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1. INTRODUCTION 

1.1. Fatigue of Concrete i n  Pavement 

When a ma te r i a l  f a i l s  under a number of repeated loads,  each smaller  

than t h e  u l t ima te  s t a t i c  s t r e n g t h ,  a f a t i g u e  f a i l u r e  i s  s a i d  t o  have taken 

place.  Many s t u d i e s  have been made t o  cha rac te r i ze  t h e  f a t i g u e  behavior 

of va r ious  engineering ma te r i a l s .  The r e s u l t s  of some of these  s t u d i e s  

have proved invaluable  i n  t h e  eva lua t ion  and p red ic t ion  of t h e  f a t i g u e  

s t r e n g t h  of s t r u c t u r a l  ma te r i a l s .  Considerable time and e f f o r t  have gone 

i n t o  t h e  eva lua t ion  of t h e  f a t i g u e  behavior of metals.  These e a r l y  s tud-  

i e s  were motivated by p r a c t i c a l  cons idera t ions :  t h e  f i r s t  f a t i g u e  t e s t s  

were performed on ma te r i a l s  t h a t  had been observed t o  f a i l  a f t e r  repeated 

loading of a magnitude l e s s  than t h a t  requi red  f o r  f a i l u r e  under t h e  ap- 

p l i c a t i o n  of a s i n g l e  load. Mine-hoist chains (1829), railway a x l e s  (1852), 

and steam engine p a r t s  were among t h e  f i r s t  s t r u c t u r a l  components t o  be 

recognized a s  exh ib i t ing  f a t i g u e  behavior.  

Since concre te  i s  usual ly  subjec ted  t o  s t a t i c  loading r a t h e r  than  

c y c l i c  loading ,  need f o r  knowledge of t h e  f a t i g u e  behavior of concre te  

has lagged behind t h a t  of metals.  One notable  exception t o  t h i s ,  however, 

is i n  t h e  a rea  of highway and a i r f . i e l d  pavement design. Due t o  t h e  f a c t  

t h a t  t h e  f a t i g u e  behavior of concre te  must be understood i n  t h e  des ign  of  

pavements and re inforced  concre te  b r idges ,  highway engineers  have pro- 

vided t h e  motivat ion f o r  concrete  f a t i g u e  s t u d i e s  s ince  t h e  1920s. 

Resul t s  from f a t i g u e  s t u d i e s  a r e  usua l ly  presented i n  t h e  form of  

an S-N curve ( s t r e s s  versus  log  of t h e  number of cyc les  t o  f a i l u r e ) .  I f  

t he re  i s  a break i n  t h e  curve and t h e  curve becomes asymptotic t o  a l i n e  



p a r a l l e l  t o  t h e  ho r i zon ta l  a x i s ,  t h e  s t r e s s  a t  which t h i s  occurs i s  ca l l ed  

the  endurance o r  f a t i g u e  l i m i t .  Most metals  have an endurance l i m i t ;  horu- 

ever ,  t e s t s  on concre te  up t o  10 m i l l i o n  cyc les  of load app l i ca t ion  have 

9< 
f a i l e d  t o  e s t a b l i s h  an endurance l i m i t  161. It  is the re fo re  important 

t o  quote f a t i g u e  s t r e n g t h  f o r  a  s p e c i f i e d  number of cyc les  when d iscuss-  

ing the  f a t i g u e  p rope r t i e s  of concrete .  Fat igue s t r e n g t h  i s  def ined  a s  

the  s t r e s s  causing f a i l u r e  a f t e r  a  s t a t e d  number of cyc les  of loading.  

Fat igue l i f e  i s  t h e  number of cyc les  of s t r e s s  t h a t  a  specimen can with- 

s tand  without  f a i l u r e .  

The f a t i g u e  of concre te  is as soc ia t ed  wi th  t h e  formation and propa- 

ga t ion  of microcracks a t  t h e  aggregate-cement mat r ix  i n t e r f a c e  and i n  

t h e  cement matr ix i t s e l f  [6,7,14,38,45] .  The mechanism of f a t i g u e  f r ac -  

t u r e  oL concrete  is e s s e n t i a l l y  i d e n t i c a l  t o  the  mechanism of f r a c t u r e  

under s t a t i c  and sus ta ined  loading [7] .  Fat igue f r a c t u r e  involves micro- 

cracking s i m i l a r  t o ,  but  more extens ive  than,  t h e  microcracking t h a t  ac- 

companies s t a t i c  f a i l u r e .  For ins tance ,  Bennett [6]  found t h a t  t h e  t o t a l  

length  of su r face  cracks v i s i b l e  on a  concre te  specimen subjected t o  

100,000 cycles  of a  s t r e s s  equal t o  75% of t h e  s t a t i c  s t r e n g t h  was typi -  

c a l l y  35% g r e a t e r  than the  l eng th  measured a f t e r  a  sing1.e loading t o  95% 

of t h e  s t a t i c  s t r e n g t h .  

Most research  i n t o  t h e  f a t i g u e  s t r e n g t h  of concre te  involves t h e  

repeated a p p l i c a t i o n  of a  constant  s t r e s s  u n t i l  f a i l u r e  (constant  s t r e s s  

f a t igue ) .  

Bighway concre te  s l a b s  a r e  subjected t o  inany r e p e t i t i o n s  of t r a f -  

f i c  . loads during t h e i r  s e r v i c e  1.ives; thus ,  the  importance of f a t i g u e  i n  

,t 
Numbers i n  brackets  denote r e fe rences ,  l i s t e d  a lphabe t i ca l ly  i n  sec t ion  8. 



concrete  pavement is se l f -ev ident .  Since t h e  f l e x u r a l  s t r e s s e s  i n  con- 

c r e t e  pavement s l a b s  a r e  c r i t i c a l ,  f a t i g u e  due t o  f l e x u r a l  s t r e s s  is 

used f o r  concrete  pavement design.  Fat igue t e s t s  i n  compression, a l -  

though use fu l  f o r  many des ign  app l i ca t ions ,  do not  provide information 

use fu l  t o  t h e  designer  of pavements. Loading schemes t h a t  subjec t  con- 

c r e t e  specimens t o  f l e x u r a l  loading more r e a l i s t i c a l l y  dup l i ca t e  condi- 

t i o n s  encountered i n  t h e  f i e l d .  

The f i r s t  f a t i g u e  t e s t s  using concrete  f l exure  specimens were car-  

r i e d  out  by ~ L r e t  i n  1906 [33].  These t e s t s  were p a r t  of a broader s tudy 

t h a t  included p l a i n  and re inforced  concrete ,  mortar beams and cubes and 

cyl inders .  Because of more recent  and complete r e sea rch ,  t h e  f indings  

and conclusions of t h i s  s tudy a r e  oE h i s t o r i c a l  value only.  I n  1907, 

Van Ornum [281 u t i l i z e d  r e in fo rced  concre te  beams i n  a f l e x u r a l  f a t i g u e  

s tudy.  The beams had 2 112 percent  s t e e l  and were subjec ted  t o  progres- 

s i v e  loading.  This  i n v e s t i g a t i o n  determined a f a t i g u e  l i m i t  of 50 per- 

cent  of t h e  modulus of  rupture  and showed t h a t ,  a s  t h e  applied loading 

increased above the  f a t i g u e  l i m i t ,  the  number of r e p e t i t i o n s  of loading 

necessary t o  cause f a i l u r e  decreases r ap id ly .  

The f i r s t  i n v e s t i g a t i o n s  of s i g n i f i c a n t  consequence on f l e x u r a l  fa-  

t i gue  of concre te  were c a r r i e d  o u t  almost s imultaneously by t h e  I l l i n o i s  

Department of Highways (1921-23) and Purdue Univers i ty  (1922-24). The 

I l l i n o i s  t e s t s  ( repor ted  by Clemmer [9]  and Older [34,35])  and t h e  Purdue 

t e s t s  ( repor ted  by Hat t  [13])  served a s  a b a s i s  f o r  t h e  development of 

the  1933 Port land Cement Associat ion (PCA) design curve f o r  f a t i g u e  

s t r e n g t h  of concre te  pavements. 



The I l l i n o i s  t e s t s  were undertaken a f t e r  I l l i n o i s  highway o f f i c i a l s  

observed pavement f a i l u r e s  i n  seve ra l  cases  occurr ing a t  loads  below the  

s t a t i c  u l t ima te  s t r e n g t h  of t h e  s l a b .  Therefore, t h e  labora tory  s tudy a t  

t h e  Univers i ty  of I l l i n o i s  was devised t o  s imula te  t h e  loading on t h e  cor- 

ner  of a  pavement s l a b ,  which i s  t h e  most c r i t i c a l  loading.  

Clemmer designed a unique t e s t i n g  machine i n  which 6 i n .  x 6 i n .  x 36 i n .  

concre te  beams were can t i l eve red  out  from a c e n t r a l  hub. Load was applied by 

r o t a t i n g  a  p a i r  of rubber- t i red wheels about t h e  c e n t r a l  hub. Bloclcs were 

placed between the  can t i l eve red  beams t o  form a smooth circus-ar  t rack .  Load 

applied by the  wheels could be var ied  by p lac ing  dead weight i n  two weight 

boxes loca ted  on the  a x l e  between the  two wheels. Test  beams were subjected 

t o  40 load app l i ca t ions  pe r  minute. 

Pour s e r i e s  of beams with d i f f e r e n t  loading h i s t o r i e s  were t e s t e d  i n  

t h i s  i nves t iga t ion .  I n  t h i s  s tudy t h e  following conclusions were made: 

6~ The endurance l i m i t  f o r  concrete  i n  f l exure  is 51-54 percent  of 

t h e  s t a t i c  f a i l u r e  s t r e s s .  

e The repeated app l i ca t ion  of a  load l e s s  than 50 percent  of t h e  

modulus of rup tu re  inc reases  the  s t r e n g t h  of the  concre te  a t  

t h e  s t r e s s e d  sec t ion .  

e The number of cycS.es t o  f a i l u r e  increases  wi th  t h e  r i chness  of 

t h e  mix and decreases r ap id ly  with inc reases  of s t r e s s  above 50 

percent  of t h e  modulus of rupture .  

The f a t i g u e  t e s t s  of Hatt  a t  Purdue were a l s o  motivated by t h e  in- 

t e r e s t  i n  highway pavement f a i l u r e s .  Hatt  f e l t  the  I l l i n o i s  t e s t ' s  r a t e  

of loading was too f a s t  and t h a t  without r e s t  periods i t  d id  not dupli-  

c a t e  a c t u a l  highway condi t ions .  The Purdue t e s t s  had complete r e v e r s a l s  



of s t r e s s  appl ied  a t  10 cyc le s  per  minute and t h e  t e s t s  were shu t  down 

overnight  and on weekends. The f a t i g u e  s t r e n g t h  of f a t i g u e  specimens was 

compared t o  unfat igued companion modulus of rupture  beams. From t h e  Pur- 

due s tudy [33]  the  fol lowing conclusions were drawn: 

0 There i s  no d e f i n i t e  f a t i g u e  l i m i t  f o r  28-Jay-old concre te ;  

f o r  concre te  4 months o l d  t h e  f a t i g u e  l i m i t  is 50-55 percent  of 

t h e  modulus of rupture ;  a f a t i g u e  l i m i t  of 54-55 percent  of the 

modulus of rupture  e x i s t s  f o r  concre te  over 6 months o l d .  

o There i s  a recovery i n  s t i f f n e s s  r e s u l t i n g  from t h e  overnight  

r e s t  per iods .  

o Cycling t e s t  specimens below t h e i r  endurance l i m i t  was found t o  

s t rengthen  t h e  member. 

The next s i g n i f i c a n t  s tudy of t h e  f a t i g u e  of p l a i n  concre te  was re -  

ported by Kesler  [18] i n  1953. Since f a t i g u e  i n v e s t i g a t i o n ~  a r e  by na- 

t u r e  time consuming, Kesler wanted t o  determine t h e  e f f e c t  of speed of 

t e s t i n g  on t h e  f l e x u r a l  f a t i g u e  l i f e  of p l a i n  concrete .  The specimens 

used were 64 inches long,  supported on a span of 60 inches,  and loaded 

a t  one-third poin ts .  Two d i f f e r e n t  s t r e n g t h s  of concrete  (3600 p s i ,  

4600 p s i )  were t e s t e d  a t  r a t e s  of 70, 230, and 440 cycles  per  minute. 

The average S-N curves f o r  a l l  beams t e s t e d ,  r ega rd le s s  of s t r e n g t h  o r  

speed of t e s t i n g ,  were very c l o s e  together ,  i nd ica t ing  t h a t  f o r  t h e  range 

of 70 t o  440 cpm t h e  speed of t e s t i n g  has a neg l ig ib l e  e f f e c t .  This  f ind-  

ing  is important s i n c e  time can be saved by conducting f a t i g u e  t e s t s  a t  

h igher  speeds. Even though these  tests were conducted t o  a maximum of 

10 m i l l i o n  cyc le s ,  t h e r e  was no i n d i c a t i o n  t h a t  an endurance l i m i t  e x i s t s .  



During t h e  period 1954-56 Kesler [31] conducted f a t i g u e  t e s t s  t h a t  

s tudied  the  e f f e c t  t h e  range of s t r e s s  had on f a t i g u e  l i f e .  Specimens, 

6  in .  x 6 in .  x 64 i n . ,  supported on a  span o f  60 inches ,  and loaded a t  

the  one-third po in t s ,  were a l s o  used i n  t h i s  s tudy.  Four s e r i e s  were 

t e s t e d  with t h e  r a t i o ,  R ,  of minimum applied s t r e s s  t o  maximum appl ied  

s t r e s s  varying from 0.13 t o  0.75. The t e s t s  i nd ica t ed  t h a t ,  a s  R in- 

c reases ,  t h e  va lue  of t h e  f a t i g u e  s t r e n g t h ,  a t  10 m i l l i o n  cyc le s ,  a l s o  

inc reases  from 56 percent  of t h e  modulus of rup tu re  f o r  R = 0.0 up t o  

85 percent  of t h e  modulus of rup tu re  f o r  R = 0.75. Again no f a t i g u e  

l i m i t  was indica ted .  

I n  1966 Hilsdorf  and Kesler  1151 conducted a  much more comprehen- 

s i v e  f a t i g u e  study. It  was f e l t  t h a t  previous s t u d i e s  with loads  be- 

tween constant  minimum and maximum values  jnd no r e s t  per iods  d id  not  

represent  a c t u a l  loading condit ions.  The f i r s t  phase of t h e  Kesler  in- 

v e s t i g a t i o n  s tudied  t h e  e f f e c t  a  r e s t  period had on f a t i g u e  l i f e .  Each 

specimen was 1-oaded 4500 cycles  and then r e s t e d  f o r  a  period of 1, 5 ,  

10, 20, o r  27 minutes; during the  r e s t  period t h e  minimum load was main- 

ta ined .  The r e s t  period e f f e c t  was more no t i ceab le  f o r  specimens t h a t  

requi red  a  g r e a t e r  number of c y c l e s t o  f a i l u r e .  The f a t i g u e  s t r e n g t h  

increased a s  length  of r e s t  period increased up t o  5 minutes; t h e  d i f -  

ferences were n e g l i g i b l e  f o r  t e s t s  having r e s t  periods of 5, 10, 20, o r  

27 minutes. 

IZesler's second phase, which cons is ted  of two p a r t s ,  s tudied  t h e  

e f f e c t  of v a r i a b l e  loading on the  f a t i g u e  l i f e  of p l a i n  concrete .  I n  

p a r t  one, the maximum s t r e s s  l e v e l  was changed only once during the  t e s t .  

I n  p a r t  two, the  maximum s t r e s s  l e v e l  was changed pe r iod ica l ly  between two 

s t r e s s  l e v e l s .  I t  was determined t h a t  the  sequence of the  appl ied  loads  



a f f e c t s  t h e  f a t i g u e  s t r e n g t h  of concrete .  A r e l a t i v e l y  low number of 

cyc les  a t  high loads  increased  the  f a t i g u e  s t r e n g t h  of concrete  t h a t  

was subsequently loaded a t  a  lower load a s  compared t o  t h e  f a t i g u e  

s t r e n g t h  of a  specimen t h a t  had not  been previously loaded. This  in- 

c rease  i n  f a t i g u e  l i f e  can be a t t r i b u t e d  t o  t h e  f a c t  t h a t  concre te  ex- 

h i b i t s  two opposing e f f e c t s  when loaded: consol ida t ion  with consequent 

s t rengthening  and microcracking wi th  consequent weakening. The con- 

t r o l l i n g  e f f e c t  w i l l  depend on the  r e l a t i v e  magnitude and method of ap- 

p l i c a t i o n  of t h e  loads .  A s  the  load was changed p e r i o d i c a l l y  between 

two s t r e s s  l e v e l s ,  i t  was found t h a t  t h e  f a t i g u e  l i f e  decreased with 

increased h igher  s t r e s s  and a l s o  with increased number of cyc les  a t  t h e  

higher  s t r e s s .  

A commonly used theory f o r  cumulative damage of concre te  s t r u c t u r e s  

under repeated loads ,  known a s  Miner's hypothesis  [29] ,  was checked and 

found t o  g ive  unconservative va lues  of f a t i g u e  s t r e n g t h  a t  high loads and 

overly conserva t ive  va lues  f o r  low loads .  A procedure was presented t o  

a d j u s t  Miner's hypothesis  s o  i t  could be s a f e l y  used f o r  design. 

I n  1972, Bal l inger  [5] conducted a  two-phase f a t i g u e  s tudy t h a t  was 

very s i m i l a r  t o  Kes ler ' s  1966 inves t iga t ion .  One s e r i e s  of t e s t s  was 

conducted between s e t  va lues  of minimum and maximum s t r e s s .  I n  t h e  sec- 

ond s e r i e s  of t e s t s ,  specimens were subjected t o  two d i f f e r e n t  l e v e l s  of 

c y c l i c  loads ;  t h e  l e v e l  of load was changed j u s t  once during t h e  t e s t .  

Ba l l inge r ' s  t e s t s  i n d i c a t e  t h a t  t h e  i n i t i a l  po r t ion  of the  S-log N l i n e  

is not  s t r a i g h t  but  curves downward from 100% t o  i n t e r s e c t  t h e  l i n e a r  

port ion.  This  low-cycle reg ion  e x i s t s  up t o  about 70 cyc les  and i t  is 

f e l t  t h a t  f a c t o r s  o t h e r  than simple f a t i g u e  a f f e c t  f a i l u r e  i n  t h i s  region.  



Ballinger's other conclusions vary somewhat from those of Kesler. In 

Ballinger's opinion Miner's rule adequately reflects cumulative damage 

effects; also the order in which cyclic loads of different magnitudes 

are applied has no effect on the fatigue life. 

In general, the information on fatigue of concrete is scarce. IIow- 

ever, it has been suggested that the various factors that affect static 

strength of conrete may also affect fatigue in a similar manner; among 

these are aggregate type and quality, moisture condition, rate of load- 

ing, age of concrete at testing, type of loading, concrete strength, 

curing conditions, specimen size, and air entrainment [19,32,33,36]. 

In Kesler's fatigue study conducted in the early 1.950s [I%], speci- 

mens of two different compressive strengths (3600 and 4600 psi) were 

tested. At the end of the tests, the results were compared and it was 

shown that the fatigue lives of the specimens of different compressive 

strengths were not significantly different. Therefore ICesler concluded 

that the compressive strength, and thus the water-cement ratio, had no 

effect on the fatigue strength of plain concrete. 

No information could be found on the effect of aggregate types on 

flexural fatigue of concrete. 

1.2. Air-entrained Concrete in Pavement 

The use of admixtures that cause the entrainment of air in concrete 

is considered by many to be one of the most important developments in 

concrete technology in the last few decades. The principal application 

has been to pavement concrete. Entrained air benefits concrete mainly 

in two ways: (1) improved resistance of the concrete to freezing and 



thawing and (2) improvement of t h e  workabi l i ty  and decrease i n  segrega- 

t i o n  of f r e s h l y  mixed concrete .  A i r  bubbles present  i n  t h e  cement pas t e  

of unhardened concrete  can come from s e v e r a l  sources 1241: (1) a i r  or ig-  

i n a l l y  present  i n  in t e rg ranu la r  spaces i n  t h e  cement and aggregate,  (2) 

a i r  o r i g i n a l l y  present  wi th in  t h e  p a r t i c l e s  of cement and aggregate but  

expel led  from t h e  p a r t i c l e s  before  hardening of t h e  concrete  by inward 

movement of water  under hydraul ic  and c a p i l l a r y  p o t e n t i a l ,  (3) a i r  or ig-  

i n a l l y  d isso lved  i n  t h e  mixing water ,  and (4) a i r  in-folded and mechani- 

c a l l y  enveloped wi th in  the  concre te  during mixing and p lac ing .  These 

a r e  t h e  only sources of a i r  bubbles i n  concre te ,  whether o r  not  an a i r -  

e n t r a i n i n g  agent i s  used 1241. An a i r - en t r a in ing  agent makes use of t h e  

f o u r t h  method of supplying a i r  bubbles t o  a p l a s t i c  concrete  mix. A i r -  

en t r a in ing  agents  reduce t h e  su r face  tens ion  a t  a ir-water  i n t e r f a c e s  

wi th in  t h e  cement pas t e ,  which reduces t h e  r a t e  of d i s s o l u t i o n  of a i r  

i n  t h e  bubbles and t h e  tendency of bubbles t o  j o i n  together  t o  form 

l a r g e r  bubbles.  Thus, a i r - en t r a in ing  agents  produce a uniform d i s t r i -  

bu t ion  of very small  a i r  bubbles wi th in  t h e  cement pas t e  matr ix.  It  

is t h i s  d i s t r i b u t i o n  of bubbles t h a t  accounts f o r  the  increased freeze-  

thaw d u r a b i l i t y  a s  wel l  a s  t h e  decreased compressive and t e n s i l e  s t r e n g t h s  

of a i r -en t ra ined  concrete .  These and o t h e r  e f f e c t s  of t h e  air-void sys- 

tem i n  concre te  have been we l l  documented [24,25,26,27]. 

Today a i r -en t ra ined  concre te  i s  recommended f o r  a l l  s t r u c t u r e s  under 

condi t ions  of severe  exposure and f o r  a l l  pavements r ega rd le s s  of c l i m a t i c  

condi t ions  [16,22,40,44]. Depending on t h e  maximum s i z e  of aggregate,  t h e  

usual  recommended ent ra ined  a i r  content  v a r i e s  from 5% f o r  a 2-in. aggre- 

g a t e  t o  8% f o r  a 112-in. aggregate [41] .  For pavement concre te  t h e  speci-  

f i e d  a i r  content  i n  Iowa is 6 - + I%% 1391. 



I n  recent  y e a r s ,  because of the  g r e a t l y  increased  use of de-icing 

chemicals,  i t  has been found necesary t o  incorpora te  h igher  l e v e l s  of 

a i r  i n  concrete  t o  a s su re  freedom from d e t e r i o r a t i o n  due t o  f r o s t  ac- 

t i o n  ( i n  c e r t a i n  in s t ances ,  a i r  content  of 8 o r  9% has been recommended 

f o r  use i n  s t r u c t u r e s  such as  highway br idge  decks).  Furthermore, t h e r e  

i s  reason t o  suspect  t h a t ,  because of the  c o n t r a c t o r ' s  concern f o r  achiev- 

ing  t h e  des i r ed  workab i l i t y  and meeting minimum a i r  content  requirements,  

t h e  a c t u a l  a i r  content  i n  f ie ld-placed concre te  could,  i n  some cases ,  be 

higher  than recommended. 

1.3. Fa t igue  Behavior of Air-entrained Concrete 

The e f f e c t s  of a i r  content  on most concrete  p rope r t i e s  such a s  com- 

p res s ive  s t r e n g t h ,  workab i l i t y ,  d u r a b i l i t y ,  and creep a r e  q u i t e  wel l  

understood. For example, i t  is known t h a t ,  f o r  normal l e v e l s  of a i r  

content ,  i f  t h e r e  is no change i n  water-cement r a t i o ,  t h e  s t r e n g t h  w i l l  

be reduced by 3  t o  5% f o r  each percent a i r  added. However, knowledge 

of t h e  e f f e c t  of a i r  content  on t h e  f l e x u r a l  f a t i g u e  s t r e n g t h  of p l a i n  

concre te  is nea r ly  nonexis ten t .  I n  view of recent  nationwide i n t e r e s t  

i n  economical pavement design,  d a t a  must be c o l l e c t e d  on t h e  e f f e c t s  of 

a l l  add i t ives  and v a r i a b l e s  on t h e  f a t i g u e  s t r e n g t h  of concrete .  

A l i t e r a t u r e  search  of the  pas t  70 years  produced only two repor ted  

s t u d i e s  on t h e  f a t i g u e  s t r e n g t h  of a i r -en t ra ined  concrete .  One of t h e  

s t u d i e s  was c a r r i e d  out  i n  1943 by Purdue Univers i ty  f o r  the  Kentucky 

Department of Highways [ l l ] .  It involved f l e x u r a l  f a t i g u e  t e s t i n g  of 

beam specimens i n  which one of the v a r i a b l e s  was a i r  entrainment.  The 



fatigue life of the air-entrained concrete was slightly greater than 

non-air-entrained groups. This finding is only of limited interest, 

however, since the different groups that were compared contained dif- 

ferent cements, and the variable of air content was not singled out for 

comparison. Also, the load histories of the test beams varied, making 

a comparison of fatigue lives difficult. In the second study, Antrim 

and McLaughlin [4] performed axial compression fatigue tests on two types 

of concrete, one air-entrained and the other containing only natural air. 

This study resulted in two major conclusions: 

1. The fatigue behavior of non-air-entrained plain concrete and 
air-entrained plain concrete in compression are not signifi- 
cantly different. However, there is an indication that air- 
entrained concrete exhibits longer fatigue life at low stress 
ratios (less than about 77% of static compressive strength) 
and shorter fatigue life at higher stress levels. 

2. There is considerably less variation present among fatigue test 
data for air-entrained plain concrete than there is for non- 
air-entrained concrete. 

This study is of interest because an air-entrained concrete was in- 

cluded, although at only one air-content level. However, the failure of 

highway pavements is essentially a tensi1.e failure, and this study in- 

volved loading of specimens in compression; thus, an assumption of the 

behavior of concrete pavement based on the results of this study would 

be a dangerous extrapolation of the findings. 

1.4. Rigid Pavement Thickness Design 

The factors that must be considered in the thickness design of con- 

crete pavements are the effects of traffic, climate, subgrade conditions, 

and the properties of concrete [10,40]. Pavement designs have evolved 



from a n a l y t i c a l  equat ions,  l abora to ry  research ,  road t e s t s ,  f i e l d  sur-  

veys of a c t u a l  pavement performance, and developmentof  semi-empirical 

equations. 

The f i r s t  concre te  pavement i n  t h e  United S t a t e s  was b u i l t  i n  

B e l l e f o n t a i n e , O h i o ,  i n  1892. The pavement was bui1.t on t h e  courthouse 

square and had a  s p e c i a l  g r i d  p a t t e r n  designed t o  provide s a f e  foo t ing  

f o r  t h e  horses  t h a t  were expected t o  use t h e  pavement. 

The f i r s t  mile  of r u r a l  highway pavement i n  the  United S t a t e s ,  b u i l t  

p r imar i ly  f o r  automobiles, was cons t ruc ted  i n  Wayne County, Michigan, i n  

1909. To check t h e i r  design,  the  D e t r o i t  Publ ic  Works Department con- 

ducted one of t h e  f i r s t  road t e s t s .  A twenty-foot pole f i t t e d  wi th  a  

s e t  of s t e e l  shoes on one end and a  heavy iron-rimmed wheel mounted on 

t h e  o t h e r  was revolved around a  c i r c u l a r  t r a c k  cons i s t ing  of s e c t i o n s  of 

b r i ck ,  g r a n i t e ,  c reosote  block, ceder block, and concrete .  The r epor t  

of t h i s  t e s t  s t a t e d ,  " the  concre te  s e c t i o n  l a i d  under t h e  s p e c i f i c a t i o n s  

of t h e  commissioners of Wayne County, Michigan, showed by f a r  t h e  b e s t  

r e s i s t a n c e  t o  t h e  severe  t e s t  t o  which pavements were put" [ 3 7 ] .  

I n  1922 and 1.923 t h e  s t a t e  of I l l i n o i s  cons t ruc ted  the  Bates Test  

Road [34] conta in ing  d i f f e r e n t  ma te r i a l s  and d i f f e r e n t  designs t o  pro- 

v ide  the  I l l i n o i s  Division of Highways with information on t h e  b e s t  pave- 

ment type and design. I n  t h i s  t e s t  World War I army t rucks  were dr iven  

over the  63 t e s t  s e c t i o n s .  Of t h e  22 b r i ck ,  17 a s p h a l t ,  and 24. concre te  

sec t ions  t e s t e d ,  one b r i c k ,  3  a s p h a l t ,  and 10 concre te  s e c t i o n s  s a t i s -  

f a c t o r i l y  withstood t h e  imposed loads .  Un t i l  1922, most concre te  pave- 

ments had been b u i l t  with no j o i n t s  and with a  thickened cen te r  s e c t i o n  

i n  an at tempt t o  s t o p  t h e  formation of l ong i tud ina l  cracks which developed 



i n  most of the  16-foot t o  18-foot wide pavements of t h a t  time. Resul t s  

of t h i s  t e s t  l ed  highway o f f i c i a l s  t o  use a  long i tud ina l  cen te r  j o i n t  t o  

e l imina te  cracking. Resul ts  were a l s o  used by Older t o  develop an equa- 

t i o n  r e l a t i n g  pavement thickness t o  t r a f f i c  loading based on t h e  theory 

of c a n t i l e v e r  beams. 

I n  t h e  mid 1920s, H. M. Westergaard [42,43] of t h e  Univers i ty  of 

I l l i n o i s  published s e v e r a l  t h e o r e t i c a l  papers concerned with determina- 

t i o n  of s t r e s s e s  and d e f l e c t i o n s  i n  concrete  pavements. Three loading 

cases  were considered: load appl ied  i n  t h e  i n t e r i o r  of t h e  s l a b ,  a t  t h e  

f r e e  edge, and a t  corners .  Westergaard presented equat ions t h a t  r e l a t e d  

load ,  subgrade r eac t ion ,  concre te  th ickness ,  and modulus of e l a s t i c i t y  

t o  t h e  s t r e s s e s  i n  a  concrete  s l ab .  Westergaard's equat ions were used 

by engineers  f o r  many yea r s  f o r  pavement th ickness  design.  

The Bureau of Publ ic  Roads conducted t e s t s  on concre te  pavements a t  

Arl ington,  Virg in ia ,  during t h e  e a r l y  1930s. I n  these  t e s t s ,  measure- 

ments of s t r e s s e s ,  d e f l e c t i o n s ,  and subgrade pressures  were made t o  check 

the  Westergaard equat ions.  A s  a  r e s u l t  of t hese  t e s t s ,  s l i g h t  modifica- 

t i o n s  were made by Westergaard, Kelly,  Spangler,  and P i c k e t t  on t h e  or ig-  

i n a l  Westergaard equat ions t o  provide c l o s e r  agreement wi th  a c t u a l  mea- 

surements [ l o ] .  

By t h e  1940s i t  was common p r a c t i c e  t o  cons t ruc t  pavements with 

thickened-edge cross  s e c t i o n s .  The Arl ington t e s t s  showed t h a t  thickened- 

edge cross  s e c t i o n s  produced a pavement i n  which t h e  s t r e s s e s  i n  the  s l a b  

were approximately equal  f o r  a l l  pos i t i ons  of the  load.  The c ross  sec- 

t i o n  had a  uniform th ickness  i n  t h e  i n t e r i o r  and an edge thickness of 

about 1.67 times the  i n t e r i o r  th ickness ;  t h e  edge th ickness  was reduced 

a t  a  uniform r a t e  i n  a  d i s t ance  of 2 t o  2-112 f e e t .  



One of t h e  most comprehensive road t e s t s  was conducted by the  Ameri- 

can Associat ion of S t a t e  Highway O f f i c i a l s  (AASHO), c u r r e n t l y  known a s  

the  American Associat ion of S t a t e  Highway and Transport ion O f f i c i a l s  

(AASHTO), and repor ted  i n  1962 [37].  Air-entrained concre te  pavements 

were s u b j e c t e d ' t o  t r a f f i c  loads  i n  four  major t r a f f i c  loops and i n  a  

l i g h t  t r a f f i c  loop. A con t ro l  loop was subjec ted  t o  a  v a r i e t y  of non- 

t r a f f i c  t e s t s .  The t h r e e  v a r i a b l e s  i n  t h e  t e s t  pavements were pavement 

th ickness ,  depth of subbase, and t h e  presence o r  absence of d i s t r i b u t e d  

s t e e l  reinforcement.  Each pavement t e s t  s e c t i o n  was subjected t o  only 

one a x l e  spacing and weight.  The r e s u l t s  of t h e  AASHO road t e s t  ind i -  

c a t e  t h a t  t h i n  subbases ( 3  in.-4 in . )  perform a s  we l l  a s  t h i cke r  ones 

(6 in.-9 i n . ) .  Properly jo in ted  p l a i n  pavements, where t h e r e  i s  ade- 

quate load t r a n s f e r  across  j o i n t s ,  perform a s  we l l  a s  re inforced  pave- 

ments. 

V i r t u a l l y  a l l  modern r i g i d  pavement design methods recognize the  

importance of t h e  f a t i g u e  l i f e  of concrete  and, i n  design,  consider  not  

only t h e  a n t i c i p a t e d  weights but  a l s o  the  number of heavy a x l e  loads  

t h a t  w i l l  be appl ied  during t h e  pavement des ign  l i f e .  These methods, 

f o r  example, the  AASHTO Inter im Design Procedure [I.] used by most high- 

way departments i n  t h i s  country, and t h e  Road Note 29 des ign  procedure 

[3] used i n  t h e  United Icingdom a r e  a l s o  based on road t e s t  data .  The 

major input  of both methods is t h e  t o t a l  number of equiva lent  18-kip 

s i n g l e  a x l e  loads  appl ied  during t h e  design l i f e .  The PCA des ign  pro- 

cedure eva lua tes  t h e  accumulated f a t i g u e  e f f e c t s  of a l l  heavy a x l e  load 

app l i ca t ions  during t h e  pavement l i f e  t o  prevent  s l a b  cracking. 



The 1966 PCA des ign  procedure [10,40] i n  use today is based on 

t h e o r e t i c a l  analyses of concrete  pavement behavior ,  model and f u l l  s c a l e  

t e s t s ,  f u l l  s c a l e  t e s t  roads t h a t  a r e  loaded by con t ro l l ed  t e s t  t r a f f i c ,  

and observa t ions  of pavements i n  normal s e r v i c e .  This  procedure i s  the 

only one t h a t  makes t h e  d i r e c t  use of t h e  f a t i g u e  S-N curve i n  t h e  form 

of a t a b l e  ( s t r e s s  r a t i o s  vs. a l lowable load r e p e t i t i o n s )  i n  design. The 

1966 PCA curve can be expressed a s  fol lows:  

SR = .972 - .0828 log  N 

where 

SR = stress r a t i o  

= r a t i o  of f l e x u r a l  s t r e s s  t o  modulus of rup tu re  

and 

N = number of allowable load r e p e t i t i o n s .  

I n  summarizing the  preceding d iscuss ions  on concrete  f a t i g u e  and 

r i g i d  pavement design,  t h e  following can be concluded: 

Concrete,  used i n  pavement s l a b s ,  is subjec ted  t o  f a t i g u e  
f a i l u r e .  

e Concrete pavement performance and d i s t r e s s  is a func t ion  of 
load r e p e t i t i o n s ;  t he re fo re ,  load r e p e t i t i o n s  have a d i r e c t  
inf luence  on t h e  thickness requirements of a concre te  pavement. 

e V i r t u a l l y  a l l  modern r i g i d  pavement design methods take i n t o  
cons idera t ion  t h e  f a t i g u e  s t r e n g t h  ( f a t i g u e  l i f e  and load rep- 
e t i t i o n s )  of concrete .  



2. PURPOSE AND SCOPE 

While all of the modern pavement design procedures recognize the im- 

portance of fatigue life of concrete and while air entrainment is being 

used for all concrete pavements, design curves currently being used in 

the design of Portland cement concrete pavements do not reflect the ef- 

fect of air entrainment. The basic fatigue data, on which concrete pave- 

ment designs have been based for the past 40 to 50 years, were derived 

in early 1920s, 20 years before the introduction and 40 years before the 

widespread use of air-entrained concrete. No data are available on the 

fatigue behavior of air-entrained concrete in flexure. 

In light of the extensive use of air entrainment and the growing 

interest in economy and efficiency of design, it becomes self-evident 

that, in order to properly design concrete pavements, a study of the 

effects of air entrainment on the fatigue behavior of concrete in flex- 

ure was urgently needed. The purpose of Phase I of that study was to 

evaluate the effects of air entrainment on the fatigue strength of plain 

concrete and establish preliminary fatigue curves for air-entrained con- 

crete to be used in concrete pavement design. 

The scope of Phase I included flexural fatigue testings of concretes 

at five levels of air entrainment, prepared with crushed limestone, Type 

I Portland cement, and at a water-cement ratio of 0.41. Based upon the 

results of Phase I, it has been concluded that flexural fatigue strength 

decreases as air content increases. 

Concrete pavements being poured today are done so with different 

aggregate types and various air content and water-cement ratios. In 



orde r  t o  produce an e f f i c i e n t  and economical design,  one must know what 

e f f e c t s  these  f a c t o r s  have on t h e  f l e x u r a l  f a t i g u e  of concrete .  The 

purpose of Phase I1 of t h i s  s tudy is t o  determine t h e  e f f e c t s  of vary- 

ing water-cement r a t i o s ,  varying a i r  contents ,  and d i f f e r e n t  aggregate 

types on the  f l e x u r a l  f a t i g u e  of concre te  and t o  e s t a b l i s h  des ign  curves 

t o  be used i n  r i g i d  pavement design. 

The scope of Phase I1 inc ludes  t h e  f l e x u r a l  f a t i g u e  t e s t i n g  of t e n  

s e r i e s  of p l a i n  concrete .  A l l  batches were prepared with Type I Port-  

land cement. The v a r i a b l e s  inc lude  &r content ,  water-cement r a t i o ,  

and coarse  and f i n e  aggregate types.  Table 1 i n d i c a t e s  t h e  combinations 

of the  va r i ab le s  u t i l i z e d  i n  t h i s  s tudy;  I i n d i c a t e s  work completed i n  

Phase I ,  and I1 i n d i c a t e s  work completed i n  Phase 11. I n  t h i s  t a b l e  

I ,  t a rge t "  a i r  contents  a r e  l i s t e d ;  a s  w i l l  be shown l a t e r ,  i n  some cases  

t h e r e  was v a r i a t i o n  between t h e  nominal and a c t u a l  a i r  contents .  

Table 1. Mater ia l  combination - Phase I and 11. 

a 
Phase I1 

b ~ h a s e  I 

Coarse Aggregate 

Fine Aggregate 

Gravel 

H a l l e t t  Sand 

Limes tone 

H a l l e t t  Sand Bellevue Sand 



The r e s u l t s  of Phase I of t h i s  i n v e s t i g a t i o n  have been repor ted  i n  

Reference 21. The r e s u l t s  of Phase I1 a r e  presented i n  t h i s  r epor t .  

Data from Phase I have been re-analyzed and a r e  a l s o  presented he re  f o r  

comparison wi th  t h e  r e s u l t s  of Phase 11. Pavement design t a b l e s  and 

graphs combining r e s u l t s  from both phases are presented i n  t h i s  r epor t  

f o r  completeness and easy reference.  



3. MATERIALS AND PROCEDURES 

3.1. Testing Program 

The objective of this study was to determine the effects of varying 

air content, varying water-cement ratios, and different aggregate types 

on the flexural fatigue of concrete. The test program originally pro- 

posed was to study nine series. Two different water-cement ratios (low 

and high) with crushed limestone as the coarse aggregate and three lev- 

els of entrained air (low, normal and high) comprised six series while a 

normal water-cement ratio with gravel as the coarse aggregate and three lev- 

els of entrained air (low, normal and high) comprised the remaining three 

series. Prom Phase I it had been determined that three levels of air 

content would be sufficient to demonstrate the effect these variables 

had on fatigue. Phase I of this study [21] tested concrete made with 

limestone at a normal water-cement ratio involving air content as the 

only variable. In Phase 11, concrete made with river gravel at a water- 

cement ratio of 0.43 was tested in order to compare the effects of 

gravel versus limestone on the flexural fatigue strength. Concrete at 

a high water-cement ratio with a high air content was not considered to 

be a usuable mix, thus this series was replaced with one made with a 

coarse high quality sand to determine what effect fine aggregate had on 

fatigue strength. A tenth series was added to serve as a control to 

check the reproducibility of a series from Phase I. For the material 

combinations, see Table 2. Series designations are also given in Table 

2 .  Each series has a three part designation that includes in order the 

following: Plastic air content, coarse and fine aggregates used, and 

water cement ratio times one hundred. In the aggregate part, the two 

letters employed have the following meaning: 
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L = Crushed Limestone 

G = Gravel 

H = H a l l e t t  Sand 

B = Bellevue Sand 

The age v a r i a b l e  was reduced by t e s t i n g  a l l  s e r i e s  a t  an age of 28 

t o  56 days and by determining t h e  f l e x u r a l  s t r e n g t h  of  t h e  f a t i g u e  beam 

each time. This  meant t h a t  one s e r i e s  was mixed and poured approximately 

once each month. Af t e r  t h e  i n i t i a l  28-day period when the  f i r s t  s e r i e s  

was being cured,  f a t i g u e  t e s t i n g  proceeded continuously. The second se- 

r i e s  was poured when t e s t i n g  began on t h e  f i r s t  s e r i e s .  While t h e  f i r s t  

s e r i e s  was being t e s t e d ,  the  second s e r i e s  was being cured. A t  t h e  end 

of t h e  28-day cur ing  period f o r  t h e  second s e r i e s ,  t e s t i n g  of t h e  f i r s t  

s e r i e s  was completed, t h e  t h i r d  s e r i e s  was poured, and t e s t i n g  of t h e  

second s e r i e s  began. This cyc le  continued u n t i l  t e s t i n g  of a l l  t e n  se- 

r i e s  was completed. 

Beams f o r  f a t i g u e  t e s t i n g  were 6 i n .  X 6 i n .  x 36 in .  A modulus of 

rupture  t e s t  was performed on the  f i r s t  18  inches of the beam (Figure 1 . )  

and a  f a t i g u e  t e s t  was performed on t h e  remaining unstressed po r t ion  

(Figure I ) .  This  technique provided a modulus of rupture  value f o r  each 

f a t i g u e  specimen, thus e l iminat ing  beam t o  beam va r i a t ions .  Af ter  t h e  

modulus of rup tu re  t e s t ,  and p r i o r  t o  t h e  f a t i g u e  t e s t ,  each beam was 

sea l ed  i n  a p l a s t i c  bag t o  maintain a  cons tant  s a tu ra t ed  moisture con- 

t e n t .  Previous s t u d i e s  [361 i n d i c a t e  t h a t  i f  specimens a r e  allowed t o  

a i r  dry during f a t i g u e  t e s t i n g  t h e  s c a t t e r  of d a t a  w i l l  increase .  This  

is be l ieved  t o  be due t o  d i f f e r e n t i a l  s t r a i n s  generated by moisture gra- 

d i e n t s  w i th in  t h e  beam. 





The s t r e s s  l e v e l  f o r  f a t i g u e  t e s t i n g  of each specimen was determined 

by tak ing  a percentage of t h e  modulus of rupture  f o r  t h a t  specimen. This 

s t r e s s  l e v e l  was then converted t o  an equiva lent  load t o  be applied t o  the  

beam. The equiva lent  load was applied t o  the  beam u n t i l  f a i l u r e  occurred. 

Load was var ied  from a nominal 100 pounds ( s t r e s s  less than 10 p s i )  t o  a 

predetermined percentage of the  modulus of rup tu re  s t r e s s .  The bottom 

f i b e r  was i n  tens ion  throughout t h e  t e s t .  Fat igue t e s t s  were conducted 

a t  four  s t r e s s  l e v e l s  corresponding t o  90%, 80%, 70%, and 60% of t h e  mod- 

u lus  of rupture.  S ix  specimens were t e s t e d  a t  each s t r e s s  l e v e l  [20,23]. 

A l l  t e s t s  were run a t  a frequency of 5 he r t z .  

I n  a d d i t i o n  t o  t h e  main f a t i g u e  t e s t  program, f i v e  o t h e r  inves t iga-  

t i o n s  were c a r r i e d  out .  The s u b j e c t s  of t h e  a d d i t i o n a l  i nves t iga t ions  

a re :  

1. modulus of rup tu re  tests 

2. compressive s t r e n g t h  t e s t s  

3.  determinat ion of modulus of e l a s t i c i t y  

4. high p res su re  a i r  t e s t s  

5. concre te  voids s t r u c t u r e  by scanning e l e c t r o n  microscopy and 
mercury pene t r a t ion  porosimetry 

3.2. Mater ia l s  

The concrete  used f o r  t h e  t e s t  specimens was a modified Iowa Depart- 

ment of Transpor ta t ion  (DOT) C-3 mix. A s tandard Iowa DOT C-3 mix con- 

t a i n s  a minimum of 604 pounds of cement per  cubic yard and has  a water- 

cement r a t i o  of 0.43. Since one of t h e  v a r i a b l e s  s tudied  was t h e  water- 

cement r a t i o ,  i t  was necessary t o  change t h e  cement content  i n  order  t o  



produce a workable mix. T r i a l  batches were run f o r  each mix des ign  t o  

a s su re  the  proper  a i r  content  and a slump between 1 and 3 inches.  

Two types of coarse aggregates  were used i n  t h i s  study. The g rave l  

came from t h e  Boggess Mater ia l s  Company near  Emmetsburg, Iowa, and had a 

saturated-surface-dry s p e c i f i c  g rav i ty  of 2.68 and water  absorpt ion  of 

1.25%. The crushed l imestone came from the  Alden Quarry near  Alden, 

Iowa, and had a saturated-surface-dry s p e c i f i c  g r a v i t y  of 2.53 and an 

absorpt ion  of 2.54%. 

Two types of f i n e  aggregates  were used. The H a l l e t t  sand ( H a l l e t t  

Construct ion Co., Arnes) was used i n  14 out  of 15 of the  concrete  pours 

(Phase I and 11) .  This sand had a saturated-surface-dry s p e c i f i c  grav- 

i t y  of 2.64 and an absorpt ion  of 1.15%. Bellevue Sand (from the  Bellevue 

Sand Company near Belleuve, Iowa) was u t i l i z e d  i n  one of t h e  Phase I T  

s e r i e s .  Use of t h i s  sand was suggested by engineers  of t h e  Iowa DOT. 

Bellevue Sand i s  a coarse sand with a saturated-surface-dry s p e c i f i c  

g rav i ty  of 2.63 and a water  absorpt ion  of 0.90%. A l l  f i n e  and coarse  

aggregates  u t i l i z e d  i n  t h i s  i n v e s t i g a t i o n  came from s t a t e  approved stock-  

p i l e s .  For f u r t h e r  information regarding aggregate gradat ion  and speci-  

f i c a t i o n s ,  s e e  Tables A . l  and A.2 of Appendix A. 

The Type I Port land cement used i n  the concrete  batches was obtained 

from t h e  Marquette Cement Corporation i n  Des Moines, Iowa. I n  order  t o  

guarantee uniformity,  ca re  was taken t o  a s su re  t h a t  a l l  of  t h e  cement 

u t i l i z e d  was taken from one batch a t  the  cement p l an t .  Chemical and 

phys ica l  p rope r t i e s  of t h e  cement a r e  given i n  Table A.3 of Appendix A. 

Comparison of the  cement p rope r t i e s  of Table A.3 with those 1-is ted i n  

Table A.3 of re ference  21 (Phase I ) ,  i n d i c a t e s  t h a t  t h e r e  a r e  no s i g n i f i -  

cant  d i f f e rences  between t h e  two cements u t i l i z e d  i n  Phase I and Phase 11. 



Upon recommendation of the engineers at the Iowa DOT, the air- 

entraining agent used in this investigation was Ad-Aire, a vinsol resin 

made by the Carter Waters Company of Kansas City, Missouri. Before each 

concrete pour, trial batches were run to determine the amount of air- 

entraining agent to be used to produce a specific air content. 

A water reducing agent was used in the concretes with a water-cement 

ratio of 0 . 3 2  to produce a workable mix. Plastocrete 161, manufactured 

by the Sika Chemical Company of Lyndhurst, New Jersey, was the water re- 

ducer recommended by the engineers of the Iowa DOT. Plastocrete 161 is 

a polymer-type, non-air-entraining, water-reducing, strength-producing 

admixture which conforms to ASTM C 494 Type A (water-reducing admixture). 

3 . 3 .  Mixing Procedures and Quality Control 

A total of ten series of fatigue specimens were poured in Phase 11. 

Prior to each pour, trial batches consisting of the desired aggregates 

and water-cement ratio were run to develop a mix with the desired air 

content and slump. Each pour consisted of approximately thirty 6  in. x 

6 in. x 36 in. flexural fatigue beams and ten cylinders 6 in. in diameter 

and 12 in. long. Approximately 1.1 cubic yards of concrete were required 

for each series. 

Since proper control and unformity of the mix was of utmost impor- 

tance, all mixing was done in the laboratory. At the beginning of the 

project, all materials were obtained and stockpiled in the laboratory 

for use throughout the project. A mixer of one cubic yard capacity could 

not be located, so a concrete mixing truck was rented on the day of each 

pour. Before the batch quantities were charged into the mixer, the mix- 

ing drum was inspected to determine if it contained any leftover concrete 



o r  mixing water  from a previous job which would a l t e r  t h e  des i red  mix. 

Batch q u a n t i t i e s  ( see  Table A-4 of Appendix A), which had previously been 

weighed out  and correc ted  f o r  moisture content ,  were than charged i n t o  

the  empty concre te  mixer. According t o  Iowa DOT s p e c i f i c a t i o n s  [39] ,  

the  concrete  was mixed 70 r evo lu t ions ;  a t  the  end of t h e  mixing, slump 

t e s t s  and p l a s t i c  a i r  content  t e s t s  were run t o  check t h e  a c c e p t a b i l i t y  

of t h e  concrete .  I f  t h e  concrete  was acceptable ,  i t  was t r a n s f e r r e d  t o  

the  beam forms by wheelbarrow. I f  t h e  concrete  was unacceptable,  the  

batch was adjus ted  (keeping the  water-cement r a t i o  cons tant )  u n t i l  i t  

f e l l  w i th in  t h e  acceptable  l i m i t s .  The beams were then v ib ra t ed  accord- 

ing  t o  ASTM C 192 with a 1 i n .  diameter penc i l  v i b r a t o r  which operated 

a t  10,500 v i b r a t i o n s  per  minute. A s  t h e  concre te  was being placed i n  

t h e  beam forms, cy l inde r s  f o r  compressive s t r e n g t h  t e s t s  and modulus of 

e l a s t i c i t y  t e s t s  were being c a s t  i n  waxed cardboard cy l inde r  molds 6 i n .  

i n  diameter by 12 in .  long. 

The beams were then f in i shed  and covered with wet burlap and a heavy 

polyethylene shee t  t o  maintain a moist condi t ion  f o r  proper cur ing .  

The burlap was kept wet and a f t e r  a period of  48 t o  72 hours t h e  

forms were s t r i p p e d  and t h e  beams were moved t o  l a r g e  metal cur ing  tanks 

where they were cured under water  u n t i l  they were t e s t ed .  The sequence 

from mixing t o  cur ing  is shown i n  Figure 2. 

The slump t e s t s  were run according t o  ASTM C 143; a i r  content  t e s t s  

were run according t o  ASTM C 231. Three a i r  meters of the pressure  type 

from t h e  Iowa DOT were used throughout t h e  p ro jec t .  The a i r  meters were 

c a l i b r a t e d  p r i o r  t o  the  beginning of t h e  s tudy and used exclus ive ly  i n  

t h e  s tudy.  For consis tency,  the  same opera tors  r an  t h e  a i r  t e s t s  through- 

out  the  s tudy.  
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3.4. Equipment 

A t  t h e  end of the  28-day cur ing  period,  compression t e s t s  were run 

on t h e  6-inch diameter by 12-inch concre te  cy l inde r s  using a  400,000 

pound capaci ty  Baldwin-Satec Universal  Tes t ing  Machine. Modulus of 

e l a s t i c i t y  tests were conducted on t h e  same machine us ing  a  Tin ius  

Olsen concre te  Cylinder Compressometer following ASTM standard C 469. 

The modulus of rupture  of each specimen was determined under one- 

t h i r d  po in t  loading,  u t i l i z i n g  a  concre te  beam t e s t e r ,  Model S6, made 

by t h e  American Beam Tes te r  Company. 

For t h e  f a t i g u e  t e s t i n g ,  an I n s t r o n  Model 1211 dynamic c y c l e r  was 

used. A load frame was cons t ruc ted  s o  t h a t  f l e x u r a l  one-third po in t  

loading,  a t  t h e  same geometry a s  t h e  modulus of rup tu re  t e s t ,  could be 

applied.  The I n s t r o n  has a  + 20,000 pound capaci ty  and t h e  load can be 

appl ied  a t  a  frequency of 5  t o  35 cycles/second. Near t h e  end of t h e  

s tudy,  a  Mate r i a l s  Test  System, MTS, f a t i g u e  machine became a v a i l a b l e  f o r  

use. It too had a  load f i x t u r e  cons t ruc ted  f o r  applying f l e x u r a l  one- 

t h i r d  po in t  loading a t  t h e  same spac ings  a s  t h e  modulus of rup tu re  ma- 

chine. The MTS has a  capaci ty  of - + 110,000 pounds and can apply t h e  load 

a t  a  frequency of 0.00001 t o  990 h e r t z .  Tes t ing  machines u t i l i z e d  i n  t h i s  

s tudy a r e  shown i n  Figure 3. 

During t h i s  i n v e s t i g a t i o n  a l l  of t h e  machines were c a l i b r a t e d .  S t r a i n  

gages were a t tached t o  an aluminum beam t h a t  was loaded a t  one-third po in t s  

i n  t h e  same manner a s  t h e  concre te  test specimens. S t r a i n s  due t o  s t a t i c  

k 
loading i n  t h e  400 un ive r sa l  t e s t  machine, t h e  beam t e s t e r ,  t h e  I n s t r o n ,  

and t h e  MTS were measured us ing  a  Vishay s t r a i n  ind ica to r .  For dynamic 



k (a) 400 machine with 
compressometer. 

(b) ~odulus of rupture machine 
with beam. 

(c) Instron Dynamic cycler. (d) MTS fatigue macnlne. 

Figure 3. Test machines utilized. 



loading i n  t h e  I n s t r o n  and MTS, a  Sanborn Model 850 Dynamic Recorder was 

used t o  record t h e  loads.  A l l  loads  de l ive red  were wi th in  acceptable 

l i m i t s  of t h e  load s e t t i n g .  

The high pressure  a i r  content  was determined by t h e  Mater ia l s  Lab- 

ora tory  of t h e  Iowa Department of Transpor ta t ion .  Four-inch diameter 

cores  were d r i l l e d  from s e c t i o n s  of t e s t e d  f a t i g u e  beams, oven d r i ed  a t  

3 0 0 ' ~  f o r  72 hours ,  and then cooled f o r  3 hours.  Af ter  weighing, t h e  

cores  were soaked i n  water  f o r  48 hours.  The co res  were then weighed i n  

water ,  removed and pa t t ed  dry with a c l o t h ,  and weighed again i n  a i r  t o  

determine absorpt ion.  The cores  were placed i n  t h e  high pressure a i r  

meter,  and p res su re  of approximately 5000 p s i  was appl ied .  A i r  content 

was then computed from d i a l  readings based on Boyle's Law. For more de- 

t a i l s  of t h e  procedure s e e  Test  Method No. Iowa 407-A, Apr i l  1971, Iowa 

Department of Transpor ta t ion ,  Mater ia l s  Department. 

Micros t ruc tures  of hardened concrete  were s tud ied  using a  JEOL USM- 

U3 scanning e l e c t r o n  microscope and a micromeri t ics  model 905-1 mercury 

porosimeter.  



4. RESULTS AND DISCUSSION 

4.1. Phys ica l  P rope r t i e s  

This  s e c t i o n  p resen t s  t h e  experimental ly determined phys ica l  prop- 

e r t i e s  of t h e  t e n  s e r i e s  of concre te  t e s t e d  i n  t h i s  s tudy (Phase 11) .  A 

summary of t h e  concre te  p rope r t i e s  f o r  the  var ious  s e r i e s  is presented 

i n  Table 3. The modulus of e l a s t i c i t y  i s  t h e  average of t h r e e  t e s t s .  

The slump is t h e  average of two measuzements; t h e  28-day compressive 

s t r e n g t h  i f  t h e  average of four  compression t e s t s ,  and t h e  modulus of 

rup tu re  va lue  is the  average of a l l  beams t e s t e d  i n  each s e r i e s .  Per- 

cent  a i r  i n  t h i s  t a b l e  and elsewhere i n  t h i s  r epor t  r e f e r s  t o  p l a s t i c  

a i r  content  unless  s t a t e d  otherwise.  

4.1.1.  Modulus of E l a s t i c i t y  

The modulus of e l a s t i c i t y  t e s t s  were made using a s tandard concre te  

cy l inde r  compressometer wi th  a d i a l  gage attachment fol lowing t h e  pro- 

cedure given by ASTM C 469. A s  may be seen i n  Figure 4 ,  an inc rease  i n  

t h e  amount of en t ra ined  a i r  decreases t h e  modulus of e l a s t i c i t y  f o r  

S e r i e s  LH-32 and S e r i e s  GH-43. For S e r i e s  LH-60 t h e r e  is a s l i g h t  in- 

crease.  The equat ions of t h e  l i n e s  i n  t h i s  f i g u r e  a r e :  

Se r i e s :  LH-32 

Ec = - 0.1791 (PA) + 5.0877 

Cor re l a t ion  Coef f i c i en t ,  r = - 0.9988 

Se r i e s :  GH-43 

E = - 0.2301 (PA) + 6.0506 
C 

Corre la t ion  Coef f i c i en t ,  r = - 0.9787 



Table 3. Summary of concre te  p rope r t i e s .  

A i r  Unit Modulus of Compressive Efodulus of 
Content, Slum!,, Weight, Rupture, S t rength ,  E l a s t i c i t y ,  

Se r i e s  X i n .  pcf p s i  28-day, p s i  p s i  



SERIES LH-32 o I 

PERCENT A I R  

F i g u r e  4. Modulus of e l a s t i c i t y  v e r s u s  p e r c e n t  a i r .  

PERCENT A I R  

F i g u r e  5. 28-day compress ive  s t r e n g t h  v e r s u s  p e r c e n t  a i r .  



Series: LH-60 

E = 0.0500 (PA) + 3.0400 
C 

(NO correlation coefficient given as there are only 2 data points.) 

where: 

6 
Ec 

= modulus of elasticity in 10 psi 

PA = percent air in the concrete 

4.1.2. Compressive Strength 

The 28-day compressive strength tests were conducted according to 

ASTM C 39-72. The results of these tests are shown in Figure 5. 

As these tests indicate, the compressive strength decreases as the 

water-cement ratio increases. For a constant water-cement ratio, the 

compressive strength decreases linearly as the air content increases. 

The equations of the lines are: 

Series: LB-32 

f' = - 486.8 (PA) + 9067.1 
C 

Correlation Coefficient, r = - 0.9840 

Series: GH-43 

f' = - 332.4 (PA) + 6715.1 
C 

Correlation Coefficient, r = - 0.9880 

Series: LH-60 

f' = - 160.0 (PA) + 4552.0 
C 

(No correlation coefficient is given as there are only two 
data points.) 

where: 

f' = 28-day compressive strength in psi 
C 

PA = percent air in the concrete 



4.1.3. Modulus of rup tu re  

The modulus of rupture  s t r e s s e s ,  determined according t o  ASTM C 

78-75, were obtained from t e s t s  on one end of t h e  f a t i g u e  specimens. 

Other f a t i g u e  s t u d i e s  have determined an average modulus of rup tu re  

s t r e s s  from t e s t i n g  a few specimens and used t h e  average modulus of 

rupture  s t r e s s  f o r  a l l  t e s t s .  However, i n  t h i s  i n v e s t i g a t i o n  a com- 

panion modulus of rupture  t e s t  was conducted f o r  each f a t i g u e  specimen 

(see  Figure I ) ,  g iv ing  the  most accu ra t e  es t imate  of t h e  modulus of 

rupture  f o r  t h e  f a t i g u e  t e s t s .  

The r e s u l t s  of the  modulus of rupture  t e s t s  a r e  p l o t t e d  i n  Figure 

6; these  t e s t s  i n d i c a t e  t h a t  a s  t h e  a i r  content  i nc reases ,  the  modulus 

.of rupture  decreases.  For s e r i e s  LH-32, GH-43, and LH-60, t h e  modulus 

of rupture  decreased approximately as  t h e  cubic roo t ,  square roo t ,  and 

fou r th  roo t  of t h e  percent  a i r ,  r e spec t ive ly .  The equat ions of t h e  

curves according t o  a log-log r eg res s ion  a n a l y s i s  a r e :  

Se r i e s :  LH-32 

f r  = 1125.30 (PA) -0.3126 

Cor re l a t ion  Coeff ic ien t  = -0.9945 

Se r i e s :  GH-43 

f r  = 1829.80 (FA) -0.5279 

Cor re l a t ion  Coef f i c i en t  = -0.9647 

Se r i e s :  LH-60 

f = 877.59 (PA) -0.2385 
r 

(No c o r r e l a t i o n  c o e f f i c i e n t  i s  given a s  t h e r e  a r e  only two 
d a t a  poin ts . )  

where: 

f  = modulus of rupture  i n  p s i  
r 

PA = percent  a i r  i n  the  concrete  



SERIES  LH-32 0 

SERIES GH-43 0 
SERIES L t l - 6 0  A 

- 

- 

- 

PERCENT A I R  

F i g u r e  6. Modulus of r u p t u r e  v e r s u s  p e r c e n t  a i r .  

PERCENT A I R  

F i g u r e  7 .  Un i t  we igh t  v e r s u s  p e r c e n t  a i r .  



The modulus of rupture  s t r e n g t h s  i n  t h i s  i n v e s t i g a t i o n  a r e  probably 

somewhat h igher  than can be expected i n  t h e  f i e l d  because of t h e  b e t t e r  

con t ro l  over  t h e  mix and t h e  continuous cur ing  u n t i l  t h e  time of t h e  t e s t .  

4.1.4. Unit weight 

A t  t h e  time of t h e  pour, t h e  u n i t  weight of each batch was de ter -  

mined. I n  each s e r i e s ,  t h e r e  i s  a l i n e a r  decrease i n  u n i t  weight a s  t h e  

percent  of a i r  i nc reases .  Approximately, t h e r e  is a l o s s  of 1 - 2 pcf 

f o r  each percent  a i r  increase .  A p l o t  of the  r e s u l t s  is shown i n  Figure 

7 ;  equat ions of t h e  curves a r e :  

S e r i e s :  LH-32 

Y = -1.9119 (PA) + 153.9902 

Corre la t ion  Coef f i c i en t ,  r = - 0.9660 

Se r i e s :  GH-43 

Y = -1.2618 (PA) + 153.9149 

Cor re l a t ion  C o e f f i c i e n t ,  r = - 0.9999 

Se r i e s :  LH-60 

Y = -1.3500 (PA) + 149.1700 

(No c o r r e l a t i o n  c o e f f i c i e n t  is given a s  the re  a r e  only two 
d a t a  poin ts . )  

where: 

Y = u n i t  weight i n  pcf 

PA = percent  a i r  i n  the  concre te  

4.1.5. A i r  Content 

A s  p revious ly  noted,  the  a i r  content  used t o  compare t h e  changes 

i n  modulus of e l a s t i c i t y ,  compressive s t r e n g t h ,  modulus of rup tu re ,  and 

u n i t  weight was the  p l a s t i c  a i r  con ten t ,  which was determined by the  



pressure  method (ASTM C 231). The a i r  content  of t h e  hardened concre te  

was determined by the  high pressure  a i r  method. 

The r e s u l t s  of t h e  high pressure  a i r  t e s t s  a re  compared t o  t h e  

p l a s t i c  a i r  contents  i n  Table 3. A s  may be noted, depending upon t h e  

s e r i e s ,  t h e  high pressure  a i r  content  may be higher  o r  lower than t h e  

p l a s t i c  a i r  content .  The equat ion f o r  t h e  r e l a t i o n s h i p  is:  

HA = 0.9968 (PA) i 0.033 

where : 

HA = high pressure  a i r  content ,  percent  

PA = p l a s t i c  a i r  content ,  percent  

Corre la t ion  Coeff ic ien t  = 0.9777 

4.1.6. Fat igue Tes ts  

The f a t i g u e  specimens were t e s t e d  i n  f l exure  with t h e  load appl ied  

a t  the  one-third po in t s ,  the  same spacings a s  i n  the  modulus of rupture  

t e s t s .  Ten d i f f e r e n t  concretes  were t e s t e d  i n  Phase 11 with var ious  

combinations of ma te r i a l s  and l e v e l s  of a i r  content .  

The concre te  t e s t  specimens wi th in  each s e r i e s  were t e s t e d  a t  s t r e s s  

l e v e l s  corresponding t o  60, 70, 80 and 90 percent  of the  modulus of rup- 

tu re .  A t  l e a s t  f i v e  specimens, but  more t y p i c a l l y  s i x  specimens, were 

t e s t e d  a t  each s t r e s s  l e v e l  f o r  each s e r i e s .  A t o t a l  of 239 f l e x u r a l  

specimens were t e s t e d  i n  Phase T I .  The modulus o i  rupture  s t r e n g t h ,  

the  maximum load applied a s  a percentage of inodulus of rup tu re ,  and the  

number of load app l i ca t ions  t o  f a i l u r e  f o r  each specimen a r e  given i n  

Tables B-1 through B-10 of Appendix B.  A s  has been previously noted,  

each s e r i e s  has a three-part  designat ion.  I n  these  t a b l e s  t h e r e  i s  a 

decimal poin t  a f t e r  the  water-cement r a t i o  designat ion.  The number t h a t  



comes a f t e r  t h e  decimal poin t  i s  t h e  i d e n t i f i c a t i o n  of the  individual  

beams wi th in  a  given s e r i e s .  Specimens t h a t  d id  not  f a i l  a r e  s o  indi -  

cated i n  these  t ab le s .  I n  a l l  but  a  few cases ,  specimens t h a t  d id  not  

f a i l  were run a  minimum of 2 mi l l i on  cyc les .  

Table 4. Comparison of p l a s t i c  a i r  content  and high pressure  a i r  content .  

P l a s t i c  
A i r  Content,  

Se r i e s  % 

High Pressure  A i r  Content, % 

Indiv idual  Tes ts  Average 

+c 
Data not  a v a i l a b l e  



A s  s t a t e d  before ,  t h e  specimens were t e s t e d  a t  four  d i f f e r e n t  s t r e s s  

l e v e l s .  A cons tant  minimum s t r e s s  corresponding t o  l e s s  than 10 p s i  was 

maintained on t h e  specimens s o  t h a t  t h e  bottom f i b e r  was always i n  ten- 

s ion .  Figure 8 shows t h e  f a i l u r e  sur faces  of s e v e r a l  t e s t  specimens com- 

par ing  t h e  f a i l u r e  su r faces  a t  s i m i l a r  a i r  contents  when d i f f e r e n t  coarse 

aggregates  and water-cement r a t i o s  a r e  used. A d i f f e r e n c e  i n  f a i l u r e  sur- 

f aces  (Figure 8b) may be seen between concretes  made with d i f f e r e n t  coarse 

aggregate types a t  s i m i l a r  a i r  contents  a s  we l l  a s  between concretes  with 

d i f f e r e n t  a i r  contents  (Figures 8a, b  and c) using t h e  same coarse aggre- 

ga te .  A t  s i m i l a r  a i r  contents  (Figure Rb), concre te  made with limestone 

seems t o  f a i l  through the  aggregate while  t h e  concre te  made with gravel  

tends t o  f a i l  around the  aggregate.  This r e s u l t  i s  i n  agreement with the  

f indings  of o the r  researchers  i n  t h a t  an aggregate with a  rougher su r face  

t e x t u r e  provides a  b e t t e r  bond between t h e  aggregate p a r t i c l e s  and t h e  

cement pas t e  [2,17,32].  

Inspec t ion  of the  f a i l u r e  su r faces  f o r  each aggregate type shows in- 

c reas ing  numbers of f a i l u r e s  around the  aggregate,  a s  compared t o  through 

t h e  aggregate,  a s  t h e  a i r  content  i s  increased.  This  i n d i c a t e s  t h a t  high 

percentages of a i r  weaken t h e  bond between t h e  cement pas t e  mat r ix  and the  

aggregate.  

The f a t i g u e  da ta  have been p l o t t e d  on S-N curves (S, s t r e s s ,  v s . ,  log  

N ,  no. of cycles  t o  f a i l u r e )  f o r  each of the  t en  s e r i e s .  The curves shown 

i n  Figures 9 t o  18 a r e  t h e  r e s u l t  of a  log-log regress ion  a n a l y s i s  program, 

CENSOR, which has t h e  c a p a b i l i t y  of considering and ass igning  va lues  f o r  

the  number of cyc les  t o  f a i l u r e  t o  specimens t h a t  d i d  not f a i l .  A dis-  

cussion of the  regress ion  anal-ysis of the da ta  and the  equat ions of t h e  

curves a r e  given i n  Appendix C.  



S e r i e s  9.5-LH-32 S e r i e s  14.2-GH-43 

S e r i e s  6.7-LH-43 S e r i e s  6.9-GH-43 

S e r i e s  3.1-LH-32 S e r i e s  3.9-GH-43 

Figure 8. F a i l u r e  su r faces  of t e s t  specimens: 
(.a) h igh  a i r  con ten t ,  
(b) medium a i r  content ,  
(c) low a i r  content ,  
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F i g u r e  10. S-N c u r v e  f o r  S e r i e s  5.9-LH-32. 



F i g u r e  11. S-N c u r v e  f o r  S e r i e s  9.5-Lll-32. 

F i g u r e  1 2 .  S-N c u r v e  f o r  S e r i e s  3.9-GH-43. 
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F i g u r e  1 3 .  S-N c u r v e  f o r  S e r i e s  6.9-GH-43. 
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F i g u r e  1 4 .  S-N c u r v e  f o r  S e r i e s  14.2-GH-43. 



F i g u r e  15. S-N c u r v e  f o r  S e r i e s  6.7-LH-43. 
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Figure 1 7 .  S-N curve f o r  Se r i e s  4.2-LH-60. 



For comparison, curves representing concretes with identical water- 

cement ratios and aggregate types are shown in composite plots in Figures 

19 to 22. 

To obtain a more accurate and comprehensive analysis, fatigue data 

from Phase I of this study were re-analyzed utilizing the computer pro- 

gram CENSOR. As has been previously stated, CENSOR makes it possible to 

take into account unfailed specimens more accurately. In Phase I the only 

variable was air content; all concrete was made with Alden Limestone, Hal- 

lett Sand with a water-cement ratio of 0.41. This combination of materials 

except for the slight difference in water-cement ratio is the same as Se- 

ries LH-43 of Phase 11. Utilizing data from Phases I and 11, comparison 

of fatigue life can thus be made for gravel vs. limestone at similar water- 

cement ratios when the aggregate is kept constant. 

The results of the log-log regression analysis for Series LH-41 (Phase 

I) are shown in Figures 23 to 27 and a composite plot is presented in Fig- 

ure 28. Equations for the curves are given in Appendix C. 

By studying the composite plots (Figures 19, 20, 21, 22, and 28), it 

is readily apparent that flexural fatigue life decreases as the air con- 

tent increases regardless of the aggregate or water-cement ratio. One 

exception to this general trend is the behavior of Series 14.2-CH-43 near 

the lower stress levels. Series 14.2-GH-43 had a high air content (14.2%) 

and a low modulus of rupture (430 psi). None of the specimens in Series 

14.2-GH-43 failed when loaded at the 60% level; each of the unfailed spec- 

imens was loaded a minimum of 2 million cycles. This behavior and the 

method of analysis (CENSOR), in the opinion of the authors, are the rea- 

sons for the characteristics of fatigue curve found for Series 14.2-GH-43. 
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F i g u r e  23. 5-N c u r v e  f o r  Series 2.8-LH-41. 

F i g u r e  24. S-N c u r v e  f o r  S e r i e s  3.5-Llt-41.. 

W 

5 90 
i- 
n. 
13 
cr: 

80  
0 

v, 
3 
-1 
3 70 a 
0 
II 
t- 
z 60 
W 
0 
a( 
W 
a 

50  

SERIES 3.5-Lti-41 
- 

- 

- 

- 

- 

-1 

LOG NUMBER OF CYCLES TO FAILURE 



LOG NUMBER OF CYCLES T O  FAILURE 
Figure 25. S-N curve for Series 6.4-LH-41. 

LOG NUMBER OF CYCLES T O  FAILURE 

Figure 26. S-N curve for Series 10.2-LH-41. 



40 I I I I I d 
l o 0  l o 1  l o 2  l o 3  l o 4  l o 5  l o 6  10; 

LOG NUMBER OF CYCLES TO FAILURE 

F i g u r e  27.  S-N c u r v e  f o r  S e r i e s  11.3-LH-41. 



PERCENT MODULUS OF RUPTURE 



Comparing the composite plots, it can be seen that the curves di- 

verge at the lower stress levels. The divergence may not seem to be sig- 

nificant, because these are semi-log plots. For instance, in Series LH-32 

(Figure 19), at 70% modulus of rupture, the difference between Series 9.5- 

LH-32 and Series 3.1-LH-32 is 171,000, while at 60% the difference is 

8,260,000. This divergence is important to pavement design since traf- 

fic normally causes stresses within these lower stress ranges. 

There does not seem to be a general trend when comparing concretes 

with varying water-cement ratios, keeping the air contents and aggregate 

types constant. For low air content, the low water-cement ratio (0.32, 

Series 3.1-LH-32, Figure 9) produces a concrete with a higher fatigue 

strength than the medium water-cement ratio (0.41, Series 3.5-LH-41, 

Figure241 and the high water-cement ratio, (0.60, Series 4.2-LH-60, 

Figure 17). The concretes made with water cement ratios of 0.41 and 

0.60 have similar fatigue strengths. For air contents around 6%, the 

low water-cement ratio (0.32, Series 5.9-LH-32, Figure 10) seems to pro- 

duce a concrete with a lower fatigue strength than the medium water- 

cement ratio concretes (0.43, Series 6.7-LH-43, Figure 15, and 0.41, 

Series 6.4-LH-41, Figure 25) and the high water-cement ratio concrete 

(0.60, Series 6.2-LH-60, Figure 18). Again, the 0.43 and 0.60 water- 

cement ratio concretes produce fatigue curves that are practically in- 

cidental, indicating no difference in fatigue life. For air contents 

around lo%, the low water-cement ratio (0.32, Series 9.5-LH-32, Figure 

11) produces a concrete with a much lower fatigue strength than a con- 

crete made with a water-cement ratio of 0.41 (10.2-LH-41, Figure 25). 

No series at a water-cement ratio of 0.60 at a high air content was 



tested. Thus it may be concluded that, for water-cement ratios in the 

range of 0.40 - 0.60, the flexural fatigue strength is independent of 

compressive strength. 

kt a water-cement ratio around 0.40 and at a low air content, the 

concrete made with gravel (Series 3.9-GH-43, Figure 12) exhibited a 

higher fatigue strength at the higher stress levels than the concrete 

made with limestone (Series 3.5-LH-41, Figure 24). At the lower stress 

levels there did not seem to be a significant difference in fatigue 

strength. At the water-cement ratio around 0.40 and at an air content 

around 6%, there was not a significant difference in the fatigue strength 

of the concrete made with gravel (Series 6.9-GH-43, Figure 13) versus 

that made with limestone (Series 6.7-LH-43, Figure 15, and Series 6.4- 

LH-41, Figure 25). At high air contents the concrete made with gravel 

(Series 14.2-GH-43, Figure 14) had a higher fatigue strength than the 

concretes made with limestone (Series 10.2-LH-41 and 11.3-LH-41, Figures 

26 and 27). 

The fatigue strength of Series 5.5-LB-43 (Figure 16), the one series 

made with a high quality of fine aggregate, was not significantly dif- 

ferent from the fatigue strength of Series 6.7-LH-43 which was made at 

the same water-cement ratio and essentially the same air content but with 

Hallett concrete sand. 

The reproducibility of the fatigue curves may be seen by comparing 

Series 6.9-LH-43 (Figure 21) and Series 6.4-LH-41 (Figure 28). Although 

there is a slight difference in the air content and water-cement ratio, 

the curves are essentially identical. 



4.2. Characterization of Air Voids System 

In addition to the total air content, the effect of air entrainment 

on the air bubbles and pore size distribution of hardened concrete was 

studied by scanning electron microscope (SEM) and mercury penetration 

porosimetry. 

Samples examined were fragments of the mortar matrix of hardened 

concrete from each series taken from the same beam specimen that was 

used for high pressure air content determination. 

The principles of operation and instruments used for SEM and mer- 

cury penetration porosimetry were described in a previous report [21]. 

The general procedures followed in this study were identical to those of 

Phase I except that several representative fragments of concrete pieces 

(6 - 10 gm) rather than drilled cores were used in mercury intrusion tests. 

Because of (a) the small specimens that SEM and mercury intrusion 

techniques can accommodate, (b) the presence of large aggregate particles 

making the selection of representative samp1.e~ for examination difficult, 

and (c) air voids mainly distributed in the paste-mortar matrix, additional 

mortar specimens were prepared to determine the effect of the air-entraining 

agent on the void characteristics as shown by SEM and mercury porosimetry. 

Two batches of mortar of plastic consistency were prepared using Hallett 

concrete sand and three batches of mortar were made using ASTM C-109 

graded Ottawa sand, all at a constant water-cement ratio of 0.41 but 

at different levels of air-entrainment. Sand content was adjusted to 

give a flow of 90%. The air content of the mortar was determined in ac- 

cordance with ASTM C-185. After air content determinations. the fresh 



mortars  were placed i n  molds 20 m i n  diameter by 25 mm h igh ,  e x t e r n a l l y  

v ib ra t ed  with an e l e c t r i c  i n s c r i b e r ,  and allowed t o  s e t  i n  t h e  humidity 

room f o r  24 hours.  The c y l i n d r i c a l  specimens were then removed from t h e  

molds and cured f o r  7 and 28 days f o r  compressive s t r eng th  and examined 

f o r  pore s i z e  and size d i s t r i b u t i o n  by SEM and mercury pene t r a t ion  poro- 

s imetry.  To f a c i l i t a t e  easy f r a c t u r e  f o r  SEM examination, some specimens 

i n  each batch were molded i n  two l a y e r s  with an aluminum f o i l  d i s k  having 

a 5-m diameter hole  a t  t h e  c e n t e r  placed between the  l a y e r s ,  r e s u l t i n g  

i n  a weakened middle s e c t i o n  of smaller  diameter.  Bulk s p e c i f i c  g r a v i t y  

and water  absorpt ion  of t h e  28-day mortar cy l inde r s  were determined fo l -  

lowing ASTM C-127. The composition and c h a r a c t e r i s t i c s  of t h e  mortar 

specimens a r e  given i n  Table 5. 

4.2.1. Air-Entrained Concrete 

A JEOL/JSM-U3 scanning e l e c t r o n  microscope was used t o  examine vi-  

s u a l l y  t h e  voids system of mortar fragments of hardened concre te  from 

a l l  batches.  The specimens were mounted, coated with gold and viewed 

under SEM. Photomicrographs were made a t  l00X magnif icat ion.  These 

micrographs were compared wi th  Phase I micrographs and photographs re- 

ported by Mullen and Waggoner 1301 on hardened concrete  of  va r ious  a i r  

contents  ( 1  - 20%). The same conclusions a s  observed i n  Phase I can be 

appl ied  t o  Phase I1 specimens a s  w e l l  a s  photographs presented by Mullen 

and Waggoner, t h a t  is:  

e The in t roduc t ion  of a i r - en t r a in ing  agent increased t h e  number of 

bubbles ,  t h e  bubble dens i ty ,  and t h e  uniformity of a i r  bubbles. 



T a b l e  5. C h a r a c t e r i s t i c s  

Sand,  g 

Cement, g 

Water ,  g 

Ad A i r e ,  g 

F r e s h  a i r  
c o n t e n t ,  % 

Avg. 7 day  
compress ive  
s t r e n g t h  ( p s i )  

Avg. 28 day  
compress ive  
s t r e n g t h  ( p s i )  

Bulk  s p e c i f i c  
g r a v i t y  

A b s o r p t i o n  (%) 

Water Permeable  
P o r o s i t y ,  % 

T o t a l  p o r o s i t y  
(mercury p o r o s i m e t e r ) ,  % 

of  a i r - e n t r a i n e d  m o r t a r s  (w/c 

S t a n d a r d  Sand (ASTM C 109) 

= 0.41)  

800 

350 

143.5 

0 

7.46 

992.3  

1914 .1  

2.198 

7.19 

15 .80  

C o n c r e t e  

900 

350 

143 .5  

0 

4 .19  

1932.7  

3127.9 

2.229 

7 .96  

17 .74  

Sand 

SO0 

350 

143.5  

0 .30  

9.30 

I 

1225.7  

1872.5  

2.162 

7 .92  

17 .12 

13.2  1 13.5  I 15.9 1 
-- 

800 

350 

143 .5  

0 .23  

9.68 

1298.7  

1943 .8  

2.160 

7.39 

15 .96 

~~~~~~ 

800 

350 

143.5  

0 .70  

14 .55  

1685.8 

2096.6 

2.075 

7 .97  

1 6 . 5 3  

1 4 . 1  1 2 - 1  
- 1 



o A i r  bubbles i n  a i r - en t r a ined  concre te  c o n s i s t  of a uniform d i s -  

t r i b u t i o n  of very small  a i r  voids ,  mostly between 0.02 and 0.10 

mm (20 and 100 pm); few a r e  a s  l a r g e  a s  0.2 mm and some a r e  a s  

small  as 0.005 mm (5 pm); they a r e  usual ly  s p h e r i c a l  i n  shape. 

The i n t e r i o r  of most a i r  bubbles is usual ly  smooth i n  appearance. 

The a i r  bubbles of t h e  non-air-entrained concre te  can usual ly  be 

cha rac te r i zed  by a l ack  of in te rmedia te  s i z e  bubbles,  presence 

of l a r g e  bubbles (as  l a r g e  a s  2 mm), and by bubbles of more ir- 

regu la r  shapes and rough i n t e r i o r  t ex tu re .  

The porosimeter used i n  t h i s  s tudy was a Micromeritics Model 905-1 

Mercury Pene t r a t ion  Porosimeter.  It has  a pressure  range from about 2.7 

t o  50,000 p s i  f o r  a l a r g e  sample c e l l .  Using a mercury su r face  tens ion  

of 474 dyn/cm a t  25°C and a contac t  angle with concre te  a t  130°, i t  is 

poss ib l e  t o  measure pore diameters between 65.5 and 0.00354 pm. The 

maximum pressures  appl ied  during t h i s  work were between 34,000 and 37,000 

p s i .  Several  r e p r e s e n t a t i v e  mortar fragments broken from t h e  hardened 

concre te  (6 t o  10 gm) were used i n  t h e  t e s t s .  The pore s i z e  d i s t r ibu -  

t i o n  da ta  a r e  presented i n  two ways: (a )  percent  of t o t a l  pore volume 

i n  various pore diameter  ranges (Figures 29, 30 and 31) and (b )  cumula- 

t i v e  pore volume a s  percent  of bulk volume of concrete  vs .  pore diameter 

(Figures 32, 33 and 34).  The pore s i z e  d i s t r i b u t i o n s  i n  terms of pore 

volume a s  percent  of concre te  volume f o r  t h e  concre te  s tudied  i n  Phase 

I1 a r e  given i n  Table 6. The following can be observed: 

o A s  the  a i r  content  increases ,  t h e r e  is an inc rease  i n  t o t a l  pore 

volume. This  inc rease  was mainly r e f l e c t e d  i n  t h e  volume of pores 

with diameter l a r g e r  than 1 pm. The cons i s t en t  increase  i n  pore 

volume between 1 and 10 pm with increas ing  a i r  content  suggests  

t h a t  i t  was t h e  d i r e c t  r e s u l t  of a i r  entrainment.  
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Table 6. Pore size distribution, % pore volume in concrete. 

Pore Size, um 

Aggregate w/c Air, % >10 10-5 5-1 1-0.5 0.5-0.1 c0.1 Tbtal 

0 As water-cement ratio increases, "capillary/gel" porosity (differ- 

ence between total porosity and air content) increases. 

Entrained air bubble size distribution for sizes larger than 1 vm 

was not affected by coarse and fine aggregate type. 

o The median pore diameter increased with total air content. 

4.2.2.  Pore Structure of Mortars 

Fragments of mortar specimens were subjected to studies by scanning 

electron microscope at magnifications from lOOX to 3,000X. However, these 

efforts were not very rewarding. No significant differences could be de- 

tected by the micrographs of different mortars. 



The pore s i z e  d i s t r i b u t i o n s  of the  mortar cy l inde r s  from each compo- 

s i t i o n  were determined by the  mercury pene t r a t ion  porosimeter. I n  o rde r  

t o  b e t t e r  c h a r a c t e r i z e  the  pore shapes of  t h e  specimens, the  second in- 

t r u s i o n  method [ 8 ]  was used. I n  t h i s  method, t h e  specimen is in t ruded by 

t h e  mercury a  second time. 

The second i n t r u s i o n  pore-size d i s t r i b u t i o n  curve i n d i c a t e s  pores wi th  

more o r  l e s s  uniform c ross  sec t ions  while  t h e  d i f f e rence  i n  pore volume be- 

tween t h e  f i r s t  and the  second i n t r u s i o n  curves ind ica t e s  t h e  pores wi th  

enlargements o r  c o n s t r i c t i o n s  ( ink-bot t le  pores) .  The pore-size d i s t r i b u -  

t i o n  curves of mortars made with s tandard  ASTM C-109 sand a r e  shown i n  

Figures 35 and 36. 

Comparison of Figure 35 and Figure 36 shows t h a t  t h e  second i n t r u -  

s i o n  pore s i z e  d i s t r i b u t i o n  curves of t h e  two mortars a r e  almost i d e n t i -  

ca l .  The d i f f e r e n c e  i n  a i r  content  is r e f l e c t e d  i n  t h e  higher  pore vol-  

ume of t h e  f i r s t  i n t r u s i o n  curve of t h e  mortar containing higher  a i r  con- 

t e n t  (Figure 36) and i ts  higher  volume of ink-bot t le  pores.  It can be 

concluded t h a t  a i r  entrainment in t roduces  only l a r g e  ink-bot t le  pores and 

does not  a f f e c t  t h e  pore volume and s i z e  d i s t r i b u t i o n  of small  uniform 

and, presumably, c a p i l l a r y j g e l  pores.  

Figure 37 shows the  e f f e c t  of a i r  content  on t h e  f i r s t  i n t r u s i o n  

pore-size d i s t r i b u t i o n s  of mortars made wi th  s tandard sand. Again i t  

appears t h a t  t h e  a i r  entrainment increased  t h e  percent  of pores mainly 

i n  the  1 t o  50 pm range. 

4.3. Applicat ions t o  Concrete Pavement Design 

The p r i n c i p a l  design cons idera t ions  f o r  t h e  Port land cement concre te  

pavement th ickness  by the  PCA procedure [ 4 0 ]  a r e :  









1. The pavement thickness is a func t ion  of t h e  modulus of rupture  

of t h e  concre te ,  the  appl ied  load ,  and t h e  subgrade modulus k; 

2. The f a t i g u e  f a i l u r e  i n  f l e x u r e  is t h e  key t o  th ickness  requi re-  

ments and i ts  e f f e c t s  a r e  considered by t h e  use of a l i n e a r  sum- 

mation of cyc le  r a t i o s  t o  account f o r  mixed t r a f f i c  loading and 

t h e  cumulative f a t i g u e  damage (Minor's hypothes is ) ;  and 

3. The th ickness  design makes use of a genera l  f a t i g u e  curve (or  

t a b l e )  i n  which t h e  r a t i o  of appl ied  s t r e s s  t o  t h e  modulus of 

rup tu re  i s  r e l a t e d  t o  t h e  al lowable number of s t r e s s  appl ica-  

t i o n s .  

The 1933 PCA f a t i g u e  curve shown i n  Figures 38-41 i s  based on t h e  

research  conducted by t h e  I l l i n o i s  Department of Highways and Purdue 

Univers i ty  i n  t h e  e a r l y  1920s. This curve was used with Minor's hypoth- 

e s i s  t o  e s t ima te  t h e  accumulated f a t i g u e  damage i n  order  t o  des ign  a 

pavement of adequate thickness.  Minor's hypothesis  app l i e s  t o  s t r e s s  

r e p e t i t i o n s  above the  endurance l i m i t  and pos tu l a t e s  t h a t  f a t i g u e  s t r e n g t h  

not  used by r e p e t i t i o n s  a t  one s t r e s s  l e v e l  is a v a i l a b l e  f o r  r e p e t i t i o n s  

a t  o t h e r  s t r e s s  l e v e l s .  The 1933 f a t i g u e  curve was replaced by t h e  pres- 

e n t  1966 curve,  a l s o  shown i n  Figures 38-41, p a r t l y  because of t h e  work 

of Hilsdorf  and Kesler [15] i n  t h e  e a r l y  1960s and p a r t l y  because of 

t h e o r e t i c a l  a n a l y s i s ,  f u l l  s c a l e  t e s t  roads, and observat ions of pave- 

ments i n  normal se rv ice .  

The f a t i g u e  curve t h a t  i s  t h e  r e s u l t  of t h e  work by Hilsdorf  and 

Kes ler ,  shown i n  Figures 38-41, r ep resen t s  a cons tant  p r o b a b i l i t y  of 0.05. 

Use of  t h e  Hilsdorf  and Kesler  curve i n  pavement design c a l c u l a t i o n s  gave 

reasonable r e s u l t s ,  and t h e i r  curve was considered f o r  replacement of t h e  
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1933 PCA curve. However, Hilsdorf and Kesler felt their research was too 

limited for general use and therefore, the 1966 PCA curve was adopted. 

The 1966 PCA curve is based on additional research, test roads that were 

loaded with controlled test traffic, and performance of normally con- 

structed pavements currently in use. 

For design purposes, fatigue curves at 0.05 probability were generated 

for the results obtained from both Phase I and Phase I1 of this study by 

use of the computer program CENSOR (Appendix C). These curves are shown 

in Figures 42-46 and represent a constant probability of 0.05, which means 

that for 100 fatigue tests at any one stress level, not more than five 

would fail at load applications less than that indicated by the curve. 

For easy comparison with the PCA values and design usage, the information 

given by these curves is shown in tabulated form in Tables D-1 to D-6 of 

Appendix D. 

Design curves resulting from this investigation are also shown in 

Figures 38-41 for comparison with the PCA curves and the work of Hilsdorf 

and Kesler. Since these curves represent a constant probability of 0.05, 

they can be compared directly with the work of Hilsdorf and Kesler. It 

should be remembered that the curve presented by Hilsdorf and Kesler is 

the result of varying stress fatigue, while findings of this study are 

the result of constant stress fatigue. 

From Figures 38-41 it may be observed that the present PCA fatigue 

curve is conservative with respect to the Hilsdorf and Kesler curve as 

well as to most of the curves of this study. However, as may be seen in 

Figure 38, the present PCA curve overestimates the fatigue strength in 

terms of allowable load applications for a low water-cement ratio, 0.32, 
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a t  medium t o  high a i r  contents .  I n  o t h e r  words, a  concre te  pavement with 

a  water-cement r a t i o  of 0.32 designed according t o  the  cu r ren t  PCA curve, 

containing a  range of a i r  from 6% t o  9.5%, cou1.d f a i l  prematurely. 

To i l l u s t r a t e  t h e  e f f e c t s  of a i r  content ,  water-cement r a t i o ,  and 

aggregate type on th ickness  requirements,  pavement designs were performed 

us ing  t h e  Iowa DOT Pavement Design Procedure [12] with f a t i g u e  curves from 

t h i s  study (Phase I and 11) a s  well  a s  t h e  s tandard PCA 1933 and 1966 fa- 

t i g u e  curves. The r e s u l t s  a r e  compared i n  terms of t h e  requi red  s l a b  

thickness.  The same design t r a f f i c  d a t a  and subgrade k va lues  were used 

i n  a l l  cases.  The f a t i g u e  curves t h a t  were used a r e  shown i n  Figures 42-46. 

The d i s t r i b u t i o n  of a x l e  loads during t h e  design l i f e  correspond t o  Design 

Example Number 2 of re ference  40 (see  Figure 0-7 of Appendix D). Repre- 

s e n t a t i v e  samples of t h e  design c a l c u l a t i o n s  a r e  presented i n  Figures 

D-8 - D-11 of Appendix D. The e f f e c t s  of a i r  content ,  water-cement r a t i o ,  

and aggregate type  on t h e  modulus of rupture  were taken i n t o  account by 

using modulus of rupture  va lues  which could be expected from a given con- 

c r e t e  mix based on t h e  r e s u l t s  of t h i s  s tudy.  The r e s u l t s  of t h e  thick-  

ness  design c a l c u l a t i o n s  a r e  presented i n  Table 7. 

As  may be seen i n  Table 7 ,  designs u t i l i z i n g  t h e  curves developed i n  

t h i s  s tudy,  f o r  t h e  s e l e c t e d  subgrade and t r a f f i c  d a t a ,  give r e s u l t s  iden- 

t i c a l  t o  those obtained by using t h e  1966 PCA curve i n  f i v e  of t h e  15 cases.  

I n  e i g h t  of t h e  15 cases ,  t h e  PCA curve r equ i re s  th i cke r  pavement than de- 

s igns  based on the  curves developed i n  t h i s  s tudy,  and i n  two cases  t h e  PCA 

curve underdesigns by 3-12 t o  1 in .  

It  should be remembered t h a t  these  comparisons a r e  based on designs 

f o r  one s e t  of subgrade and t r a f f i - c  da ta .  The d i f f e rences  could be more 

o r  l e s s  f o r  d i f f e r e n t  subgrade and t r a f f i c  condi t ions .  



Table 7 .  

Design 

Mo. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

th ickness  

Assumed 
Modulus of 

Rupture, 
p s i  

600 

750 

650 

550 

800 

700 

500 

500 

650 

600 

550 

850 

800 

550 

500 

500 

Comparison of pavement 

Pavement Thickness 
Design Curve 

1933 PCA 

S e r i e s  3.1-LH-32 

S e r i e s  5.9-LH-32 

S e r i e s  9.5-LH-32 

S e r i e s  3.9-GH-43 

S e r i e s  6.9-GH-43 

S e r i e s  14.2-GH-43 

S e r i e s  6.7-LH-43 

S e r i e s  5.5-LB-43 

S e r i e s  4.2-LR-60 

S e r i e s  6.2-LH-60 

S e r i e s  2.8-LH-41 

S e r i e s  3.5-LH-41 

S e r i e s  6.4-LH-41 

S e r i e s  10.2-LH-41 

S e r i e s  11.3-LH-41 

des ign  curves. 

Pavement Thickness Required 
For Less Thank 125% Fatigue 

L i f e  

Proposed 
Curve 

10.0 

7.5 

9.5 

11.5 

7.5 

8.5 

10.5 

11.0 

9.0 

9.0 

10.5 

6.5 

7.5 

10.0 

10.5 

11.0 

Consumption, i n .  

1966 PCA 
Curve 

9.5 

8.0 

9.0 

10.5 

8.0 

8.5 

11.0 

11.0 

9.0 

9.5 

10.5 

7.5 

8.0 

10.5 

11.0 

11.0 



Other general observations that can be made from this comparison are: 

e For a given water-cement ratio, the pavement thickness required 

increases with increasing air content. 

e For concretes of different water-cement ratios, the same coarse 

aggregate, and similar air contents, as the water-cement ratio 

increases, the required pavement thickness increases. 

e Concretes made with gravel require less thickness of pavement 

than the concretes made with limestone at similar air contents 

and water-cement ratios. 

It may be argued that some of the air contents and water-cement ra- 

tios used in this comparison are out of the range of normal design for 

concrete mixes. But this investigation shows that the air content and 

the water-cement ratio do affect the flexural Fatigue strength of plain 

concrete, and these variables should be considered for optimum design 

of Concrete pavements. 



5. SUMMARY AND CONCLUSIONS 

5.1. Summary 

The r i g i d  pavement design procedures c u r r e n t l y  i n  use consider  only 

t h e  modulus of rupture  s t r e n g t h  of concre te  i n  determining t h e  f a t i g u e  

l i f e  of concrete  highway pavements. The e f f e c t s  of en t ra ined  a i r ,  water- 

cement r a t i o ,  and aggregate type a r e  not considered. The purpose of t h i s  

s tudy was t o  determine t h e  e t i e c t s  of var ious  a i r  con ten t s ,  var ious  water- 

cement r a t i o s ,  and d i f f e r e n t  aggregate types on t h e  f l e x u r a l  f a t i g u e  

s t r e n g t h  of p l a i n  concre te  and t o  develop f a t i g u e  curves t h a t  incorpo- 

r a t e  these  e f f e c t s  and could be used f o r  design. 

F i f t e e n  s e r i e s  of concre te  were inves t iga t ed  i n  t h i s  s tudy.  The 

v a r i a b l e s  cons is ted  of a i r  content ,  water-cement r a t i o s ,  coarse  aggre- 

ga t e  types,  and f i n e  aggregate types. The f a t i g u e  specimens cons is ted  

of 6 in .  X 6 i n .  X 36 in .  beams and were subjec ted  t o  f l e x u r a l  one-third 

po in t  loading. The bottom f i b e r  stress var ied  from e s s e n t i a l l y  zero t o  

a  maximum s t r e s s  corresponding t o  60, 70, 80, o r  90% of t h e  modulus of 

rupture.  A s  the  bottom f i b e r s  were i n  cons tant  tens ion ,  t h e r e  was no 

r e v e r s a l  of s t r e s s .  A l l  concre te  was mixed and placed i n  t h e  labora tory  

t o  assure  proper  con t ro l  of t h e  mix. The f a t i g u e  specimens were cured i n  

water  u n t i l  t e s t i n g  which took p lace  a t  a specimen age of 28 t o  56 days. 

Th i r t een  s e r i e s  were t e s t e d  us ing  an I n s t r o n  Model 1211 dynamic cy- 

c l e r ,  and two s e r i e s  were t e s t e d  u t i l i z i n g  a  MTS f a t i g u e  t e s t  machine. 

Both f a t i g u e  test machines were f i t t e d  wi th  load f i x t u r e s  which enabled 

loads  t o  be appl ied  a t  the  same geometry a s  the  modulus of rupture  ma- 

chine. Three hundred f i f ty-one  f a t i g u e  t e s t s  were conducted. Resul t s  



of these  t e s t s  (Phase I I )  a r e  presented i n  graphic form i n  t h e  t e x t  

(Figure 9 through 18) and i n  t a b u l a r  form i n  Appendix B. 

The S-N diagrams show a reduct ion  i n  f a t i g u e  l i f e  a s  t h e  a i r  con- 

t e n t  increases  and a s  the  water-cement r a t i o  is decreased t o  0.32. How- 

ever ,  these  curves may not  be used f o r  design,  a s  they al low no f a c t o r  

of s a f e t y  aga ins t  f a i l u r e .  Curves t h a t  a r e  s u i t a b l e  f o r  des ign  a r e  pre- 

sented  i n  Figures 4 2  through 46 .  These f i g u r e s  present  r e p e t i t i o n s  of 

s t r e s s  with a cons tant  p r o b a b i l i t y  of 0.05. The cons tant  p r o b a b i l i t y  of 

0.05 means t h a t  f o r  100 specimens t e s t e d  a t  given s t r e s s  l e v e l ,  only f i v e  

would e x h i b i t  a f a t i g u e  l i f e  l e s s  than t h a t  i nd ica t ed  by t h e  curve. 

The f a t i g u e  curves developed i n  t h i s  s tudy were used i n  pavement de- 

s igns  fol lowing the  Iowa DOT Pavement Design Procedure and compared t o  

designs using the  PCA f a t i g u e  curve f o r  a given subgrade and t r a f f i c .  

The PCA curve genera l ly  y i e l d s  a more conservat ive design.  However, i n  

some ins t ances  t h e  PCA curve produced inadequate th icknesses .  

The main f a t i g u e  t e s t  program was supplemented by a d d i t i o n a l  i nves t i -  

gat ions.  The compressive s t r eng th ,  modulus of rup tu re ,  modulus of e las -  

t i c i t y ,  and u n i t  weight were determined f o r  each s e r i e s .  P l a s t i c  a i r  

content  determinat ions were compared with hardened a i r  contents  de t e r -  

mined by high pressure  a i r  meter methods. Scanning e l e c t r o n  microscope 

photographs were taken a t  var ious  magnif icat ions and var ious  a i r  contents ,  

water-cement r a t i o s ,  and aggregate combinations t o  determine cha rac te r i s -  

t i c s  of t h e  a i r  void system. A mercury pene t r a t ion  porosimeter was used 

t o  cha rac te r i ze  the  void p r o p e r t i e s  of the  var ious  concre tes  a t  the  var- 

ious a i r  contents .  



5.2. Conclusions 

The following conclusions can be made as a result of the tests per- 

formed in this investigation: 

1. The fatigue behavior of plain concrete in flexure is affected 

by the air content of the concrete. The fatigue strength de- 

creases as the air content increases. Fatigue curves obtained 

from this study (Figures 42-46) provide a basis for improved 

rigid pavement design. 

2. The fatigue behavior of plain concrete in flexure is affected 

by the water-cement ratio of the concrete. The fatigue strength 

is decreased for a low water-cement ratio (0.32). There did not 

seem to be a discernible difference in fatigue strength for con- 

cretes with a water-cement ratio in the range 0.40 to 0.60 

3. The fatigue behavior of plain concrete in flexure is affected 

by the coarse aggregate type used in the concrete. At high 

stress levels, the concrete made with gravel exhibits a higher 

fatigue strength than that exhibited by the concrete made with 

limestone. At lower stress levels there does not seem to be a 

significant difference in fatigue strength. 

4. The fatigue behavior of plain concrete in flexure may be af- 

fected by the fine aggregate type used in the concrete. There 

is a slight increase in fatigue strength when the higher qual- 

ity fine aggregate is used, although it is difficult to deter- 

mine whether this trend is significant with the limited data 

available from this study. 



5. A s  t h e  a i r  content i nc reases ,  t h e  f a i l u r e  of concre te  occurs in- 

c reas ingly  a t  t h e  aggregate-cement pas t e  boundary. I n  o t h e r  

words, a s  a i r  content  r i s e s ,  f a i l u r e  around t h e  aggregate,  a s  

opposed t o  through t h e  aggregate,  predominates. 

6. For s i m i l a r  a i r  contents ,  t h e  f a i l u r e  su r face  f o r  g rave l  tends 

t o  be a t  t h e  aggregate-cement pas t e  i n t e r f a c e .  For l imestone,  

t h e  f a i l u r e  su r face  seems t o  pass through t h e  coarse aggregate.  

7. The modulus of e l a s t i c i t y ,  coinpressive s t r e n g t h ,  modulus of rup- 

t u r e ,  and u n i t  weight gene ra l ly  decrease a s  the  a i r  content  of 

t h e  concre te  increases .  

8. The modulus of e l a s t i c i t y ,  compressive s t r e n g t h ,  modulus of rup- 

t u r e ,  and u n i t  weight of concre te  decrease a s  t h e  water-cement 

r a t i o  increases .  

9. For similar a i r  contents ,  concre te  made with gravel  has a higher  

modulus of e l a s t i c i t y ,  modulus of rup tu re ,  and u n i t  weight than 

concre te  made with limestone. 

10. S tudies  of hardened concrete  by SEM sllow t h a t  the  in t roduc t ion  

of an a i r - en t r a in ing  agent increased  the  number of bubbles,  the  

bubble dens i ty ,  and t h e  uniformity of a i r  bubbles. A i r  bubbles 

i n  a i r -en t ra ined  concrete  cons i s t  of a uniform d i s t r i b u t i o n  of 

very small  a i r  voids ,  mostly between 0.02 and 0.10 mm (20 and 

100 um); and a r e  usual ly  s p h e r i c a l  i n  shape. 

11. Pore s i z e  d i s t r i b u t i o n  curves obtained by mercury porosimeter 

i n d i c a t e  t h a t  a s  the  a i r  content  i nc reases ,  t h e r e  i s  an inc rease  

i n  t o t a l  pore volume. This inc rease  was mainly r e f l e c t e d  i n  t h e  

volume of  pores with diameter l a r g e r  than 1 lim.  The cons i s i en t  



increase in pore volume between 1 and 10 um with increasing air 

content suggests that it was the direct result of air entrain- 

ment. 

12. The second intrusion method was used to characterize the effect 

of air-entrainment on the pore shapes of hardened mortars. There 

is evidence that air entrainment introduces only large ink-bottle 

pores and does not affect the pore volume and size distribution 

of small uniform and, presumably, capillarylgel pores. 



6. RECOMMENDED FUTURE STUDIES 

The present study has shown that air content, water-cement ratio, 

and aggregate type do affect the flexural fatigue strength of plain con- 

crete. In view of these findings the following areas of flexural fa- 

tigue of concrete should be pursued: 

o the effects of low and high water-cement ratio on concrete made 

with gravel 

0 the effects of varied water-cement ratio and air contents on 

concrete made with a high quality sand 

o the effects of air content, water-cement ratio, and aggregate 

type on reinforced concrete 

0 the effects of axial loads on fatigue life 

e the effects of surface treatments (high density surface, polymer, 

sulfur penetration, etc.) on concrete fatigue life 
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Table A-1. Gradation of f i n e  aggregate.  

Seive 
Size 

% Passing 
Bellevue H a l l e t t  Iowa D.O.T. 

Sand Sand Spec i f i ca t ions  

318 i n .  

NO. 4 

No. 8 

No. 16 

No. 30 

No. 50 

No. 10G 

NO. 200 

Table A-2. Gradation of coarse  aggregate 

% Passing 
Sieve Iowa D.O.T. 

Size Limestone Gravel Spec i f i ca t ions  

1 112 i n .  

1 i n .  

314 i n .  

112 i n .  

318 in .  

NO. 4 

No. 8 

No. 200 



Table A-3. Cement p r o p e r t i e s .  

* 
Property Test Value Spec i f i ca t ion  

Chemical d a t a  

Si02 

A103 

Fe03 

CaO 

Mg0 

S03 

Loss on i g n i t i o n  

Insoluable  r e s idue  

Phys ica l  d a t a  

Fineness 

2  Bla ine  - cm /gm 

Soundness 

Autoclave, % 

Time of s e t  

Vica t ,  Minutes: I n i t i a l  

F ina l  

A i r  content ,  % 

Compressive s t r e n g t h ,  p s i  

3-day 

7-day 

- 

7.5  max 

6.0 max 

-. 

5.0 max 

3.5 max 

3.0 max 

0.75 max 

2800 min 

0.80 max 

45 min 

480 max 

12.0 maxlmin 

1800 min 

2800 min 

X 
ASTM C150 and Fed. SS-C-196013. 
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Table B-1. Fat igue t e s t  d a t a  f o r  S e r i e s  3.1-LII-32. 

Percent Fat igue l i f e ,  
modulus number of load 

of app l i ca t ions  for  
Specimen Modulus of rup tu re  rup tu re  f a i l u r e  

a  Specimen d id  not  f a i l  



Table B-2. Fat igue t e s t  d a t a  f o r  S e r i e s  5.9-LH-32. 

Percent Fat igue l i f e ,  
modulus number of load 

of app l i ca t ions  f o r  
Specimen Modulus of rup tu re  rupture  f a i l u r e  

a  Specimen d id  not  f a i l  



Table B-3. Fat igue t e s t  d a t a  f o r  Se r i e s  9.5-LH-32. 

Percent  Fat igue l i f e ,  
modulus number of load 

Modulus of rup tu re  of app l i ca t ions  f o r  
Specimen p s i  rupture  f a i l u r e  



Table B-4. Fatigue t e s t  d a t a  f o r  S e r i e s  3.9-GH-43. 

Percent  Fat igue l i f e ,  
modulus number of load 

Modulus of rup tu re  of app l i ca t ions  f o r  
Specimen p s i  rup tu re  f a i l u r e  

a  Specimen d i d  not  f a i l  



Table B-5. Fatigue t e s t  d a t a  f o r  S e r i e s  6.9-GH-43. 

Percent  Fa t ighe  l i f e ,  
modulus number of load 

Modulus of r u p t u r e  of app l i ca t ions  f o r  
Specimen P s i  rup tu re  f a i l u r e  

a  
Specimen d id  not  f a i l  



Table B-6. Fat igue t e s t  d a t a  f o r  S e r i e s  14.2-GH-43. 

Percent Fat igue l i f e ,  
modulus number of load 

Modulus of rup tu re  of app l i ca t ions  fo r  
Specimen p s i  rup tu re  f a i l u r e  

a  
Specimen d id  not  f a i l  



Table B-7. Fat igue t e s t  d a t a  f o r  S e r i e s  6.7-LH-43. 

Percent  Fat igue l i f e ,  
modulus number of load 

Modulus of rup tu re  of app l i ca t ions  f o r  
Specimen p s i  rup tu re  f a i l u r e  

a 
Specimen d id  not  f a i l  



Table B-8. Fatigue t e s t  d a t a  f o r  S e r i e s  5.5-LB-43. 

Percent  Fat igue l i f e ,  
modulus number of load 

Modulus of rup tu re  of app l i ca t ions  f o r  
Specimen p s i  rup tu re  f a i l u r e  

a  
Specimen d i d  not  f a i l  



Table B-9. Fat igue t e s t  da t a  f o r  S e r i e s  4.2-LH-60. 

Percent Fat igue l i f e ,  
modulus number of load 

Modulus of rup tu re  of app l i ca t ions  f o r  
Specimen p s i  rup tu re  f a i l u r e  

a  
Specimen d i d  not  f a i l  



Table B-10. Fat igue t e s t  d a t a  f o r  S e r i e s  6.2-LH-60. 

Percent Fat igue l i f e ,  
modulus number of load 

Modulus of rup tu re  of app l i ca t ions  f o r  
Specimen p s i  rup tu re  f a i l u r e  

a  
Specimen d id  not  f a i l  
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APPENDIX C 

One a r e a  of s t a t i s t i c s  d e a l s  wi th  f i t t i n g  a  regress ion  equat ion t o  

a  s e t  of observa t ions  i n  which t h e  experiment was stopped, o r  "censored," 

before a l l  of the  observat ions were made; a l l  t h a t  i s  known i s  t h a t  the  

observa t ions  occur a t  a  l a t e r  t i m e .  For example, s i t u a t i o n s  where t h e  

t e s t  i s  stopped before  the  observat ion is made occur i n  medical r e sea rch  

where some small  percentage of t h e  t e s t  animals l i v e  beyond the  end of 

t h e  t e s t ;  another  example i s  f a t i g u e  research  i n  which some specimens 

loaded a t  a  low s t r e s s  l e v e l  do not  f a i l .  

When observa t ions  a r e  made a t  one l e v e l  and some of them a r e  censored, 

a  weighted average can be made and a va lue  can be assigned t o  the  s e t  of 

da t a  considering a l l  observa t ions .  The theory has been a v a i l a b l e  f o r  

some time, but  implementing i t  i n t o  a  computer program (CENSOR) is a 

recent  development. The CENSOR program was developed by D r .  William Q. 

Meeker, J r . ,  Associate  Professor  of S t a t i s t i c s  a t  Iowa S t a t e  Universi ty.  

This  computer program genera tes  a  b e s t - f i t  r eg res s ion  equat ion with 

given experimental da t a  a s  input .  To cons t ruc t  regress ion  curves f o r  f a t i g u e  

da ta ,  s e l e c t e d  S va lues  a r e  fed i n  a s  inpu t s ,  the  corresponding N va lues  a r e  

computed a t  p r o b a b i l i t y  va lues  from 0.0001 t o  0.9990. 

The equat ions of the  curves shown i n  Figures 9 t o  28 i n  the  t e x t  of 

t h i s  r epor t  a r e  of t h e  form: 

where: 

N = number of cyc les  t o  f a i l u r e  

b = y- in tercept  of the  curve 
0 



b  = s lope  of t h e  curve 1 

S  = percent  modulus of rup tu re  ( i . e . ,  90, 80,  ...) 
The s lopes ,  (bl),  and y- in tercepts ,  (bo), of t h e  curves a r e  given 

i n  Table C-1. Se r i e s  9.5-LH-32 was t h e  only s e r i e s  i n  which a l l  of the  

specimens f a i l e d ;  thus  a  s tandard log-log regress ion  program was u t i l i z e d  

f o r  t h i s  s e r i e s .  A s  is noted i n  the  t e x t ,  a  change i n  t h e  a i r  content  

has t h e  g r e a t e s t  e f f e c t  on t h e  f a t i g u e  l i f e .  Thus an equat ion was des i red  

t h a t  would r e l a t e  how the  f a t i g u e  curves change f o r  a  change i n  a i r  con- 

tent! Studying the  s lope  and i n t e r c e p t  a s soc ia t ed  wi th  each s e r i e s  

(Table C-1) r evea l s  t h a t  i n  each case t h e  i n t e r c e p t  i s  e s s e n t i a l l y  twice 

t h e  va lue  of t h e  s lope .  P l o t t i n g  i n t e r c e p t  ve r sus  s lope  i l l u s t r a t e d  a  

l i n e a r  r e l a t i o n s h i p  wi th  a  high c o r r e l a t i o n  c o e f f i c i e n t  (0.99). This 

means t h a t  i t  is s u f f i c i e n t  t o  determine how t h e  s lopes  vary with change 

i n  a i r  content  t o  e s t a b l i s h  t h e  r e l a t i o n s h i p  between cyc le s  t o  f a i l u r e  

and percent  modulus of rup tu re  f o r  va r ious  a i r  contents .  

The procedure f o r  determining cyc le s  t o  f a i l u r e  f o r  va r ious  a i r  

content  i s  a s  fol lows:  

1 )  Determine s lope  a t  des i red  a i r  content  

Se r i e s  : LH-32 

bl = -31.390 + 2.670 (PA) 

S e r i e s  : GH-43 

bl = -12.386 - 0.520 (PA) 

Se r i e s :  LH-41, LB-43 and LH-60 

bl = -41.2865 + 6.7097 (PA) - 0.4369 (PA) 2  



where 

b = slope 
1 

PA = percent air 

2) ~eterkine intercept 

b = 3.1958 - 1.9207 (bl) 
0 

where: 

b = intercept 
0 

3) Determine cycles to failure for desired percent modulus of 
rupture 

Log (N) = bo + bl Log (S) 
where 

N = cycles to failure 

S = percent modulus of rupture 

It should be noted that the above procedure has some error involved. 

When working with a log scale, a small error in the log value could 

result in a large error in the arithmetic value. The above procedure 

should thus be used with caution. If the cycles to failure are desired 

for an air content corresponding to an air content and other variables 

in this study, the equations for those curves should thus be used. 
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Table C-1. Constants for fatigue equations. 

Figure in 
Y-Intercept Slope which Curve 

Series bo bl 
is Found 
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'PAVEMENT DESIGN 



Table D-1. Percent modulus of rupture and allowable load repetitions 
for Series LH-32. 

Allowable Repetitions 

Percent Air 



Table D-2. Percent modulus of rupture and allowable load repetitions 
for Series GH-43. 

'ercent Modulus 

of Rupture 

Allowable Repetitions 

Percent Air 

14.2 3.9 6.9 



Table D-3. Percent modulus of rupture and allowable load repetitions 
for Series 6.7-LH-43. 

Percent Modulus 

Allowable Repetitions 

Percent Air 



Table D-4. Percent  modulus of rupture  and al lowable load r e p e t i t i o n s  
f o r  S e r i e s  5.5-LB-43. 



Table D-5. Percent 
for 

Percent Modulus 

of Rupture 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

7 2 

7 3 

74 

75 

76 

7 7 

78 

79 

80 

81 

82 

83 

84 

85 

8 6 

87 

88 

89 

90 

modulus of rupture and allowable load repetitions 
Series LH-60. 

Allowable Repetitions 

4.2 

301856 

212716 

150245 

107152 

76436 

55030 

39847 

28840 

21 081 

15485 

11374 

8397 

6259 

4666 

3495 

2622 

1980 

1498 

1138 

870 

665 

510 

393 

303 

235 

183 

143 

112 

87 

69 

54 

Percent Air 

6.2 

36906 

28242 

21647 

16722 

12915 

10046 

7851 

6132 

4826 

3812 

3011 

2387 

1907 

1524 

1222 

981 

791 

639 

518 

422 

344 

28 1 

230 

189 

155 

128 

206 

88 

7 3 

61 

51 



Table D-6. Percent  modulus of r u p t u r e  and a l lowable  load r e p e t i t i o n s  
f o r  S e r i e s  LH-41. 

Percent  
Modulus 

of 
Rupture 

60 

61 

62 

6 3 

64 

65 

66 

6 7 

68 

69 

70 

71  

7 2 

7 3 

74 

75 

7 6 

7 7 

78 

79 

80 

81  

82 

83 

84 

85 

86 

87 

88 

89 

90 

Allowable Repe t i t i ons  

Percent  A i r  



Table D-7. Axles during design l i f e  - standard PCA design method 1401 

Axle Load 
Groups, Kips Axle Loads i n  Design L i f e  

SINGLE 

28-30 

26-28 

24-26 

22-24 

20-22 

18-20 

16-18 

TANDEM 

52-54 

50-52 

48-50 

46-48 

44-46 

42-44 

40-42 

38-40 

36-38 

34-36 

32-34 

30-32 1,078,350 

Tota l  19,500,000 
Trucks 



Table D-8. Design example - S e r i e s  LH-32. 

CALCULATION OF CONCRETE PAVEMENT THICKNESS 
(Use with Cora1 Singla f3 Tondem Axlc Ornign Charts) 
projact Design Example - Ser i c s  LH-32 

~ Y P .  -- NO. of Lonos 

Subgrode k 100 pcl., Subbare 
Combined k 13' pcl., Load Sately Foclor (L.S.F.) 

PROCEDURE 

1. Fill In Cot. 1,2 and 6, listing oxle loads in decreoeing order. 
2.Assuma 1st t r ia l  depth. Use 1/2- in.  Increments. 
3.Anolyre irt t r io l  dapth by completing columns 3.4,s ond 7. a* 
4,Anolyre other tr iol depth., varying M.R: slob depth on8 subboee type. 

Trial depth 7.0 in. H,~I 750 psi  k 130 pci 

SINGLE AXLES 

'Socal = 372.5% * M.R. Modulus a1 Rupture tor  3rd pt. iooding. 
** 

Comrnt- treoted  subbase^ reoul2 in Qrsatly increased Combined k volues. 

*** Totol fotigue rsaintonce used rhould not exceed oboui 125 prrcrnt .  

IKxL r:,,><>l;,t',<l "t, I ,'<,. 



Table  D-9. Design example - S e r i e s  LH-32. 

CALCULATION OF CONCRETE PAVEMENT THICKNESS 
( U w  with Case1 Single Tondem Axle Dsaign Chori8) 

projoe+ Design Exanlple - Ser ies  Lli-32 

rrps No. 04 Lanes 
Subgrado k loo pci., Subbow 
Combined k pci., Load sot@- 1.2 (L2LF.l 

PROCEDURE 

I. Fill in Col. 1,2 cmd 6, l i r t ing axle loads in decroorinp order. 
2.Ae.sume 1st t r ia l  depth. Use I/2-in.lncrements. 
3.Anolyre Iat t r ia l  depth !q compls+ing column8 3,4,6 ond Z 

It 
4.Anolyzc O(hcr trio1 depths, varying I4.R': slab depth and subbole typo.  

Toial 38.42 " M.R. Medulua ol RupPure fo r  3rd  gt. loading. 
(Ob C@ment-?r80$@d ~ u b b o ~ e s  result in preotly increored combined k voluos. 

'"" T o ~ o I  fatigue rseietonco usad oAoulB not rxceod oboul 125 pcrceii?. 

C x t r n i , o I n c c d  v;%l.uc.  



Table D-10, Design example - 1966 PCA design curve. 

CALCULATION OF CONCRETE PAVEMENT THICK~ESS 
(Use w i thca re l  Single Ci Tandom Ax:e Deriao Charts) 
projact Design example - PCA Design Curve 

TYP. NO, o t  Lanes 

Subgrade k 100 pcl., Subbasm 
Cambinad h pci., Load Safety Factor I. . 2 (L.9.F.l 

PROCEDURE 

I. Fill in Col. 1,2 and 6, listing axle loads in decreasing ordrr. 
2.Assume I* tr ia l  depth. Ute I/2-In. Increment*. 
3.Analyze 1st t r ia l  depih by complbting columns 3.4,s and 7. I* 
4.Anolyze other tr ial dapth., varying M.R: slab depth and subbaU.9 type 

Trial depth . 

'h>t;il = 6 2 h . l Z  
+ M.R. Madutuo ot Rupture t o r  3rd  pt. loading. 
*a Cement-treatad rubbasec result i n  grootly increased combined k volues. 

*** Total lat igun resistance used should not exceed about 125 perornt. 



Table D-11. Design example - 1966 PCA design curve. 
CALCULATION OF CONCRETE PAVEMENT THICKNESS 
(Use with Case I Single I3 Tandem Arlo D~s lgn  Chorts) 
project 

' 

Design Example - PCA Design Curve 

TYPO No. a t  Lanm 

Sub~rade k 100 pci., Subborc 
Combin.d k "O pcl., Load Sotrty Factor 1.2 (L.S.F.) 

PROCEDURE 

I. Fill in Col. 1,2 and 6, l isting axle load8 in decreasing order. 
Z.A$sume 1st tr ial depth.Us@ I/2-in.lncrement8. 
3.Anolyze Irt t r ia l  dopth by completing column8 3,4,6 and 2. 
4.An01yzc other tr ial drpthr,voryinQ k4.R: slab depth and rubb080 type**  

Trial d e p t h A i n .  M.R? 750 p8i k 130 pci 

SINGLE AXLES 

T o t e 1  - 93 .4% 
@ M.R. Rlodulue of Ruplurm fe r  3rd  pt. looding. 
80 

Cement-treated 6ubb0sus result i n  grmatty increased combined k vaiuse 

"* TOPOI fatigue rcristanccl used should no+ sxcssd about 125 percant. 




