

t h e r es ulti n g l e n gt hs of t h es e s e cti o ns i n t h e d at as et. 

Fi g u r e 2. 1: P a v e m e nt s e cti o n l e n gt h dist ri b uti o n. 

Fi g ur e 2. 2 s h o ws t h e J P C P c o nstr u cti o n y e ar distri b uti o n. C o nstr u cti o n y e ars i n t h e fi g ur e r a n g e b et w e e n 1 9 4 7 

a n d 2 0 1 7. C o n diti o n s ur v e y d at a w er e fi rst c oll e ct e d i n 1 9 7 8, t h us t h e ol d est J P C P p erf or m a n c e hist ori es b e g a n i n 

t h at y e ar. 
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Fi g u r e 2. 2: J P C P p r oj e ct c o ns t r u cti o n y e a r dist ri b uti o n. 

Fi g ur e 2. 3 s h o ws t h e p a v e m e nt a g e distri b uti o n f or c o n d iti o n s ur v e y o bs er v ati o ns. E a c h p a v e m e nt s e cti o n’s a g e 

w as d et er mi n e d b y c al c ul ati n g t h e diff er e n c e b et w e e n its c o nstr u cti o n d at e a n d t h e d at e of t h e p a v e m e nt c o n diti o n 

s ur v e y. M o st of t h e p a v e m e nt c o n diti o n o bs er v ati o ns w er e t a k e n o n p a v e m e nts t h at ar e l ess t h a n 4 0 y e ars ol d i n 

t h e c o n diti o n s ur v e y d at a s et. 

T h e as- b uilt d at a b as e i n cl u d es i nf or m ati o n o n P C C sl a b t hi c k n ess, P C C sl a b l e n gt h, b as e t y p e, a n d s h o ul d er t y p e. 

T h e as- b uilt d at a b as e d o es n ot r e c or d w h et h er J P C P pr oj e cts ar e d o w el e d, a n d n o ot h er s o ur c es w er e f o u n d t o 

o bt ai n t h at i nf or m ati o n. Pr oj e cts wit h c o m pl eti o n d at es af t er a b o ut t h e y e ar 2 0 0 0 ar e hi g hl y li k el y t o b e d o w el e d 

J P C P b e c a us e i n 1 9 9 8 C altr a ns st a n d ar d pl a ns m a n d at e d t h e us e of d o w els i n J P C P pr oj e cts; c o ns e q u e ntl y, t his 

st u d y m a d e t h e ass u m pti o n t h at t h e y ar e d o w el e d. I n S e cti o n 2. 3. 1 t hr o u g h S e cti o n 2. 3. 7 of t his r e p ort, t h e 

distri b uti o n of e a c h of t h e as- b uilt v ari a bl es a n d a q u alit a ti v e e v al u ati o n of t h eir eff e cts o n t h e m e as ur e d cr a c ki n g 

p erf or m a n c e of J P C P ar e dis c uss e d. 
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Fi g u r e 2. 3: P a v e m e nt a g e dist ri b uti o n. 

T his l ar g e p a v e m e nt p erf or m a n c e d at a b as e will b e us e d t o c ali br at e t h e P a v e m e nt M E p erf or m a n c e m o d el s i n t h e 

n e xt st e p of t his r es e ar c h. Pri or t o t h at st e p, h o w e v er, a s e nsiti vit y a n al y sis st u d y h a d t o b e p erf or m e d t o c h e c k t h e 

r e as o n a bl e n ess of t h e m o d els i n P a v e m e nt M E as w ell as t h eir s e nsiti vit y t o diff er e nt i n p ut v ari a bl es. T h at a n al y sis 

is t h e s u bj e ct of t h e r est of t his r e p ort. T h e v al u es ch os e n f or e a c h i n p ut v ari a bl e i n C h a pt er 4 ar e b as e d o n t h e 

hist ori c al distri b uti o ns of t h e d esi g n v ari a bl es ( v ari a bl es c o ntr oll e d b y t h e d esi g n er) s h o w n i n t his c h a pt er, al o n g 

wit h t h e distri b uti o ns of t h e v ari a bl es n ot c o ntr oll e d b y t h e d esi g n er, s h o w n i n t h e A p p e n di x. It s h o ul d b e n ot e d 

t h at t h e v al u es c h os e n f or t h e s e nsiti vit y a n al y sis ar e n ot n e c ess aril y t h os e t h at will b e us e d f or P a v e m e nt M E 

c ali br ati o n, a n d t h e y will d efi nit el y n ot b e t h e v al u es us e d f or d e v el o pi n g c at al o gs f or f ut ur e d esi g ns. 

2. 3. 1 P C C Sl a b T hi c k n ess 

Fi g ur e 2. 4 s h o ws t h e distri b uti o n of P C C sl a b t hi c k n ess i n t h e P M S d at a b as e. T h e P C C sl a b t hi c k n ess w a s 

c at e g ori z e d i nt o bi ns wit h a 0. 1-ft. i nt er v al. It c a n b e s e e n t h at t h e m aj orit y of P C C sl a bs w er e c o nstr u ct e d wit h 

t hi c k n ess es b et w e e n 0. 6 ft. a n d 0. 9 ft. 
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Fi g u r e 2. 4: P C C sl a b t hi c k n ess dist ri b uti o n. 

Fi g ur e 2. 5 s h o ws t h e cr a c ki n g p erf or m a n c e of t h e J P C P w it h diff er e nt t hi c k n ess e s o v er t h e y e ars. T h e Y- a xis 

r e pr es e nts t h e first-st a g e cr a c ki n g p er c e nt a g e, t h e X- a x is r e pr es e nts t h e a g e of t h e p a v e m e nt, a n d e a c h p a n el 

c orr es p o n ds t o a P C C sl a b t hi c k n ess. T h e bl a c k p oi nts i n e a c h pl ot ar e t h e o bs er v ati o ns of cr a c ki n g i n e a c h 

t hi c k n ess r a n g e, wit h t h e si z e of e a c h p oi nt r e pr es e nti n g t h e a mo u nt of d at a i n l a n e- mil e s; f or r ef er e n c e, all t h e 

d at a i n t h e c o m pl et e d at a s et ar e s h o w n wit h gr a y-s h a d e d p oi nts. It c a n b e s e e n fr o m Fi g ur e 2. 5 t h at t hi c k er sl a bs 

p erf or m b ett er, wit h l ess first-st a g e cr a c ki n g t h a n t hi n n er o n es, d es pit e t h e f a ct t h at tr u c k tr affi c is n ot c o ntr oll e d 

i n t h e pl ot. T his i n di c at es t h at d es pit e t h e i nt e nti o n of pr e vi o us C altr a ns d esi g n m et h o ds t o a c c o u nt f or tr affi c i n a 

m a n n er t h at r es ults i n si mil ar f u n cti o n al li v es, t h e r es ult h as b e e n t h at l o c ati o ns wit h t h i n n er sl a bs f ail f ast er t h a n 

t h os e wit h t hi c k er sl a bs. It is u n c ert ai n h o w m u c h of t h e diff er e n c e is d u e t o u n d er- or o v er esti m ati o n of tr u c k 

tr affi c, or of t h e d esi g n m et h o d n ot d oi n g a g o o d j o b of a c c o u nti n g f or tr affi c. T h er e m a y als o b e i nt er a cti o ns wit h 

ot h er v ari a bl es, s u c h as sl a b l e n gt h, b as e t y p e, a n d s h o ul d er t y p e t h at ar e c a usi n g diff er e n c es i n p erf or m a n c e 

b e c a us e of u n e q u al distri b uti o ns of t h os e v ari a bl es’ f a ct or l e v els wit hi n e a c h t hi c k n ess c at e g or y. 
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Fi g u r e 2. 5: J P C P fi rst-st a g e c r a c ki n g f o r diff e r e nt P C C sl a b t hi c k n ess es. 

2. 3. 2 P C C Sl a b L e n gt h 

Fi g ur e 2. 6 s h o ws t h e sl a b l e n gt h p att er ns f or J P C P c o nstr u ct e d i n C alif or ni a. T hr e e sl a b l e n gt h p att er ns — 

1 2, 1 3, 1 4, 1 5 ft.; 1 2, 1 3, 1 8, 1 9 ft.; a n d 1 5 ft. — ar e t h e c o m m o n p att er ns t h at h a v e b e e n c o nstr u ct e d i n diff er e nt ti m e 

i nt er v als o v er t h e y e ars i n C alif or ni a. Fi g ur e 2. 7 s h o ws t he hist or y of sl a b l e n gt h p att er n c o nstr u cti o n o v er t h e 

y e ars. E a c h p a n el i n t h e fi g ur e c orr es p o n ds t o a 1 0- y e ar i nt er v al of c o nstr u cti o n y e ars. B ef or e a b o ut 1 9 9 0, t h e 

1 2, 1 3, 1 8, 1 9 ft. sl a b l e n gt h p att er n w as m or e c o m m o n, w h er e as aft er 1 9 9 0 t h e 1 2, 1 3, 1 4, 1 5 ft. sl a b l e n gt h p att er n 

b e c a m e t h e d o mi n a nt l e n gt h p att er n. T h e sl a b l e n gt h p att er n s w er e c at e g ori z e d i nt o t w o gr o u ps f or t h e c ali br ati o n, 

wit h 1 2, 1 3, 1 4, 1 5 ft. b ei n g t h e s h ort p att er n, a n d 1 2, 1 3, 1 8, 1 9 ft. b ei n g t h e l o n g p att er n. 

Fi g ur e 2. 8 s h o ws t h at t h e l o n g er sl a b p att er n h a d a hi g h er r at e of first-st a g e cr a c ki n g o v er t h e y e ars. H o w e v er, t h e 

diff er e n c e i n p erf or m a n c e b et w e e n diff er e nt sl a b l e n gt h p att er ns is n ot as si g nifi c a nt as w a s e x p e ct e d. 
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Fi g u r e 2. 6: P C C sl a b l e n gt h dist ri b uti o n. 

Fi g u r e 2. 7: P C C sl a b l e n gt h p att e r n hist o r y dist ri b uti o n. 
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Fi g u r e 2. 8: J P C P fi rst-st a g e c r a c ki n g f o r diff e r e nt P C C sl a b l e n gt h p att e r ns. 

2. 3. 3 B as e T y p e 

Fi v e diff er e nt b as e t y p es ar e i n t h e C altr a ns p a v e m e nt m a n a g e m e nt s y st e m p erf or m a n c e d at a b a s e: a g gr e g at e b as e 

( A B), as p h alt-tr e at e d p er m e a bl e b as e ( A T P B), c e m e nt-tr e ate d b as e ( C T B), as p h alt b as e ( H M A), a n d l e a n c o n cr et e 

b as e ( L C B). B as e d o n Fi g ur e 2. 9, it c a n b e s e e n t h at t h e m a j orit y of J P C P w as c o nstr u ct e d wit h C T B, a n d t h at 

A T P B w a s us e d t h e l e ast. 

Fr o m a first gl a n c e at Fi g ur e 2. 1 0, o n e c a n i nf er t h at C T B h as t h e w orst p erf or m a n c e a m o n g t h e ot h er b as e t y p es. 

H o w e v er, t his is n ot n e c ess aril y a c orr e ct c o n cl usi o n, si n c e Fi g ur e 2. 1 0 c o nsi d ers o nl y o n e v ari a bl e ( b as e t y p e) 

aff e cti n g t h e p erf or m a n c e of t h e J P C P a n d d o es n ot a c c o u nt f or ot h er v ari a bl es s u c h as P C C sl a b t hi c k n ess, P C C 

sl a b l e n gt h, s h o ul d er t y p e, tr affi c, a n d cli m at e. 

T o c o nsi d er all t h e v ari a bl es a n d t h eir si m ult a n e o us i nt er a cti o ns o n t h e cr a c ki n g p erf or m a n c e of J P C P, a st atisti c al 

m o d el b as e d o n t h e p erf or m a n c e d at a w as d e v el o p e d. I n m a ki n g its pr e di cti o ns, t his m o d el c o nsi d ers t h e v ari a bl es 

P C C sl a b t hi c k n ess, P C C sl a b l e n gt h p att er n, b as e t y p e, s h o ul d er t y p e, cli m at e, a n d A v er a g e A n n u al D ail y Tr u c k 

Tr affi c ( A A D T T). Pr e di cti o ns fr o m t his st atisti c al m o d el ar e s h o w n i n a n u m b er of fi g ur es t h at f oll o w, b ut d et ails 

of t h e m o d el will b e pr o vi d e d i n a s e p ar at e r e p ort. 
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Fi g ur e 2. 1 1 s h o ws t h e eff e cts of b as e t y p e o n t h e p erf o r m a n c e of t h e J P C P w hil e k e e pi n g t h e ot h er v ari a bl es 

c o nst a nt a n d usi n g t h e pr e di cti o ns of t h e st atisti c al p e rf or m a n c e m o d el. T h e r es ults ar e f or 0. 9-ft. P C C sl a b 

t hi c k n ess, fl e xi bl e s h o ul d er t y p e, 7, 0 0 0 A A D T T, a n d t h e I nl a n d V all e y cli m at e r e gi o n. E a c h p a n el i n t h e fi g ur e 

c orr es p o n ds t o a diff er e nt b as e t y p e a n d sl a b l e n gt h p att e r n. T h e gr e e n s h a d e d ar e a r e pr es e nts t h e pr o b a bilit y of 

t h e p a v e m e nt b ei n g u n d a m a g e d, t h e y ell o w ar e a r e pr es e nts t h e pr o b a bilit y of first-st a g e cr a c ki n g, a n d t h e r e d 

r e pr es e nts t h e pr o b a bilit y of t hir d-st a g e cr a c ki n g v ers us y e ars i n s er vi c e. It c a n b e s e e n t h at L C B a n d A T P B s h o w 

p o or er p erf or m a n c e t h a n t h e r est of t h e b as e t y p es, a n d t h at A B a n d C T B s h o w b ett er p erf or m a n c e. 

Fi g u r e 2. 9: B as e t y p e dist ri b uti o n. 
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Fi g u r e 2. 1 0: J P C P fi rst-st a g e c r a c k i n g f o r diff e r e nt b a s e t y p es. 

Fi g u r e 2. 1 1: P e rf o r m a n c e m o d el p r e di c ti o ns f o r diff e r e nt b a s e t y p es. 
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2. 3. 4 S h o ul d er T y p e 

F o ur diff er e nt s h o ul d er t y p es ar e d efi n e d i n t h e d at a b as e: n ot a p pli c a bl e ( N A P) f or i nt eri or l a n es wit h o ut a 

s h o ul d er, u nti e d fl e xi bl e ( F L X) s h o ul d er, ti e d c o n cr et e ( RI G) s h o ul d er, a n d wi d e n e d ( W R F) l a n e. It s h o ul d b e 

n ot e d t h at t h e W R F l a n e t y p e r e pr es e nt e d i n t h e d at a b as e is a 2-ft. – wi d e s h o ul d er. Fi g ur e 2. 1 2 s h o ws t h e 

distri b uti o n of e a c h of t h es e s h o ul d er t y p es i n t h e d at a b as e. W R F h as t h e f e w est c o nstr u ct e d l a n e- mil es of all t h e 

s h o ul d er t y p es i n t h e d at a b as e. 

Fi g u r e 2. 1 2: S h o ul d e r t y p e dist ri b uti o n. 
( N ot e: N A P: n ot a p pli c a bl e f o r i nt e ri o r l a n es wit h o ut a s h o ul de r; F L X: u nti e d fl e xi bl e s h o ul d e r; RI G: ti e d c o n c r et e 

s h o ul d e r: W R F: wi d e n e d l a n e.) 

L o o ki n g at Fi g ur e 2. 1 3, o n e mi g ht c o n cl u d e t h at t h e fl e x i bl e s h o ul d er t y p e ( F L X) h as t h e p o or est p erf or m a n c e of 

all t h e s h o ul d er t y p es. T his is n ot n e c ess aril y a c orr e ct c o n cl usi o n as ot h er p a v e m e nt str u ct ur al, tr affi c, a n d cli m at e 

v ari a bl es w er e n ot a c c o u nt e d f or i n t his pl ot. Fi g ur e 2. 1 4 s h o ws t h e r es ults of t h e st atisti c al p erf or m a n c e m o d el 

f or s h o ul d er t y p e p erf or m a n c e w hil e h ol di n g all ot h er v ari a bl es c o nst a nt. It c a n b e s e e n t h at wi d e n e d l a n e ( W R F) 

h a d t h e m o st first- a n d t hir d-st a g e cr a c ki n g, f oll o w e d b y t h e u nti e d fl e xi bl e ( F L X) s h o uld er t y p e. T h e ti e d c o n cr et e 

s h o ul d er ( RI G) t y p e h a d t h e b est p erf o r m a n c e a m o n g all t h e s h o ul d er t y p es. 

T o i n v esti g at e t h e r e as o n f or t h e p o or p erf or m a n c e of t h e wi d e n e d l a n es ( W R F), t h e p er-sl a b p erf or m a n c e d at a 

fr o m t h e 2 0 1 1 – 2 0 1 2 A P C S d at a w er e st u di e d. Fi g ur e 2. 1 5 s h o ws t h e a m o u nt of cr a c ki n g f or J P C P, wit h t h e 

W R F s h o ul d er t y p e c at e g ori z e d i nt o p a n els wit h diff er e nt b as e t y p es a n d P C C sl a b t hi c k n ess es. T h e p a n els s h o w 
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t h e m o d el r es ults f or t h e p er c e nt a g e of sl a bs wit h n o cra c ki n g i n gr e e n, first-st a g e cr a c ki n g i n y ell o w, a n d t hir d-

st a g e cr a c ki n g i n r e d v ers us y e ars i n s er vi c e, wit h diff e r e nt p a n els f or c o m bi n ati o ns of s h o ul d er t y p e a n d P C C 

sl a b l e n gt h. It c a n b e s e e n b y l o o ki n g at t h e mi d dl e t w o b ott o m p a n els t h at W R F miti g at es t h e tr a ns v ers e cr a c ki n g 

pr o bl e m f or l o n g er sl a bs. H o w e v er, it c a n als o b e s e e n t h at s h ort er sl a bs, t h os e l ess t h a n 1 6 ft., wit h wi d e n e d sl a bs 

s h o w i n cr e as e d l o n git u di n al cr a c ki n g. T his s us c e pti bilit y t o l o n git u di n al cr a c ki n g f or s h ort er sl a bs e x pl ai ns t h e 

p o or p erf or m a n c e of t h e W R F s h o ul d er t y p e. A g ai n, it s h o ul d b e n ot e d t h at t h e pr o p e nsit y f or l o n git u di n al 

cr a c ki n g of t h e wi d e n e d l a n es i n t h e d at a b as e is f or 2-ft. e xtr a- wi d e l a n es. It i s e x p e ct e d t h at b ett er l o n git u di n al 

cr a c ki n g p erf or m a n c e m a y b e o bt ai n e d wit h a 1-ft wi d e n e d l a n e; h o w e v er, it is s u g g est e d t h at t h e r e d u cti o n i n ris k 

of l o n git u di n al cr a c ki n g b e f urt h er i n v esti g at e d t hr o u g h m o d eli n g. 

Fi g u r e 2. 1 3: J P C P fi rst-st a g e c r a c k i n g f o r diff e r e nt s h o ul d e r t y p es. 
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Fi g u r e 2. 1 4: P e rf o r m a n c e m o d el p r e di cti o ns f o r diff e r e nt s h o ul d e r t y p es. 

Fi g u r e 2. 1 5: Dist r ess T y p e v e rs us Sl a b L e n gt h f o r W R F S h o ul d e r T y p e. 
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2. 3. 5 Cli m at e R e gi o n 

Fi g ur e 2. 1 6 s h o ws t h e C altr a ns cli m at e r e gi o n distri b uti o n. M ost of t h e J P C P is l o c at e d i n t h e I nl a n d V all e y a n d 

S o ut h C o ast, w hil e t h e Hi g h D es ert a n d L o w M o u nt ai n cli m at e r e gi o ns h a v e t h e f e w est l a n e- mil es of J P C P. 

Fi g ur e 2. 1 7 s h o ws t h e J P C P p erf or m a n c e i n diff er e nt cl i m at e r e gi o ns. T h e Hi g h D es ert (s m all a m o u nt of d at a), 

I nl a n d V all e y, L o w M o u nt ai n (s m all a m o u nt of d at a), a n d S o ut h M o u nt ai n cli m at e r e gi o ns h a v e p o or er 

p erf or m a n c e t h a n t h e ot h ers. T h e l a n e- mil e s of J P C P i n t h e S o ut h C o ast r e gi o n a p p e ar t o h a v e e x c ell e nt 

p erf or m a n c e. T h e st atisti c al p erf or m a n c e m o d el c a pt ur es o bs er v ati o ns fr o m t h e r a w d at a as s h o w n i n Fi g ur e 2. 1 8. 

Fi g u r e 2. 1 6: Cli m at e r e gi o n dist ri b uti o n. 
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Fi g u r e 2. 1 7: J P C P fi rst-st a g e c r a c k i n g f o r diff e r e nt cli m at e r e gi o ns. 

Fi g u r e 2. 1 8: P e rf o r m a n c e m o d el p r e di cti o ns f o r diff e r e nt cli m at e r e gi o ns. 
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2. 3. 6 WI M S p e ct r u m 

Fi g ur e 2. 1 9 s h o ws t h e distri b uti o n of t h e l a n e- mil es wit h f or t h e fi v e WI M s p e ctr a i n t h e d at a b as e. Hi g h er WI M 

s p e ctr u m n u m b ers c orr es p o n d t o h e a vi er tr u c k tr affi c l o a ds. It c a n b e s e e n t h at m o st of t h e J P C p a v e m e nt h as 

WI M s p e ctr a 1 a n d 2. T his is c ert ai nl y w ei g ht e d b y t h e l a n e- mil es of i n n er l a n es t h at h a v e f e w er tr u c ks, a n d t h e 

tr u c ks i n t h os e l a n es t e n d t o b e s m all er a n d li g ht er. 

WI M S p e ctr a 

Fi g u r e 2. 1 9: WI M s p e ct r a dist ri b uti o n. 

Fi g ur e 2. 2 0 s h o ws t h e J P C P p erf or m a n c e f or t h e diff er e nt WI M s p e ctr a. As t h e WI M s p e ctr u m i n cr e a s e s fr o m 

1 t o 3, t h e a m o u nt of first-st a g e cr a c ki n g i n cr e as es, as e x p e ct e d. H o w e v er, t his is n ot t h e c as e f or t h e h e a vi er WI M 

S p e ctr a 4 a n d 5, w hi c h h a v e si mil ar p erf or m a n c e. Si mil arl y, t h e st atisti c al p erf or m a n c e m o d el di d n ot s h o w a 

c o nsist e nt i n cr e as e i n cr a c ki n g as t h e WI M s p e ctr u m i n cr e as e d, w hi c h w as a n u n e x p e ct e d o ut c o m e. T h e s a m e 

tr e n d w as n ot e d w hil e d e v el o pi n g t h e st atisti c al m o d el, a n d, t h er ef or e, it w as d e ci d e d t o n ot i n cl u d e t h e WI M 

s p e ctr a v ari a bl e i n t h e cr a c ki n g st atisti c al p erf or m a n c e m o d el. 
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   WI M WI M 2 WI M 3 

WI M 4 WI M 5 

Fi g u r e 2. 2 0: J P C P Fi rst-st a g e c r a c ki n g f o r diff e r e nt WI M s p e ct r a. 

2. 3. 7 A n n u al A v er a g e D ail y Tr u c k Tr affi c ( A A D T T) 

Fi g ur e 2. 2 1 s h o ws t h e distri b uti o n of u ni- dir e cti o n a l p er l a n e A A D T T. T h e X- a xis s h o ws t h e A A D T T i n 

t h o us a n ds of tr u c ks i n 3 00 tr u c k- p er- d a y i n cr e m e nts. 

Fi g u r e 2. 2 1: A A D T T dist ri b uti o n. 
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Fi g ur e 2. 2 2 s h o ws t h e p erf or m a n c e of J P C P f or diff er e nt A A D T Ts. E a c h p a n el c orr es p o n ds t o a r a n g e of A A D T T 

i n t h o us a n ds. As s h o w n i n t h e fi g ur e, as tr u c k tr affi c i n cr e as es, t h e a m o u nt of first-st a g e cr a c ki n g i n cr e as es. T h e 

l ast f o ur p a n els h a v e s p ars e d at a a n d dr a wi n g c o n cl usi o ns fr o m t h e m is n ot a d vis e d. H o w e v er, pr e di cti o ns b y t h e 

p erf or m a n c e m o d el s u p p ort t h e vis u al o bs er v ati o n i n t h e d at a t h at gr e at er A A D T T c a us es m or e cr a c ki n g, w hi c h 

w as e x p e ct e d. 

Fi g u r e 2. 2 2: J P C P fi rst-st a g e c r a c ki n g f o r diff e r e nt A A D T Ts (t h o us a n ds of t ru c ks p e r d a y p e r di r e cti o n p e r l a n e). 
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3 P A V E M E N T M E P E R F O R M A N C E P R E DI C TI O N M O D E L S F O R J P C P 

3. 1 I nt r o d u cti o n 

T h e f oll o wi n g t hr e e distr ess m o d els ar e us e d i n P a v e m e nt M E f or a n al y zi n g a n d d esi g ni n g j oi nt e d pl ai n c o n cr et e 

p a v e m e nt (J P C P): 

 Tr a ns v ers e cr a c ki n g 

 M e a n tr a ns v ers e j oi nt f a ulti n g 

 S m o ot h n ess i n d e x (I RI) 

T h e tr a ns v ers e cr a c ki n g a n d m e a n tr a n s v ers e j oi nt f a ulti n g m o d els ar e st a n d- al o n e d e v el o p e d b as e d o n m e c h a ni cs 

a n d st atisti c al m o d eli n g pri n ci pl es. H o w e v er, t h e I RI m o d el w as d e v el o p e d s ol el y b y r el ati n g t h e o ut p ut of t h e 

tr a ns v ers e cr a c ki n g a n d f a ulti n g m o d els t o I RI usi n g st atisti c al t e c h ni q u es. E a c h of t h es e m o d el s is dis c uss e d 

f urt h er b el o w. 

3. 2 T r a ns v e rs e C r a c ki n g 

I n P a v e m e nt M E, t h e str u ct ur al r es p o ns es of J P C P s u c h as str ess, str ai n, a n d d efl e cti o n ar e c o m p ut e d usi n g n e ur al 

n et w or ks d e v el o p e d fr o m a l ar g e f a ct ori al of fi nit e el e m e nt a n al ysis r es ults. T hr o u g h t h e Mi n er’ s l a w f ati g u e 

e q u ati o n, t h es e str u ct ur al r es p o ns es ar e r el at e d t o t h e a c c u m ul at e d d a m a g e i n t h e p a v e m e nt c a us e d b y 

e n vir o n m e nt al c o n diti o ns a n d tr affi c l o a di n gs. T h e g e n er al e x pr e ssi o n f or f ati g u e d a m a g e a c c u m ul ati o n t h at 

c o nsi d ers all t h e criti c al f a ct ors f or J P C P tr a ns v ers e cr a c ki n g is as f oll o ws: 

𝑛 , , , , ,
𝐹 𝐷 3. 1

𝑁 , , , , , 

w h er e 𝐹 𝐷 is t h e t ot al f ati g u e d a m a g e (t o p- d o w n a n d b ott o m- u p), 𝑛 is t h e a p pli e d n u m b er of l o a d , , , , , 

a p pli c ati o ns at c o n diti o n 𝑖,𝑗,𝑘 ,𝑙,𝑚 ,𝑛 , a n d 𝑁 is t h e all o w a bl e n u m b er of l oa d a p pli c ati o ns at c o n diti o n , , , , , 

𝑖,𝑗,𝑘 ,𝑙,𝑚 ,𝑛 . E a c h s u bs cri pt r e pr es e nts diff er e nt c o n diti o ns, s u c h as a g e, m o nt h, a xl e t y p e, l o a d l e v el, t e m p er at ur e 

diff er e n c e, tr affi c p at h, et c. T h e all o w a bl e n u m b er of l o a d a p pli c ati o ns is t h e n u m b er of l o a d c y cl es at w hi c h 

f ati g u e f ail ur e is e x p e ct e d ( c orr es p o n din g t o 5 0 p er c e nt of sl a bs wit h tr a ns v ers e cr a c ki n g) a n d is a f u n cti o n of t h e 

a p pli e d str ess a n d t h e str e n gt h of t h e p ortl a n d c e m e nt c o n c r et e ( P C C). T h e all o w a bl e n u mb er of l o a d a p pli c ati o ns 

is d et er mi n e d usi n g t h e f oll o win g fi el d- c ali br at e d f ati g u e m o d el: 

𝑀 𝑅 
l o g 𝑁 𝐶 3. 2, , , , , 𝜎 

w h er e 𝑁 is t h e all o w a bl e n u m b er of l o a d a p pli c ati o ns, 𝑀 𝑅 is t h e P C C m o d ul us of r u pt ur e i n 𝑝 𝑠𝑖 , 𝜎 is t h e , , , , , 

a p pli e d str ess i n 𝑝 𝑠𝑖 , a n d 𝐶 a n d 𝐶 ar e e q u ati o n c o nst a nts t h at s h o ul d n ot b e c h a n g e d b e c a us e t h e y h a v e b e e n 

c ali br at e d b y pr e vi o us r es e ar c h ers a n d n e w d a t a ar e n ot a v ail a bl e t o c ali br at e t h e m. 
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T h e a m o u nt of tr a ns v ers e cr a c ki n g o bs er v e d i n a J P C P s e cti o n is c al c ul at e d usi n g t h e f ati g u e d a m a g e c al c ul at e d 

b y E q u ati o n ( 3. 1) as f oll o ws: 

1 0 0 
𝐹 𝐷 𝑛 3. 3

1 𝑁 𝐹 𝐷 

w h er e 𝑛 𝑖 𝑗 is t h e p er c e nt a g e of b ott o m- u p or t o p- d o w n tr a ns v ers e cr a c ki n g a p p e ari n g o n t h e s urf a c e, 𝑘 𝑙 is t h e 

f ati g u e d a m a g e i n d e x c al c ul at ed usi n g E q u ati o n ( 3. 1), a n d 𝑚 a n d 𝑛 ar e t h e e q u ati o n c o nst a nts c ali br at e d usi n g 

fi el d d at a. It s h o ul d b e n ot e d t h at i n P a v e m e nt M E, it is ass u m e d t h at b ot h t o p- d o w n a n d b ott o m- u p cr a c ki n g c a n 

o c c ur. D a m a g e is c al c ul at e d at t h e t o p a n d b ott o m of t h e sl a b, a n d t h e r es ults ar e us e d t o d et er mi n e t o p- d o w n a n d 

b ott o m- u p tr a ns v ers e cr a c ki n g, r es p e cti v el y. Fi n all y, t o p- d o w n a n d b ott o m- u p tr a ns v ers e cr a c ki n g ar e r e g ar d e d as 

t w o i n d e p e n d e nt p h e n o m e n a a n d ar e us e d t o esti mat e t h e t ot al tr a ns v ers e cr a c ki n g pr o b a bilit y: 

𝑁 𝑖 𝑗 𝑘 𝑙 𝑚 _ 𝑛 𝑁 𝐶 _ 𝑀 𝑅 𝜎 _ ∗ 𝑁 𝑀 𝑅 _ 3. 4 

3. 3 M e a n T r a ns v e rs e J oi nt F a ulti n g 

F a ulti n g is t h e r es ult of sl a b e d g e a n d c or n er d efl e cti o ns t h at c a us e er osi o n a n d p u m pi n g of fi n e m at eri als fr o m 

b e n e at h a l o a d e d l e a v e c o n cr et e sl a b t o u n d er t h e a p pr o a c h sl a b t h at h as j ust b e e n u nl o a d e d. T h es e f a ct ors r es ult 

i n f a ulti n g: 

 Si g nifi c a nt a dj a c e nt-sl a b diff er e nti al d efl e cti o ns t h at i m p art e n er g y t o u n d erl yi n g p a v e m e nt m at eri als 

 Er o di bl e u n d erl yi n g p a v e m e nt m at eri als 

 Fr e e w at er i n t h e p a v e m e nt str u ct ur e 

T h e f a ulti n g pr o gr essi o n r at e i n J P C P i n cr e as es d u e t o p o or l o a d tr a nsf er a cr oss a j oi nt or cr a c k; h e a v y a xl e l o a ds 

t h at r es ult i n i n cr e as e d diff er e nti al d efl e cti o ns; a n d fr e e m oist ur e a n d hi g h fi n es c o nt e nt i n t h e l a y ers b e n e at h t h e 

c o n cr et e t h at l e a d t o er osi o n a n d fi n es p u m pi n g of t h e b as e, s u b b as e, a n d s u b gr a d e m at eri als u n d er t h e p a v e m e nt. 

A c c or di n g t o t h e M E P D G ( 1), tr affi c l o a di n g, sl a b t hi c k n ess, P C C m o d ul us of el asti cit y, m o d ul us of s u b gr a d e 

r e a cti o n ( k- v al u e), b as e t y p e, s h o ul d er t y p e, tr a ns v ers e j oi nt s p a ci n g, a n d d o w el di a m et er ar e a m o n g t h e d esi g n 

f a ct ors t h at aff e ct tr a ns v ers e j oi nt f a ulti n g. 

P a v e m e nt M E us es a n i n cr e m e nt al a p pr o a c h t o c al c ul at e f a ulti n g i n J P C P. A f a ulti n g i n cr e m e nt is d et er mi n e d at 

e a c h m o nt h, a n d t h e c urr e nt f a ulti n g l e v el aff e cts t h e m a g nit u d e of t h e i n cr e m e nt. T h e f oll o wi n g m o d el —s h o w n 
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as E q u ati o ns ( 3. 5), ( 3. 6), ( 3. 7), a n d ( 3. 8) — d et er mi n es m o nt hl y f a ulti n g b y s u m mi n g t h e i n cr e m e nt al f a ulti n g o v er 

t h e p a v e m e nt lif e si n c e o p e ni n g t o tr affi c: 

𝐹 𝐷 𝑛𝑁 𝐹 Σ Δ 𝐷 𝑛 𝑖𝑗 𝑘 3. 5 

Δ 𝑙 𝑚 𝑛𝑁 𝑖 𝑗 𝑘 𝑙 𝑚𝑛 𝑁 𝐶 𝑀 𝑅 𝜎 𝑁 𝑀𝑅 𝑝 ∗ 𝑠 𝑖 3. 6 

𝜎 𝑝 𝑠𝑖 𝐶 𝐶 𝑎 𝑥 𝐹 𝑎 𝑢𝑙 𝑡 𝑀 𝑎 𝑥 𝐶 ∗ Σ 𝐷 𝐸 ∗ l o g 1 𝐶 ∗ 5 3. 7 

𝑊 𝑒 𝑡 𝐷 𝑎 𝑦 𝑠 
𝐹 𝑎 𝑢𝑙 𝑡 𝑀 𝑎 𝑥 𝐶 ∗ 𝛿 ∗ l o g 1 𝐶 ∗ 5 ∗ l o g 𝑃 ∗ 3. 8

𝑃 

w h er e 𝐹 𝑎 𝑢𝑙 𝑡 is t h e m e a n j oi nt f a ulti n g at t h e e n d of m o nt h 𝑚 i n i n c h es, Δ 𝐹 𝑎 𝑢𝑙 𝑡 is t h e i n cr e m e nt al c h a n g e i n 

m e a n j oi nt f a ulti n g o n a m o nt hl y b asis ( d uri n g m o nt h 𝑖) i n i n c h es, 𝐷 𝐸 is t h e diff er e nti al d efl e cti o n e n er g y d e nsit y 

of s u b gr a d e d ef or m ati o n f or m o nt h 𝑖 i n , 𝐹 𝑎 𝑢𝑙 𝑡 𝑀 𝑎 𝑥 is t h e m a xi m u m m e a n tr a ns v ers e j oi nt f a ulti n g i n m o nt h 𝑖 

i n i n c h es, 𝐹 𝑎 𝑢𝑙 𝑡 𝑀 𝑎 𝑥 is t h e i niti al m a xi m u m m e a n tr a ns v ers e j oi nt f a ulti n g i n i n c h es, 𝐸 𝑟 𝑜 𝑑 is a b as e/s u b b as e 

er o di bilit y f a ct or, 𝛿 is t h e m a xi m u m m e a n m o nt hl y P C C sl a b c or n er u p w ar d d efl e cti o n d u e t o t e m p er at ur e 

c urli n g a n d m oist ur e w ar pi n g, 𝑃 is t h e o v er b ur d e n o n s u b gr a d e i n l bs, 𝑃 is t h e p er c e nt s u b gr a d e m at eri al 

p assi n g # 2 0 0 si e v e, a n d 𝑊 𝑒 𝑡 𝐷 𝑎 𝑦 𝑠 is t h e a v er a g e a n n u al n u m b er of w et d a y s ( gr e at er t h a n 0. 1 i n c h es of r ai nf all). 

T h e c o nst a nts 𝐶 a n d 𝐶 ar e d efi n e d as f oll o ws: 

.𝐶 𝐶 𝐶 ∗ 𝐹 𝑅 3. 9 

.𝐶 𝐶 𝐶 ∗ 𝐹 𝑅 3. 1 0 

w h er e 𝐹 𝑅 is b as e fr e e zi n g i n d e x d efi n e d as t h e p er c e nt a g e of ti me t h e t e m p er at ur e at t h e t o p of t h e b as e is b el o w 

fr e e zi n g. 𝐶 t hr o u g h 𝐶 i n E q u ati o ns ( 3. 6) t hr o u g h ( 3. 9) ar e t h e me a n tr a ns v ers e j oi nt f a ulti n g m o d el c o nst a nts 

t h at ar e c ali br at e d a g ai nst fi el d d at a. 

T h e m o d el’s f u n cti o n al f or m r efl e cts t h e h y p ot h esis t h at f a ulti n g p ot e nti al d e p e n ds o n t h e a m o u nt of P C C sl a b 

c urli n g, b as e er o di bilit y, a n d t h e pr es e n c e of fi n es a n d fr e e w at er i n t h e s u b gr a d e. F a ulti n g p ot e nti al d e cr e as es 

wit h a n i n cr e as e of o v er b ur d e n pr ess ur e o n t h e s u b gr a d e. T h e f a ulti n g d e v el o p m e nt r at e d e p e n ds o n t h e f a ulti n g 

l e v el a n d d e cr e as es as t h e c u m ul ati v e f a ulti n g i ncr e as es u ntil it st a bili z es t o a c ert ai n l e v el. 

T h e pr o c ess of c al c ul ati n g m e a n tr a ns v ers e j oi nt f a ulti n g i n P a v e m e nt M E c a n b e s u m m ari z e d i n t h e f oll o wi n g 

st e ps: 
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 Pr o c ess t h e tr affi c d at a t o c al c ul at e t h e e q ui v al e nt n u m b er of si n gl e, t a n d e m, a n d tri d e m a xl e s. 

 Pr o c ess t h e p a v e m e nt t e m p er at ur e pr ofil e d at a t o c o n v ert t h e h o url y p a v e m e nt t e m p er at ur e pr ofil e 

g e n er at e d b y t h e E n h a n c e d I nt e gr at e d Cli m at e M o d el ( EI C M) t o eff e cti v e ni g htti m e diff er e n c es. 

 Pr o c ess t h e m o nt hl y r el ati v e h u mi dit y t o t a k e i nt o a c c o u nt t h e eff e ct of s e as o n al c h a n g es i n m oist ur e 

c o n diti o ns o n diff er e nti al s hri n k a g e i n t er ms of m o nt hl y d e vi ati o ns i n sl a b w ar pi n g e x pr ess e d i n t er ms of 

e q ui v al e nt t e m p er at ur e diff er e nti al. 

 C al c ul at e i niti al m a xi m u m f a ulti n g. 

 E v al u at e j oi nt l o a d tr a nsf er effi ci e n c y ( L T E). 

 C al c ul at e c urr e nt m a xi m u m f a ulti n g. 

 D et er mi n e criti c al p a v e m e nt r es p o ns es f or t h e i n cr e m e nt. 

 E v al u at e t h e l oss of s h e ar c a p a cit y a n d d o w el d a m a g e. 

 C al c ul at e t h e f a ulti n g i n cr e m e nt. 

 C al c ul at e c u m ul ati v e f a ulti n g. 

3. 4 I nt e r n ati o n al R o u g h n ess I n d e x (I RI) 

A c c or di n g t o t h e M E P D G ( 1), f or a gi v e n ri gi d p a v e m e nt wit h a n i niti al s m o ot h n ess, s e v er al f a ct ors c o m bi n e t o 

c o ntri b ut e t o s m o ot h n ess l oss o v er ti m e. T h e o c c urr e n c e a n d pr o gr essi o n of visi bl e distr ess es i n J P C P w as f o u n d 

t o b e t h e m ai n f a ct or d e cr e asi n g a p a v e m e nt’ s s m o ot h ness aft er c o nstr u cti o n. J P C P s m o ot h n ess d e cr e as e s as t h e 

q u a ntit y a n d s e v erit y of distr ess es s u c h as tr a ns v ers e cr a c ki n g, m ea n tr a ns v ers e j oi nt f a ulti n g, a n d j oi nt s p alli n g 

i n cr e as e. T h e i niti ati o n a n d pr o gr essi o n of s u c h distr ess es res ult fr o m a p pli c ati o n of tr affi c l o a ds, e n vir o n m e nt al 

l o a ds, l oss of f o u n d ati o n s u p p ort, a n d t h e eff e ct of a gi n g o n t h e p a v e m e nt m at eri als. As s h o w n pr e vi o usl y, t h es e 

v ari a bl es’ eff e cts o n t h e o c c urr e n c e of distr ess es i n J P C P —s u c h as tr a ns v ers e cr a c ki n g a n d m e a n tr a ns v ers e j oi nt 

f a ulti n g — w er e t a k e n i nt o a c c o u nt usi ng m e c h a nisti c- e m piri c al ( M E) a p pr o a c h es. T h e r es ults fr o m t h es e m o d el s 

will b e us e d as i n p ut d at a f or t h e P a v e m e nt M E s m o ot h n ess m o d el. 

I n P a v e m e nt M E, s m o ot h n ess is pr e di ct e d as a f u n cti o n of t h e i niti al as- c o nstr u ct e d profil e of t h e p a v e m e nt a n d 

a n y c h a n g e i n t h e l o n git u di n al pr ofil e o v er ti m e d u e t o tr affi c. T h e f oll o wi n g is t h e s m o ot h n ess (I RI) m o d el 

d e v el o p e d a n d us e d i n P a v e m e nt M E: 

𝐹 𝐷𝑛 𝑁 𝐹 𝐷 𝑛 ∗ 𝑖 𝑗 𝑘 𝑙 ∗ 𝑚 𝑛 𝑁 𝑖 𝑗 𝑘 ∗ 𝑙 𝑚 𝑛 𝑁 𝐶 𝑀 𝑅 ∗ 𝜎 𝑁 3. 1 1 

. .
w h er e 𝑀 𝑅𝑝 is t h e pr e di ct e d r o u g h n ess i n d e x i n , 𝑠 𝑖 𝜎 is t h e i niti al s m o ot h n ess i n , 𝑝 𝑠 𝑖 is t h e p er c e nt of sl a b s 

. . 

wit h tr a ns v ers e cr a c ki n g, 𝐶 𝐶 𝑎 𝑥 𝐹 is t h e p er c e nt a g e of j oi nts wit h s p alli n g, 𝑎 𝑢 𝑙 𝑡 𝑀 𝑎 is t h e c u m ul ati v e tr a ns v er s e 

j oi nt f a ulti n g p er mil e i n i n c h es, 𝑥 𝐶 is t h e sit e f a ct or, a n d 𝐷 t hr o u g h 𝐸 ar e t h e e q u ati o n c o nst a nts t h at s h o ul d b e 

c ali br at e d usi n g fi el d d at a. 
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Tr a ns v ers e cr a c ki n g a n d f a ulti n g ar e c al c ul at e d wit h t h e m o d els e x pl ai n e d e ar li er. T h e sit e f a ct or is d efi n e d as t h e 

f oll o wi n g: 

𝐹 𝐷 𝑛 𝑁 𝐹 ∗ 1 0. 5 5 6 ∗ 𝐷 𝑛 ∗ 1 𝑖 ∗ 1 0 3. 1 2 

w h er e 𝑗 𝑘 𝑙 is t h e p a v e m e nt a g e i n y e ars, 𝑚 𝑛 is t h e fr e e zi n g i n d e x, a n d 𝑁 is t h e p er c e nt a g e of s u b gr a d e m at eri als 

p assi n g t h e # 2 0 0 si e v e. 

Tr a ns v ers e j oi nt s p alli n g is d et er mi n e d usi n g t h e f oll o wi n g e q u ati o n: 

𝑛 𝑁 𝐶 1 0 0 
𝑖 𝑗 𝑘 𝑙 𝑚 3. 1 3 

∗𝑀 𝑅 𝜎 0. 0 1 1 1. 0 0 5 

w h er e 𝑁 𝑀 𝑅 𝑝 𝑠 is t h e p er c e nt a g e of s p all e d j oi nts, 𝑖 𝜎 𝑝 is t h e p a v e m e nt a g e i n y e ars, a n d 𝑠 𝑖 𝐶 is s c ali n g f a ct or 

b as e d o n sit e, d esi g n, a n d cli m at e. T h e e q u ati o n f or 𝐶 𝑎 𝑥 is: 

.
𝐹 𝑎 𝑢 1 4 0 0 3 5 0 𝑙 𝑡 ∗ 0. 5 𝑀 𝑎 𝑥 𝐶 𝐷 𝐸 𝐶 4 3. 4 ∗ 𝐹 

0. 2 ∗ 𝑎 𝑢 ∗ 𝑙 𝑡 𝑀 4 3 ∗ 𝑎 𝑥 𝐶 𝛿 5 3 6 𝐶 𝑃 3. 1 4 

w h er e 𝑊 𝑒 is P C C air c o nt e nt i n p er c e nt; 𝑡 𝐷 𝑎 is t h e a g e of t h e p a v e m e nt i n y e ars, 𝑦 𝑠 𝑃 𝐹 𝑎 𝑢 𝑙 is 1 if pr ef or m e d 

s e al a nt is pr es e nt, ot h er wis e 0, 𝑡 is P C C c o m pr essi v e str e n gt h i n psi,; 𝑚 𝐹 is a v er a g e a n n u al n u m b er of fr e e z e-

t h a w c y cl es; 𝑎 𝑢 𝑙 𝑡 is P C C sl a b t hi c k n ess i n i n c h es; a n d 𝑖 𝐷 is t h e P C C w at er- c e m e nt r ati o. 
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4 S E N SI TI VI T Y A N A L Y SI S 

4. 1 I nt r o d u cti o n 

T h e m ai n g o al of t his pr oj e ct, P art n er e d P a v e m e nt C e nt er Pr oj e ct Str at e gi c Pl a n El e m e nt ( P P R C S P E) 3. 4 9 is t o 

c ali br at e t h e distr ess pr e di cti o n m o d els i n P a v e m e nt M E f or J P C P d esi g n i n C alif or ni a. H o w e v er, pri or t o 

c ali br ati o n, it is n e c ess ar y t o r e vi e w t h e r a n g es of v al u es f o r i n p ut v ari a bl es a n d t h e n t o e v al u at e t h e s e nsiti vit y t o 

t h os e r a n g es t o d et er mi n e w hi c h h a v e t h e m o st si g nifi c a nt eff e ct o n t h e r es ults. T h e r es ults of t h e s e nsiti vit y 

a n al y sis i d e ntif y w hi c h v ari a bl es s h o ul d g et m or e att e n ti o n i n t h e d esi g n m et h o d. T h es e v ari a bl es will b e u s e d t o 

c h e c k t h e r e a s o n a bl e n ess of t h e m o d el pr e di cti o ns, t o i d e ntif y pr o bl e ms i n t h e s oft w a r e, a n d t o u n d erst a n d t h e 

l e v el of diffi c ult y i n v ol v e d i n o bt ai ni n g t h e i n p uts. 

T h e i n p uts c o nsi d er e d f or t h e J P C P s e ns iti vit y a n al y sis w er e c at e g ori z e d i nt o f o ur gr o u ps, a n d a r a n g e of v al u es 

f or e a c h i n p ut w as s el e ct e d (s e e T a bl e 4. 1). ( N ot e: t h e v al u es a p p e ari n g i n b ol df a c e i n T a bl e 4. 1 ar e t h os e us e d 

f or t h e b as eli n e m o d el. I n t h e r est of t his c h a pt er, t he P a v e m e nt M E r es ults f o r a ll c as es s h o w t h e pr e di ct e d 

p erf or m a n c e r a n g e f or t h e r a n g e of i n p uts r el ati v e t o t h e b as eli n e m o d el.) T h e i n p ut v al u e r a n g es s el e ct e d f or t h e 

a n al y sis ar e diff er e nt t h a n t h e r a n g es t h at will n e e d c o nsi d er ati o n w h e n d e v el o pi n g d esi g n t o ols f or C altr a ns. I n 

p arti c ul ar, t h e sl a b t hi c k n ess es n e e d e d t o c o v er t h e r a n g e of d esi g ns f or C altr a ns c o n diti o ns will i n cl u d e t hi n n er 

a n d t hi c k er sl a bs. 

T h e r a n g es f or t h e v ari a bl es c o nsi d er e d i n t his st u d y w er e s el e ct e d b as e d o n t h e hist ori c al d at a a v ail a bl e i n t h e 

C altr a ns P M S d at a b as e f or v ari a bl es c o ntr oll e d b y t h e d esi g n er ( e. g., P C C sl a b t hi c k n ess, P C C sl a b l e n gt h, b as e 

t y p e, s h o ul d er t y p e, et c., dis c uss e d i n C h a pt er 2) a n d t h e U C P R C m at eri al d at a b as e f or v ari a bl es t h e d esi g n er 

eit h er h as s o m e or n o c o ntr ol o v er ( e. g., P C C c o m pr e ssi v e str e n gt h, P C C C T E, P C C s h ort w a v e a bs or pti vit y, et c. 

dis c uss e d i n t h e a p p e n di x). T h er ef or e, t h e r a n g e s el e ct e d f or e a c h v ari a bl e r efl e cts t h e c o m m o n c o nstr u cti o n 

pr a cti c e i n C alif or ni a a n d v ali d at es t h e s e nsiti vit y of t h e m o d els’ p erf or m a n c e t o t h e v ari a bl e’s c h a n g e. T h es e 

v al u es w er e s el e ct e d f or t h e a n al y sis t o i d e ntif y t h e r e as o n a bl e n ess of t h e r es ults fr o m t h e m o d els b a s e d o n 

C alif or ni a e x p eri e n c e, t o i d e ntif y w hi c h v ari a bl es ar e m o st s e nsiti v e, a n d t o i d e ntif y v a ri a bl es f or w hi c h t h e r es ults 

ar e n o n- m o n ot o ni c (t h at is, a n i n cr e as e i n t h e i n p ut v ari a bl e m a y r es ult i n a n i n cr e as e or d e cr e as e i n t h e pr e di ct e d 

p erf or m a n c e d e p e n di n g o n t h e i n p ut v ari a bl e v al u e). I n m a n y c as es, i d e ntif yi n g a v ari a bl e’ s s e nsiti vit y r e q uir es 

t h e r a n g e us e d t o c h e c k f or s e nsiti vit y t o b e m u c h l ar g er t h a n t h e r a n g e e x p e ct e d i n t h e fi el d. 

T h es e r a n g es will n ot b e us e d f or eit h er c ali br ati o n or d esi g n c at al o g d e v el o p m e nt. I n t h e c ali br ati o n pr o c ess, t h e 

r a n g e s el e ct e d f or e a c h v ari a bl e will i n clu d e all t h e v al u es e v er us e d f or J P C P c o nstr u cti o n i n i n C alif or ni a, b as e d 

o n t h e P M S d at a b as e. D e v el o p m e nt of t h e d esi g n c at al o g will us e b ot h t h e v al u es us e d i n t h e c ali br ati o n a n d 
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a d diti o n al o n es t h at w o ul d r efl e ct f ut ur e d esi g n i n C alif or ni a. T h er ef or e, t h e r a n g es st u di e d i n t his r e p ort ar e a 

s u bs et of t h os e t h at will b e us e d f or b ot h t h e P a v e m e nt M E c ali br ati o n a n d t h e d esi g n c at al o g d e v el o p m e nt t h at 

will b e e x pl ai n e d i n f ut ur e r e p orts. 

As n ot e d, t h e v ari a bl es c a n b e di vi d e d i nt o t h os e t h at a p a v e m e nt d esi g n er c a n d et er mi n e a n d ot h ers t h at t h e 

d esi g n er c a n n ot c o ntr ol. M or e s p e cifi c all y, first gr o u p of v ari a bl es, t h e o n es d et er mi n e d b y t h e d esi g n er, ar e t h e 

str u ct ur al d esi g n v ari a bl es of t h e p a v e m e nt. T h e s e c o n d gr o u p of v ari a bl es ar e t h e m at eri al i n p uts, w hi c h ar e 

u n k n o w n t o a d esi g n er i n a d esi g n- bi d- b uil d pr oj e ct d eli v er y e n vir o n m e nt — alt h o u g h s o m e m at eri als v ari a bl es ar e 

p artl y c o nstr ai n e d b y s p e cifi c ati o ns a n d s o m e ar e n ot ( e . g., str e n gt h is c o nstr ai n e d b y s p e cifi c ati o ns b ut C T E is 

n ot). T h e t hir d a n d f o urt h gr o u ps, tr affi c a n d cli m at e, ar e g e n er all y k n o w n t o t h e d esi g n er b ut t h e y c a n n ot b e 

c o ntr oll e d. Of c o urs e, t h er e ar e m a n y ot h er i n p ut v ari a bl es t h at n e e d t o b e d efi n e d as p art of P a v e m e nt M E r u ns. 

H o w e v er, s o m e v ari a bl es t h at t h e d esi g n er c a n n ot k n o w, s u c h as s hri n k a g e, w e r e n ot c o nsi d er e d b e c a us e d at a f or 

t h e m w er e l a c ki n g. T h es e v ari a bl es’ eff e cts w er e n ot c o nsi der e d i n t his pr oj e ct, a n d t h eir d ef a ult v al u es w er e us e d 

i n t h e P a v e m e nt M E r u ns. 

T a bl e 4. 1: I n p ut V a ri a bl es E x a mi n e d i n t h e S e nsiti vit y A n al ysis 

I n p ut C at e g o r y V a ri a bl e 
P a v e m e nt P C C sl a b t hi c k n ess: ( 7, 8 , 9) i n i n c h es 
str u ct ur al P C C sl a b l e n gt h: ( 1 2- 1 3- 1 4- 1 5, 1 5 , 1 2- 1 3- 1 8- 1 9) i n f e et 
d esi g n L o a d tr a n sf er: ( D o w el e d , U n d o w el e d) 

Fri cti o n l o ss d ur ati o n: ( N o Fri cti o n, 1 2 0 , 2 4 0) i n m o nt h s 
B as e t y p e: ( A g gr e g at e B as e ( A B), H ot- Mi x As p h alt ( H M A) , C e m e nt-tr e at e d B as e ( C T B), L e a n 
c o n cr et e b as e ( L C B)) 
S h o ul d er t y p e ( e d g e s u p p ort): ( N ot- Ti e d, Ti e d , Wi d e n e d) 
S u b gr a d e t y p e: ( G r a v el & S a n d ( A- 1 a) , S a n d ( A- 3), Cl a y ( A- 5)) 
Er o di bilit y i n d e x: ( E xtr e m el y Er osi o n R esist a nt ( 1), F ai rl y E r o di bl e ( 4), V er y Er o di bl e ( 5)) 

P a v e m e nt P C C c o m pr essi v e str e n gt h: ( 4, 7 3 0, 5, 7 3 0 , 6, 7 3 0) i n p si 
m at eri al - 1P C C C o effi ci e nt of T h er m al E x p a nsi o n ( C T E): ( 4, 5 , 6) i n 1 0- 6° F

P C C s h ort w a v e a b s or pti vit y: ( 0. 6 5, 0. 7 , 0. 8, 0. 9) 
P C C h e at c a p a cit y: ( 0. 2 , 0. 2 4, 0. 2 8) i n B T U.l b.℉ 
P C C t h er m al c o n d u cti vit y: ( 1. 0, 1. 1 5, 1. 2 5 , 1. 5) i n B T U. hr.ft.℉ 
B uilt-i n c url- w ar p t e m p er at ur e: ( – 1 5, – 1 0 , – 5, 0) i n ℉ 

Tr affi c A v er a g e a n n u al d ail y tr u c k tr affi c f or t w o l a n es ( A A D T T): ( 7, 0 0 0, 1 2, 0 0 0, 1 4, 0 0 0 , 1 6, 0 0 0, 2 0, 0 0 0) 
WI M s p e ctr a: ( 1, 3 , 5) 

Cli m at e Cli m at e r e gi o n: ( D es ert, Hi g h D es ert, S o ut h M o u nt ai n, L o w M o u nt ai n , Hi g h M o u nt ai n, I nl a n d 
V all e y, C e ntr al C o ast, S o ut h C o ast) 

N ot es: 

T h e u nits us e d i n t h e P a v e m e nt M E s oft w ar e ar e pr es e nt e d, alt h o u g h t h e y ar e n ot n e c ess aril y t h e u nits us e d b y C altr a ns i n d e si g n; C altr a ns 
u nits a n d m etri c u nits [r o u n d e d t o n e ar est 1 5 m m] ar e s h o w n i n p ar e nt h e s es i n t h e i niti al dis c ussi o n of e a c h v ari a bl e. 

T h e v al u es a p p e ari n g i n b ol df a c e w e r e us e d f or t h e b as eli n e m o d el. 
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T o p erf or m a s e nsiti vit y a n al y sis of t h e distr ess pr e di c ti o n m o d els f or J P C P i n P a v e m e nt M E, a b as eli n e m o d el 

w as d efi n e d wit h a r ef er e n c e s et of i n p ut v al u es. T h e v al u es w er e s el e ct e d t o i n v esti g at e t h e eff e cts of v ari ati o n of 

i n p ut v ari a bl es o n t h e r es ults of t h e P a v e m e nt M E m o d els. T h e b as eli n e m o d el w as d efi n e d as a p a v e m e nt str u ct ur e 

wit h a n 8-i n c h ( 2 0 0 m m, 0. 6 7 ft) P C C sl a b, a 4-i n c h ( 1 0 5 m m, 0. 3 3 ft) H M A b as e, a 6-i n c h ( 1 5 0 m m, 0. 5 ft) 

a g gr e g at e s u b b as e, a n d a w ell- gr a d e d gr a v el a n d s a n d ( A- 1 a) s u b gr a d e. 

4. 2 P a v e m e nt St r u ct u r al a n d D esi g n I n p uts 

4. 2. 1 P C C Sl a b T hi c k n ess 

A c c or di n g t o t h e M e c h a nisti c- E m piri c al P a v e m e nt D esi g n G ui d e ( 1), P C C sl a b t hi c k n ess is o n e of t h e m o st 

criti c al d esi g n f e at ur es fr o m t h e st a n d p oi nts of b ot h p erf or m a n c e a n d c ost. I n g e n er al, as sl a b t hi c k n ess i n cr e as es, 

criti c al b e n di n g str ess es a n d d efl e cti o ns d e cr e as e, wit h a c o ns e q u e nt r e d u cti o n i n cr a c ki n g a n d f a ulti n g. 

T his s e nsiti vit y a n al y sis c o nsi d er e d t hr e e P C C t hi c k n ess es: 7, 8, a n d 9 i n c h es ( 0. 5 8, 0. 6 7, 0. 7 5 ft [ 1 7 5, 

2 0 0, 2 3 0 m m]). T h es e t hi c k n ess es w er e s el e ct e d b e c a us e m o st of t h e p erf or m a n c e d at a us e d f or t h e c ali br ati o n 

c a m e fr o m pr oj e cts wit h 8- t o 1 0-i n c h sl a bs, a n d b e c a us e of a d esir e t o c o nsi d er sl a bs s o m e w h at l ess t h a n 8 i n c h es, 

t h e c urr e nt mi ni m u m i n t h e H D M, w hi c h m a y b e us e d o n r o ut es wit h l o w er tr u c k tr affi c v ol u m es. 

T h e si g nifi c a nt eff e ct t h at P C C sl a b t hi c k n ess h as o n J P C P tr a ns v ers e cr a c ki n g p erf or m a n c e c a n b e o bs er v e d i n 

Fi g ur e 4. 1. It c a n b e s e e n fr o m t h e fi g ur e t h at i n t his p arti c ul ar s c e n ari o, d e cr e asi n g sl a b t hi c k n ess fr o m 9 i n c h e s 

t o 7 i n c h es r es ult e d i n a n u n a c c e pt a bl e d esi g n i n t er ms of tr a ns v ers e f ati g u e cr a c ki n g. 

N ot e: i n all t h e f oll o wi n g fi g ur es, t h e s h a d e d ar e a s h o ws t h e c h a n g e i n J P C P p erf or m a n c e ill ustr at e d i n 

Fi g ur e 4. 1. T h e s h a d e d ar e a is s h o w n as a r ef er e n c e f o r c o m p ari n g t h e eff e cts t h at r es ult fr o m a dj usti n g ot h er 

v ari a bl es. I n t his e x a m pl e, t h e str at e g y w as us e d t o c o m p ar e t h e s e nsiti vit y of P a v e m e nt M E cr a c ki n g pr e di cti o ns 

t h at i n cl u d e t h e r est of t h e v ari a bles wit h c h a n g es i n P C C sl a b t hi c k n ess. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 1: Eff e ct of P C C sl a b t hi c k n ess o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 

Fi g ur e 4. 2 s h o ws t h e eff e ct of P C C sl a b t hi c k n ess o n t h e J P C P f a ulti n g. T h es e r es ults d o n ot m at c h t h e st at e d 

e x p e ct ati o n t h at t hi c k er P C C sl a bs w o ul d h a v e l ess f a ulti n g. I nst e a d, t his fi g ur e s h o ws t h at 7-i n c h t hi c k sl a bs h a v e 

l ess f a ulti n g t h a n t hi c k er sl a bs. T his o ut c o m e is b eli e v e d t o b e r el at e d t o t h e f a ct t h at d o w el b ar di a m et er w as k e pt 

c o nst a nt f or all t h e P C C sl a b t hi c k n ess e s ( 1. 2 5 i n.). M ai n t ai ni n g t h e s a m e d o w el di a m et er w hil e i n cr e asi n g sl a b 

t hi c k n ess r es ults i n a r e d u cti o n i n n o n di m e nsi o n al d o w el stiff n es s (J D), w hi c h is t h e r ati o of cr oss-s e cti o n al st e el 

ar e a t o t ot al cr oss-s e cti o n al sl a b ar e a. T hi s i n t ur n r e d u c es L T E, w hi c h i n cr e as es t h e diff er e nti al e n er g y of s u b gr a d e 

d ef or m ati o n, t h us r es ulti n g i n i n cr e as e d c u m ul ati v e f a ulti n g. T h er ef or e, a d esi g n er s h o ul d i n cr e as e d o w el b ar si z e 

wit h t hi c k er P C C sl a bs. A s s h o w n i n Fi g ur e 4. 3, P a v e m e nt M E pr e di ct e d f a ulti n g d e cr e as e s v ers us sl a b t hi c k n ess 

if t h e d o w el di a m et er is a dj ust e d f or e a c h sl a b t hi c k n ess ( 1. 0, 1. 2 5, a n d 1. 5 i n. d o w el di a m et er, r es p e cti v el y, f or 

7, 8, a n d 9 i n. sl a b t hi c k n ess). I n a n y c as e, as l o n g as a J P C P h as a n a d e q u at e d o w el b ar si z e at t h e tr a ns v ers e 

j oi nts a c c or di n g t o C altr a n s g ui d eli n es, f a ulti n g s h o ul d n ot b e t h e criti c al p at h distr ess f or l o n g-t er m J P C P 

p erf or m a n c e. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 2: Eff e cts of P C C sl a b t hi c k n ess o n f a ulti n g ( w h il e k e e pi n g d o w el di a m et e r c o nst a nt) wit h 5 0 % r eli a bilit y. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 3: Eff e ct of P C C sl a b t hi c k n ess o n f a ulti n g ( w hil e c h a n gi n g d o w el di a m et e r) wit h 5 0 % r eli a bilit y. 
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T h e c h a n g e i n I RI is s h o w n i n Fi g ur e 4. 4. P a v e m e nt M E d et er mi n es I RI as a f u n cti o n of i niti al I RI, sit e c o n diti o ns, 

tr a ns v ers e cr a c ki n g, f a ulti n g, a n d s p alli n g. D o w el di a m et er w as a dj u st e d f or e a c h sl a b t hi c k n ess ( 1. 0-, 1. 2 5-, a n d 

1. 5-i n c h d o w el di a m et ers, r es p e cti v el y, f or 7-, 8-, a n d 9- i n c h sl a b t hi c k n ess es) t o pr o d u c e t h e d at a s h o w n i n t h e 

fi g ur e. As e x p e ct e d, I RI d e cr eas e d as sl a b t hi c k n ess i n cr e as e d. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

8 i n c h es 

9 i n c h es 

Fi g u r e 4. 4: Eff e cts of P C C sl a b t hi c k n ess o n I RI wit h 5 0 % r eli a bilit y. 

4. 2. 2 P C C Sl a b L e n gt h ( Tr a ns v ers e J oi nt S p a ci n g) 

T h e M E P D G ( 1) st at es t h at tr a ns v ers e j oi nt s p a ci n g aff e cts tr a ns v ers e cr a c ki n g, a n d t o a l ess er d e gr e e it als o 

aff e cts j oi nt f a ulti n g. T h e M E P D G als o st at es t h at fi el d st u di es h a v e s h o w n t h at J P C Ps wit h l o n g er tr a ns v ers e j oi nt 

s p a ci n g t e n d t o b e m or e s us c e pti bl e t o tr a ns v ers e cr a c ki n g, a n d t h at t h er ef or e tr a ns v ers e j oi nt s p a ci n g s h o ul d b e 

c h os e n wit hi n t h e c o nt e xt of J P C P d esi g n f e at ur es s u c h as P C C sl a b t hi c k n ess, P C C sl a b wi dt h, P C C m at eri al 

pr o p erti es, b as e t y p e, a n d s h o ul d er t y p e. 

T hr e e diff er e nt P C C sl a b l e n gt h s ets, 1 5 ft., ( 1 2, 1 3, 1 4, 1 5 ft .), a n d ( 1 2, 1 3, 1 8, 1 9 ft.) ar e c o nsi d er e d i n t his st u d y. 

T h es e sl a b l e n gt hs ar e ( or w er e) t h e o n es m o st c o m m o nl y c o nstr u ct e d i n C alif or ni a, a n d d esi g n ers w h o ar e a d di n g 

or r e c o nstr u cti n g l a n es m u st eit h er m at c h t h e j oi nt s p a ci n g i n t h e a dj a c e nt l a n e or pl a c e a n is ol ati o n j oi nt b et w e e n 

l a n es if t h e y ar e usi n g j oi nt s p a ci n gs i n t h e n e w l a n es t hat d o n ot m at c h t h os e i n t h e e xisti n g l a n es. T h e c urr e nt 

v ersi o n of P a v e m e nt M E c a n n ot m o d e l r a n d o m sl a b l e n gt h. W h e n t h e o pti o n “r a n d o m j oi nt s p a ci n g ” is s el e ct e d 
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i n t h e s oft w ar e, t h e m e a n sl a b l e n gt h is us e d i n cr a c ki n g a n d f a ulti n g c al c ul ati o ns; s o m et hi n g si mil ar a p pli es t o 

I RI. C o ns e q u e ntl y, t h e t hr e e sl a b l e n gt h s ets ar e m o d el e d b y P a v e m e nt M E as si n gl e sl a b l e n gt hs of 1 5, 1 3. 5, a n d 

1 5. 5 ft. r es p e cti v el y. 

Fi g ur e 4. 5 s h o ws t h e eff e ct of tr a n s v ers e j oi nt s p a ci n g o n J P C P tr a ns v ers e cr a c ki n g p erf or m a n c e. T his fi g ur e 

s h o ws t h at l o n g er P C C sl a bs h a v e m or e tr a ns v ers e cr a c ki n g t h a n s h ort er o n es. T h es e r es ults i n di c at e t h at a 1-i n c h 

sl a b t hi c k n ess c h a n g e fr o m 8 t o 9 i n c h es i n cr e as es t h e p er c e nt a g e of tr a ns v ers e cr a c ki n g as m u c h as a c h a n g e fr o m 

a j oi nt l e n gt h s et of ( 1 2, 1 3, 1 4, 1 5 ft.) t o o n e wit h o nl y 1 5 ft. j oi nt s p a ci n g. 

Fi g ur e 4. 6 s h o ws t h e eff e ct of tr a ns v ers e j oi nt s p a ci n g o n J P C P f a ulti n g. As st at e d i n t h e P a v e m e nt M E 

d o c u m e nt ati o n, sl a b l e n gt h is n ot a m aj or f a ct or aff e cti n g J P C P f a ulti n g. I n t his fi g ur e, it c a n b e s e e n t h at o v er a 

4 0- y e ar s er vi c e lif e, t h e diff er e n c e i n f a ulti n g is i nsi g ni fi c a nt f or diff er e nt P C C sl a b l e n gt hs. T h e eff e ct of 

tr a ns v ers e j oi nt s p a ci n g is m or e i m p ort a nt f or I RI ( Fi g ure 4. 7) t h a n f or f a ulti n g b e c a us e t h e P a v e m e nt M E I RI 

m o d el c o nsi d ers tr a ns v ers e cr a c ki n g, w hi c h is s e nsiti v e t o sl a b l e n gt h. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

N ot e: P a v e m e nt M E m o d els r a n d o m j oi nt s p a ci ng b y usi n g t h e a v e r a g e sl a b l e n gt h: 1 3. 5 ft f o r ( 1 2, 1 3, 1 4, 1 5) ft a n d 1 5. 5 ft 
f o r ( 1 2, 1 3, 1 8, 1 9). 

Fi g u r e 4. 5: Eff e cts of P C C sl a b l e n gt h o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 1 2 ‐1 3 ‐1 8 ‐1 9 ft 

fr o m 7 i n c h e s t o 9 i n c h e s. 

1 2 ‐1 3 ‐1 4 ‐1 5 ft 

1 5 ft 

N ot e: P a v e m e nt M E m o d els r a n d o m j oi nt s p a ci n g b y usi n g t h e a v e r a g e sl a b l e n gt h: 1 3. 5 ft f o r ( 1 2, 1 3, 1 4, 1 5) a n d 1 5. 5 ft 
f o r ( 1 2, 1 3, 1 8, 1 9). 

Fi g u r e 4. 6: Eff e cts of P C C sl a b l e n gt h o n f a ulti n g wit h 5 0 % r eli a bilit y. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

N ot e: P a v e m e nt M E m o d els r a n d o m j oi nt s p a ci n g b y usi n g t h e a v e r a g e sl a b l e n gt h 1 3. 5 ft f o r ( 1 2, 1 3, 1 4, 1 5) a n d 1 5. 5 ft 
f o r ( 1 2, 1 3, 1 8, 1 9). 

Fi g u r e 4. 7: Eff e cts of P C C sl a b l e n gt h o n I RI wit h 5 0 % r eli a bilit y. 
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4. 2. 3 L o a d Tr a n sf er 

A c c or di n g t o t h e P a v e m e nt M E d o c u m e nt ati o n, l o a d tr a nsf er a cr os s tr a ns v ers e j oi nts is t h e m o st criti c al f a ct or 

c o ntr olli n g J P C P j oi nt f a ulti n g a n d, s u bs e q u e ntl y, s m o ot h n ess. T h e d o c u m e nt ati o n als o st at es t h at l o a d tr a nsf er 

aff e cts J P C P t o p- d o w n cr a c ki n g, a n d t h at fi el d st u di es h a v e s h o w n t h at us e of m e c h a ni c al d e vi c es ( d o w els) gr e atl y 

d e cr e as es t h e p ot e nti al f or tr a ns v ers e j oi n t f a ulti n g, wit h t h e d o w el di a m et er b ei n g a n i m p ort a nt f a ct or aff e cti n g 

J P C P f a ulti n g. S m all- di a m et er d o w els ( 1 i n c h or l ess) ar e r el ati v el y i n eff e cti v e i n pr e v e nti n g j oi nt f a ulti n g, b ut 

l ar g e- di a m et er d o w els ( e. g., 1. 5 i n c h) ar e hi g hl y eff e cti ve. T his si z e diff er e n c e m att er s b e c a u s e t h e l ar g er t h e 

d o w el e m b e d d e d i n t h e c o n cr et e, t h e m or e it will s pr e a d a n d, t h er ef or e, r e d u c e t h e c o m pr essi v e str ess es o n t h e 

c o n cr et e ar o u n d it. T h e l o w er t h os e str ess es ar e, t h e b ett er t h e c o n cr et e c a n m ai nt ai n a ti g ht fit ar o u n d t h e d o w el — 

a n d f or a l o n g er ti m e. 

Fi g ur e 4. 8 s h o ws t h e eff e ct of usi n g d o w els o n J P C P tr a ns v ers e cr a c ki n g. T his fi g ur e s h o ws t h at t h e P a v e m e nt M E 

tr a ns v ers e cr a c ki n g m o d el is u n aff e ct e d b y t h e us e d o w els. H o w e v er, as e x p e ct e d, Fi g ur e 4. 9 a n d Fi g ur e 4. 1 0 

s h o w t h e si g nifi c a nt eff e ct d o w els h a v e o n t h e f a ulti n g a n d s m o ot h n ess p erf or m a n c e of J P C P. T h es e fi g ur es s h o w 

t h at u n d o w el e d J P C P will f ail t h e f a ulti n g a n d s m o ot h n ess crit eri a wit hi n al m o st t h e first fi v e y e ars of s er vi c e lif e. 

T h er ef or e, c o nstr u cti n g d o w el e d J P C P is a n ess e nti al pr a cti c e f or h a vi n g a l o n g-l asti n g s m o ot h p a v e m e nt f or 

h e a vi er tr affi c. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

D o w el e d/ U n d o w el e d 

Fi g u r e 4. 8: Eff e cts of l o a d t r a nsf e r o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 9: Eff e cts of l o a d t r a nsf e r o n f a ulti n g wit h 5 0 % r eli a bilit y. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 1 0: Eff e cts of l o a d t r a nsf e r o n I RI wit h 5 0 % r eli a bilit y. 
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4. 2. 4 Fri cti o n L oss D ur ati o n 

B as e fri cti o n is a n i m p ort a nt pr o p ert y aff e cti n g t h e f or m ati o n a n d distri b uti o n of J P C P tr a ns v ers e cr a c ki n g. B as e d 

o n t h e P a v e m e nt M E d o c u m e nt ati o n, t h e i nt erf a c e b et w e e n a st a bili z e d b as e a n d a P C C sl a b c a n b e m o d el e d o nl y 

as b ei n g eit h er c o m pl et el y b o n d e d or c o m pl et el y u n b o n d e d f or J P C P d esi g n. T h e d o c u m e nt ati o n als o n ot es t h at 

t h e str u ct ur al c o ntri b uti o n of a st a bili z e d b as e is si g nifi c a nt if t h e b as e is f ull y b o n d e d t o t h e sl a b, a n d m u c h l ess 

si g nifi c a nt if t h er e is n o b o n di n g, w it h t h e e xt e nt of t h e c o ntri b uti o n d ep e n di n g o n t h e r el ati v e t hi c k n ess es of t h e 

st a bili z e d b as e a n d P C C. E v e n if it is b o n d e d, a v er y t h i n st a bili z e d b as e will n ot c o ntri b ut e m u c h t o str u ct ur al 

c a p a cit y b e c a us e it will n ot s u bst a nti all y s hift t h e n e utr al a xis i n t h e P C C sl a b d o w n w ar d a n d r e d u c e t h e t e nsil e 

str ess i n t h e P C C. F ull b o n di n g is st at e d t o b e t h e t y pi c al c o n diti o n, es p e ci all y f or as p h alt-st a bili z e d b as es, b as e d 

o n a n a n al y sis of d efl e cti o n t esti n g r es ults c o n d u ct e d at sl a b i nt eri ors. T h e d o c u m e nt ati o n als o n ot es t h at o v er ti m e 

t h e eff e ct s of e n vir o n m e nt al a n d tr affi c l o a di n g t e n d t o w e a k e n t hi s b o n d ar o u n d t h e e d g es. T h e ass u m pti o n of 

f ull b o n di n g o v er t h e e ntir e d esi g n p eri o d is t h er ef or e oft en u n- c o ns er v ati v e c o m p ar e d t o t h e a ct u al c o n diti o n o v er 

t h e f ull d esi g n p eri o d. 

If t h e i niti al c o n diti o n is b o n d e d, b ot h t h e st arti n g c o n ditio n ( b o n d e d or u n b o n d e d) a n d t h e p a v e m e nt a g e ( m o nt h) 

w h e n t h e d e b o n di n g will o c c ur c a n b e i n p ut. T h e sl a b- b as e i nt erf ac e is ass u m e d t o b e f ull y b o n d e d u p t o t h e a g e 

w h e n d e b o n di n g o c c urs; aft er t h e d e b o n di n g a g e, t h e i nt erf a c e i s ass u m e d t o b e f ull y u n b o n d e d. I n t his st u d y, 

t hr e e diff er e nt d ur ati o ns of l oss of b o n di n g (r ef err e d t o b y t h e s oft w ar e as fri cti o n) w er e c o nsi d er e d: n o b as e 

fri cti o n ( 0- m o nt h b as e fri cti o n), 1 2 0- m o nt h b as e fri cti o n, an d 2 4 0- m o nt h b as e fri cti o n. It s h o ul d b e n ot e d t h at all 

t h es e c a s es s h o w n ar e o n a n H M A b as e, a n d t h e r es ults m a y c h a n g e f or a diff er e nt ki n d of b as e t y p e. 

Fi g ur e 4. 1 1 s h o ws t h e eff e ct of fri cti o n l oss d ur ati o n o n tr a ns v ers e cr a c ki n g f or a p a v e m e nt wit h a n H M A b as e 

t y p e. I n t h e pl ot, it c a n b e s e e n t h at t h e p a v e m e nt s h o ws n o si g ns of tr a ns v ers e cr a c ki n g b ef or e t h e fri cti o n l oss 

p eri o d. O n c e t h e p a v e m e nt a g e h as p ass e d t h at p oi nt, it st arts s h o wi n g si g ns of d et eri or ati o n a n d tr a ns v ers e 

cr a c ki n g. T h er ef or e, t h e l o n g er t h at f ull b o n di n g is m o d e l e d b et w e e n t h e P C C sl a b a n d t h e b as e, t h e l ess tr a ns v ers e 

cr a c ki n g t h at t h e m o d el will pr e di ct i n t h e p a v e m e nt d uri n g its s er vi c e lif e. 

Fi g ur e 4. 1 2 s h o ws t h at fri cti o n l o ss d ur ati o n h as n o eff e ct o n J P C P f a ulti n g a n d t h at n o m att er w h at v al u e is c h os e n 

f or t his v ari a bl e, t h e p a v e m e nt will h a v e t h e s a m e f a ulti n g p erf or m a n c e d uri n g its s er vi c e lif e. As s h o w n i n 

Fi g ur e 4. 1 3, t his is n ot t h e c as e f or I RI, as I RI d e p e n ds o n b ot h f a ulti n g a n d tr a ns v ers e cr a c ki n g a n d, as a r es ult, 

t h e l o n g er t h e ti m e t o d e b o n di n g, t h e l ess tra ns v ers e cr a c ki n g, a n d h e n c e, l ess I RI. 
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N o Fri cti o n, 1 2 0, 
a n d 2 4 0 ‐m o nt h 

S h a d e d ar e a: c h a n g e i n 
fri cti o n 

J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

1 2 0 ‐m o nt h 

2 4 0 ‐m o nt h 

Fi g u r e 4. 1 1: Eff e cts of f ri cti o n l o ss d u r ati o n o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 

Fi g u r e 4. 1 2: Eff e cts of f ri cti o n l o ss d u r ati o n o n f a ulti n g wit h 5 0 % r eli a bilit y. 
( N ot e: t h e fi g u r e h as t h r e e n e a rl y i d e nti c al li nes t h at a r e h a r d t o disti n g uis h — o n e e a c h f o r N o F ri cti o n, 1 2 0, a n d 2 4 0-

m o nt h f ri cti o n.) 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 1 3: Eff e cts of f ri cti o n l o ss d u r ati o n o n I RI wit h 5 0 % r eli a bilit y. 

4. 2. 5 B as e T y p e 

A c c or di n g t o t h e P a v e m e nt M E d o c u m e nt ati o n, b as e t y p e h as b e e n s h o w n t o aff e ct j oi nt f a ulti n g, s m o ot h n ess, 

a n d sl a b cr a c ki n g. A stiff st a bili z e d b as e’ s str u ct ur al c o nt ri b uti o n c a n b e v er y si g nifi c a nt if t h e b as e is b o n d e d t o 

t h e sl a b. H o w e v er, t h e m ai n p ur p os e of pr o vi di n g a b as e co urs e i n J P C P is t o pr o vi d e u nif or m s u p p ort a n d er osi o n 

r esist a n c e, w hi c h ar e criti c al f or a v oi di n g l o c ali z e d f ail ur es a n d f a ulti n g. T h e d o c u m e nt ati o n st at es t h at f or 

str u ct ur al c a p a cit y, t h er e ar e s e v er al ot h er d esi g n f a ct ors ( e. g., sl a b t hi c k n ess, P C C str e n gt h, a n d e d g e s u p p ort) 

t h at h a v e a m or e dir e ct a n d f ar gr e at er i m p a ct t h a n a sta bili z e d b as e. I n t his st u d y f o ur diff er e nt b as e t y p es w er e 

c o nsi d er e d: a g gr e g at e b as e ( A B), c e m e nt-tr e at e d b as e ( C T B), l e a n c o n cr et e b as e ( L C B), a n d h ot mi x as p h alt 

( H M A). T h e er o di bilit y i n d e x w as k e pt c o nst a nt f or t h e diff er e nt b as e t y p es si n c e t h e er o di bilit y i n d e x eff e cts ar e 

s p e cifi c all y e v al u at e d i n S e cti o n 3. 2. 8. 

Fi g ur e 4. 1 4 s h o ws t h e eff e cts of t h es e b as e t y p es o n J P C P tr a ns v er s e cr a c ki n g. It s h o ul d b e n ot e d t h at t h e b o n di n g 

p eri o d (fri cti o n l oss) f or A B is z er o m o nt hs, as A B d o es n ot b o n d wit h t h e P C C sl a bs, an d t h er ef or e t h e tr a ns v ers e 

cr a c ki n g pr e di ct e d i n t h e p a v e m e nt st art s at t h e i niti al st a g e of s er vi c e lif e. O n t h e ot h er h a n d, H M A, C T B, a n d 

L C B st art t o s h o w tr a ns v ers e cr a c ki n g aft er 1 2 y e ars ( 1 2 0- m o nt h fri cti o n l o ss is t h e d efi n e d v al u e f or fri cti o n l oss 

i n t h e m o d el). E v e nt u all y, as e x p e cte d, t h e H M A b as e s h o ws t h e b est tr a ns v ers e cr a c ki n g p erf or m a n c e of t h e f o ur 

b as e t y p es, a r es ult t h at ali g ns wit h t h e p a v e m e nt c o n diti o n s ur v e y d at a fr o m C alif or ni a’ s st at e hi g h w a y n et w or k. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 1 4: Eff e cts of b a s e t y p e o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 

Fi g ur e 4. 1 5 s h o ws t h at b as e t y p e di d n ot aff e ct f a ulti n g p erf or m a n c e a s m u c h a s it aff e ct e d tr a ns v ers e cr a c ki n g 

p erf or m a n c e. T his fi g ur e s h o ws t h at C T B a n d L C B h a v e t h e b est f a ulti n g p erf or m a n c e, as t h e y pr o vi d e stiff er 

s u p p ort c o m p ar e d t o ot h er alt er n ati v es. T h e diff er e n c es b e t w e e n t h e diff er e nt b as e t y p es w o ul d h a v e b e e n l ar g er 

if t h e er o di bilit y i n d e x h a d b e e n a dj ust e d f or e a c h m at eri al. L C B a n d H M A c a n pr o vi d e a n er o di bilit y i n d e x of 

1 ( e xtr e m el y er osi o n r esist a nt) a n d H M A c a n pr o vi d e a n i n d e x v al u e of 2 ( v er y er osi o n r esist a nt), w hil e a n 

er o di bilit y i n d e x of 4 (f airl y er o di bl e) c a n b e e x p e ct e d fr o m a cr us h e d a g gr e g at e b as e. Fi g ur e 4. 1 6 s h o ws t h at 

H M A pr o vi d e d t h e b est s m o ot h n ess p erf or m a n c e a m o n g t h e b as e t y p es st u di e d i n t his r e p ort b e c a us e it h a d l ess 

tr a ns v ers e cr a c ki n g t h a n t h e ot h ers. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 1 5: Eff e cts of b a s e t y p e o n f a ulti n g wit h 5 0 % r eli a bilit y. 

S h a d e d ar e a: c h a n g e i n 
C T B J P C P p erf or m a n c e d u e t o 

c h a n g e i n P C C t hi c k n ess 
fr o m 7 i n c h e s t o 9 i n c h e s. 

L C B 

Fi g u r e 4. 1 6: Eff e cts of b a s e t y p e o n I RI wit h 5 0 % r eli a bilit y. 
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4. 2. 6 S h o ul d er T y p e ( E d g e S u p p o rt) 

A c c or di n g t o t h e P a v e m e nt M E d o c u m e nt ati o n, ti e d P C C s h o ul d ers a n d wi d e n e d sl a bs c a n si g nifi c a ntl y i m pr o v e 

J P C P p erf or m a n c e b y r e d u ci n g criti c al d efl e cti o ns a n d st r ess es al o n g t h e e d g e. S h o ul d er t y p e als o aff e cts t h e 

a m o u nt of m oist ur e i nfiltr ati n g t h e p a v e m e nt str u ct ur e. T h e eff e cts of m oist ur e i nfiltr ati o n ar e c o nsi d er e d i n 

d et er mi ni n g t h e u n b o u n d l a y ers’ s e as o n al m o d uli v al u es. I n t h is a n al y sis, t hr e e s h o ul d er t y p es ( e d g e s u p p orts) ar e 

c o nsi d er e d: n ot-ti e d, ti e d, a n d wi d e n e d. N ot-ti e d J P C P, w h er e t h er e is a n as p h alt or gr a v el s h o ul d er, d o es n ot 

s u p p ort a n y l o a d tr a nsf er b et w e e n t h e P C C sl a bs a n d s h o ul d er. 

W h e n a ti e d P C C s h o ul d er is b uilt, t h e P C C sl a bs ar e ti e d t o t h e c o n cr et e s h o ul d ers. I n m o d els f or t h es e t y p es of 

s h o ul d ers, t h e l o n g-t er m l o a d tr a nsf er effi ci e n c y ( L T E) b e t w e e n t h e l a n e a n d t h e s h o ul d er is a n i n p ut v al u e, w hi c h 

i n t his st u d y w as a ss u m e d t o b e t h e d ef a ult v al u e of 5 0 p er c e nt. L T E is d efi n e d as t h e r ati o of d efl e cti o ns of t h e 

u nl o a d e d a n d l o a d e d sl a bs. T h e hi g h er t h e L T E, t h e gr e at er t h e s u p p ort pr o vi d e d b y t h e s h o ul d er t o r e d u c e criti c al 

r es p o ns es of t h e m ai nli n e sl a bs. 

Wi d e n e d sl a bs i m pr o v e J P C P p erf or m a n c e b y eff e cti v el y m o vi n g t h e m e a n w h e el p at h a w a y fr o m t h e p a v e m e nt 

e d g es w h er e t h e criti c al l o a di n gs o c c ur, a n d t h er e b y r e d u c e t h e ris k of tr a ns v ers e cr a c ki n g. T h e d esi g n i n p ut f or 

wi d e n e d sl a b is sl a b wi dt h, w hi c h c a n r a n g e fr o m 1 2 t o 1 4 ft. T his st u d y ass u m e d t h e d ef a ult v al u e of 1 4 ft. 

Fi g ur e 4. 1 7 s h o ws t h e eff e cti v e n ess of e d g e s u p p or t (s h o ul d er t y p e) o n t h e J P C P’ s tr a ns v ers e cr a c ki n g 

p erf or m a n c e. As st at e d e arli er, a n d as s h o w n i n t h e fi g ur e, t h e wi d e n e d sl a bs a n d ti e d-s h o ul d er sl a b t y p es h a v e 

b ett er p erf or m a n c e t h a n t h e n ot-ti e d s h o ul d er t y p e. Si mil a r tr e n ds c a n b e o bs er v e d i n Fi g ur e 4. 1 8 a n d Fi g ur e 4. 1 9 

f or f a ulti n g a n d I RI, r es p e cti v el y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 1 7: Eff e cts of s h o ul d e r t y p e o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 1 8: Eff e cts of s h o ul d e r t y p e o n f a ulti n g wit h 5 0 % r eli a bilit y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 1 9: Eff e cts of s h o ul d e r t y p e o n I RI wit h 5 0 % r eli a bilit y. 

4. 2. 7 S u b gr a d e T y p e 

I n P a v e m e nt M E, s u b gr a d e an d u n b o u n d p a v e m e nt l a y ers ar e c h ar a ct eri z e d usi n g t h eir r esili e nt m o d uli. F or ri gi d 

p a v e m e nt d esi g n, t h e s u b gr a d e k- v al u e n e e d e d f or t h e st r u ct ur al a n al y sis is o bt ai n e d t hr o u g h a c o n v ersi o n pr o c ess 

t h at tr a nsf or ms t h e a ct u al p a v e m e nt str u ct ur e i nt o a n e q uiv al e nt str u ct ur e t h at c o nsists of a P C C sl a b, b as e, a n d a n 

“ eff e cti v e d y n a mi c k- v al u e ” f or all t h e l a y ers u n d er n e at h t h e b as e. T h e eff e cti v e d y n a mi c k- v al u e r e pr es e nts t h e 

c o m pr essi bilit y of all t h e l a y ers b e n e at h t h e P C C sl a b a n d b as e c o urs e. T h e eff e cti v e d y n a mi c k- v al u e of t h e 

s u b gr a d e is c al c ul at e d f or e a c h m o nt h of t h e y e ar a n d utili z e d dir e ctl y t o c o m p ut e criti c al str ess es a n d d efl e cti o ns 

i n t h e i n cr e m e nt al d a m a g e a c c u m ul ati o n o v er t h e d esi g n lif e of t h e p a v e m e nt. F a ct ors s u c h as w at er t a bl e d e pt h, 

d e pt h t o b e dr o c k, a n d fr ost p e n etr ati o n d e pt h (fr o z e n m a t eri al) c a n si g nifi c a ntl y aff e ct t h e eff e cti v e d y n a mi c 

k- v al u e. 

I n t his st u d y, t hr e e t y p es of s u b gr a d e w er e c o nsi d er e d : cl a y ( A- 5), gr a v el a n d s a n d ( A- 1 a), a n d s a n d ( A- 3). 

Fi g ur e 4. 2 0 s h o ws t h e eff e cts of s u b gr a d e o n t h e tr a ns v ers e cr a c ki n g of J P C P. It c a n b e s e e n t h at t h e gr a v el a n d 

s a n d, a n d t h e s a n d s u b gr a d es h a d n e arl y i d e nti c al p erf o r m a n c e, a n d t h e cl a y s u b gr a d e p erf or m e d t h e b est. 

H o w e v er, Fi g ur e 4. 2 1 a n d Fi g ur e 4. 2 2 s h o w t h at t h e cl a y s u b gr a d e h a d hi g h er v al u es f or b ot h f a ulti n g a n d I RI. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

( A‐3) a n d ( A‐1 a) 

Fi g u r e 4. 2 0: Eff e cts of s u b g r a d e t y p e o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 
( N ot e: t h e fi g u r e h as t w o li n es t h at a r e n e a rl y i d e nti c al, o n e f o r A- 3 a n d o n e f o r A- 1 a.) 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

( A‐3) a n d ( A‐1 a) 

Fi g u r e 4. 2 1: Eff e cts of s u b g r a d e t y p e o n f a ulti n g wit h 5 0 % r eli a bilit y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

( A‐3) a n d ( A‐1 a) 

Fi g u r e 4. 2 2: Eff e cts of s u b g r a d e t y p e o n I RI wit h 5 0 % r eli a bilit y. 
( N ot e: t h e fi g u r e h as t w o li n es t h at a r e n e a rl y i d e nti c al, o n e f o r A- 3 a n d o n e f o r A- 1 a.) 

4. 2. 8 Er o di bilit y I n d e x 

A c c or di n g t o t h e P a v e m e nt M E d o c u m e nt ati o n, t h e er osi o n p ot e nti al of t h e b as e or s u b b as e (t h e l a y er dir e ctl y 

b e n e at h t h e P C C l a y er) h as a si g nifi c a nt i m p a ct o n t h e i n iti ati o n a n d pr o p a g ati o n of p a v e m e nt distr ess. Diff er e nt 

b as e t y p es ar e cl assifi e d b as e d o n l o n g- t er m er o di bilit y b e h a vi or as f oll o ws: 

 Cl ass 1: E xtr e m el y er osi o n-r esist a nt m at eri als 

 Cl ass 2: V er y er osi o n-r esist a nt m at eri al s 

 Cl ass 3: Er osi o n-r esist a nt m at eri als 

 Cl ass 4: F airl y er o di bl e m at eri als 

 Cl ass 5: V er y er o di bl e m at eri als 

I n t his st u d y, Cl ass es 1, 2, a n d 4 w er e c o nsi d er e d. Cl ass 1 is a p pli c a bl e t o c e m e nt-tr e at e d b as e ( C T B) a n d h ot mi x 

as p h alt ( H M A), Cl ass 2 t o C T B, a n d Cl ass 4 t o a g gr e g at e b as e ( A B). Fi g ur e 4. 2 3 s h o ws t h at t h e er o di bilit y i n d e x 

h as n o eff e ct o n tr a ns v ers e cr a c ki n g p erf or m a n c e, as e x p e ct e d. As w as als o e x p e ct e d, Fi g ur e 4. 2 4 a n d Fi g ur e 4. 2 5 

s h o w t h at t h e b as e wit h m or e er o di bl e m at eri al will c a us e m o r e f a ulti n g i n J P C P a n d, c o ns e q u e ntl y, it will r es ult 

i n a r o u g h er p a v e m e nt. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

( 1), ( 4), a n d ( 5) 

Fi g u r e 4. 2 3: Eff e cts of e r o di bilit y i n d e x o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 
( N ot e: t h e fi g u r e h as t h r e e li n es, o n e e a c h f or ( 1), ( 4), a n d ( 5), t h at a r e n e a r l y i d e nti c al a n d i ndisti n g uis h a bl e.) 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 2 4: Eff e cts of e r o di bilit y i n d e x o n f a ulti n g wit h 5 0 % r eli a bilit y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

( 5) 

( 4) 

Fi g u r e 4. 2 5: Eff e cts of e r o di bilit y i n d e x o n I RI wit h 5 0 % r eli a bilit y. 

4. 3 P a v e m e nt M at e ri al I n p uts 

P a v e m e nt m at eri al i n p uts ar e t h e v ari a bl es g e n er all y u n k n o w n t o a d esi g n er at t h e d esi g n st a g e a n d ar e n ot r e a dil y 

a v ail a bl e f or m o st of t h e J P C P pr oj e cts c o nstr u ct e d i n C alif or ni a. T his m a k es c ali br ati n g P a v e m e nt M E a g ai nst 

t h e C altr a ns P M S d at a a c h all e n g e. H o w e v er, o v er t h e past f e w y e ars, t h e U C P R C h as o bt ai n e d s o m e m at eri al 

i n p ut d at a b y s a m pli n g fr o m v ari o us r es e ar c h pr oj e cts wit h J P C P c o nstr u cti o n sit es. D at a fr o m t h es e pr oj e cts c a n 

b e us e d t o u n d erst a n d t h e distri b uti o n of p a v e m e nt m at eri al v ari a bl e s a n d t h eir wit hi n - pr oj e ct a n d b et w e e n- pr oj e ct 

v ari a biliti es t o c ali br at e P a v e m e nt M E m or e effi ci e ntl y. T h e m at eri al i n p uts d at a c oll e ct e d w er e P C C c o m pr essi v e 

str e n gt h, P C C m o d ul us of el asti cit y, P C C c o effi ci e nt of t h er m al e x p a nsi o n ( C T E), P C C s urf a c e a bs or pti vit y, a n d 

P C C d e nsit y. 

Fi v e d at a s o ur c es w er e us e d t o s et u p t h e m at eri al i n p ut d at a b as e. 

 Gr o u n d p e n etr ati n g r a d a r ( G P R) d at a. T h e o bj e cti v e of a n e arli er U C P R C G P R st u d y w as t o cr e at e a 

l a n e- b as e d p a v e m e nt str u ct ur e i n v e nt or y d at a b as e c o nsisti n g of l a y er t hi c k n ess a n d m at eri al t y p es f or t h e 

e ntir e st at e hi g h w a y n et w or k. T h e d at a c oll e ct e d a s p art of t his pr oj e ct w er e us e d t o est a blis h fi x e d 

m a n a g e m e nt s e cti o ns f or n et w or k-l e v el a n d pr oj e ct-l e v el P M S o p er ati o ns. As p art of t his pr oj e ct, s o m e 

Bli n d V erifi c ati o n S e cti o ns ( B V S) w er e est a blis h e d t o pr o vi d e a d diti o n al q u alit y ass ur a n c e, a n d a l ar g e 

n u m b er of c or es w er e t a k e n t h at w er e l at er t est e d f or C T E. I n t his c urr e nt r e p ort, P C C C T E w as t h e 

pr oj e ct-s p e cifi c v ari a bl e o bt ai n e d fr o m t his G P R st u d y. 
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 Pr e vi o us M E P D G c ali br ati o n d at a. T h es e d at a w er e o bt ai n e d fr o m c or e s t a k e n fr o m diff er e nt p a v e m e nt 

s e cti o ns a cr os s t h e C alif or ni a as p art of a n e arli er U C P R C M E P D G c ali br ati o n pr oj e ct ( 3). 

 Al k ali-sili c a r e a cti o n ( A S R) d at a. T h e o bj e cti v e of a n e arli er U C P R C A S R pr oj e ct w as t o l o o k f or t h e 

pr es e n c e of al k ali-sili c a r e a cti o n i n C alif or ni a’ s p a v e m e nts a n d bri d g es b y e v al u ati n g t h e c or e s a m pl es 

t a k e n fr o m t h e p a v e m e nt s e cti o ns a cr oss t h e st at e ( 7). 

 St a nt e c d at a. T h es e d at a w er e o bt ai n e d b y drilli n g c or e s pe ci m e ns t o st u d y t h e i nfl u e n c e C T E o n J P C P 

cr a c ki n g ( 8). 

 C altr a ns C T E d at a b as e. Aft er t h e 2 0 0 6 s e nsiti vit y a n al y sis t h at s h o w e d a v er y hi g h s e nsiti vit y of 

tr a ns v ers e cr a c ki n g i n t h e M E P D G m o d els t o C T E, C altr a ns r e q uir e d c o ntr a ct ors t o t est a n d r e p ort C T E 

f or s e v er al y e ars. T his d at a b as e h as t h e C T E t est r es ults t a k e n fr o m t h e J P C p a v e m e nts w hil e u n d er 

c o nstr u cti o n d uri n g t h at p eri o d. 

F urt h er dis c ussi o n o n p a v e m e nt m at eri al i n p uts is pr o v i d e d i n t h e a p p e n di x at t h e e n d of t his r e p ort. 

4. 3. 1 P C C C o m pr e ssi v e Str e n gt h 

T h e c o m pr essi v e str e n gt h of P C C m at eri al s c a n us e d t o esti m at e t h e el asti c m o d ul us, fl e x ur al str e n gt h, a n d i n dir e ct 

t e nsil e str e n gt h if n o dir e ctl y m e as ur e d i nf or m ati o n f or t h es e pr o p erti es ar e a v ail a bl e as i n p uts. I n P a v e m e nt M E, 

t h e pr o c ess e d i n p uts f or P C C str e n gt h a n d m o d ul us pr o p erti es ar e t h e m o nt hl y str e n gt h a n d m o d ul us v al u es f or 

t h e e ntir e d esi g n p eri o d. A c c or di n g t o t h e P a v e m e nt M E d o c u m e nt ati o n, a n i n cr e as e i n P C C c o m pr essi v e str e n gt h, 

w hi c h is us e d t o m o d el c o m m e ns ur at e i n cr e as es i n fl e x ur al str e n gt h, l e a ds t o l o w er f ati g u e d a m a g e; h o w e v er, 

si n c e t h e P C C m o d ul us of el asti cit y als o i n cr e as es wit h i n cr e as e d c o m pr essi v e str e n gt h, t h e b e n di n g str ess d u e t o 

s hri n k a g e a n d t h er m al gr a di e nts will al s o i n cr e as e. T h us, t h e r e d u cti o n i n f ati g u e d a m a g e i s n ot as dr a m ati c as 

mi g ht b e e x p e ct e d w h e n P C C str e n gt h (fl e x ur al str e n gt h esti m at e d fr o m c o m pr essi v e str e n gt h) is i n cr e as e d. I n 

a d diti o n, a hi g h er-str e n gt h P C C o bt ai n e d t hr o u g h i n cr e as e d c e m e nt c o nt e nt m a y r es ult i n gr e at er s hri n k a g e of t h e 

h ar d e n e d mi xt ur e, alt h o u g h t his is n ot m o d el e d i n P a v e m e nt M E. If t his hig h er s hri n k a g e o c c urs, it will l e a d t o 

gr e at er w ar pi n g, w hi c h will i n cr e as e t e n sil e str es s e s at t h e t o p of t h e sl a b a n d, c o n s e q u e ntl y, t o p- d o w n cr a c ki n g. 

T h e c o m pr es si v e str e n gt hs w er e m e as ur e d o n c or es t a k e n at l e ast s e v er al y e ars a n d oft e n m a n y y e ars aft er 

c o nstr u cti o n. T h e v al u es w er e c o n v ert e d fr o m t h e l o n g-t e r m str e n gt hs t o e q ui v al e nt 2 8- d a y str e n gt hs b as e d o n 

P a v e m e nt M E f or m ul a, w hi c h i n cl u d e t h e A CI f or m ul a t h at r el at es fl e x ur al ( M R) a n d c o m pr essi v e str e n gt h, a 

d ef a ult ti m e e v ol uti o n f u n cti o n f or fl e x ur al str e n gt h, a n d a d ef a ult 1. 2 r ati o b et w e e n 2 0- y e ar a n d 2 8- d a y fl e x ur al 

str e n gt h. I n pr a cti c e, all fl e x ur al str e n gt h v al u es w er e di vi d e d b y 1. 2 i n or d er t o esti m at e t h e 2 8- d a y fl e x ur al 

str e n gt h, r e g ar dl ess of c o n cr et e a g e. F or a n y gi v e n ti m e , t h e r ati o b et w e e n M R a n d 2 8- d a y M R is a f u n cti o n of 

a g e; t h us, a p pl yi n g a 1. 2 f a ct or t o all pr oj e cts r e g ar dl e ss of a g e is a si m plifi c ati o n. T h e P a v e m e nt M E d ef a ult ti m e 

f u n cti o n is l o g arit h mi c. It i n cr e as es v er y q ui c kl y at t h e b e gi n ni n g a n d v er y sl o wl y aft er a f e w y e ars ( as e x pr ess e d 

i n a ct u al c o n cr et e m e c h a ni c al pr o p erti es). F or e x a m pl e, f or 3- y e ar ol d c o n cr et e, t h e r ati o b et w e e n M R a n d 2 8- d a y 
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M R is 1. 1 6, w hi c h is v er y cl os e t o 1. 2. I n ot h er w or ds, t h e a g e c orr e cti o n of fi el d s p e ci m e ns c a n b e si m plifi e d b y 

a p pl yi n g a 1. 2 f a ct or as s o o n as t h e pr oj e ct is a f e w y e ar s ol d. Fi n all y, t h e 2 8- d a y fl e x ur al str e n gt h v al u es w er e 

c o n v ert e d b a c k t o c o m pr essi v e st r e n gt hs usi n g t h e A CI f or m ul a. 

A hi er ar c hi c al i n p ut l e v el i n t h e M E P D G i n p ut s c h e m e all o ws a d esi g n er t o c at e g ori z e t h eir k n o wl e d g e of a n i n p ut 

p ar a m et er i nt o o n e of t hr e e l e v els, a n d i n t his w a y t h e c at al o g c a n d et er mi n e t h e i n p ut v al u es f or m o st of t h e 

m at eri al a n d tr affi c p ar a m et ers. T h e f oll o wi n g d efi n es e a c h hi er ar c hi c al i n p ut l e v el t h at a d esi g n er c a n us e: 

 I n p ut L e v el 1: T his i n p ut p ar a m et er is m e as ur e d dir e ctl y; it is sit e- or pr oj e ct-s p e cifi c. T his l e v el r e pr es e nts 

t h e gr e at est k n o wl e d g e a b o ut t h e i n p ut p ar a m et er f or a s p e cifi c pr oj e ct, b ut t h e t esti n g a n d d at a c oll e cti o n 

c osts f or d et er mi ni n g t his p ar a m et er’s i n p ut v al u e ar e t h e hi g h est of t h e t hr e e p o ssi bl e l e v els. L e v el 1 

s h o ul d b e us e d f or p a v e m e nt d esi g ns t h at h a v e u n us u al sit e f e at ur es, m at eri als, or tr affi c c o n diti o ns t h at 

ar e o utsi d e t h e i nf er e n c e-s p a c e us e d t o d e v el o p t h e c o rr el ati o ns a n d d ef a ults i n cl u d e d f or I n p ut L e v els 2 

a n d 3. 

 I n p ut L e v el 2: T his i n p ut p ar a m et er is esti m at e d fr om c orr el ati o ns or r e gr essi o n e q u ati o ns. T h e i n p ut v al u e 

is c al c ul at e d fr o m ot h er sit e-s p e cifi c d at a or p ar a m et er s t h at ar e l e ss c ostl y a n d/ or e asi er t o m e a s ur e t h a n 

t h e y ar e f or L e v el 1. I n p ut L e v el 2 c a n als o r e pr es e nt m e a s ur e d r e gi o n al v al u es t h at ar e n ot pr oj e ct s p e cifi c. 

 I n p ut L e v el 3: T his i n p ut p ar a m et er is b as e d o n “ best- esti m at e d ” or d ef a ult v al u es. L e v el 3 i n p uts ar e 

b as e d o n gl o b al or r e gi o n al d ef a ult v al u es —t h e m e di a n v al u e fr o m a gr o u p of d at a wit h si mil ar 

c h ar a ct eristi cs. T his i n p ut l e v el r efl e cts t h e l e ast k n o wl e d g e a b o ut t h e i n p ut p ar a m et er f or t h e s p e cifi c 

pr oj e ct, b ut it h as t h e l o w est t esti n g a n d d at a c oll e cti o n c osts. 

L e v el 3 w as s el e ct e d f or c o n cr et e str e n gt h/stiff n ess pr o p er ti es. T his m e a ns t h at t h e o nl y i n p ut is t h e 2 8- d a y 

c o m pr essi v e str e n gt h. T h e n P a v e m e nt M E us es t h e A CI f or m ul a t o esti m at e 2 8- d a y fl e x ur al str e n gt h a n d m o d ul us 

of el asti cit y, a n d a d ef a ult ti m e e v ol uti o n f u n cti o n a p pli c a b l e t o b ot h fl e x ur al str e n gt h a n d m o d ul us of el asti cit y. 

I n t his st u d y, t hr e e diff er e nt v al u es w er e c o nsi d er e d f or P C C c o m pr essi v e str e n gt h. T h es e v al u es w er e c h os e n 

b as e d o n t h e P C C c o m pr es si v e str e n gt h d at a distri b uti o n s h o w n i n t h e a p p e n di x. 

Fi g ur e 4. 2 6 s h o ws t h e tr a ns v ers e cr a c ki n g m o d el’s s e nsiti vit y t o c h a n g es i n t h e c o m pr essi v e str e n gt h of t h e P C C 

sl a b ( a n d t h e ass o ci at e d c h a n g es i n fl e x ur al str e n gt h a n d m o d ul us of el asti cit y). It c a n b e s e e n t h at i n cr e asi n g t h e 

sl a b’s c o m pr essi v e str e n gt h fr o m 4, 7 3 0 psi t o 6, 7 3 0 psi ( 3 2. 6 M P a t o 4 6. 4 M P a) d e cr e as e d t h e tr a ns v ers e cr a c ki n g 

fr o m 7 0 p er c e nt t o a b o ut 8 p er c e nt i n a 4 0- y e ar s er vi c e lif e. 

Fi g ur e 4. 2 7 s h o ws t h at t h e f a ulti n g m o d el is l ess s e nsiti v e t o c h a n g es i n P C C str e n gt h ( a n d t h e ass o ci at e d c h a n g es 

i n fl e x ur al str e n gt h a n d m o d ul us of el asti cit y) t h a n t h e tr a ns v ers e cr a c ki n g m o d el w as. Fi g ur e 4. 2 8 s h o ws t h at 

i n cr e asi n g t h e P C C c o m pr essi v e str e n gt h d e cr e as e d t h e I RI, as l ess tr a ns v ers e cr a c ki n g o c c urr e d wit h a str o n g er 

P C C. 
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S h a d e d ar e a: c h a n g e i n 5, 7 3 0 psi 

J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 6, 7 3 0 psi 

4, 7 3 0 psi 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 2 6: Eff e cts of P C C c o m p r essi v e st r e n gt h a n d ass o ci at e d ass u m pti o ns r e g a r di n g fl e x u r al st r e n gt h a n d 
stiff n ess o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 

Fi g u r e 4. 2 7: Eff e cts of P C C c o m p r essi v e st r e n gt h a n d ass o ci at e d ass u m pti o ns r e g a r di n g fl e x u r al st r e n gt h a n d 
stiff n ess o n f a ulti n g wit h 5 0 % r eli a bilit y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 2 8: Eff e cts of P C C c o m p r essi v e st r e n gt h a n d ass o ci at e d ass u m pti o ns r e g a r di n g fl e x u r al st r e n gt h, a n d 
stiff n ess o n f a ulti n g o n I RI wit h 5 0 % r eli a bilit y. 

4. 3. 2 P C C C o effi ci e nt of T h er m al E x p a nsi o n 

T h e c o effi ci e nt of t h er m al e x p a nsi o n ( C T E) is d efi n e d as t h e c h a n g e i n u nit l e n gt h p er d e gr e e of t e m p er at ur e 

c h a n g e. C T E aff e cts b ot h criti c al sl a b str ess e s a n d tr a n s v ers e j oi nt o p e ni n gs. T h e m a g nit u d e of c al c ul at e d c urli n g 

str ess ( c a us e d b y t e m p er at ur e diff er e n c e t hr o u g h t h e sl a b t hi c k n ess) is v er y s e nsiti v e t o C T E. A c c or di n g t o t h e 

M E P D G ( 1), u n d er c ert ai n e x p os ur e c o n diti o ns, c urli n g str ess es c an c o m pris e 5 0 p er c e nt or m or e of t h e criti c al 

str ess e x p eri e n c e d b y a l o a d e d J P C P sl a b, w hi c h t h er e b y aff e cts tr a ns v ers e cr a c ki n g si g nifi c a ntl y. 

T his st u d y c o nsi d er e d t hr e e C T E v al u es t h at w er e c h o s e n usi n g t h e C T E d at a distri b uti o n s h o w n i n Fi g ur e A. 1 7 

i n t h e a p p e n di x: 5 mi cr ostr ai n/ ° F- 1, w hi c h is cl os e t o t h e m e di a n v al u e sh o w n i n t h e a p p e n di x, a n d o n e st a n d ar d 

d e vi ati o n a b o v e a n d b el o w. Fi g ur e 4. 2 9 s h o ws t h e si g nifi c a nt eff e ct C T E h as o n t h e tr a ns v ers e cr a c ki n g 

p erf or m a n c e of J P C P. Fi g ur e 4. 3 0 a n d Fi g ur e 4. 3 1 als o s h o w t h at i n cr e asi n g C T E i n J P C P will c a us e a si g nifi c a nt 

i n cr e as e i n b ot h f a ulti n g a n d I RI b e c a us e of gr e at er c urli n g. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 2 9: Eff e cts of P C C C T E o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 3 0: Eff e cts of P C C C T E o n f a ulti n g wit h 5 0 % r eli a bilit y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 3 1: Eff e cts of P C C C T E o n I RI wit h 5 0 % r eli a bilit y. 

4. 3. 3 P C C S h ort w a v e A bs or pti vit y 

T h e s h ort w a v e a bs or pti vit y of a p a v e m e nt s urf a c e d e p e n ds o n its p a v e m e nt c o m p ositi o n, c ol or, a n d t e xt ur e. 

S h ort w a v e a bs or pti vit y is t h e r ati o of t h e a m o u nt of s ol ar e n er g y a bs or b e d b y t h e p a v e m e nt s urf a c e t o t h e t ot al 

e n er g y t h e s urf a c e w as e x p os e d t o, a n d it n at ur all y aff e cts t h e t e m p er at ur e r e gi m e wit hi n t h e p a v e m e nt str u ct ur e 

a n d its ass o ci at e d str u ct ur al r es p o ns e. T his i n p ut r a n g es fr o m 0 t o 1. T h e m or e r efl e cti v e a s urf a c e is, t h e l o w er it s 

s h ort w a v e a bs or pti vit y will b e. 

T h e P a v e m e nt M E s oft w ar e r e c o m m e n d s a s h ort w a v e a bs or pti v it y r a n g e b et w e e n 0. 5 a n d 1. 0. I n t his st u d y, f o ur 

v al u es f or P C C s h ort w a v e a bs or pti vit y w er e c o nsi d er e d , 0. 6 5, 0. 7, 0. 8, a n d 0. 9, b as e d o n t h e s h ort w a v e 

a bs or pti vit y d at a distri b uti o n i n Fi g ur e A. 2 0 i n t h e a p p e n di x a n d t h e P a v e m e nt M E-r e c o m m e n d e d r a n g e. T h e 

d ef a ult v al u e i n P a v e m e nt M E is 0. 8 5. T h e s h ort w a v e a bs or pti vit y d at a distri b uti o ns pr o vi d e d i n t h e a p p e n di x 

w er e o bt ai n e d fr o m j ust t hr e e pr oj e cts, w hi c h h a v e all b e e n i n s er vi c e f or m a n y y e ars, a n d w er e t h er ef or e e x p e ct e d 

t o s h o w hi g h v al u es. T h e a v er a g e of t h e s h ort w a v e a b s or pti vit y d at a i n t h e a p p e n di x w as 0. 9 1, a n d t his is w h y t h e 

t o p of t h e s h ort w a v e a bs or pti vit y r a n g e w as s et t o 0. 9. T he r est of t h e v al u es w er e c o nsi d er e d si n c e t h e J P C P at 

its i niti al s er vi c e lif e h a d l o w er s h ort w a v e a bs or pti vit y v al ues. Fi g ur e 4. 3 2 s h o ws t h e eff e ct t h at P C C s h ort w a v e 

a bs or pti vit y h a d o n r es ults fr o m t h e tr a n s v ers e cr a c ki n g m o d e l. It c a n b e s e e n fr o m t h e fi g ur e t h at r e d u ci n g t h e 

P C C s h ort w a v e a bs or pti vit y fr o m 0. 9 t o 0. 6 5 h a d a l ar g e i m p a ct o n tr a ns v ers e cr a c ki n g p erf or m a n c e, a n i m p a ct 
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si mil ar t o t h e o n e r es ulti n g fr o m a n i n cr e as e i n P C C sl a b t hi c k n ess fr o m 7 i n c h es t o 9 i n c h es. Fi g ur e 4. 3 3 a n d 

Fi g ur e 4. 3 4 s h o w t h e i m p a ct of P C C s h ort w a v e a bs or pti vit y o n f a ulti n g a n d I RI, w hi c h i n b ot h c as e s is si g nifi c a nt. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 3 2: Eff e cts of P C C s h o rt w a v e a bs o r pti vit y o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

0. 7fr o m 7 i n c h e s t o 9 i n c h e s. 

0. 6 5 

Fi g u r e 4. 3 3: Eff e cts of P C C s h o rt w a v e a bs o r pti vit y o n f a ulti n g wit h 5 0 % r eli a bilit y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 3 4: Eff e cts of P C C s h o rt w a v e a bs o r pti vit y o n I RI wit h 5 0 % r eli a bilit y. 

4. 3. 4 P C C H e at C a p a cit y 

P C C h e at c a p a cit y is t h e h e at r e q uir e d t o r ais e t h e t e m p er at ur e of a u nit m as s of m at eri al b y a u nit t e m p er at ur e. 

N o P C C h e at c a p a cit y d at a ar e a v ail a bl e i n t h e U C P R C d at a b as e. T h e P a v e m e nt M E s oft w ar e r e c o m m e n ds a h e at 

c a p a cit y r a n g e b et w e e n 0. 1 a n d 0. 2 8. B as e d o n t h at r e c o m m e n d a ti o n, t his st u d y c o nsi d er e d t hr e e v al u es: 0. 2, 0. 2 4, 

a n d 0. 2 8 ( P a v e m e nt M E d ef a ult v al u e). It w as f o u n d t h at v al u es l ess t h a n 0. 2 di d n ot pr o d u c e a r es ult i n 

P a v e m e nt M E. T h e fi g ur es b el o w s h o w t h at t his v ari a bl e d o es n ot h a v e m u c h of a n eff e ct o n t h e tr a n s v ers e 

cr a c ki n g, f a ulti n g, a n d I RI m o d els. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 3 5: Eff e cts of P C C h e at c a p a cit y o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 0. 2 4 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

0. 2 8 

0. 2 

Fi g u r e 4. 3 6: Eff e cts of P C C h e at c a p a cit y o n f a ulti n g wit h 5 0 % r eli a bilit y. 

U C P R C- R R- 2 0 1 9- 0 2 6 5 



 

  

 

            

 

    

                     

                

                   

                

                 

                

               

                

         

 

 
 

       
       

       
           

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

0. 2 

0. 2 8 
0. 2 4 

Fi g u r e 4. 3 7: Eff e cts of P C C h e at c a p a cit y o n I RI wit h 5 0 % r eli a bilit y. 

4. 3. 5 P C C T h er m al C o n d u cti vit y 

T h er m al c o n d u cti vit y is t h e q u a ntit y of h e at t h at fl o ws n or m all y a cr oss a s urf a c e of u nit ar e a p er u nit of ti m e a n d 

p er u nit of t e m p er at ur e gr a di e nt. N o P C C t h er m al c o n d u cti vit y d at a ar e a v ail a bl e i n t h e U C P R C d at a b as e. 

P a v e m e nt M E r e c o m m e n d s a r a n g e of 1. 0 t o 1. 5 f or t his v ari a bl e, a n d t h er ef or e t his st u d y c o nsi d er e d f o ur P C C 

t h er m al c o n d u cti vit y v al u es: 1. 0, 1. 1 5, 1. 2 5 (t h e P a v e m e nt M E d ef a ult v al u e), a n d 1. 5 . Fi g ur e 4. 3 8, 
. .℉ 

Fi g ur e 4. 3 9, a n d Fi g ur e 4. 4 0 s h o w t h at t h er m al c o n d u cti vit y h as a si g nifi c a nt i m p a ct o n J P C P tr a ns v ers e cr a c ki n g 

a n d s m o ot h n ess p erf or m a n c e b ut d o es n ot aff e ct f a ulti n g m u c h. H o w e v er, t h er e is n ot a m o n ot o ni c r el ati o ns hi p 

b et w e e n t h er m al c o n d u cti vit y a n d P a v e m e nt M E pr e di ct e d cr a c ki n g, f a ulti n g, a n d I RI. T his o ut c o m e w as n ot 

u n e x p e ct e d si n c e t h e i m pli c ati o ns of t h er m al c o n d u cti vit y ar e c o m pl e x, a n d o n e s h o ul d n ot e x p e ct a m o n ot o ni c 

r el ati o n b et w e e n t his v ari a bl e an d P a v e m e nt M E distr ess o ut p uts. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 
1. 5 1. 0 

1. 2 5 
1. 1 5 

Fi g u r e 4. 3 9: Eff e cts of P C C t h e r m al c o n d u cti vit y o n f a ulti n g wit h 5 0 % r eli a bilit y. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 3 8: Eff e cts of P C C t h e r m al c o n d u cti vit y o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 4 0: Eff e cts of P C C t h e r m al c o n d u cti vit y o n I RI wit h 5 0 % r eli a bilit y. 

4. 3. 6 P C C B uilt-I n C url- W ar p T e m p er at ur e 

A c c or di n g t o t h e P a v e m e nt M E d o c u m e nt ati o n, P C C p a vi n g is oft e n p erf or m e d d uri n g t h e m or ni n g o n h ot, s u n n y 

d a y s, i n c o n diti o ns t h at t e n d t o e x p os e t h e n e wl y p a v e d P C C sl a bs t o a hi g h p ositi v e t e m p er at ur e diff er e n c e fr o m 

i nt e ns e s ol ar r a di ati o n. T h er ef or e, t h e P C C sl a bs ar e fl at w h e n t h e y h ar d e n, b ut t h e y ar e h ar d e ni n g w h e n t h er e i s 

a l ar g e p ositi v e t e m p er at ur e gr a di e nt (t h e u p p er p orti o n of t h e sl a b is m u c h w ar m er t h a n t h e b ott o m). T his 

t e m p er at ur e gr a di e nt h as b e e n t er m e d t h e z er o-st r es s t e m p er at ur e gr a di e nt. W h e n e v er t h e t e m p er at ur e gr a di e nt 

i n t h e sl a bs f alls b el o w t h e z er o-str ess gr a di e nt l o c k e d i nt o t h e m at t h e ti m e of c o nstr u cti o n, t h e sl a bs will c url 

u p w ar d, c a usi n g t e nsil e str ess at t h e t o p of t h e sl a b t h at c a n l e a d t o t o p- d o w n cr a c ki n g of J P C P. T h us, t o pr e v e nt, 

r e d u c e, or eli mi n at e t h e u p w ar d c urli n g, t h e sl a bs ar e c o nstr u ct e d t o t a k e a d v a nt a g e of s e v er al f a ct ors t h at a ct t o 

r e d u c e t h e b uilt-i n eff e cti v e n e g ati v e t e m p er at ur e gr a di e n t: t h e sl a b s elf- w ei g ht, d o w els, a n d t h e w ei g ht of a n y 

b as e c o urs e b o n d e d t o t h e sl a b. T h es e f a ct ors aff e ct t h e a m o u nt of a ct u al p er m a n e nt c url, as w ell as t h e a m o u nt of 

cr e e p r el a x ati o n t h at m a y t a k e pl a c e. T h e P a v e m e nt M E d o c u m e nt ati o n st at es t h at if P C C p a vi n g is p erf or m e d 

l at er i n t h e aft er n o o n or at ni g ht, s o t h at t h e hi g h est t e m p er at ur e fr o m t h e h e at of h y dr ati o n d o es n ot c orr es p o n d 

wit h t h e m o st i nt e ns e s ol ar r a di ati o n, t h e t e m p er at ur e gr a di e nt at t h e ti m e of h ar d e ni n g will b e m u c h l o w er a n d 

c o ul d p ot e nti all y e v e n b e n e g ati v e. 
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Diff er e nti al s hri n k a g e (t o p v ers us b ott o m of t h e sl a b) al s o pr o d u c es p er m a n e nt w ar pi n g t h at is s u p eri m p os e d o n 

t h e z er o-str ess t h er m al gr a di e nt a n d is m o d el e d i n t h e s a m e w a y as p er m a n e nt c urli n g. T h e p er m a n e nt c o m p o n e nts 

of c urli n g a n d w ar pi n g ar e, t h er ef or e, c o nsi d er e d t o g et h er. It is i m p ort a nt t o n ot e t h at o nl y a p orti o n of p er m a n e nt 

c url/ w ar p a ct u all y aff e cts p a v e m e nt r es p o ns e, b e c a us e t h e P C C cr e e p a n d sl a b f o u n d ati o n p er m a n e nt d ef or m ati o n 

t h at o c c ur o v er ti m e n e g at e s o m e of t h e eff e cts of t h e p er m a n e nt c ur v at ur e pr es e nt i n P C C sl a bs. 

N o P C C b uilt-i n c url- w ar p t e m p er at ur e d at a ar e a v ail a bl e i n t h e U C P R C d at a b as e. H o w e v er, P a v e m e nt M E 

r e c o m m e n ds a r a n g e of - 3 0 t o 0 ° F, s o t his st u d y c o nsi d er e d f o ur b uilt-i n c url- w ar p t e m p er at ur e 

v al u es: 0, - 5, - 1 0 ( P a v e m e nt M E d ef a ult v al u e), a n d - 1 5 ° F. D e cr e asi n g t h e b uilt-i n c url- w ar p e q ui v al e nt 

t e m p er at ur e gr a di e nt ( c o ol er- o n-t o p), w hi c h t h e P a v e m e nt M E m o d els as s u m e c o m es fr o m a c o m bi n ati o n of t h e 

dr yi n g s hri n k a g e gr a di e nt a n d t h e t h er m a l gr a di e nts w h e n t h e c o n cr et e s ets, r es ults i n l ar g er t e nsil e str ess es at t h e 

t o p of t h e sl a b ( w hi c h e nt ails m or e t o p- d o w n tr a ns v ers e cr a c ki n g) a n d l ar g er c or n er d efl e cti o ns ( w hi c h e nt ails 

l ar g er diff er e nti al d efl e cti o n e n er g y a n d, c o ns e q u e ntl y, m or e f a ulti n g). P a v e m e nt M E cr a c ki n g, f a ulti n g, a n d I RI 

pr e di cti o ns f or t h e diff er e nt b uilt-i n c url- w ar p t e m p er at ur es ar e s h o w n i n Fi g ur e 4. 4 1, Fi g ur e 4. 4 2, a n d 

Fi g ur e 4. 4 3, r es p e cti v el y. Fi g ur e 4. 4 1 s h o ws t h e si g nifi c a n t i m p a ct of t h e b uilt-i n c url- w ar p t e m p er at ur e o n J P C P 

tr a ns v ers e cr a c ki n g. H o w e v er, w hil e a m o n ot o ni c r el atio ns hi p b et w e e n t his v ari a bl e a n d b ot h t o p- d o w n a n d 

b ott o m- u p cr a c ki n g is e x p e ct e d, t h e s a m e is n ot tr u e f or t ot al cr a c ki n g. T h e r e as o n is t h at t ot al cr a c ki n g is a 

c o m bi n ati o n of t o p- d o w n a n d b ott o m- u p, wit h t h e f or m er w ors e ni n g a n d t h e l att er i m pr o vi n g as t h e b uilt-i n c url 

t e m p er at ur e i n cr e as es (i n a bs ol ut e v al u e). As s h o w n i n Fi g ur e 4. 4 1, t h e t ot al cr a c ki n g r e a c h es a mi ni m u m w h e n 

t h e b uilt-i n c url is – 1 0 ° F, a n d it i n cr e ases w h e n t his v ari a bl e eit h er d e cr e a s es or i n cr e as es. H o w e v er, as e x p e ct e d, 

a m o n ot o ni c r el ati o ns hi p e xist e d b et w e e n t h e b uilt-i n c url t e m p er at ur e a n d b ot h t o p- d o w n a n d b ott o m- u p cr a c ki n g 

i n d e p e n d e ntl y of e a c h ot h er, as s h o w n i n Fi g ur e 4. 4 4. T h at fi g ur e s h o ws t h e eff e cts of b uilt-i n c url t e m p er at ur e 

o n b ott o m- u p, t o p- d o w n, a n d t ot al ( b ott o m- u p + t o p- d o w n) cr a c ks s e p ar at el y. 

T h e r el ati o ns hi p b et w e e n f a ulti n g a n d b uilt-i n c url- w ar p t e m p er at ur e ( Fi g ur e 4. 4 2) is as e x p e ct e d: t h e l ar g er t h e 

b uilt-i n c url- w ar p is t h e l ar g er t h e d efl e cti o ns a n d t h e diff e r e nti al d efl e cti o ns ar e, a n d, c o ns e q u e ntl y, t h e l ar g er t h e 

diff er e nti al d efl e cti n g e n er g y a n d t h e s u bs e q u e nt f a u lti n g will b e. T h e r el ati o ns hi p b et w e e n b uilt-i n c url- w ar p 

t e m p er at ur e a n d I RI is m or e c o m pli c at e d, as I RI is a fu n cti o n of b ot h f a ulti n g —t o w hi c h b uilt-i n c url- w ar p is 

m o n ot o ni c all y r el at e d — a n d tr a ns v ers e cr a c ki n g —t o w hi c h b uilt-i n c url- w ar p is n ot m o n ot o ni c all y r el at e d. 
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0 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

‐1 5 

‐5 

‐1 0 

Fi g u r e 4. 4 1: Eff e cts of b uilt-i n c u rl- w a r p t e m p e r at u r e o n t r a ns v e rs e c r a c ki n g f o r 8-i n c h sl a bs wit h 5 0 % r eli a bilit y. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 4 2: Eff e cts of b uilt-i n c u rl- w a r p t e m p e r at u r e o n f a ulti n g wit h 5 0 % r eli a bilit y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 4 3: Eff e cts of b uilt-i n c u rl- w a r p t e m p e r at u r e o n I RI wit h 5 0 % r eli a bilit y. 

Fi g u r e 4. 4 4: Eff e cts of b uilt-i n c u rl- w a r p t e m p e r at u r e o n b ott o m- u p, t o p- d o w n , a n d t ot al t r a ns v e rs e c r a c ki n g f o r 8-
i n c h sl a bs wit h 5 0 % r eli a bilit y. 
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4. 4 T r affi c I n p uts 

4. 4. 1 A v er a g e A n n u al D ail y Tr u c k Tr affi c 

Tr affi c d at a ar e o n e of t h e k e y d at a i n p uts r e q uir e d f o r t h e a n al y sis a n d d esi g n of p a v e m e nt str u ct ur es. T h e 

P a v e m e nt M E s oft w ar e c o nsi d ers tr u c k tr affi c l o a di n g i n t er ms of a xl e l o a d s p e ctr a a n d a v er a g e a n n u al d ail y tr u c k 

tr affi c ( A A D T T), w hi c h is t h e bi dir e cti o n al a v er a ge a n n u al d ail y tr u c k tr affi c f or t w o l a n es. 

T his st u d y c o nsi d er e d fi v e A A D T T v al u es, 7, 0 0 0, 1 2, 0 0 0, 1 4, 0 0 0, 1 6, 0 0 0, a n d 2 0, 0 0 0; a n d it ass u m e d WI M 

S p e ctr a 3 ( WI M 3) as t h e d ef a ult s p e ctr u m. T h e A A D T T v al u es ar e bi dir e cti o n al wit h t w o l a n es i n e a c h dir e cti o n. 

T h es e v al u es w er e pi c k e d b as e d o n t h e A A D T T distri b uti o n s h o w n i n C h a pt er 2. T h es e h e a v y tr u c k tr affi c v al u es 

w er e c h os e n t o b e hi g h t o e v al u at e t h e s e nsiti vit y t o tr affi c. T h e dir e cti o n al a n d tr u c k l a n e distri b uti o n f a ct ors w er e 

ass u m e d t o b e 5 0 a n d 9 5 p er c e nt, r es p e cti v el y. Fi v e WI M s p e ctr a c h ar a ct eri z e t h e tr u c k l o a ds f or t h e diff er e nt 

hi g h w a y s i n t h e C altr a ns r o a d n et w or k. E a c h WI M s p e ctr a ( 1 t hr o u g h 5) i n cl u d es a p arti c ul ar distri b uti o n of tr u c k 

cl ass es a n d a xl e l o a d distri b uti o ns f o r e a c h tr u c k cl ass a n d a xl e t y p e. T h e us e of WI M s p e ctr a c o nstit ut es L e v el 2 

tr affi c i n p uts i n P a v e m e nt M E. T h e WI M s p e ctr a ar e des cri b e d i n t h e a p p e n di x. Usi n g t h e C altr a ns m et h o d of 

c al c ul ati n g e q ui v al e nt si n gl e a xl e l o a ds ( E S A Ls), t h e tr u c k tr affi c l e v els i n cl u d e d i n t his s e nsiti vit y a n al y sis al o n g 

wit h t h e WI M 3 ass u m pti o n tr a nsl at e t o 4 0- y e ar E S A Ls of x, y, z, k, a n d j r es p e cti v el y, w hi c h r e pr es e nt C altr a ns 

Tr affi c I n d e x v al u es of 1 5, 1 6, 1 6, 1 6. 5, a n d 1 7 w h e n r o u n d e d t o t h e n e ar est 0. 5. It m u st b e m a d e cl e ar t h at E S A Ls 

ar e n ot us e d i n P a v e m e nt M E. I nst e a d, a n a xl e l o a d s p e ctr a m u st b e us e d wit h tr u c k cl assifi c ati o n c o u nt d at a. 

Fi g ur e 4. 4 5, Fi g ur e 4. 4 6, a n d Fi g ur e 4. 4 7 s h o w t h at as A A D T T i n cr e as e d, tr a ns v ers e cr a c ki n g, f a ulti n g, a n d I RI 

i n cr e as e d, as e x p e ct e d. T his s e nsiti vit y is s u c h t h at d o u bli n g tr u c k tr affi c fr o m 7, 0 0 0 t o 1 4, 00 0 tr u c ks p er d a y 

r es ult e d i n a p pr o xi m at el y t h e s a m e i n cr e as e i n tr a ns v ers e cr a c ki n g t h at r es ult e d fr o m r e d u ci n g t h e sl a b t hi c k n es s 

fr o m 9 i n c h es t o 8 i n c h es w h e n t h e A A D T T is 1 4, 0 0 0. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 4 5: Eff e cts of A A D T T o n t r a n s v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 4 6: Eff e cts of A A D T T o n f a ulti n g wit h 5 0 % r eli a bilit y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 4 7: Eff e cts of A A D T T o n I RI wit h 5 0 % r eli a bilit y. 

4. 4. 2 W ei g h-i n- M oti o n ( WI M) S p e ctr a 

W ei g h-i n- m oti o n d at a ar e a t a b ul ati o n of t h e v e hi cl e t y p e a n d t h e n u m b er, s p a ci n g, a n d w ei g ht of a xl es f or e a c h 

v e hi cl e w ei g h e d o v er a p eri o d of ti m e. WI M d at a ar e us e d t o d et er mi n e t h e n or m ali z e d a xl e l o a d distri b uti o ns or 

s p e ctr u m f or e a c h a xl e t y p e wit hi n e a c h tr u c k cl as s. I n ot h er w or ds, t h e l oa d s p e ctr u m f or a n a xl e t y p e is t h e 

p er c e nt a g e of l o a ds i n e a c h l o a d c at e g or y f or a gi v e n n u m b e r of a xl es of t h at t y p e. T h er e ar e fi v e WI M gr o u ps i n 

C alif or ni a, t hr e e of w hi c h ar e c o nsi d er e d i n t h is st u d y: S p e ctr a 1, S p e ctr a 3, a n d S p e ctr a 5 ( 9). I n g e n er al, a xl es 

g et h e a vi er as t h e WI M s p e ctr a c h a n g es fr o m S p e ctr a 1 t o S p e ctr a 5 ( c all e d “s p e ctr a ” h er e b e c a us e t h er e is a 

s p e ctr u m f or e a c h a xl e t y p e i n e a c h s et) a n d t h er ef or e, m or e distr ess is e x p e ct e d u n d er hi g h er- n u m b er e d WI M 

gr o u ps. 

Fi g ur e 4. 4 8, Fi g ur e 4. 4 9, a n d Fi g ur e 4. 5 0 s h o w t h e eff e ct of WI M s p e ctr a o n P a v e m e nt M E – pr e di ct e d tr a ns v ers e 

cr a c ki n g, f a ulti n g, a n d I RI, r es p e cti v el y. It w a s e x p e ct e d t h at a n o v er all h e a vi er WI M s p e ctr a, r e pr es e nt e d b y a 

hi g h er WI M s p e ctr a n u m b er, w o ul d r es ult i n l ar g er pr e d i ct e d distr ess e s. H o w e v er, t h e P a v e m e nt M E – pr e di ct e d 

cr a c ki n g, f a ulti n g, a n d I RI w er e n ot p arti c ul arl y s e nsiti v e t o t h e WI M s p e ctr a. T his is b e c a us e t h e diff er e nt WI M 

s p e ctr a diff er fr o m o n e a n ot h er i n t h e mi d dl e a n d l o w l o a d r a n g e s, as s h o w n i n Fi g ur e 4. 5 1; h o w e v er, t h es e l o a d 

l e v els pr o d u c e v er y littl e d a m a g e t o t h e J P C P. O n t h e co ntr ar y, t h e t hr e e WI M s p e ctr a ar e v er y si mil ar t o o n e 

a n ot h er f or e q ui v al e nt si n gl e a xl e l o a ds a b o v e 1 8 ki ps , w hi c h pr o d u c e m o st J P C P d a m a g e, a n d t h at e x pl ai ns w h y 

t h e t hr e e r es ult i n si mil ar cr a c ki n g, f a ulti n g, a n d I RI. F or si mil ar r e as o ns, o n e s h o ul d n ot n e c ess aril y e x p e ct 

P a v e m e nt M E – pr e di ct e d distr ess es t o i n cr e as e s y st e m ati c all y as WI M s p e ctr a i n cr e as e s. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 4 8: Eff e cts of WI M s p e ct r a o n t r a ns v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 

WI M 1 

WI M 5 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 4 9: Eff e cts of WI M s p e ct r a o n f a ulti n g wit h 5 0 % r eli a bilit y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 

Fi g u r e 4. 5 0: Eff e cts of WI M s p e ct r a o n I RI wit h 5 0 % r eli a bilit y. 

Fi g u r e 4. 5 1: E q ui v al e nt si n gl e a xl e l o a ds ass o ci at e d t o WI M s p e ct r a. 
( N ot e: t h e si n gl e e q ui v al e nt l o a d is t h e r es ult of s plitti n g t a n d e m a xl es i n t w o a n d t ri d e m a xl es i n t h r e e [ e. g., o n e 
t a n d e m b e c o m es t w o si n gl es wit h h alf t he l o a d e a c h]. T h e us e of si n gl e e q ui v al e nt a xl es is a si m plifi e d w a y t o 
d et e r mi n e t h e si mil a rit y b et w e e n diff e r e nt WI M s p e ct r a. It d o es n ot i m p a ct t h e a ct u al s p e ct r a b ei n g us e d i n 

P a v e m e nt M E.) 
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4. 5 Cli m at e 

A c c or di n g t o t h e M E P D G, e n vir o n m e nt al c o n diti o ns h a v e a si g nifi c a nt eff e ct o n t h e p erf or m a n c e of ri gi d 

p a v e m e nts. T h e i nt er a cti o n of cli m ati c f a ct ors wit h p a v e m e nt m at eri als a n d l o a di n g is c o m pl e x. F a ct ors s u c h a s 

pr e ci pit ati o n, t e m p er at ur e, fr e e z e-t h a w c y cl es, a n d d e pt h t o w at er t a bl e aff e ct p a v e m e nt a n d s u b gr a d e t e m p er at ur e 

a n d m oist ur e c o nt e nt, w hi c h, i n t ur n, dir e ctl y aff e ct t h e p a v e m e nt l a y ers’ l o a d- c arr yi n g c a p a cit y a n d ulti m at el y 

p a v e m e nt p erf or m a n c e. 

T his st u d y c o nsi d er e d C alif or ni a’ s ni n e cli m at e r e gi o ns. T h e w e at h er st ati o ns us e d t o r e pr es e nt e a c h cli m at e r e gi o n 

ar e s h o w n i n T a bl e 4. 2. 

T a bl e 4. 2: Cli m at e R e gi o ns a n d C o r r es p o n di n g W e at h e r St ati o ns 

Cli m at e R e gi o n 
R e p r es e nt ati v e W e at h e r St ati o n i n 

P a v e m e nt M E 
W e at h e r St ati o n 

I d e ntifi c ati o n N u m b e r 
C e ntr al C o ast S a n Fr a n cis c o 2 3 2 3 4 

D es er t Ri v ersi d e 0 3 1 7 1 
Hi g h D es ert R e n o 2 3 1 8 5 a 

Hi g h M o u nt ai n E mi gr a n t P ass 2 3 2 2 5 c 
I nl a n d V all e y S a cr a m e nt o 2 3 2 3 2 
L o w M o u nt ai n S a nt a R os a 2 3 2 1 3 
N ort h C o as t Ar c at a/ E ur e k a 2 4 2 8 3 
S o ut h C o as t L os A n g el es 2 3 1 7 4 

S o ut h M o u nt ai n P al m S pri n gs 3 1 0 4 d 

Fi g ur e 4. 5 2, Fi g ur e 4. 5 3, a n d Fi g ur e 4. 5 4 s h o w t h at all t h e distr es s m o d els ar e si g nifi c a ntl y aff e ct e d b y cli m at e 

r e gi o n. T h e tr a ns v ers e cr a c ki n g r es ults ar e s o m e w h at u n e x p e ct e d wit h r es p e ct t o t h e S o ut h C o ast r e gi o n, w hi c h 

mi g ht b e c o nsi d er e d a r el ati v el y b e ni g n cli m at e r e gi o n b as e d o n t h e o bs er v e d p erf or m a n c e d at a, b ut w hi c h h a d 

t h e t hir d- m o st cr a c ki n g of all t h e r e gi o ns, a n d t h e h arsh er Hi g h D es ert r e gi o n, w hi c h s h o w e d t h e l e ast a m o u nt of 

cr a c ki n g. 

H o w e v er, a p p e ar a n c es c a n b e d e c e pti v e. I n a st u d y c o n d u c t e d as p art of t h e e arli er P a v e m e nt M E c ali br ati o n, 

t e m p er at ur e gr a di e nts w er e c al c ul at e d usi n g ( a) t h e st a n d- al o n e v ersi o n of t h e E n h a n c e d I nt e gr at e d Cli m at e M o d el 

( EI C M) c o d e d i nt o P a v e m e nt M E a n d 3 0 y e ars of cli m at e d at a ( 1 0) a n d ( b) si x of t h e c urr e nt ni n e cli m at e r e gi o ns 

t h at C altr a ns d esi g ns f or; t h e Hi g h M o u nt ai n, S o ut h M o u nt ai n a n d L o w M o u nt ai n r e gi o ns w er e n ot i n cl u d e d i n 

t h e c al c ul ati o ns at first b ut w er e a d d e d l at er. F urt h er, t h e N ort h C o ast r e gi o n w as n ot i n cl u d e d i n t his s e nsiti vit y 

a n al y sis b e c a us e t h er e ar e f e w c o n cr et e p a v e m e nts t h er e. 
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I n Fi g ur es 2 5 a n d 2 6 i n R ef er e n c e ( 1 0), t h e r a n ki n g i n t er ms of distri b uti o ns of p ositi v e t e m p er at ur e gr a di e nts t h at 

w o ul d c o ntri b ut e t o b ott o m- u p tr a ns v ers e cr a c ki n g s h o w e d t h at t h e S o ut h C o ast, I nl a n d V all e y, a n d D es ert r e gi o ns 

h a d si mil ar hi g h p ositi v e gr a di e nts, w hil e t h e Hi g h D es e rt a n d C e ntr al C o ast r e gi o ns h a d si mil ar l o w p ositi v e 

gr a di e nts. T h e r a n ki n g i n t er ms of distri b uti o ns of n e g a ti v e t e m p er at ur e gr a di e nts t h at w o ul d c o ntri b ut e t o t o p-

d o w n tr a ns v ers e cr a c ki n g w er e t h e Hi g h D es ert, D e s ert, a n d I nl a n d V all e y r e gi o ns wit h si mil ar hi g h n e g ati v e 

gr a di e nts, w hil e t h e C e ntr al C o ast a n d S o ut h C o ast r e gi o ns h a d si mil ar l o w n e g ati v e gr a di e nts. B as e d o n t h e 

t e m p er at ur e gr a di e nts fr o m t h e pr e vi o us st u d y, t h e r e gi o n wit h b ot h l o w p ositi v e a n d n e g ati v e gr a di e nts is t h e 

C e ntr al C o ast, a n d it h a d t h e s e c o n d l o w est a m o u nt of cr a c ki n g of t h e r e gi o ns c o m m o n t o b ot h st u di es, as s h o w n 

i n Fi g ur e 4. 5 2. T h e r e gi o ns wit h t h e hi g h est p ositi v e t e m p er at ur e gr a di e nts c o m m o n t o b ot h st u di es w er e t h e 

D es ert, S o ut h C o ast, a n d I nl a n d V all e y, w hi c h ar e t h e t hr e e r e gi o ns wit h t h e m o st cr a c ki n g, as s h o w n i n 

Fi g ur e 4. 5 2. T h e a n o m al y i n t h e r es ults is t h e Hi g h D es ert, w hi c h h as t h e l e ast cr a c ki n g, b ut w hi c h als o h as hi g h 

n e g ati v e gr a di e nts. A c o m p aris o n of cr a c ki n g tr e n ds f or t h e diff er e nt cli m at e r e gi o ns i n t h e P M S d at a will h el p 

i d e ntif y w h et h er t h e P a v e m e nt M E r es ults m at c h fi el d p erf or m a n c e wit h r es p e ct t o r an ki n g of cr a c ki n g f or t h e 

diff er e nt cli m at e r e gi o ns. 

T h e r es ults f or f a ulti n g ar e m or e c o nsist e nt wit h t h e e x p e ct ati o n t h at cli m at e r e gi o ns wit h gr e at er n e g ati v e 

t e m p er at ur e gr a di e nts will h a v e m or e f a ulti n g. 

S o ut h M o u nt ai n 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 

D es ert c h a n g e i n P C C t hi c k n e ss 
fr o m 7 i n c h e s t o 9 i n c h e s. 

Hi g h D es ert 

N ort h C o ast 

Fi g u r e 4. 5 2: Eff e cts of cli m at e o n t r a n s v e rs e c r a c ki n g wit h 5 0 % r eli a bilit y. 
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S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n ess 

fr o m 7 i n c h e s t o 9 i n c h e s. 
C e ntr al C o ast 

L o w M o u nt ai n 

S o ut h C o ast 

S o ut h M o u nt ai n 

Fi g u r e 4. 5 3: Eff e cts of cli m at e o n f a ulti n g wit h 5 0 % r eli a bilit y. 

S h a d e d ar e a: c h a n g e i n 
J P C P p erf or m a n c e d u e t o 
c h a n g e i n P C C t hi c k n e ss 

fr o m 7 i n c h e s t o 9 i n c h e s. 
S o ut h M o u nt ai n 

D es ert 

Hi g h D es ert 

S o ut h C o ast 

I nl a n d V all e y 

Fi g u r e 4. 5 4: Eff e cts of cli m at e o n I RI wit h 5 0 % r eli a bilit y. 
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5 S U M M A R Y A N D C O N C L U SI O N S 

I n t his st u d y, a s e nsiti vit y a n al y sis st u d y w as p erf or m e d as a first st e p i n t h e c ali br ati o n of P a v e m e nt M E. T his i s 

p art of a pr oj e ct u n d ert a k e n t o pr o vi d e C altr a ns wit h u p d a t e d t o ols f or t h e d esi g n a n d a n al ysis of j oi nt e d pl ai n 

c o n cr et e p a v e m e nts (J P C Ps) i n C alif or ni a. T h e s e nsiti vit y a n al y sis i d e ntifi e d t h e i m p ort a n c e of diff er e nt i n p ut 

v ari a bl es a n d t h eir eff e cts o n t h e o ut p uts g e n er at e d b y P a v e m e nt M E’s p erf or m a n c e m o d els f or tr a ns v ers e 

cr a c ki n g, f a ulti n g, a n d I RI. T h es e r es ults w er e al s o us e d t o c h e c k t h e r e aso n a bl e n ess of t h e m o d el pr e di cti o ns, t o 

i d e ntif y pr o bl e ms i n t h e s oft w ar e, a n d t o u n d erst a n d t h e l ev el of diffi c ult y i n v ol v e d i n o bt ai ni n g t h e i n p uts. 

T h e st u d y c o nsi d er e d diff er e nt i n p uts gr o u p e d as p a v e m e nt str u ct ur al d esi g n v ari a bl es, p a v e m e nt m at eri als 

v ari a bl es, tr affi c v ari a bl es, a n d cli m at e v ari a bl es. Wit h s o m e e x c e pti o ns, t h e r a n g e c h os e n f or e a c h of t h e v ari a bl es 

g e n er all y c orr es p o n d e d t o o n e of t w o c at e g ori es. T h e firs t w as t h e t y pi c al r a n g e of v ari ati o n of t h e c orr es p o n di n g 

v ari a bl e i n t h e hist ori c al C altr a ns r o a d n et w or k f or t h e ti m e p eri o d of t h e pr oj e cts t o b e us e d f or c ali br ati o n. T h e 

s e c o n d c at e g or y i n cl u d e d s o m e c as es, s u c h as A A D T T, t h at r e pr es e nt e d v al u es m or e e xtr e m e t h a n t h os e f o u n d i n 

t h e hist ori c al d at a b as e; t his a p pr o a c h w a s t a k e n t o i de ntif yi n g s e nsiti vit y w h er e it w o ul d n ot ot h er wis e h a v e b e e n 

o bs er v a bl e. As st at e d e arli er, it is i m p ort a nt t o n ot e t h at t h e hist ori c al r a n g es a n d t h e m or e e xtr e m e v al u es c h os e n 

f or e a c h of t h e v ari a bl es i n t his st u d y ar e n ot t h e r a n g es t h at will b e us e d f or d e v el o pi n g t h e d esi g n c at al o g. 

Fi g ur e 5. 1 t hr o u g h Fi g ur e 5. 3 s u m m ari z e t h e s e nsiti vit y a n al y sis f or t h e P a v e m e nt M E tr a ns v ers e cr a c ki n g, m e a n 

tr a ns v ers e j oi nt f a ulti n g, a n d s m o ot h n ess i n d e x (I RI) m o d el s, r es p e cti v el y. T h e r e d li n e i n t h e fi g ur es r e pr es e nts 

t h e m o d el r es ults f or t h e b as e c as e i n p uts, a n d e a c h b o x pl ot s h o ws t h e eff e ct of v ar yi n g t h e s p e cifi c v ari a bl es o n 

t h e distr ess. T h er ef or e, b o x pl ots wit h gr e at er h ei g ht i d e ntify a v ari a bl e wit h a gr e at er eff e ct o n t h e distr ess f or t h e 

r a n g e of i n p uts c o nsi d er e d. B as e d o n t h es e fi g ur es, t h e f oll o wi n g v ari a bl es w er e f o u n d t o b e t h e o n es wit h t h e 

gr e at est i nfl u e n c e o n J P C P d esi g n. T h e y ar e r a n k e d fr o m m o st t o l e ast i nfl u e nti al: 

 Tr a ns v ers e cr a c ki n g 

o P C C sl a b t hi c k n ess 

o B uilt-i n c url- w ar p t e m p er at ur e 

o P C C c o effi ci e nt of t h er m al e x p a nsi o n ( C T E) 

o P C C s h ort w a v e a bs or pti vit y 

o P C C c o m pr essi v e str e n gt h, w hi c h w as us e d wit h A m eri c a n C o n cr et e I nstit ut e ( A CI) e q u ati o ns 

i m pl e m e nt e d i n P a v e m e nt M E t o pr e di ct P C C fl e x ur al str e n gt h a n d m o d ul us of el asti cit y 

o S h o ul d er t y p e 
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 M e a n tr a ns v ers e j oi nt f a ulti n g 

o L o a d tr a nsf er * ( us e of d o w els) 

o B uilt-i n c url- w ar p t e m p er at ur e 

o S h o ul d er t y p e 

o Cli m at e 

o A A D T T 

o P C C c o effi ci e nt of t h er m al e x p a nsi o n 

o P C C t hi c k n ess 

o S u b gr a d e t y p e 

 S m o ot h n ess i n d e x 

o L o a d tr a nsf er * ( us e of d o w els) 

o S h o ul d er t y p e 

o C o effi ci e nt of t h er m al e x p a nsi o n 

o P C C s h ort w a v e a bs or pti vit y 

o B uilt-i n c url- w ar p t e m p er at ur e 

o A A D T T 

o P C C t h er m al c o n d u cti vit y 

o P C C t hi c k n ess 
* L o a d tr a nsf er ( us e of d o w els) is n ot s h o w n i n Fi g ur e 5. 2 a n d Fi g ur e 5. 3 as its hi g h v al u es f or t h e u n d o w el e d c as e 
d o n ot all o w f or a n eff e cti v e c o m p aris o n of r es ults. 

T h e s e nsiti vit y a n al y sis s h o ws t h at t h e o v er all J P C P p erf o r m a n c e pr e di cti o ns b y P a v e m e nt M E ar e r e as o n a bl e. 

P a v e m e nt M E – pr e di ct e d distr ess e s di d n ot s h o w a n y i m p or t a nt u n e x p e ct e d tr e n ds v ers us a n y of t h e v ari a bl es 

c o nsi d er e d i n t his s e nsiti vit y a n al y sis. F urt h er, o v er t h e c o urs e of t h e st u d y, n o m aj or iss u es w er e f o u n d i n t h e 

r u n ni n g of t h e P a v e m e nt M E s oft w ar e. 

C ali br ati o n of P a v e m e nt M E, t h e n e xt st e p i n t his pr oj e ct, will pr o c e e d as pl a n n e d b e c a us e, e x c e pt f or t h e m at eri al 

i n p uts, t h e C altr a ns P M S d at a b as e c urr e ntl y i n cl u d es all t h e ot h er r e q uir e d d esi g n i n p uts. T o h el p a d esi g n er 

o v er c o m e t h e l a c k of m at eri al i n p uts at t h e ti m e of d esi g n, t h e c ali br ati o n will i n cl u d e m e di a n v al u es f or t h es e 

b as e d o n hist ori c al C altr a ns pr oj e cts; t h es e s h o ul d pr o vi d e r e as o n a bl e r es ults a n d a r e pr es e nt ati v e “ b est esti m at e ” 

c ali br ati o n. E v e n s o, d esi g n ers will still n e e d t o k e e p i n mi n d t h at t h e c ali b r ati o n will still i n cl u d e s o m e v ari a bilit y 

d u e t o diff er e n c es i n t h e m at eri als s u p pli e d b y diff er e nt c o ntr a ct ors o n diff er e nt pr oj e cts (i. e., t h e b et w e e n- pr oj e ct 

v ari a bilit y). T his s e nsiti vit y a n al y sis st u d y als o i d e ntifi e d t h e wit hi n- pr oj e ct v ari a bilit y of c o nstr u cti o n-r el at e d 

v ari a bl es s u c h P C C c o m pr essi v e str e n gt h, P C C m o d ul us of el asti cit y, a n d P C C C T E. T h e a p p e n di x at t h e e n d of 

t his r e p ort s h o ws t h e d at a us e d f or t h e a n al y sis. 
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A P P E N DI X: P R O J E C T- S P E CI FI C D E T AI L E D M A T E RI A L S D A T A 

Pr oj e ct-s p e cifi c d at a ar e v ari a bl es s p e cifi c t o a p a v e m e nt pr oj e ct t h at m a y v ar y d u e t o diff er e nt d esi g n crit eri a, 

e n vir o n m e nt al a n d tr affi c l o a di n g c o n diti o ns, a n d/ or t h e i n h er e nt r a n d o m n ess i n v ol v e d i n p a v e m e nt c o nstr u cti o n 

pr oj e cts. T h es e pr oj e ct-s p e cifi c d at a ar e u n a v ail a bl e i n t h e C altr a ns P M S d at a b as e a n d, t h er ef or e, t h e y ar e mis si n g 

f or al m o st all J P C P pr oj e cts u n d ert a k e n i n C alif or ni a. H o w e v er, o v er t h e p ast f e w y e ars t h e U ni v ersit y of 

C alif or ni a P a v e m e nt R e s e ar c h C e nt er ( U C P R C) h as o bt ai n e d ess e nti al pr oj e ct-s p e cifi c d at a fr o m p arts of diff er e nt 

r es e ar c h pr oj e cts. T h es e d at a i n cl u d e P C C c o m pr essi ve str e n gt h, P C C m o d ul us of el asti cit y, P C C C T E, P C C 

s h ort w a v e a bs or pti vit y, a n d P C C d e nsit y. T h es e d at a w er e o bt ai n e d b y s a m pli n g fr o m t h e v ari o us pr oj e cts. Fi v e 

d at a s o ur c es w er e us e d t o s et u p t his m at eri al i n p ut d at a b as e. 

 Gr o u n d p e n etr ati n g r a d a r ( G P R) d at a. T h e o bj e cti v e of a n e arli er U C P R C G P R st u d y w as t o cr e at e a 

l a n e- b as e d p a v e m e nt str u ct ur e i n v e nt or y d at a b as e c o nsisti n g of l a y er t hi c k n ess a n d m at eri al t y p es f or t h e 

e ntir e st at e hi g h w a y n et w or k. T h e d at a c oll e ct e d a s p art of t his pr oj e ct w er e us e d t o est a blis h fi x e d 

m a n a g e m e nt s e cti o ns f or n et w or k-l e v el a n d pr oj e ct-l e v el P M S o p er ati o ns. As p art of t his pr oj e ct, s o m e 

st at esi d e Bli n d V erifi c ati o n S e cti o ns ( B V S) w er e est a blis h e d t o pr o vi d e a d diti o n al q u alit y ass ur a n c e. I n 

t his c urr e nt r e p ort, t h e P C C C T E w as t h e pr oj e ct-s p e cifi c v ari a bl e o bt ai n e d fr o m t his G P R st u d y. 

 C altr a ns C T E d at a b as e ( C altr a ns D B). Aft er t h e 2 0 0 6 s e nsiti vit y a n al y sis t h at s h o w e d a v er y hi g h 

s e nsiti vit y of tr a ns v ers e cr a c ki n g i n t h e M E P D G m o d els t o c o effi ci e nt of t h er m al e x p a nsi o n ( C T E), 

C altr a ns r e q uir e d c o ntr a ct ors t o t est a n d r e p ort C T E f or s e v er al y e ar s. T h e C altr a n s C T E d at a b as e h a s t h e 

C T E t est r es ults t a k e n fr o m t h e J P C p a v e m e nts w hil e u n d er c o nstr u cti o n d uri n g t h at p eri o d. T h e m a p i n 

Fi g ur e A. 1 s h o ws t h e distri b uti o n of s p e ci m e ns fr o m t h e G P R st u d y a n d t h e C altr a n s C T E d at a b as e. M a n y 

s p e ci m e ns i n t h e C altr a ns d at a b as e h a d n o l atit u d e or l o n git u d e i nf or m ati o n, a n d t h er ef or e, t h er e ar e a f e w 

d at a p oi nts fr o m t h e C altr a n s C T E d at a b as e s h o w n i n t h e m a p b el o w. 

U C P R C- R R- 2 0 1 9- 0 2 8 7 



 

  

 

             

 

               

                

               

               

               

             

  

 

Fi g u r e A. 1: Dist ri b uti o n m a p of c o r es t a k e n a c r o ss t h e st at e ( G P R a n d C alt r a ns D B). 

 Pr e vi o us M E P D G c ali br ati o n d at a. T h es e ar e d at a o bt ai n e d fr o m c or es t a k e n fr o m diff er e nt p a v e m e nt 

s e cti o ns a cr o ss C alif or ni a as p art of a 2 0 0 7 M E P D G c ali br ati o n pr oj e ct c o n d u ct e d b y t h e U C P R C ( 3). 

T h es e p a v e m e nt s e cti o ns i n cl u d e 5 2 c o n cr et e s e cti o ns a n d 4 3 Cr a c k, S e at, a n d O v erl a y ( C S O L) s e cti o ns. 

Fi g ur e A. 2 s h o ws t h e distri b uti o n of t h e p a v e m e nt s e cti o ns a cr oss t h e diff er e nt cli m at e r e gi o ns a n d 

C altr a ns distri cts i n C alif or ni a. T h e pr oj e ct-s p e cifi c d at a o bt ai n e d as p art of t his st u d y w er e P C C 

c o m pr essi v e str e n gt h, P C C m o d ul us of el asti cit y , P C C C T E, P C C d e nsit y, a n d P C C s h ort w a v e 

a bs or pti vit y ( 3). 

8 8 U C P R C- R R- 2 0 1 9- 0 2 



 

  

 

        

 

                   

              

                   

            

 

Fi g u r e A. 2: P r e vi o us M E P D G c ali b r ati o n p a v e m e nt s e cti o ns dist ri b uti o n. 

 Al k ali-sili c a r e a cti o n ( A S R) d at a. T h e o bj e cti v e of t h e 2 0 1 6 U C P R C A S R pr oj e ct ( 7) w as t o l o o k f or t h e 

pr es e n c e of al k ali-sili c a r e a cti o n i n C alif or ni a’ s p a v e m e nts a n d bri d g es b y e v al u ati n g c or e s a m pl es t a k e n 

fr o m p a v e m e nt s e cti o ns a cr oss t h e st ate. A t ot al of 2 6 5 s p e ci m e n c or es w er e t a k e n as p art of t his st u d y, 

a n d P C C c o m pr essi v e str e n gt h a n d P C C d e nsit y w er e m e a s ur e d f or t h e s a m pl es. 

U C P R C- R R- 2 0 1 9- 0 2 8 9 



 

  

 

           
 

                  

   

 
                 

                

                

 
   

               

                

                  

                

                 

                 

 

 
                    

                 

                

 

Fi g u r e A. 3: Dist ri b uti o n m a p of c o r es t a k e n a c r o ss t h e st at e ( A S R). 

 St a nt e c d at a. T h es e d at a w er e o bt ai n e d b y drilli n g c or e s p e cim e ns t o st u d y t h e i nfl u e n c e C T E o n cr a c ki n g 

of J P C P ( 8). 

T h e f oll o wi n g s e cti o ns will s h o w t h e distri b uti o n of e a c h v ari a bl e wit h t h eir m e di a n a n d st a n d ar d d e vi ati o n. T his 

i nf or m ati o n will b e us e d i n c ali br ati o n of P a v e m e nt M E f or p a v e m e nt s e cti o ns w h er e pr oj e ct-s p e cifi c i n p uts ar e 

u n a v ail a bl e. A m or e d et ail e d dis c ussi o n o n t his will b e pr o vi d e d i n t h e P a v e m e nt M E c ali br ati o n r e p ort. 

P C C C o m p r essi v e St r e n gt h 

Fi g ur e A. 4 s h o ws t h e distri b uti o n of t h e a v er a g e wit h i n- pr oj e ct P C C c o m pr essi v e str e n gt h a m o n g s a m pl es t a k e n 

fr o m e a c h pr oj e ct i n t h e G P R a n d e arli er M E P D G c ali br atio n st u di es. T h e c o m pr essi v e str e n gt hs w er e m e a s ur e d 

o n c or es t a k e n at l e ast s e v er al y e ars a n d oft e n m a n y y e ars aft er c o nstr u cti o n. T h e v al u es s h o w n h a v e b e e n 

c o n v ert e d fr o m t h e l o n g-t er m str e n gt hs t o e q ui v al e nt 2 8- d a y str e n gt hs usi n g t h e M E P D G pr o c e d ur e t o di vi d e t h e 

l o n g-t er m str e n gt h b y a f a ct or of 1. 4 4. E q ui v al e nt 2 8- da y v al u es w er e us e d i n P a v e m e nt M E. T h e c o m pr essi v e 

str e n gt hs a dj ust e d t o 2 8- d a y e q ui v al e nts w er e als o us e d f or esti m ati o n of m o d ul us of r u pt ur e a n d m o d ul us of 

el asti cit y. 

C o m pr essi v e str e n gt h h as a n a v er a g e of 4, 5 3 9 psi wit h a st a n d ar d d e vi ati o n of 8 9 0 psi. Fi g ur e A. 5 s h o ws t h at t h e 

c u m ul ati v e distri b uti o n of c o m pr essi v e str e n gt h h as a 5 0t h p er c e ntil e ( m e di a n) of 4, 4 5 8 psi. T h e v al u es s h o w n ar e 

l o n g-t er m str e n gt hs t a k e n fr o m c or es fr o m all t h e str uct ur es, i n m ost c as es m a n y y e ars aft er c o nstr u cti o n. 

9 0 U C P R C- R R- 2 0 1 9- 0 2 



 

  

                 

                   

                  

                       

  

 

 

         

 

Fi g ur e A. 6 s h o ws t h e v ari a bilit y i n c o m pr essi v e str e n gt h wit hi n a n d b et w e e n t h e pr oj e cts. T h e li n e at t h e mi d-

h ei g ht of e a c h b o x i n di c at es t h e a v er a g e v al u e of t h e c o m pr essi v e str e n gt h, a n d t h e b o x’ s t w o e n ds i n di c at e o n e 

st a n d ar d d e vi ati o n a b o v e a n d b el o w t h e m e a n f or e a c h s p e cifi c pr oj e ct. T h e pr oj e cts wit h o nl y o n e c or e s a m pl e 

ar e s h o w n as a si n gl e li n e i n t h e fi g ur e. T h e n u m b ers o n t o p of t h e pl ot i n di c at e t h e n u m b er of s a m pl es t a k e n fr o m 

e a c h pr oj e ct. 

Fi g u r e A. 4: P C C c o m p r essi v e st r e n gt h dist ri b uti o n a c r o ss all p r oj e cts. 

U C P R C- R R- 2 0 1 9- 0 2 9 1 



 

  

 

       

 

 

        

   

Fi g u r e A. 5: P C C c o m p r essi v e st r e n gt h c u m ul ati v e dist ri b uti o n. 

# of S a m pl e s 

Fi g u r e A. 6: P C C c o m p r essi v e st r e n gt h v a ri a bilit y wit hi n p r oj e cts. 

9 2 U C P R C- R R- 2 0 1 9- 0 2 



 

  

         

    

    

     

    

    

 

       

                

                  

                   

                  

                    

                  

           

 

 

            

 

C o effi ci e nts of v ari ati o n of m e a s ur e d wit hi n- pr oj e ct c o m pr essi v e str e n gt hs w er e: 

 A v er a g e: 1 3. 7 9 p er c e nt 

 M e di a n: 1 2. 6 3 p er c e nt 

 St a n d ar d d e vi ati o n: 8. 5 6 p er c e nt 

 M a xi m u m: 3 9. 4 8 p er c e nt 

 Mi ni m u m: 0. 0 2 6 p er c e nt 

P C C Esti m at e d M o d ul us of El asti cit y ( 2 8- d a y stiff n ess) 

M o d ul us of el asti cit y w as esti m at e d fr o m t h e P C C d e nsit y a n d e q ui v al e nt 2 8- d a y P C C c o m pr essi v e str e n gt hs b y 

..u si n g t h e e q u ati o n i n t h e M E P D G 𝐹 3 3 𝐷 𝑛 , w h er e Ee i s t h e esti m at e d m o d ul us of el asti cit y,  is t h e 

d e nsit y, a n d f’c is t h e c o m pr essi v e str e n gt h. T his e q u ati o n is u s e d i n P a v e m e nt M E t o c al c ul at e t h e m o d ul us of 

el asti cit y b as e d o n t h e c o m pr essi v e str e n gt h a n d d e nsit y i n p ut gi v e n b y t h e us er. B as e d o n Fi g ur e A. 7 a n d 

Fi g ur e A. 8, t h e esti m at e d m o d ul us of el asti cit y h as a n a v er a g e of 3, 9 4 7 ksi wit h a st a n d ar d d e vi ati o n of 4 2 7 ksi. 

T h e 5 0t h p er c e ntil e ( m e di a n) of t h e esti m at e d m o d ul us of el asti cit y is 3, 9 3 4 ksi. Fi g ur e A. 9 s h o ws t h e v ari a bilit y 

i n esti m at e d P C C m o d ul us of el asti cit y wit hi n a n d b et w e e n t h e pr oj e cts. 

Fi g u r e A. 7: P C C esti m at e d 2 8- d a y m o d ul us of el asti cit y dist ri b uti o n a c r oss all p r oj e cts. 

U C P R C- R R- 2 0 1 9- 0 2 9 3 



 

  

 
         

 

 
         

 

Fi g u r e A. 8: P C C esti m at e d m o d ul us of el asti cit y c u m ul ati v e dist ri b uti o n. 

Fi g u r e A. 9: P C C esti m at e d m o d ul us of el a sti cit y p r oj e ct-l e v el v a ri a bilit y. 

9 4 U C P R C- R R- 2 0 1 9- 0 2 



 

  

            

    

    

     

    

    

 

                   

                   

                      

                  

                 

                 

                  

               

            

 

     

                  

                 

                      

               

                  

             

 

C o effi ci e nts of v ari ati o n of esti m at e d wit hi n - pr oj e ct m o d ul us of el asti cit y v al u es w er e: 

 A v er a g e: 7. 9 5 p er c e nt 

 M e di a n: 6. 9 9 p er c e nt 

 St a n d ar d d e vi ati o n: 5. 1 3 p er c e nt 

 M a xi m u m: 2 3. 7 2 p er c e nt 

 Mi ni m u m: 0. 2 3 p er c e nt 

M o d ul us of el asti cit y d at a w er e dir e ctl y m e as ur e d o n c or es o n s o m e s e cti o ns as p art of a n e arli er 2 0 0 7 M E P D G 

c ali br ati o n 3) . D at a w er e o bt ai n e d fr o m 2 2 4 s a m pl es a cr oss all pr oj e cts. Si n c e m o st of t h e pr oj e cts h a d b e e n i n 

s er vi c e f or s o m e d e c a d e s at t h e ti m e of t h e st u d y, a f a ct or of 1. 2 w as us e d t o r e d u c e t h e m e as ur e m e nts t o t h e 

2 8- d a y stiff n ess. T h e m e as ur e d m o d ul us of el asti cit y fr o m t h os e s e cti o ns h a d a n a v er a g e of 3, 7 7 6 psi wit h a 

st a n d ar d d e vi ati o n of 3 4 7 psi. T h e 5 0t h p er c e ntil e ( m e di a n) of t h e m e as ur e d m o d ul us of el asti cit y w as esti m at e d 

t o b e 3, 7 8 6 psi. T h es e m e a s ur e d v al u es ar e r e a s o n a bl y clos e t o t h os e esti m at e d fr o m c o m pr es si v e str e n gt hs. T h e 

esti m at e d v al u es w er e us e d f or t h e pr e vi o us c ali br ati o n of P a v e m e nt M E a n d will b e us e d f or t h e u p c o mi n g 

c ali br ati o n b e c a us e t h e M E P D G m o d el s w er e c ali br at e d us i n g esti m at e d v al u es, a n d b e c a us e t h e m et h o d ol o g y f or 

m e as uri n g t h e m o d ul us of el asti cit y w as p erf o r m e d usi n g a n o n-st a n d ar d r es e ar c h m et h o d. 

P C C Esti m at e d M o d ul us of R u pt u r e 

M o d ul us of r u pt ur e ( M R) w as n ot m e as ur e d i n eit h er t h e pr e vi o us M E P D G c ali br ati o n or A S R st u di es, a n d w as 

.
e sti m at e d usi n g t h e 2 8- d a y c o m pr essi v e str e n gt hs usi n g t h e e q u ati o n 𝐹 𝐷 9. 5 𝑛 . T h e esti m at e d M R h as a n 

a v er a g e of 6 3 6 psi a n d a st a n d ar d d e vi ati o n of 6 2 psi wit h a m e di a n of 6 3 3 psi. Fi g ur e A. 1 0 s h o ws t h e distri b uti o n 

of t h e a v er a g e wit hi n- pr oj e ct esti m at e d P C C m o d ul us of r u pt ur e. Fi g ur e A. 1 1 s h o ws t h at t h e c u m ul ati v e 

distri b uti o n of esti m at e d P C C m o d ul us of r u pt ur e h as a 5 0t h p er c e ntil e ( m e di a n) of 6 3 3 psi. Fi g ur e A. 1 2 s h o ws 

t h e v ari a bilit y i n esti m at e d P C C m o d ul us of r u pt ur e wit hi n a n d b et w e e n t h e pr oj e cts. 

U C P R C- R R- 2 0 1 9- 0 2 9 5 



 

  

 

           

 

 
         

 

Fi g u r e A. 1 0: P C C esti m at e d m o d ul us of r u pt u r e dist ri b uti o n a c r o ss all p r oj e cts. 

Fi g u r e A. 1 1: P C C esti m at e d m o d ul us of r u pt u r e c u m ul ati v e dist ri b uti o n. 

9 6 U C P R C- R R- 2 0 1 9- 0 2 



 

  

 
         

 
            

    

    

     

    

    

 

  

                   

                      

                 

                   

 

 

Fi g u r e A. 1 2: P C C Esti m at e d m o d ul us of r u pt u r e p r oj e ct-l e v el v a ri a bilit y. 

C o effi ci e nts of v ari ati o n of esti m at e d wit h i n- pr oj e ct m o d ul us of r u pt ur e v al u es w er e: 

 A v er a g e: 6. 9 9 p er c e nt 

 M e di a n: 6. 3 8 p er c e nt 

 St a n d ar d d e vi ati o n: 4. 3 9 p er c e nt 

 M a xi m u m: 2 0. 4 3 p er c e nt 

 Mi ni m u m: 0. 1 3 p er c e nt 

P C C D e n sit y 

P C C d e nsit y w as m e as ur e d as p art of t h e A S R ( 7) a n d e arli er M E P D G c ali br ati o n st u di es ( 3). D e nsit y h as a n 

a v er a g e of 1 4 7 p cf a n d a st a n d ar d d e vi ati o n of 3 p cf wit h a m e di a n of 1 4 7 p cf. Fi g ur e A. 1 3 s h o ws t h e distri b uti o n 

of t h e a v er a g e wit hi n- pr oj e ct P C C d e nsit y. Fi g ur e A. 1 4 s h o ws t h at t h e c u m ul ati v e distri b uti o n of P C C d e nsit y h as 

a 5 0t h p er c e ntil e ( m e di a n) of 1 4 7 p cf. Fi g ur e A. 1 5 s h o ws t h e v ari a bilit y i n P C C d e nsit y wit hi n a n d b et w e e n t h e 

pr oj e cts. 

U C P R C- R R- 2 0 1 9- 0 2 9 7 



 

  

 

        

 

 

      

 

Fi g u r e A. 1 3: P C C d e nsit y dist ri b uti o n a c r oss all p r oj e cts. 

Fi g u r e A. 1 4: P C C d e nsit y c u m ul ati v e dist ri b uti o n. 

9 8 U C P R C- R R- 2 0 1 9- 0 2 



 

  

 

      

 

     

                  

                 

                

                 

                  

                 

                

               

 

Fi g u r e A. 1 5: P C C d e nsit y p r oj e ct-l e v el v a ri a bilit y. 

P C C C o effi ci e nt of T h e r m al E x p a nsi o n 

P C C C T E d at a w er e o bt ai n e d fr o m 2 0 0 7 M E P D G c ali br ati o n st u d y ( 3), t h e G P R st u d y, t h e St a nt e c pr oj e ct, a n d 

t h e C altr a ns C T E d at a b as e. T h e m e as ur e d C T E v al u es h a v e a n a v er a g e of 4. 9 1 mi cr ostr ai n/ ° F - 1 wit h a st a n d ar d 

d e vi ati o n of 0. 8 mi cr ostr ai n/ ° F - 1 a n d a m e di a n of 4. 8 mi cr ostr ai n/ ° F- 1. T h e m e as ur e m e nts d o n e b y t h e U C P R C 

w er e n ot s u bj e ct t o t h e err or i n t h e r ef er e n c e m et al i d e ntifi e d b y t h e F e d er al Hi g h w a y A d mi nistr ati o n ( F H W A) 

aft er t h e m e a s ur e m e nts w er e m a d e b e c a u s e it w as v erifi e d t h at t h e m et al wit h t h e err o n e o us r ef er e n c e v al u e w as 

n ot us e d i n t h e U C P R C e q ui p m e nt. Fi g ur e A. 1 6 s h o ws t h e distri b uti o n of t h e a v er a g e wit hi n- pr oj e ct P C C C T E. 

Fi g ur e A. 1 7 s h o ws t h at t h e c u m ul ati v e distri b uti o n of P C C C T E h as a 5 0t h p er c e ntil e ( m e di a n) of 

4. 8 mi cr ostr ai n/ ° F - 1. Fi g ur e A. 1 8 s h o ws t h e v ari a bilit y i n P C C C T E wit hi n a n d b et w e e n t h e pr oj e cts. 

U C P R C- R R- 2 0 1 9- 0 2 9 9 



 

  

 

           

 

 

         

 

Fi g u r e A. 1 6: P C C c o effi ci e nt of t h e r m al e x p a nsi o n dist ri b uti o n a c r oss all p r oj e cts. 

Fi g u r e A. 1 7: P C C c o effi ci e nt of t h e r m a l e x p a nsi o n c u m ul ati v e dist ri b uti o n. 

1 0 0 U C P R C- R R- 2 0 1 9- 0 2 



 

  

 

         

 

   

                 

                   

               

                

                 

              

             

 

Fi g u r e A. 1 8: P C C c o effi ci e nt of t h e r m a l e x p a nsi o n p r oj e ct-l e v el v a ri a bilit y. 

P C C S h o rt w a v e A bs o r pti vit y 

S h ort w a v e a bs or pti vit y d at a w er e c oll e ct e d as p art of 2 0 0 7 M E P D G c ali br ati o n st u d y 3) o bt ai n e d fr o m o nl y t hr e e 

pr oj e cts. T h e a v er a g e v al u e f or s h ort w a v e a bs or pti vit y is 0. 9 1 wit h a st a n d ar d d e vi ati o n of 0. 0 2 a n d a m e di a n of 

0. 9 1. Fi g ur e A. 1 9 s h o ws t h e distri b uti o n of t h e a v er a g e wit hi n- pr oj e ct P C C s h ort w a v e a bs or pti vit y. Fi g ur e A. 2 0 

s h o ws t h at t h e c u m ul ati v e distri b uti o n of P C C s h ort w a v e a bs or pti vit y h as a 5 0t h p er c e ntil e ( m e di a n) of 0. 9 1. 

Fi g ur e A. 2 1 s h o ws t h e v ari a bilit y i n P C C s h ort w a v e a bs or pti v it y wit hi n a n d b et w e e n t h e pr oj e cts. T h er e w er e n ot 

m a n y diff er e nt u ni q u e m e as ur e m e nts f or al b e d o a n d, t h er ef or e, t h e c u m ul ati v e distri b uti o n gr a p h b e c a m e a st e p-

gr a p h, s h o w n i n Fi g ur e A. 2 0, as if it is dr a w n fr o m dis cr et e v al u es. 

U C P R C- R R- 2 0 1 9- 0 2 1 0 1 



 

  

 

         

 

 

       

Fi g u r e A. 1 9: P C C s h o rt w a v e a bs o r pti vit y dist ri b uti o n ac r oss all p r oj e cts. 

Fi g u r e A. 2 0: P C C s h o rt w a v e a bs o r pti vit y c u m ul ati v e dist ri b uti o n. 

1 0 2 U C P R C- R R- 2 0 1 9- 0 2 



 

  

 

       

 

  

          

                 

                   

                 

                 

        

                

                   

            

                 

                  

                 

                 

              

 

 

Fi g u r e A. 2 1: P C C s h o rt w a v e a bs o r pti vit y p r oj e ct-l e v el v a ri a bilit y. 

WI M S p e ct r a 

T h e f oll o wi n g ar e t h e fi v e w ei g h-i n- m oti o n ( WI M) gr o u ps i n C alif or ni a: 

 S p e ctr a 1 is t h e li g ht est a xl e l o a d distri b uti o n, s o- c all e d b e c a us e it h as t h e hi g h est l o a d p er c e nt a g e 

( 5 0 p er c e nt) of si n gl e- c o u nt e d a xl es, t h at is, t h e s u m of t h e n u m b er of si n gl e a xl es d eri v e d b y a d di n g u p 

t h e n u m b er of si n gl e a xl es a n d e a c h a xl e i n a t a n d e m a xl e b et w e e n 2 0 a n d 3 0 k N. 

 S p e ctr a 2 is t h e s e c o n d-li g ht est a xl e l o a d distri b uti o n, wit h t h e l ar g est p er c e nt a g e ( a b o ut 6 5 p er c e nt) of 

si n gl e- c o u nt e d a xl es c o n c e ntr at e d b et w e e n 2 0 a n d 4 0 k N. 

 S p e ctr a 3 is t h e m e di u m a xl e l o a d distri b uti o n, wit h its l ar g est si n gl e- c o u nt e d a xl e l o a d pr o p orti o n 

( 7 0 p er c e nt) wi d el y distri b ut e d b et w e e n 2 0 a n d 5 0 k N, b ut wit h a li g ht a xl e l o a d pr o p orti o n ( 2 0 k N) still 

sli g htl y hi g h er t h a n t h e pr o p orti o n of t h e h e a v y a xl e l o a ds ( 6 0 k N). 

 S p e ctr a 4 is t h e s e c o n d h e a vi est a xl e l o a d distri b uti o n, wit h its si n gl e- c o u nt e d a xl e l o a ds f airl y w ell 

distri b ut e d fr o m 1 5 k N t o 7 0 k N ( b et w e e n 1 0 a n d 2 0 p er c e nt); its pr o p orti o n of si n gl e- c o u nt e d a xl e l o a ds 

at 2 0 k N is a b o ut t h e s a m e as t h e pr o p orti o n of si n gl e- c o u nt e d a xl e l o a ds at 5 0 k N. 

 S p e ctr a 5 is t h e h e a vi est a xl e l o a d distri b uti o n, wit h its si n gl e- c o u nt e d a xl e l o a ds distri b ut e d m or e t o w ar d 

h e a v y a xl e l o a ds ( o v er 5 0 k N) t h a n t o li g ht a xl e l o a ds ( u n d er 4 0 k N). 

U C P R C- R R- 2 0 1 9- 0 2 1 0 3 



 

  

                

                    

                    

                  

                   

       

 

 

       

Fi g ur e A. 2 2 s h o ws C alif or ni a’s fi v e WI M s p e ctr a. T h e Si n gl e E q ui v al e nt A xl e L o a d Fr e q u e n c y y- a xis v ari a bl e is 

t h e r es ult of s plitti n g t a n d e m a xl es i n t w o a n d tri d e m a xles i n t hr e e ( e. g., o n e t a n d e m b e c o m es t w o si n gl es wit h 

h alf t h e l o a d e a c h). T h e us e of si n gl e e q ui v al e nt a xl e l o a ds is j ust a si m plifi e d w a y t o d et er mi n e t h e si mil arit y 

b et w e e n diff er e nt WI M s p e ctr a. It d o es n ot i m p a ct t h e a ct u al s p e ctr a b ei n g us e d i n P a v e m e nt M E. E a c h WI M 

s p e ctr a ( 1 t o 5) i n cl u d es a d et ail e d d efi niti o n of tr u c k t y p es a n d a xl e w ei g ht distri b uti o ns, si mil arl y t o t h e tr u c k 

tr affi c cl a ss ( T T C) cl assifi c ati o n i n P a v e m e nt M E. 

Fi g u r e A. 2 2: Fi v e WI M s p e ct r a i n C alif o r ni a. 

1 0 4 U C P R C- R R- 2 0 1 9- 0 2 
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