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PREFACE 

In 1986, AC1 Committee 224, Cracking, first approached the 
Technical Activities Committee (TAC) with a request to dedicate a 
convention session in honor of Committee 224 member Lewis H. 
Tuthill. This session was planned to recognize his contributions 
to the control of cracking through proper construction practices. 
The TAC members concurred with the merits of the plan, but realized 
that the original proposal was too modest to recognize properly 
Tut's broad contributions and decades of service to quality concrete, 
and to, ACI. 

In November, 1986, TAC gave final approval for the Lewis H. 
Tuthill International Symposium on Concrete and Concrete Construc- 
tion, to be held at the AC1 Fall Convention in Seattle, November 
9-13, 1987. An ad hoc committee consisting of TAC members David 
Darwin and John M. Scanlon, AC1 Past President Emery Farkas, and 
Committee 224 Chairman Grant T. Halvorsen, was appointed to plan 
and execute the details.' Darwin and Halvorsen served as cochairmen 
of the symposium. 

At the Seattle Convention, the Tuthill Symposium began with a 
banquet on Monday evening, and was followed by three half-day 
technical sessions, held Tuesday morning and afternoon, and Wednes- 
day afternoon. 
the banquet, while Halvorsen, Darwin, and Scanlon chaired the 
technical sessions. 

Enery Farkas served as master of ceremonies at 

The development of the symposium in only a year, and the 
printing of this AC1 special publication in time for the 1987 
Seattle Convention represent a tremendous investment in time and 
cooperation on the part of the authors, reviewers, and the AC1 
staff. In addition to those on the ad hoc committee, Terence C. 
Holland, chairman of AC1 Committee 546, Repair, devoted a signif- 
icant, amount of time to the successful preparation of this volume. 

With this symposium and volume of papers we honor Tut, and we 
promise to remember his lessons. 

Grant T. Halvorsen, Editor 
Lewis H, Tuthill International Symposium 
on Concrete and Concrete Construction 
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Lewis H. Tuthill 

Lewis Hami l ton  T u t h i l l  was born i n  P h i l a d e l p h i a  on November 
24, 1899. H i s  f a m i l y  moved t o  Oregon i n  1909,  a n d  he  g r a d u a t e d  
w i t h  a B . S .  deg ree  i n  E n g i n e e r i n g  from Oregon S t a t e  Col lege  i n  
1920. Throughout h i s  p r o f e s s i o n a l  career,  Tut has been i n v o l v e d  
w i t h  t h e  t e c h n i q u e  and  c o n t r o l  o f  c o n c r e t e  c o n s t r u c t i o n ,  
p r i n c i p a l l y  w i t h  regard t o  i r r i g a t i o n ,  water s u p p l y ,  and dams. 

The  e a r l y  yea r s  of h i s  career were s p e n t  i n  Oregon a n d  
C a l i f o r n i a ,  where h e  worked f o r  t h e  G r a n t s  P a s s  a n d  Merced 
I r r i g a t i o n  Distr ic ts ,  i n  p r i v a t e  c o n s u l t i n g ,  and t h e n  i n  c o n c r e t e  
c o n t r o l  work d u r i n g  the c o n s t r u c t i o n  o f  the E x c h e q u e r ,  M e l o n e s ,  
Pardee , a n d  Ca lave ras  dams, i n  a d d i t i o n  t o  o t h e r  p r o j e c t s  i n  t h e  
San F r a n c i s c o  Bay area.  

I n  1 9 3 1 ,  T u t  became  t h e  t e s t i n g  e n g i n e e r  f o r  t h e  
Met ropo l i t an  Water Dis t r ic t  of Southern  C a l i f o r n i a  and worked  o n  
t h e  C o l o r a d o  R i v e r  Aqueduct. T h i s  project  involved  t h e  accept- 
ance of 6; m i l l i o n  bar re l s  of cement and 4* m i l l i o n  c u b i c  y a r d s  
of c o n c r e t e .  

After comple t ion  o f  t h e  Colorado River  Aqueduct  P r o j e c t  i n  
1939 ,  he j o i n e d  t h e  U.S. Bureau of Reclamation i n  Denver,  even- 
t u a l l y  becoming t h e  Chief of t he  Concre te  L a b o r a t o r y .  While a t  
t h e  Bureau o f  Reclamation,  he p a r t i c i p a t e d  i n  w r i t i n g  and e d i t i n g  
t h e  Bureau ' s  f irst  e d i t i o n  o f  t he  Concre t e  Manual. Dur ing  World 
War II ,  he s e r v e d  f o r  two years w i t h  t h e  U.S. Maritime Commission 
i n  connec t ion  w i t h  t h e  c o n c r e t e  s h i p  program. 

From 1956 u n t i l  h i s  r e t i r e m e n t  i n  1 9 6 9 ,  he s e r v e d  a s  t h e  
C o n c r e t e  E n g i n e e r  f o r  t h e  C a l i f o r n i a  D e p a r t m e n t  o f  Water 
R e s o u r c e s .  D u r i n g  t h i s  t ime,  he was r e s p o n s i b l e  f o r  matters 
a f f e c t i n g  t h e  q u a l i t y  of 7 m i l l i o n  c u b i c  y a r d s  of c o n c r e t e  i n  t h e  
two b i l l i o n  do l l a r  C a l i f o r n i a  Water Project. 

S ince  h i s  r e t i r e m e n t ,  Tut has a c t i v e l y  s e r v e d  as  a c o n c r e t e  
e n g i n e e r i n g  c o n s u l t a n t .  He i s  a regis tered C i v i l  Engineer  and 
Q u a l i t y  Engineer  i n  C a l i f o r n i a .  

L e w  T u t h i l l  has been  a member o f  t h e  Amer ican  C o n c r e t e  
I n s t i t u t e  s i n c e  1926 and has par t ic ipa ted  i n  n e a r l y  e v e r y  phase  
of I n s t i t u t e  a c t i v i t y .  H e  has c o n t r i b u t e d  papers t o  t h e  v a r i o u s  
AC1 j o u r n a l s  s i n c e  t h e  1930 ' s ;  a s t a t e m e n t  accompany ing  a 1942 
paper  on s p e c i f y i n g  c o a r s e  aggregates noted  t h a t  Ithe has been t o o  
a c t i v e  as an  A C 1  member t o  need f u r t h e r  i n t r o d u c t i o n a l l  

A m a j o r  p a r t  of h i s  A C 1  a c t i v i t i e s  h a s  been i n  committee 
w o r k .  Over t h e  y e a r s ,  he has  s e r v e d  a s  c h a i r m a n  o f  t h e  A C 1  
commi t t e e s '  on  C o n c r e t e  F l o o r s ,  W i n t e r  C o n c r e t i n g  Methods (now 
Cold Weather C o n c r e t i n g ) ,  I n s p e c t i o n ,  and M e a s u r i n g ,  Mix ing  a n d  

i .. - .  . .. . . -- . -. . 
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P l a c i n g  C o n c r e t e .  D u r i n g  h i s  t e n u r e  as chairman of  these com- 
mittees,  Tut  s e r v e d  a s  t h e  p r i n c i p a l  a u t h o r  f o r  t h e  o r i g i n a l  
v e r s i o n s  of t h e  Recommended Practices f o r  "Winter Concre t ing"  and 
!!Measuring, Mixing and P l a c i n g  Concrete. '! The Four th  E d i t i o n  o f  
t h e  Manual  of Concre te  I n s p e c t i o n  was produced d u r i n g  h i s  t e n u r e  
as chairman of t h e  I n s p e c t i o n  Committee. 

I n  a d d i t i o n  t o  t h e  committees he has chaired,  Tut has  s e r v e d  
as a member of t h e  A C 1  c o i m i t t e e s  on Monographs ,  N o m e n c l a t u r e ,  
Mass C o n c r e t e ,  L i g h t w e i g h t  C o n c r e t e ,  Aggrega tes ,  Cracking ,  Hot 
Weather Concre t ing ,  Cur ing ,  C o n s o l i d a t i o n ,  and C o n s t r u c t i o n  J o i n t  
Practices.  He was a l s o  a member of ASTM committees C-1 on Cement 
and C-9 on Concre te  and Aggregates .  

L e w  T u t h i l l  was t h e  P r e s i d e n t  o f  t h e  Amer ican  C o n c r e t e  
I n s t i t u t e  i n  1961, f o l l o w i n g  s e r v i c e  on t h e  Techn ica l  A c t i v i t i e s  
Commi t t ee  (1953-581 ,  t h e  Board  o f  D i r e c t i o n  (1956-581, and as  
Vice P r e s i d e n t  (1959-60).  He t h e n  s e r v e d  on t h e  S t a n d a r d s  Board  
from 1960 t o  1964. S ince  t h a t  time he has con t inued  h i s  devo t ion  
t o  A C 1  committee work and remains  an a c t i v e  p a r t i c i p a n t  o n  e i g h t  
commi t tees .  

T u t  has  r e c e i v e d  m a j o r  h o n o r s  and  awards f rom A C I .  He 
r e c e i v e d  t h e  f i rs t  A C 1  Cons t ruc t ion  P r a c t i c e  Award i n  1945 f o r  a 
paper on "Concrete  Opera t ions  i n  t h e  Concre te  S h i p  Program" which 
was r e c o g n i z e d  t o  " invo lve  a wealth o f  i n fo rma t ion  a p p l i c a b l e  t o  
h igh  q u a l i t y  c o n c r e t e  c o n s t r u c t i o n  f o r  any purpose.! '  I n  1956, he 
a n d  William A .  Cordon were awarded t h e  Wason Medal f o r  t h e  most 
m e r i t o r i o u s  pape r ,  ! ! P r o p e r t i e s  and  Uses o f  I n i t i a l l y  Retarded  
Concrete ."  I n  1966, he  was awarded t h e  Henry C .  Turner  Medal f o r  
"h is  many impor tan t  c o n t r i b u t i o n s  t o  c o n c r e t e  t echno logy  a n d  h i s  
u n t i r i n g  e f f o r t s  towards improving t h e  q u a l i t y  of c o n c r e t e  and o f  
c o n c r e t e  c o n s t r u c t i o n  p r a c t i c e s . "  I n  1 9 6 7 ,  L e w i s  H .  T u t h i l l  
became t h e  4 8 t h  H o n o r a r y  Member o f  t h e  Amer ican  C o n c r e t e  
I n s t i t u t e  and i n  1970 he r e c e i v e d  t h e  I n s t i t u t e ' s  D i s t i n g u i s h e d  
S e r v i c e  Award. 

Lew T u t h i l l  married Anne Ander son  i n  1933.  They  h a v e  two 
c h i l d r e n ,  J o h n  a n d . C h a r l e s ,  who l i v e  i n  D e n v e r  a n d  t w o  
g r a n d c h i l d r e n ,  John and Andy. Tut m a i n t a i n s  a n  a c t i v e  p e r s o n a l  
p r o f e s s i o n a l  l i f e  a n d  c la ims  t h a t  h i s  m a j o r  Ithobby" i s  p a r -  
t i c i p a t i n g  i n  A C I .  
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FOREWORD 

By Lewis H. Tuthill 

I n  t h i s  e x c e l l e n t  group o f  papers t h e  au tho rs  have a b l y  
shared t h e i r  knowledge and exper ience w i t h  us. These papers serve 
as an e x c e l l e n t  f o u n d a t i o n  f o r  q u a l i t y  conc re te  c o n s t r u c t i o n ,  
Those o f  us i n v o l v e d  i n  conc re te  c o n s t r u c t i o n  must t a k e  f i r m  and 
c o n f i d e n t  c o n t r o l  o f  a l l  m a t t e r s  t h a t  w i l l  have an e f f e c t  on t h e  
q u a l i t y  and s e r v i c e  performance o f  t h e  conc re te  work we do. We 
must do something p o s i t i v e  and f o l l o w  th rough  t o  see t h a t  our  
i n t e n t i o n s  a r e  met. 

Q u a l i t y  has been mentioned i n  many h i g h  p laces  b u t  f u l l y  
supported " f o l l o w  through"  has t o o  o f t e n  been l a c k i n g  where t h e  
conc re te  i s  placed. There i s  t a l k  about Q u a l i t y ,  b u t  what i s  done 
t o  make su re  t h a t  i t  i s  achieved? Design f o r  "a l i f e  o f  50 years"  
i s  t o t a l l y  u n r e a l i s t i c  f o r  t h e  aging i n f r a s t r u c t u r e  and much 
e l se .  Hoover Dam i s  50 years o ld ,  as a r e  a number o f  t h e  g r e a t  
water  p r o j e c t s  -- t h e i r  r e q u i r e d  s e r v i c e a b i l i t y  performance i s  as 
demanding now as i t  was a t  t h e  s t a r t .  Obvious ly  we can n o t  b u i l d  
t h e  many elements o f  t h e  i n f r a s t r u c t u r e  t o o  w e l l ,  and what l i t t l e  
e x t r a  i t  may t a k e  t o  b u i l d  i n  t h a t  e x t r a  assured q u a l i t y  i s  an 
investment  o f  h i g h  r e t u r n .  

. -  

But, j u s t  spending t h a t  r e l a t i v e l y  minor premium w i l l  n o t  
assure t h e  b e s t  p o s s i b l e  r e s u l t s .  Several  a d d i t i o n a l  steps must 
a l s o  be taken: 

- . .  . . .  
F i r s t ,  s p e c i f i c a t i o n s  must s t a t e  i n  f u l l  d e t a i l  what t h e  
c o n t r a c t o r  / b u i l d e r  must do ( f u r n i s h ,  use, per form) so t h e  
b i d  and c o n t r a c t  p r i c e  w i l l  i n c l u d e  payment f o r  what 
o the rw ise  m i g h t  be regarded as " e x t r a ' s . "  It should a l l  be 
p a r t  o f  t h e  j o b  w i t h o u t  any s p e c i a l  f i n a n c i a l  consid- 
e r a t  ions.  

Second, a f i e l d  eng inee r ing  and i n s p e c t i o n  o r g a n i z a t i o n  must 
be e s t a b l i s h e d  and f u l l y  t r a i n e d  i n  t h e  s p e c i f i c s  and 
o b j e c t i v e s  o f  t h e  j o b  and s p e c i f i c a t i o n  requirements.  

Th i rd ,  p r e b i d  and p r e c o n s t r u c t i o n  meet ings should be con- 
ducted t o  rev iew  t h e  p r o j e c t  requirements,  and so t h a t  a l l  
concerned can meet each o the r .  

Fourth,  Top- level  Ownership and Management o f  t h e  p r o j e c t  
must l e t  i t  be known, by p o s i t i v e  statement and ac t i ons ,  t h a t  
t h e  p r o j e c t  eng inee r ing  and i n s p e c t i o n  s t a f f  a r e  supported 
f u l l y  i n  r e q u i r i n g  performance i n  f u l l  accordance, and i n  a l l  
respects ,  o f  t h e  s p e c i f i c a t i o n s ,  and w i l l  e n t e r t a i n  no 
ques t i ons  o r  compla in ts  w i t h o u t  hea r ing  f rom t h e i r  s t a f f  a t  
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t h e  same t ime. 

Many d e t a i l s  o f  Q u a l i t y  A t ta inment  i n  Concrete C o n s t r u c t i o n  
w i l l  a l s o  be found i n  t h e  f o l l o w i n g  papers, p r i n c i p a l l y  i n  AC1 
pub1 i c a t i o n s :  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

T u t h i  11 , Lewis H. , "Advanced Concrete P r a c t i c e s  f o r  
C a l i f o r n i a  Water P r o j e c t , "  C i v i l  Engineering--ASCE, V. 37, 
NO. 7, J u l y  1967, pp. 40-44- 

T u t h i l l ,  Lewis H.,, "Tunnel L i n i n g  Wi th  Pumped Concrete, II 
AC1 Journal ,  Proceedings, V. 68 , No. 4, A p r i l  1971, pp. 
252-262; see a l s o  D iscuss ion  and Closure,  October 1971, p. 
800. 

II T u t h i l l ,  Lewis H., and Adams, Rober t  F. ,  Crack ing  
C o n t r o l l e d  i n  Massive, Re in fo rced S t r u c t u r a l  Concrete by  
A p p l i c a t i o n  o f  Mass Concrete P rac t i ces ,  A C 1  Journa l ,  
Proceedings, V. 69, No. 8, August 1972, pp. 481-491. 

II T u t h i  11 , Lewis H. , Games People P l a y  Wi th  Concrete, 'I AC1 
Journal ,  Proceedings, V. 73, No. 12, December 1976, pp. 
671 -678. 

T u t h i l l ,  Lewis H., "Rev ib ra t i on  Reexamined," Concrete 
Const ruc t ion ,  V. 22, No. 10, October 1977, pp. 537-539. 

T u t h i  11 , Lewis H. , "Slump Loss, It Concrete I n t e r n a t i o n a l  : 
Design and Cons t ruc t i on ,  V. 1, No. 1, January 1979, pp. 
30-35. 

II T u t h i l l ,  Lewis H., Q u a l i t y  A t ta inment  and Common Sense i n  
Nuclear  Const ruc t ion ,  Concrete I n t e r n a t i o n a l :  Design and 
Const ruc t ion ,  V. 1, No. 3, March 1979, pp. 32-37. 

I I  

Performance F a i l u r e s  o f  Concrete T u t h i l l ,  Lewis H., 
M a t e r i a l s  and of Concrete as a M a t e r i a l ,  Concrete 
I n t e r n a t i o n a l :  Design and Cons t ruc t i on ,  V. 2, No. 1, January 

T u t h i  11 , Lewis H. , " B e t t e r  Grading o f  Concrete Aggregate, 
Concrete I n t e r n a t i o n a l :  Design and Const ruc t ion ,  V. 2, No. 
12, December 1980, pp. 49-51. 

II 

11 

1980, pp. 33-39. 

II 

10. AC1 Committee 224, "Cont ro l  o f  Crack ing  by  Cor rec t  
Cons t ruc t i on  P rac t i ces , "  Chapter 8, Lewis H. T u t h i l l ,  
P r i n c i p a l  Author,  A C 1  224R-80, Concrete I n t e r n a t i o n a l :  
Design and Cons t ruc t i on ,  October 1980, pp. 35-76. 

11. T u t h i l l ,  Lewis H., "Obta in ing  Q u a l i t y  i n  Concrete 
Concrete I n t e r n a t i o n a l :  Design and 11 Const ruc t ion ,  

Const ruc t ion ,  V. 8, No. 3, March 1986, pp. 24-29. 

... 
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S y n o p s i s :  A C 1  and  ASTM s t a n d a r d s  r e q u i r e  a n  o v e r d e s i g n  
f a c t o r  t o  b e  a d d e d  t o  t h e  d e s i g n  s t r e n g t h  t o  a c c o u n t  
f o r  v a r i a b i l i t y  i n  t h e  mix .  A h i g h  v a r i a b i l i t y  
n e c e s s i t a t e s  a n  a v e r a g e  s t r e n g t h  c o n s i d e r a b l y  h i g h e r  
t h a n  t h e  d e s i g n  s t r e n g t h .  T h e r e  a r e  two  k e y  p r o b l e m s  
w i t h  t h i s  a p p r o a c h :  

( 1 )  T h e  h i g h e r  s t r e n g t h  r e q u i r e m e n t  n e c e s s i t a t e s  
m o r e  c e m e n t  w h i c h  i n  t u r n  r e s u l t s  i n  more  w a t e r .  The  
r e s u l t  i s  m o r e  s h r i n k a g e ,  i n c r e a s e d  b r i t t l e n e s s ,  and  
more  c r a c k  p o t e n t i a l .  I n  m a s s i v e  s t r u c t u r e s ,  t h e  
i n c r e a s e d  c e m e n t  a l s o  c a u s e s  a n  i n c r e a s e  i n  i n t e r n a l l y  
g e n e r a t e d  h e a t  and  g r e a t e r  t h e r m a l  s t r e s s e s  o r  
c r a c k  i ng. 

( 2 )  T h e  amoun t  o f  o v e r d e s i g n  i s  b a s e d  o n  r e s u l t s  
o f  c y l i n d e r  s t r e n g - f h s  w h i c h  may n o t  b e  a v a i l a b l e  u n t i l  
days ,  weeks, o r  m o n t h s  a f t e r  t h e  c o n c r e t e  h a s  b e e n  
p l a c e d .  I n  dams ( a n d  e s p e c i a l l y  i n  RCC s t r u c t u r e s ) ,  
s u b s t a n t i a l  v o l u m e s  o f  c o n c r e t e  c a n  a l r e a d y  b e  i n  p l a c e  
b e f o r e  d a t a  i s  a v a i l a b l e  t h a t  shows t h e  s t r e n g t h  s h o u l d  
h a v e  b e e n  h i g h e r ,  o r  c o n v e r s e l y ,  t h a t  i t  c o u l d  h a v e  
b e e n  l o w e r  ( w i t h  a r e s u l t i n g  s a v i n g s  i n  c o s t  and  l o w e r  
i n t e r n a l l y  d e v e l o p e d  s t r e s s e s ) .  A p r o c e d u r e  i s  
p r e s e n t e d  w h e r e b y  v a r i a b i l i t y  c a n  b e  b a s e d  o n  a s e t  o f  
t e s t s  t h a t  a r e  p e r f o r m e d  o n  t h e  f r e s h  m i x  a s  i t  i s  
made. T h e  v a r i a b i l i t y  i s  known i n  l e s s  t h a n  a d a y .  
T h i s  a p p r o a c h  e m p h a s i z e s  q u a l i t y  c o n t r o l  d u r i n g  m i x i n g  
a n d  p l a c i n g  so t h a t  t h e  r e s u l t s  a r e  a c c e p t a b l e ,  r a t h e r  
t h a n  o n  o b t a i n i n g  l a t e r  a g e  t e s t  d a t a  t h a t  i m p l i e s  how 
g o o d  o r  b a d  t h e  w o r k  was. 

Keywords: - coefficient of variation; compressive strength; 
concretes; cracking (fracturing); fresh concretes; mix proportion- 
ing; quality control; roller compacted concrete; shrinkage; 
strength; tests; thermal stresses; variability 
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E r n e s t  K. S c h r a d e r  i s  a c o n s u l t i n g  e n g i n e e r ,  
W a l l a  W a l l a ,  W a s h i n g t o n .  He h a s  b e e n  i n v o l v e d  w i t h  
d e s i g n ,  c o n s t r u c t  i o n ,  r e s e a r c h ,  a n d  e v a l  u a t  i o n  o f  
c o n c r e t e  f o r  20 y e a r s  and  i s  o n e  o f  t h e  p i o n e e r s  i n  
RCC, E r n i e  h a s  r e c e i v e d  n u m e r o u s  a w a r d s  a n d  i s  a member 
o f  s e v e r a l  A C 1  c o m m i t t e e s  i n c l u d i n g  224, l tC rack ing . l l  

INTRODUCTION 

S t a n d a r d s  s u c h  a s  ASTM C-94 a n d  A C 1  318,  and  
r e c o g n i z e d  a u t h o r i t i e s  s u c h  a s  t h e  U n i t e d  S t a t e s  B u r e a u  
o f  R e c l a m a t i o n  (USBR) and  t h e  U n i t e d  S t a t e s  Army C o r p s  
o f  E n g i n e e r s  ( C O E )  h a v e  a d o p t e d  a s t a t i s t i c a l  a p p r o a c h  
t o  e s t a b l i s h i n g  a n  a p p r o p r i  
a c c o u n t  f o r  f i e l d  v a r i a b i l i  
a n d  5 ) .  

U n f o r t u n a t e l y ,  w a i t i n g  
s t r e n g t h  d a t a  t o  a c c u m u l a t e  
o v e r d e s i g n  f a c t o r  c a n  b e  c a  
By t h e  t i m e  d a t a  i s  a v a i l a b  
p l a c e .  T h e  p r o b l e m  c o n t i n u  

t e  o v e r d e s i g n  f a c t o r  t o  
y i n  c o n c r e t e  ( 1 ,  2, 3, 4 

f o r  s u f f i c i e n t  c o m p r e s s i v e  
so t h a t  t h e  a p p r o p r i a t e  
c u l a t e d  i s  o f t e n  a p r o b l e m .  
e, t h e  m i x  i s  a l r e a d y  i n  
s t h r o u g h o u t  c o n s t r u c t i o n .  

T h e  o v e r d e s i g n  f a c t o r  i s  a d j u s t e d  u p  o r  down a s  
v a r i a b i l i t y  i n c r e a s e s  o r  d e c r e a s e s ,  b u t  t h e  v a l u e  u s e d  
a t  a n y  t i m e  i s  n o t  n e c e s s a r i l y  c o r r e c t  f o r  c o n d i t i o n s  a t  
t h a t  t i m e .  The  a m o u n t  o f  o v e r d e s i g n  i s  b a s e d  o n  w h a t  
was a l r e a d y  p l a c e d .  A d j u s t m e n t s  a r e  n o t  n e c e s s a r i l y  
a p p r o p r i a t e  f o r  f u t u r e  c o n c r e t e  e i t h e r ,  n o r  c a n  t h e y  b e  
a p p l i e d  r e t r o a c t i v e l y  t o  a d j u s t  t h e  m i x  a l r e a d y  i n  
p l a c e .  T h i s  i s  e s p e c i a l l y  i m p o r t a n t  f o r  s t r u c t u r e s  
w i t h  r a p i d  r a t e s  o f  c o n s t r u c t i o n  a n d  w h e r e  t h e  d e s i g n  
s t r e n g t h  age  i s  9 0  d a y s  o r  more .  U s i n g  a n  e a r l y  a g e  
f o r  c o n t r o l  i s  t h e  o n l y  r e a s o n a b l e  a p p r o a c h ,  b u t  t h e r e  
s t i l l  i s  some d e l a y  u n t i l  t h a t  d a t a  i s  a v a i l a b l e .  
A l s o ,  t h e  c o r r e l a t i o n  o f  v a r i a b i l i t y  a n d  s t r e n g t h  a t  an  
e a r l y  a g e  t o  w h a t  o c c u r s  a t  a l a t e r  a g e  i s  n o t  a l w a y s  a 
c o n s t a n t  and d i r e c t  r e l a t i o n s h i p .  E s p e c i a l l y  w i t h  l ow  
s t r e n g t h ,  low c e m e n t  c o n t e n t ,  and  h i g h  f l y  a s h  m i x e s ,  
t h e  a u t h o r  h a s  f o u n d  d i f f i c u l t y  i n  d e v e l o p i n g  
c o n s i s t e n t  e a r l y  t o  l a t e r  a g e  r e l a t i o n s h i p s .  T h i s  h a s  
o c c u r r e d  w i t h  b o t h  s t a n d a r d  c u r e  a n d  a c c e l e r a t e d  c u r e  
t e c h n i q u e s .  S i m i  l a r l y ,  when l t n o n - d e s t r u c t i v e l l  t e s t  
m e t h o d s  h a v e  b e e n  u s e d  o n  s t r u c t u r a l  c o n c r e t e  a t  e a r l y  
ages,  t h e  v a r i a b i l i t y  h a s  b e e n  h i g h .  

T h e s e  p r o b l e m s  c a n  b e  o v e r c o m e  b y  t e s t i n g  t h e  
f r e s h  c o n c r e t e  f o r  v a r i a b i l i t y  i n  p r o p e r t i e s  t h a t  
u l t i m a t e l y  d e t e r m i n e  i t s  s t r e n g t h .  P r i m a r i l y ,  t h e s e  
a r e  w a t e r  c o n t e n t ,  c e m e n t  c o n t e n t ,  a g g r e g a t e  c o n t e n t  
a n d  s i z e  d i s t r i b u t i o n ,  c o m p a c t e d  d e n s i t y ,  a i r  c o n t e n t ,  . 

a n d  u n i t  w e i g h t  o f  t h e  a i r - f r e e  m o r t a r .  T h e s e  
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p r o p e r t i e s  c a n  b e  r a p i d l y  t e s t e d  a f t e r  t h e  c o n c r e t e  h a s  
b e e n  m i x e d ,  d e l i v e r e d ,  and d e p o s i t e d ,  b u t  b e f o r e  i t  
s e t s .  A n u c l e a r  g a g e  c a n  b e  u s e d  t o  a l s o  d e t e r m i n e  t h e  
d e n s i t y  a n d  m o i s t u r e  c o n t e n t  ( a n d  t h e i r  v a r i a b i l i t y )  i n  
t h e  f r e s h l y  c o m p a c t e d  m a t e r i a l .  T h e  p r o c e d u r e  
p r e s e n t e d  f o r  d o i n g  t h e s e  t e s t s  f o l l o w s  t h e  b a s i c  
c o n c e p t  o f  t h e  C o r p s '  a p p r o a c h  t o  d e t e r m i n i n g  m i x e r  
p e r f o r m a n c e  a s  d e s c r i b e d  i n  t h e i r  S t a n d a r d  CRD-C55 ( 6 1 ,  

T h e  i m p l i c a t i o n s  o f  a n  o v e r d e s i g n  f a c t o r  t h a t  
r e q u i r e s  a h i g h  a v e r a g e  s t r e n g t h  a r e  v e r y  i m p o r t a n t  
i s s u e s .  l lS t ronger l l  i s  n o t  synonymous  w i t h  l l b e t t e r . l l  
E f f o r t s  s h o u l d  b e  p u t  i n t o  p r o v i d i n g  c o n s i s t e n t  
c o n c r e t e  t h a t  p e r m i t s  l o w e r  a v e r a g e  s t r e n g t h  
and  c e m e n t  c o n t e n t s  - n o t  i n  a c h i e v i n g  h i g h e r  
s t r e n g t h s .  H i g h e r  s t r e n g t h s  t h a t  m e e t  o v e r d e s i g n  
r e q u i r e m e n t s  a r e  u s u a l l y  a c h i e v e d  by  a d d i n g  c e m e n t .  
T h i s  t y p i c a l l y  means a more b r i t t l e  m ix  w i t h  more  
s h r i n k a g e  s t r e s s  o r  c r a c k s  - e v e n  i f  t h e  w a t e r / c e m e n t  
r a t i o  i s  n o t  i n c r e a s e d .  I n  m a s s i v e  s t r u c t u r e s ,  t h e  
i n c r e a s e d  c e m e n t  c o n t e n t  a l s o  c a u s e s  a n  i n c r e a s e  i n  
i n t e r n a l l y  g e n e r a t e d  h e a t  f r o m  h y d r a t i o n  a n d  g r e a t e r  
t h e r m a l  s t r e s s e s  o r  c r a c k i n g .  

CHARACTERISTIC STRENGTH 

The  r e q u i r e d  a v e r a g e  s t r e n g t h ,  s o m e t i m e s  r e f e r r e d  
t o  a s  t h e  l l c h a r a c t e r i s t i c  s t r e n g t h , "  fcr , i s  t h e  
a v e r a g e  s t r e n g t h  l e v e l  t o  b e  a c h i e v e d  a t  t h e  d e s i g n  
age.  I t  i s  t h e  m i n i m i m  r e q u i r e d  a v e r a g e  c y l i n d e r  
s t r e n g t h .  One way t o  c a l c u l a t e  it i s :  

Where:  
f '  = D e s i g n  s t r e n g t h  
C 

t = A c o n s t a n t  o b t a i n e d  f r o m  s t a n d a r d  
s t a t i s t i c s  t a b l e s .  I t  i s  b a s e d  o n  
o n  t h e  p r o p o r t i o n  o f  t e s t s  t h a t  may 
a c c e p t a b l y  f a 1  I b e l o w  t h e  d e s i g n  
s t r e n g t h ,  and  o n  t h e  number  o f  s a m p l e s  
u s e d  t o  e s t a b i  i s h  v. 

v = T h e  c o e f f i c i e n t  o f  v a r i a t i o n  e x p r e s s e d  
a s  a d e c i m a l .  

I t  i s  u s u a l l y  d e s i r a b l e  t o  a p p l y  t h e  f o r m u l - a  on 
t h e  l a s t  t h i r t y  t e s t  r e s u l t s ,  a l t h o u g h  m o r e  o r  l e s s  
d a t a  c a n  b e  used .  A m o r e  d e t a i l e d  r e v i e w  o f  t h e  
p r o c e d u r e  and  i t s  u s e  c a n  b e  f o u n d  i n  R e f e r e n c e s  ( 1 ,  2, : 

6 ,  7, 8, 9 ,  1 0 ,  1 1 ) .  
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The  c h a r a c t e r i s t i c  s t r e n g t h  i s  a h i g h e r  v a l u e  t h a n  
t h e  d e s i g n  s t r e n g t h .  I t  i s  s u b s t a n t i a l l y  h i g h e r  when 
s i g n i f i c a n t  v a r i a b i l i t y  o c c u r s  i n  t h e  c o n c r e t e ,  and  i t  
i s  l e s s  when v a r i a b i l i t y  i s  low. The  v a l u e  o f  iitii i s  
n o r m a l l y  s e l e c t e d  so t h a t  90 p e r c e n t  o f  t h e  t e s t  v a l u e s  
w i l l  b e  a b o v e  t h e  d e s i g n  s t r e n g t h  r e q u i r e m e n t  f o r  
s t r u c t u r e s  u s i n g  p r e s t r e s s  a n d  u l t i m a t e  s t r e n g t h  d e s i g n  
( m o s t  b r i d g e s ,  b u i l d i n g s ,  and  common r e i n f o r c e d  
c o n c r e t e  c o n s t r u c t i o n ) .  A n o t h e r  way t o  l o o k  a t  i t  i s  
t h a t  1 0  p e r c e n t  o f  t h e  t e s t  v a l u e s  c a n  b e  low i f  t h e  
a v e r a g e  s t r e n g t h  e q u a l s  o r  e x c e e d s  t h e  c h a r a c t e r i s t i c  
s t r e n g t h .  T h e  v a l u e  o f  iitli i s  n o r m a l  l y  s e l e c t e d  so 
t h a t  8 0  p e r c e n t  o f  t h e  t e s t  v a l u e s  w i l l  b e  a b o v e  t h e  
d e s i g n  s t r e n g t h  f o r  dams, g r a v i t y  s t r u c t u r e s ,  a n d  
d e s i g n s  w h i c h  u s e  t h e  c o n c e p t  o f  w o r k i n g  s t r e s s ,  I n  t h i s  
c a s e ,  20  p e r c e n t  o f  t h e  t e s t  v a l u e s  c a n  b e  b e l o w  t h e  
d e s i g n  s t r e n g t h .  As d i s c u s s e d  l a t e r ,  i t  seems 
a p p r o p r i a t e  f o r  an  e v e n  h i g h e r  v a r i a b i l i t y  ( l o w e r  
o v e r d e s i g n )  t o  b e  a l l o w e d  i n  m o s t  m a s s i v e  s t r u c t u r e s  
s u c h  a s  l a r g e  g r a v i t y  w a l l s  and dams. 
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The  s t a n d a r d  p r o c e d u r e  f o r  o v e r d e s i g n i n g  t o  
c o m p e n s a t e  f o r  v a r i a b i l i t y  i s  NOT i n  common p r a c t i c e ,  
e v e n  t h o u g h  t h e  c o n c e p t  i s  o l d ,  t h e  s t a t i s t i c a l  b a s i s  
f o r  i t  h a s  l o n g  b e e n  e s t a b l i s h e d ,  and  i t  i s  a p a r t  o f  
c u r r e n t  i n d u s t r y  s t a n d a r d s .  The  t r u t h  i s  t h a t  i t  i s  
s e l d o m  u s e d  o r  e n f o r c e d .  I n  f a c t ,  m o s t  r e a d y - m i x  
o p e r a t i o n s  do  n o t  e v e n  know t h e  p r o c e d u r e  e x i s t s .  I n  a n  
e f f o r t  t o  q u a n t i f y  i t s  use,  t h e  a u t h o r  f o u n d  t h a t  t h e  
v a s t  m a j o r i t y  o f  r e a d i - m i x  p r o d u c e r s ,  c o n s t r u c t i o n  
i n s p e c t o r s ,  l a b  t e c h n i c i a n s ,  and  e n g i n e e r s  r e p l i e d  t h a t  
t h e y  n e v e r  u s e d  it, n e v e r  n e e d e d  it, a n d  d o n ' t  w a n t  
i t  - b u t  t h e y  d o n ' t  w a n t  t o  b e  q u o t e d  o r  u s e d  i n  
r e f e r e n c e .  T h i s  a t t i t u d e  n e e d s  t o  b e  o v e r c o m e  w i t h  
c a u t i o u s  e . d u c a t i o n .  When t o l d  a b o u t  it, p e o p l e  f e e l  
t h a t  t h e  b u r e a u c r a c y  i s  i m p o s i n g  an  u n n e c e s s a r y  b u r d e n  
o n  them.  They m u s t  b e  r e s p e c f f u l  l y  shown t h e  n e e d  and  
b e n e f i t  o f  t h e  s y s t e m  t o  t h e i r  i n d u s t r y .  

A r e v i e w  o f  c o n c r e t e  dams, i n c l u d i n g  t h o s e  b y  
m a j o r  g o v e r n m e n t  a g e n c i e s ,  shows t h a t  t h e  o v e r d e s i g n  
c o n c e p t  t y p i c a l l y  h a s  b e e n  a d d r e s s e d  i n  o n e  way o r  
a n o t h e r  a t  t h e  t i m e  o f  i n i t i a l  m i x  d e s i g n s .  L a t e r ,  
d u r i n g  c o n s t r u c t i o n ,  f i e l d  p e r s o n n e l  u s u a l l y  k e p t  t r a c k  
o f  s t r e n g t h s  a s  t h e y  d e v e l o p e d ,  k e p t  t h e  a v e r a g e  v a l u e  
a b o v e  t h e  d e s i g n  v a l u e ,  and  j u s t i f i e d  a c c e p t i n g  low 
b r e a k s  a s  t h e y  o c c u r r e d .  A l m o s t  n e v e r  h a s  c o n c r e t e  
b e e n  r e m o v e d  f r o m  a dam b e c a u s e  c y l i n d e r s  b r o k e  b e l o w  
$ h e  d e s i g n  s t r e n g t h .  On t h e  o t h e r  hand,  a l m o s t  n e v e r  
h a v e  l o w  s t r e n g t h s  b e e n  c o n s i d e r e d  t o  b e  i i e x c e s s i v e l y i f  
low o r  l l i n t o l e r a b l e . i f  Low b r e a k s  h a v e  t y p i c a l l y  b e e n  
e v a l u a t e d  on  a s i t e - s p e c i f i c  b a s i s  w i t h o u t  u s i n g  t h e  
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s t a t i s t i c a l  a p p r o a c h  f o r  o v e r d e s i g n  w h i c h  a l l o w s  some 
low b r e a k s .  

S i m i l a r l y ,  c e m e n t  f a c t o r s  h a v e  t y p i c a l l y  b e e n  
i n c r e a s e d  o r  d e c r e a s e d  b a s e d  o n  a j u d g e m e n t a l  r e v i e w  
o f  c y l i n d e r  b r e a k s  a s  t h e y  became a v a i l a b l e .  T h e  
a u t h o r  h a s  a t t e m p t e d  t o  q u a n t i f y  w h a t  h a s  b e e n  d o n e  
s i n c e  c o n s t r u c t i o n  o f  H o o v e r  and  G r a n d  C o u l e e  dams, 
u n t i l  a n d  i n c l u d i n g  c u r r e n t  t i m e s .  T h e r e  h a s  b e e n  n o  
u n i v e r s a l l y  u s e d  p r o c e d u r e  w i t h  s e t  r u l e s .  E a c h  
p r o j e c t  seems t o  h a v e  h a d  o n e  i n d i v i d u a l  who t o o k  t h e  
r e s p o n s i b i l i t y  o f  m o n i t o r i n g  s t r e n g t h s  a n d  a d j u s t i n g  
t h e  c e m e n t  f a c t o r .  T h e s e  i n d i v i d u a l s  g e n e r a l l y  u s e d  
9 0 - d a y  s t r e n g t h s  a n d  a b o u t  a two m o n t h  m o v i n g  a v e r a g e  
t i m e  p e r i o d  a s  a g u i d e ,  b u t  w e r e  a l s o  i n f l u e n c e d  by  28 
and  7 - d a y  s t r e n g t h s  a s  w e l l  a s  s p e c i f i c  s i t e  c o n d i t i o n s  
s u c h  a s  t e m p e r a t u r e ,  s c h e d u l e ,  a n d  c o n s t r u c t i o n  n e e d s .  

T h e  a u t h o r ' s  p a s t  a p p r o a c h  t o  dam c o n s t r u c t i o n  h a s  
b e e n  v e r y  s i m i l a r  t o  w h a t  o t h e r s  r e p o r t .  I t  h a s  n o t  
u s u a l l y  f o l l o w e d  t h e  s t r i c t  s t a t i s c a l  a p p r o a c h  now 
recommended by  A C 1  and  ASTM. A c o m p a r i s o n  t o  
h i s t o r i c a l  daSa g e n e r a l l y  shows t h a t  i f  t h e s e  s t a n d a r d s  
w e r e  used,  a h i g h e r  a v e r a g e  s t r e n g t h  and  c e m e n t  
c o n t e n t  w o u l d  p r o b a b l y  h a v e  r e s u l t e d .  A l s o ,  u n d e r  t h e  
p l a c i n g  and  t e m p e r a t u r e  c o n t r o l s  of t h e  a p p l i c a b l e  
c o n s t r u c t i o n  c o n t r a c t s ,  t h e  a d d i t i o n a l  c e m e n t  w o u l d  
h a v e  r e s u l t e d  i n  h i g h e r  c o s t s ,  m o r e  h e a t  f rom 
h y d r a t i o n ,  and  m o r e  c r a c k i n g ,  w h e r e a s  NOT e n f o r c i n g  t h e  
s t a t i s t i c a l  a p p r o a c h  r e s u l t e d  i n  l i t t l e  o r  n o  c r a c k i n g  
a t  a l o w e r  c o s t  - and  s a t i s f a c t o r y  p e r f o r m a n c e .  

T h e  a u t h o r  i s  now a p p l y i n g  t h e  s t a t i s t i c a l  
o v e r d e s i g n  a p p r o a c h  f o r  some dams w i t h  t h e  
u n d e r s t a n d i n g  t h a t  ( 1 )  r e s u l t s  o f  t e s t s  o n  t h e  FRESH 
m i x  a r e  u s e d  t o  e s t a b l i s h  c u r r e n t  v a r i a b i l i t y ;  ( 2 )  t h e  
r e a s o n a b l e n e s s  o f  t h e  r e s u l t i n g  c e m e n t  c o n t e n t  and  t h e  
o v e r a l l  p r o c e d u r e  i s  e v a l u a t e d  a s  t h e  w o r k  p r o g r e s s e s ;  
and ( 3 )  m a j o r  e f f o r t s  a r e  p u t  i n t o  r e d u c i n g  v a r i a b i l i t y  
a n d  p r o v i d i n g  a b e t t e r  o v e r a l l  q u a l i t y  c o n c r e t e  r a t h e r  
t h a n  i n t o  s i m p l y  i n c r e a s i n g  c e m e n t  t o  p r o v i d e  a h i g h e r  
a v e r a g e  s t r e n g t h  t h a t  a l l o w s  a g r e a t e r  v a r i a b i l i t y  t o  
o c c u r .  

A t  t h i s  p o i n t  i n  t h e  s t a t e - o f - t h e - a r t ,  i t  a p p e a r s  
t h a t  c o n s t r u c t i o n  w i t h  mass c o n c r e t e  s h o u l d  f o l l o w  t h e  
i n t e n t  a n d  g e n e r a l  p r o c e d u r e  o f  A C 1  a n d  ASTM f o r  
o v e r d e s i g n  f a c t o r s ,  b u t  t h a t  some m o d i f i c a t i o n  i s  
a p p r o p r i a t e  a t  l e a s t  f o r  g r a v i t y  s t r u c t u r e s .  T h e  
f o l l o w i n g  c o m p r o m i s e  i s  s u g g e s t e d .  T h i s  a p p r o a c h  
s h o u l d  b e  r e v i e w e d  and  e n d o r s e d  o r  f u r t h e r  m o d i f i e d  b y  
A C 1  C o m m i t t e e  207, I fMass C o n c r e t e . "  
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* T h e  o v e r d e s i g n  f a c t o r  and  r e q u i r e d  m i n i m u m  
a v e r a g e  s t r e n g t h  s h o u l d  b e  s t a t i s t i c a l l y  c a l c u l a t e d  
b a s e d  o n  t h e  l a s t  3 0  t e s t  r e s u l t s  o f  t h e  FRESH m i x  o r  
o n  e a r l y  age  s t r e n g t h  d a t a  p r o j e c t e d  t o  i n - p l a c e  
s t r e n g t h s  e x p e c t e d  a t  t h e  d e s i g n  age.  

* N o t  more  t h a n  2 5 %  o f  t h e  r e s u l t s  s h o u l d  b e  
b e l o w  t h e  d e s i g n  s t r e n g t h .  

* Not  more  t h a n  4 %  o f  t h e  r e s u l t s  s h o u l d  b e  l e s s  
t h a n  7 5 %  o f  t h e  d e s i g n  s t r e n g t h .  

* Not  more  t h a n  1 %  o f  t h e  r e s u l t s  s h o u l d  b e  l e s s  
t h a n  5 0 %  o f  t h e  d e s i g n  s t r e n g t h ,  

* The  r e a s o n s  f o r  o b v i o u s l y  e r r o n e o u s  o r  damaged 
t e s t  d a t a  s h o u l d  b e  s p e c i f i c a l l y  n o t e d  and  t h a t  d a t a  
s h o u l d  n o t  b e  i n c l u d e d  i n  t h e  a n a l y s i s .  

T h e  a b o v e  r e c o m m e n d a t i o n s  a r e - p r e d i c a t e d  o n  d e s i g n s  
w i t h  s t r u c t u r a l  f a c t o r s  o f  s a f e t y  e q u a l  t o  o r  g r e a t e r  
t h a n  t h o s e  recommended b y  t h e  USBR ( 1 2 )  and  a p p l i e d  t o  
t h e  p r i n c i p a l  s t r e s s  a s  f o l l o w s :  

3 f o r  u s u a l  l o a d  c o n d i t i o n s .  
2 f o r  u n u s u a l  l o a d  c o n d i t i o n s .  
1 f o r  e x t r e m e  c o n d i t i o n s .  

P r o j e c t i n g  f r o m  e a r l y  t e s t  r e s u l t s  t o  t h e  e x p e c t e d  
u l t i m a t e  i n - s i t u  s t r e n g t h  a t  t h e  d e s i g n  a g e  s h o u l d  b e  
d o n e  o n  a s i t e - s p e c i f i c  b a s i s .  A s i m p l e  s e m i -  
l o g a r i t h m i x  p l o t  o f  e a r l y  a g e  d a t a  ( l o g  t i m e  v s  
s t r e n g t h )  i s  a u s e f u l  t o o l  t o  h e l p  p r o j e c t  s t r e n g t h s  a t  
l a t e r  a g e s  b a s e d  o n  e a r l y  d a t a .  I f  t e s t  d a t a  s h o w i n g  
t h e  l o n g - t e r m  s t r e n g t h  d e v e l o p m e n t  f o r  t h e  p a r t i c u l a r  
m i x  d e s i g n ,  cemen t ,  a g g r e g a t e ,  and  a g e s  i n v o l v e d  i s  n o t  
a v a i l a b l e ,  c a r e f u l  e x t r a p o l a t i o n  b a s e d  o n  t h e  m o s t  
s i m i l a r  a v a i l a b l e  d a t a  s h o u l d  b e  u s e d .  Where  n o  
s i m i l a r  d a t a  i s  a v a i l a b l e ,  a r e a s o n a b l y  c o n s e r v a t i v e  
a p p r o a c h  s h o u l d  b e  t a k e n  w h i l e  a l s o  c o n s i d e r i n g  f a c t o r s  
s u c h  a s  +he  c o n d i t i o n s  o f  c u r e  a n d  m a ' t u r i t y  w i t h i n  t h e  
mass, q u a l  i t y  and  f r e q u e n c y  o f  i n s p e c t  i o n s ,  p r o b a b  I e 
a c t u a l  a g e  a t  t h e  t i n i e  o f  l o a d i n g ,  and  t h e  d e t r i m e n t a l  
s i d e  e f f e c t s  o f  u n n e c e s s a r y  e x c e s s  c e m e n t .  

EARLY ESTIMATION OF LONG-TERM V A R I A B I L I T Y  

The  s t e p - b y - s t e p  p r o c e d u r e  g i v e n  i n  A p p e n d i x  1 
c a n  b e  u s e d  t o  h e l p  e s t a b l i s h  t h e  p r o b a b l e  v a r i a b i l i t y  
i n  l o n g - t e r m  s t r e n g t h  w i t h a u t  n e e d i n g  t o  w a i t  f o r  t h e  
r e s u l t s  o f  c o m p r e s s i v e  c y l i n d e r s  t h a t  a r r i v e  t o o  l a t e  
t o  b e  e f f e c t i v e l y  u s e d .  T h e  s p e c i f i c  p r o c e d u r e  and  
s a m p l e  s i z e s  g i v e n  i n  t h e  a p p e n d i x  a r e  s u i t e d  t o  l a r g e  
a g g r e g a t e  r o l l e r  c o m p a c t e d  c o n c r e t e  ( R C C ) ,  b u t  t h e  
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a p p r o a c h  i s  a l s o  a p p l i c a b l e  t o  c o n v e n t i o n a l  s l u m p  
mass c o n c r e t e  by  u s i n g  v i b r a t i o n  o r  r o d d i n g  f o r  
c o n s o l i d a t i o n  i n s t e a d  o f  p n e u m a t i c  t a m p i n g .  T h e  
p r o c e d u r e  i s  a l s o  a p p l i c a b l e  t o  s m a l l e r  a g g r e g a t e  
s t r u c t u r a l  a n d  p a v i n g  m i x e s  b y  s i m p l y  r e d u c i n g  t h e  
samp I e s i z e s .  

B u l k  s a m p l e s  of t h e  m i x  a r e  t a k e n  f r o m  t h e  
p l a c e m e n t  a f t e r  b e i n g  d e p o s i t e d  b u t  b e f o r e  f i n a l  
c o m p a c t i o n .  F o r  c o n v e n t i o n a l  c o n c r e t e ,  t h e  s a m p l e  i s  
t a k e n  a f t e r  v i b r a t i o n .  T h i s  a p p r o a c h  i s  u s e d  i n s t e a d  
o f  s a m p l i n g  a t  t h e  m i x e r  b e c a u s e  i t  i n c l u d e s  t h e  
b e n e f i c i a l  e f f e c t  o f  a d d i t i o n a l  b l e n d i n g  d u r i n g  
t r a n s p o r t  a n d  p l a c i n g  or,  c o n v e r s e l y ,  t h e  h a r m f u l  
e f f e c t s  o f  s e g r e g a t i o n  and  d r y i n g  i f  i t  o c c u r s  d u r i n g  
t r a n s p o r t  a n d  p l a c i n g .  U l t i m a t e l y ,  it i s  t h e  
v a r i a b i l i t y  o f  c o n c r e t e  w i t h i n  t h e  s t r u c t u r e  t h a t  i s  
o f  c o n c e r n  - n o t  i t s  c o n d i t i o n  a t  t h e  m i x e r .  I f  
t h e r e  i s  r e a s o n  t o  s t u d y  t h e  e f f e c t  o f  t r a n s p o r t i n g  
a n d  p l a c i n g ,  a c o m p a r i s o n  c a n  b e  made u s i n g  
s u p p l e m e n t a l  t e s t s  o f  s a m p l e s  t a k e n  f rom t h e  m i x e r .  

S a m p l i n g  i s  d o n e  t h r e e  t i m e s  d u r i n g  a s h i f t  o f  
p l a c e m e n t .  Each  s a m p l e  i s  i m m e d i a t e l y  e v a l u a t e d  f o r :  

( 1 )  Cement  c o n t e n t .  

( 2 )  M o i s t u r e  c o n t e n t .  

( 3 )  U n i t  w e i c h t  o f  t h e  a i r - f r e e  m o r t a r .  

( 4 )  U n i t  w e i g h t  o f  t h e  t o t a l  m i x .  

( 5 )  C o a r s e  a g g r e g a t e  c o n t e n t .  

( I n  f u t u r e  work ,  i t  i s  s u g g e s t e d  t h a t  t h e  a i r  c o n t e n t  
o f  t h e  f u l l  m i x  i s  a l s o  d e t e r m i n e d . )  

A l l v a r i a b i l i t y  i n d e x t 1  i s  c a l c u l a t e d  f o r  e a c h  o f  
t h e  t e s t  i t e m s  t o  c o m p a r e  v a r i a b i l i t y  o f  t h e  i n - p l a c e  
f r e s h  c o n c r e t e  d u r i n g  t h e  s h i f t .  T h e  o r i g i n a l  CRD-C55 
m e t h o d  o b t a i n e d  i t s  s a m p l e s  f rom t h r e e  d i f f e r e n t  a r e a s  
w i t h i n  a s i n g l e  b a t c h .  T h i s  t e s t e d  o n l y  t h e  m i x e r  and  
l l w i t h i n  b a t c h "  v a r i a t i o n s .  T a b l e  1 shows  t h e  maximum 
a l l o w e d  v a r i a b i l i t y  f o r  t y p i c a l  C o r p s  o f  E n g i n e e r s  
p r o j e c t s .  I f  v a r i a b i l i t i e s  w e r e  h i g h e r ,  a d d i t i o n a l  
m i x i n g  t i m e  o r  m o d i f i c a t i o n s  t o  t h e  m i x  p r o c e s s  w e r e  
m a n d a t e d .  The  t a b l e  a l s o  shows  t o l e r a b l e  v a r i a b i l i t y  
i n d e x  v a l u e s  t h a t  h a v e  b e e n  u s e d  f o r  t h e  new a p p r o a c h  
w h e r e  s a m p l e s  a r e  t a k e n  f rom t h e  p l a c e m e n t  a n d  i n c l u d e  
b o t h  l l b a t c h - t o - b a t c h  and  Iiw i t h i n - b a t c h "  v a r  ¡ a t  i o n s .  

The  c o e f f i c i e n t  o f  v a r i a t i o n  c a n  a l s o  b e  
c a l c u l a t e d  f o r  e a c h  o f  t h e  t e s t  i t e m s .  P r e f e r a b l y ,  
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t h i s  u s e s  t h e  l a s t  3 0  i n d i v i d u a l  t e s t  r e s u l t s  f o r  e a c h  
i t e m .  Each  t e s t  i t e m  i n f l u e n c e s  t h e  u l t i m a t e  s t r e n g t h  
a n d  i t s  v a r i a b i l i t y  w i t h i n  t h e  s t r u c t u r e .  A r g u m e n t s  
c a n  b e  made t h a t  some o f  t h e  i t e m s  t e s t e d  a r e  m o r e  o r  
l e s s  i n f l u e n t i a l  t h a n  o t h e r s ,  b u t  t h e r e  i s  n o t  e n o u g h  
d a t a  t o  e s t a b l i s h  i f  t h i s  i s  t h e  c a s e  o r  t o  w h a t  
d e g r e e  i t  o c c u r s .  

T a b l e  2 shows t h e  v a r i a b i l i t y  o f  e a c h  t e s t  i t e m  
f o r  f r e s h  m i x e s  o n  v a r i o u s  R C C  p r o j e c t s .  I t  a l s o  shows 
t h e  c o e f f i c i e n t  o f  v a r i a t i o n  f o r  a l l  6 x 1 2 - i n c h  ( 1 5 2 x 3 0 5  
mm)  c y l i n d e r s  a t  e a c h  a g e  o f  t e s t i n g .  A v e r y  i m p o r t a n t  
a n d  r e a s o n a b l y  c o n s i s t e n t  r e l a t i o n s h i p  e x i s t s  b e t w e e n  
v a r i a b i l i t y  i n  t h e  c o n s t i t u e n t s  o f  t h e  f r e s h  m i x  and  
t h e  v a r i a b i l i t y  i n  s t r e n g t h  o f  t e s t  c y l i n d e r s  made f o r  
t h e  m i x .  The a v e r a g e  c o e f f i c i e n t  o f  v a r i a t i o n  i n  
c y l i n d e r  s t r e n g t h  i s  a b o u t  2 .7 t i m e s  t h e  a v e r a g e  
c o e f f i c i e n t  o f  v a r i a t i o n  i n  t h e  f r e s h  m i x  p r o p e r t i e s .  
By  a p p l y i n g  t h i s  f a c t o r  t o  t h e  v a r i a b i l i t y  o f  t e s t  
r e s u l t s  o n  t h e  f r e s h  mix, an  e a r l y  o v e r d e s i g n  f a c t o r  
a p p r o p r i a t e  f o r  w h a t  w i l l  b e  t h e  e v e n t u a l  u l t i m a t e  
c y l i n d e r  s t r e n g t h  c a n  b e  o b t a i n e d .  

A f a c t o r  f o r  c o n v e n t i o n a l l y  p l a c e d  c o n c r e t e  
i s  n o t  a v a i l a b l e  a t  t h i s  t i m e  d u e  t o  i n s u f f i c i e n t  d a t a .  

T h e  ii2.7ii f a c t o r  m i g h t  b e t t e r  b e  b a s e d  o n  t h e  
r e l a t i o n s h i p  o f  v a r i a b i l i t y  i n  t h e  f r e s h  m i x  t o  
v a r i a b i l i t y  i n  c o r e s  r a t h e r  t h a n  c y l i n d e r s ,  b u t  a g a i n  
t h e r e  i s  i n s u f f i c i e n t  d a t a  a t  t h i s  t i m e  t o  make t h a t  
e v a l u a t i o n .  U s i n g  t h e  r e l a t i o n s h i p  a s  i t  a p p l i e s  t o  
c y l i n d e r s  may n o t  b e  c o r r e c t ,  b u t  i t  i s  c o n s i s t e n t  w i t h  
t h e  c u r r e n t  r e c o m m e n d a t i o n s  o f  A C 1  a n d  ASTM w h i c h  
assume t h a t  t h e  v a r i a b i l i t y  o f  c o r e s  w i l l  b e  s i m i l a r  t o  
c y 1  I n d e r s .  

T h e  v e r y  i m p o r t a n t  i s s u e  o f  c o r e  v s  c y l i n d e r  
s t r e n g t h  h a s  b e e n  r e p o r t e d  t o  v a r i o u s  d e g r e e s  f o r  
mass a n d  s t r u c t u r a l  c o n c r e t e  u s i n g  v a r i o u s  m i x e s  (4, 
13, 1 4 ,  15, 1 6 ) .  O v e r a l l ,  i t  i s  r e a s o n a b l y  w e l l  
a c c e p t e d  t h a t  t h e  l o n g - t e r m  s t r e n g t h  o f  6 x 1 2 - i n c h  
( 1 5 2 x 3 0 5  m m )  c y 1  i n d e r s  made w i t h  c o n c r e t e  h a v i n g  a 
maximum a g g r e g a t e  s i z e  o f  up t o  2 i n c h e s  ( 5 0  m m )  w i l l  
a c h i e v e  a p p r o x i m a t e l y  t h e  same o r  s l i g h t l y  l e s s  
s t r e n g t h  a s  t h e  same s i z e  c o r e s  t a k e n  f r o m  c o n c r e t e  i n  
t h e  s t r u c t u r e  i f  i t  h a s  b e e n  p r o p e r l y  p l a c e d  a n d  c u r e d .  
T h e r e  a r e  e x c e p t i o n s .  T h e  e x a c t  r e l a t i o n s h i p  i s  
d e p e n d e n t  o n  p e c u l i a r i t i e s  o f  e a c h  m i x  a n d  p l a c e m e n t .  
G e n e r a l l y ,  h i g h e r  s t r e n g t h  m i x e s  h a v e  s l i g h t l y  l o w e r  
c o r e - t o - c y 1  i n d e r  s t r e n g t h  r a t i o s .  A l s o ,  a 
k n o w l e d g e a b l e  t e c h n i c i a n  c a n  i n f l u e n c e  r e s u l t s  by,  f o r  
e x a m p l e ,  t a k i n g  v e r t i c a l  c o r e s  f r o m  t h e  t o p  o f  a t a l l  
c o l u m n  p l a c e m e n t  ( f o r  l o w e r  s t r e n g t h s )  o r  h o r i z o n t a l  
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c o r e s  a t  t h e  b a s e  o f  t h e  p l a c e m e n t  ( f o r  h i g h e r  
s t r e n g t h s ) .  

F o r  c o n v e n t i o n a l  l a r g e  a g g r e g a t e  mass m i x t u r e s ,  
t h e  p l u s  1 -1 /2  o r  2 - i n c h  ( 3 8  o r  5 0  m m )  a g g r e g a t e  i s  
r e m o v e d  f rom m a t e r i a l  u s e d  t o  make t h e  c y l i n d e r s .  T h e  
l o n g - t e r m  c o r e - t o -  c y l i n d e r  s t r e n g t h  r e l a t i o n s h i p  i s  
g e n e r a l l y  t h e  same a s  f o r  t h e  s m a l l e r  a g g r e g a t e  m i x e s .  
However ,  t h e r e  a r e  m o r e  p o s s i b i l i t i e s  o f  s i t u a t i o n s  
w i t h  a d i s c r e p a n c y  b e t w e e n  c o r e s  a n d  c y l i n d e r s .  

The  a b o v e  d i s c u s s i o n  i s  f o r  c o n v e n t i o n a l l y  p l a c e d  
s l u m p a b l e  c o n c r e t e .  V e r y  i m p o r t a n t  d a t a  now b e c o m i n g  
a v a i l a b l e  shows t h a t  t h e  r e l a t i o n s h i p  o f  c o r e s  t o  
c y l i n d e r s  may b e  v e r y  d i f f e r e n t  f o r  RCC m i x e s .  O f  
s p e c i a l  c o n c e r n  i s  d a t a  t h a t  i m p l i e s  t h a t ,  a t  l e a s t  i n  
some f i e l d  p l a c e m e n t s ,  h i g h  c e m e n t i t i o u s ' c o n t e n t  RCC 
mass m i x e s  w h i c h  r e s u l t  i n  h i g h  c y l i n d e r  s t r e n g t h s  DO 
NOT r e s u l t  i n  s i m i l a r l y  h i g h  i n - s i t u  c o n c r e t e  
s t r e n g t h s  i n  t h e  s t r u c t u r e .  T h i s  i s  o b v i o u s l y  a 
c r i t i c a l  f a c t o r  t o  c o n s i d e r  when s e l e c t i n g  a da'm o r  
o t h e r  g r a v i t y  s e c t i o n  and  t h e  r e s u l t i n g  s t r e s s  l e v e l s  
w h i c h  i t  w i l l  b e  r e q u i r e d  t o  c a r r y .  T a b l e  3 shows  
a v a i l a b l e  c o m p a r i s o n s .  

EFFECTS OF O V E R D E S I G N  FACTORS O N  C R A C K I N G  

H i g h e r  s t r e n g t h s  a c h i e v e d  b y  a d d i n g  m o r e  c e m e n t  
w i l l  a l m o s t  a l w a y s  r e s u l t  i n  h i g h e r  i n t e r n a l l y  
d e v e l o p e d  c r a c k i n g  s t r e s s e s .  T h e  t h r e e  m a i n  r e a s o n s  
f o r  t h i s  a r e  ( 1 )  i n c r e a s e d  t e m p e r a t u r e  a t  t h e  t i m e  o f  
h a r d e n i n g  (2) i n c r e a s e d  d r y i n g  s h r i n k a g e ,  and  ( 3 )  a 
more  b r i t t l e  c o n c r e t e  w i t h  a h i g h e r  m o d u l u s  o f  
e l a s t i c i t y .  A C 1  C o m m i t t e e  207 i s  d e v e l o p i n g  a r e p o r t  
t h a t  a d d r e s s e s  t h e s e  i s s u e s  f o r  s t r u c t u r a l  a s  w e l l  a s  
m a s s i v e  c o n c r e t e  s e c t i o n s .  T h e  p r o b l e m  i s  NOT l i m i t e d  
t o  dams a s  g e n e r a l l y  b e l i e v e d .  However ,  b e c a u s e  dams 
a r e  e s s e n t i a l l y  u n r e i n f o r c e d  and  e n g i n e e r s  h a v e  
t r a d i t i o n a l l y  b e e n  m o r e  c o n c e r n e d  w i t h  c r a c k s  i n  dams 
t h a n  i n  beams, s l a b s ,  o r  c o l u m n s ,  dams a r e  a c l a s s i c a l  
examp I e. 

One o f  t h e  p u r p o s e s  o f  t h i s  p a p e r  i s  t o  b r i n g  
a w a r e n e s s  t o  t h e  f a c t  t h a t  e x c e s s i v e  o v e r d e s i g n  u s e d  
t o  a c c o u n t  f o r  v a r i a b i l i t y  h a s  h a r m f u l  s i d e  e f f e c t s  
t h a t  c a n n o t  b e  i g n o r e d .  Anyone  i n s i s t i n g  o n  o v e r d e s i g n  
s h o u l d  n o t  g o  " o v e r b o a r d t 1  w i t h  i t  and  s h o u l d  b e  a w a r e  
o f  i t s  c o n s e q u e n c e s .  By t h e  same t o k e n ,  s u f f i c i e n t  
o v e r d e s i g n  i s  n e e d e d  t o  a c c o u n t  f o r  v a r i a b i l i t y .  As 
s t a t e d  e a r l i e r ,  i t  o f t e n  i s  b e t t e r  t o  p u t  e f f o r t s  and  
m o n i e s  i n t o  r e d u c i n g  v a r i a b i l i t y  a n d  o v e r d e s i g n  
r e q u i r e m e n t s  t h a n  i t  i s  i n t o  s i m p l y  a d d i n g  m o r e  c e m e n t  
and  i n c r e a s e  t h e  a l l o w e d  v a r i a b i l i t y .  
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There are an infinite number of examples that 
can be given, and each situation must be i n d i v i d u a l l y  
evaluated. For one example, consider an unreinforced 
lean concrete mix for a gravity wall requiring a 
design strength at one year of 2,000 psi (13 .8  MPa). 
A reasonably good coefficient of variation ( V I  of 10 

of 2180 psi (15.0 MPa). If little attention were 
given to variabil ity a n d  it had a ilvli of 30, the 
required strength would be 2675 psi ( 1 8 . 4  MPa), 
Achieving this higher strength at a similar 
water-to-cement ratio would require about 75 more 
pounds ( 3 4  Kg) of cement a n d  50 more pounds ( 2 3  Kg) of 
water. For a typlcal mass mix, the potential drying 
shrinkage would increase about 100 millionths, the 
peak temperature from hydration would increase about 
15 F degrees, and the modulus of elasticity would 
increase slightly - say on the order o f  about 200,000 
psi (1 .38  GPa). 

, Wou 1 d requ ire an average or Itcharacter i st ic1I strength 

Using a typical coefficient of thermal expansion 
of 4.5 millionths per F degree (8 .1  millionths per C 
degrees) and an original modulus of elasticity value 
for the low strength concrete of 3.2 million psi (22 .1  
GPa), the higher strength mix will develop about 570 
psi ( 3 . 9  MPa) MORE internal tensile cracking stress 
than the orisinal mix. Using an approximate tensile 
strength equal to 10 percent of the compressive 
strength, the higher strength mix used to account for 
more variability will develop about 50 p s i  (0.3 MPa) 
more tensile strength b u t  570 psi (3.9 MPa) more 
internally developed stress. This example i s  
simplified an d  does not take into account a probable 
lower creep rate which would a d d  even more to the 
long-term tensile stress. It also looks at only one 
method of adjusting the mix. 

CONCLUSIONS 

The variability of concrete cylinder strengths 
can be predicted w i t h  reasonable effectiveness based 
on variability in the following properites or 
constituents of the fresh mix: Cement content, 
moisture content, u n i t  weight of t h e  air-free mortar, 
unit weight of the total mix coarse aggregate content. 
This information can be used to establish the 
appropriate characteristic strength o r  overdesign 
needed to account for variability. 

Roller compacted concrete for mass applications 
with str@ngths in excess O P  abou-i- 2500 psi ( 1 7 . 2  MPa) 
may develop the required strength levels in cylinders, 
b u t  the mix may not develop similar strengths in the 
structure. 
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I t  i s  a p p r o p r i a t e  t o  c o n s i d e r  s p e c i a l  a l l o w a n c e s  
f o r  r e d u n d a n c y  and  s i z e  e f f e c t s  when d e t e r m i n i n g  t h e  
o v e r d e s i g n  f a c t o r  i n  L a r g e  g r a v i t y  s t r u c t u r e s .  

N o n - j u d i c i o u s  u s e  o f  o v e r d e s i g n  f a c t o r s  f o r  
v a r i a b i l i t y  c a n  r e s u l t  i n  h i g h e r  l e v e l s  of  t e n s i l e  
s t r e s s e s  a n d  c r a c k i n g .  
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TABLE 1--MAXIMUM ALLOWED "VARIABILITY INDEX" VALUES 

SAMPLING AT SAMPLING AT 
M I X E R  PLACEMENT 

Cement  C o n t e n t  82 .5  7 0  

M o i s t u r e  C o n t e n t  91 .5  7 5  

U n i t  W e i g h t  o f  t h e  
A i r - F r e e  M o r t a r  98 .5  8 5  

C o a r s e  A g g r e g a t e  C o n t e n t  90 .5  8 0  

V a r i a b i l i t y  I n d e x  = ( S m a l l e s t  V a l u e / L a r g e s t  V a l u e )  x 100 

-. . 
_. ?'' :. - . . . -. ..; . . 
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APPEND I X 

M I X E R  AND PLACING PERFORMANCE TEST PROCEDURE 
FOR ROLLER COMPACTED CONCRETE* 

. .  

.. . - .  
. .  

1 .  SCOPE 

1 . 1  T h e  p r o c e d u r e s  d e s c r i b e d  h e r e  a r e  u s e d  t o  
e v a l u a t e  how t h o r o u g h l y  r o l l e r  c o m p a c t e d  c o n c r e t e  
( R C C )  i s  m i x e d  a f t e r  i t  h a s  b e e n  p l a c e d  d u r i n g  
c o n s t r u c t  i o n ,  b u t  p r  ¡o r  t o  c o m p a c t  i o n .  They  d e t e r m i n e  
w a t e r  c o n t e n t ,  c e m e n t  c o n t e n t ,  a n d  c o a r s e  a g g r e g a t e  
c o n t e n t  f o r  t h e  f u l l  mix, and u n i t  w e i g h t  o f  t h e  
a i r - f r e e  m o r t a r .  By  c o m p a r i s o n  o f  r e s u l t s  f rom t h r e e  
s a m p l e s  t a k e n  t h r o u g h o u t  a s h i f t  o f  p l a c i n g ,  t h e  
a b i l i t y  o f  t h e  m i x i n g  and  p l a c i n g  p r o c e d u r e  t o  p r o v i d e  
c o n s i s t e n t  m a t e r l a l  i s  d e t e r m i n e d .  T h e  E n g i n e e r  may 
a u t h o r i z e  d e l e t i o n  o f  t h e  c e m e n t  t e s t  p o r t i o n  o f  t h e  
p r o c e d u r e  o r  u s e  o f  an  a l t e r n a t e  m e t h o d .  

2. GENERAL 

2.1 M i x e r  p e r f o r m a n c e  t e s t s  a r e  u s e d  t o  e s t a b l i s h  
m in imum a l l o w e d  m ix  t i m e s  f o r  c o n v e n t i o n a l  c o n c r e t e  
o r  t o  d e t e r m i n e  t h e  v a r i a b i l i t y  o f  a m i x  a f t e r  a 
s p e c i f i e d  d u r a t i o n  o f  m i x i n g .  N o r m a l l y ,  t h e  p r o c e d u r e  
c o n s i s t s  o f  m i x i n g  a s p e c i f i e d  b a t c h  s i z e  f o r  t h e  
d e s i g n a t e d  l e n g t h  o f  t i m e ,  o b t a i n i n g  s a m p l e s  o f  
m a t e r i a l  f r om d i f f e r e n t  l o c a t i o n s  i n  t h e  m i x e r ,  and  
c o m p a r i n g  r e s u l t s  o f  t e s t s  o n  e a c h  s a m p l e  t o  s e e  how 
much t h e y  v a r y .  

2.2 T h e  p r o c e d u r e  u s u a l l y  f o l l o w s  C o r p s  o f  
E n g i n e e r s  T e s t  M e t h o d  CRD-C 5 5  o r  t h e  m e t h o d  a l  l o w e d  
i n  ASTM C-94, A n n e x  A l .  A b r i e f  d e s c r i p t i o n  o f  e a c h  
t e s t  f o l l o w s :  

CRD-C 55 i s  b a s e d  o n  t h r e e  s a m p l e s  t a k e n  f r o m  a 
s i n g l e  b a t c h .  I t  c h e c k s  f o r  w a t e r  c o n t e n t ,  c e m e n t  
c o n t e n t ,  u n i t  w e i g h t  o f  t h e  a i r - f r e e  m o r t a r ,  a n d  
c o a r s e  a g g r e g a t e  c o n t e n t .  I t  r e q u i r e s  a b o u t  1 week 
b e f o r e  r e s u l t s  f r o m  a l l  o f  t h e  t e s t s  a r e  a n a l y z e d  and 
d a t a  by  t h e  c h e m i c a l  m e t h o d  o f  c e m e n t  d e t e r m i n a t i o n  o n  
h a r d e n e d  m o r t a r  i s  a v a i l a b l e .  Most o f  t h e  t e s t i n g  i s  
p e r f o r m e d  o n  t h e  m o r t a r  p o r t i o n  o f  t h e  m ix  a f t e r  a f t e r  
s i e v i n g  f rom t h e  f u l l  m ix .  

ASTM C-94 i s  b a s e d  o n  two s a m p l e s  t a k e n  f rom a 
s i n g l e  b a t c h .  I t  t e s t s  f o r  s lump,  a i r  c o n t e n t ,  c o a r s e  

- aggrega- i -e  c o n t e n t ,  u n i t  w e i g h t  o f  t h e  1 -1 /2  i n c h  m i n u s  
p o r t i o n  o f  t h e  mix,  c o m p r e s s i v e  s t r e n g t h  a t  7 days ,  
and  u n i t  w e i g h t  o f  t h e  a i r - f r e e  m o r t a r .  I t  r e q u i r e s  
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1 week before all results are available, and it does 
not use the full mix in all of the test procedures. 

* N O T E :  Metric conversions are not provided because a 
separate metric version of the procedure with similar 
(but not identical) sample sizes has been developed 
that uses convenient metric sizes. It is available 
upon request. 

2.3 Each of these procedures ( A S T M  d C R D )  were 
developed for conventional concrete mixes, and each 
checks only the effectiveness of the mixer itself. 
Blending of roller compacted concrete materials can 
be significantly affected during transporting, 
rehandling, an d  spreading operations. Generally this 
can be expected to provide addition1 beneficial 
mixing, although with improper practices, it could 
adversely cause segregation. This additional mixing 
can be used to advantage by taking samples from the 
placing area at different times d u r i n g  a shift rather 
than taking them from a single batch in the mixer. 
Using this technique, different batches of concrete 
are intermixed and the composite effect of 
llbatch-to-batchll variabil ity as well as llwithin batch" 
variability is taken into account. Accordingly, the 
maximum permissible variability of the tested samples 
is increased from typical values used when only w i t h i n  
batch testing is done. 

... . .  . . . .  . . . .. . .  . .- .. 
: . . .  - .  . .  

. . .  

. .. 
-. < -  . .- ' .  . . .  

2.4 A n  additional significant advantage of 
sampling from the placement instead of taking samples 
from one batch at the mixer is that fresh samples are 
used in the tests. In CRD-C 55, three samples are 
obtained at the same time for testing. In prac-kice, 
the third sample may be hours old before it is 
subjected to the tests, and results can be adversely 
affected. 

2.5 Another maJor advantage of obtaining samples 
from the placement is its compatibility with 
continuous mixers. 

2.6 The procedure described here also uses a 
rapid chemical analysis for determining the cement 
content, and results of the entire test procedure are 
normally available by the start of the day following 
the tests. 

3. S A M P L I N G  

'.--' 3.1 After an agreed initial and conservative mix 
time has been established, a shift of placement shall 
be permitted at that mix time while testing is 
performed. If no guidance is provided in the contract 
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d o c u m e n t s  f o r  a n  i n i t i a l  m i x  t i m e ,  i t  s h a l l  b e  
1 m i n u t e  f o r  m i x e r s  w i t h  a c a p a c i t y  o f  3 c u b i c  y a r d s .  
F o r  l a r g e r  m i x e r s ,  t h e  t i m e  s h a l l  b e  i n c r e a s e d  b y  1 5  
s e c o n d s  f o r  e a c h  a d d i t i o n a l  c u b i c  y a r d  o r  f r a c t i o n  
t h e r e o f .  T h e  m i x  t i m e  s h a l l  b e g i n  a f t e r  a l l  
i n g r e d i e n t s  h a v e  e n t e r e d  t h e  m i x e r  and  s h a l l  s t o p  
a f t e r  t h e  d i s c h a r g e  c y c l e  b e g i n s .  F o r  c o n t i n u o u s  m i x  
p l a n t s ,  t h e  m i x  t i m e  a p p l i e s  t o  e q u i v a l e n t  d i s c h a r g e  
r a t e s  i n  c u b i c  y a r d s  p e r  m i n u t e .  

3 .2 D u r i n g  t h e  s h i f t  o f  p l a c e m e n t ,  s a m p l e s  s h a l l  
b e  o b t a i n e d  d u r i n g  t h e  f i r s t ,  second ,  and t h i r d  
p o r t i o n s  o f  t h e  s h i f t .  However ,  t h e  f i r s t  s a m p l e  
s h a l l  n o t  b e  t a k e n  u n t i l  a f t e r  t h e  p l a n t  h a s  b e e n  i n  
o p e r a t i o n  f o r  a t  l e a s t  t h e  f i r s t  5 p e r c e n t  o f  t h e  
s h i f t .  T h e  s e c o n d  s a m p l e  s h a l l  n o t  b e  o b t a i n e d  u n t i l  
a f t e r  t e s t i n g  o n  t h e  f i r s t  s a m p l e  h a s  p r o g r e s s e d  t o  
t h e  p o i n t  t h a t  i t  w i l l  b e  e s s e n t i a l l y  c o m p l e t e d  and so 
t h a t  f u l l  a t t e n t i o n  c a n  b e  g i v e n  t o  t h e  s e c o n d  s a m p l e  
a s  s o o n  a s  i t  a r r i v e s  a t  t h e  l a b o r a t o r y .  S i m i l a r l y ,  
t h e  t h i r d  s a m p l e  s h a l l  n o t  b e  o b t a i n e d  u n t i l  t e s t i n g  
o n  t h e  s e c o n d  s a m p l e  i s  e s s e n t i a l l y  c o m p l e t e .  A l l  
t e s t i n g  ( e x c e p t  w a i t i n g  f o r  f i n a l  d r y i n g  w h e r e  
a p p l i c a b l e )  s h a l l  b e  c o m p l e t e d  w i t h i n  2 h o u r s  a f t e r  
o b t a i n i n g  e a c h  s a m p l e .  

3.3 The  s a m p l e s  s h a l l  b e  o b t a i n e d  a t  r a n d o m  u n d e r  
t h e  d i r e c t i o n  o f  t h e  l a b o r a t o r y  c h i e f .  They  s h a l l  b e  
e x c a v a t e d  f r o m  t h e  a p p r o x i m a t e  c e n t e r  o f  a z o n e  o f  RCC 
t h a t  h a s  b e e n  s p r e a d  f o r  c o m p a c t i o n  by  p r o d u c t i o n  
me thods ,  b u t  p r i o r  t o  c o m p a c t i o n .  T h e  s a m p l e  s i z e  
s h a l l  b e  a p p r o x i m a t e l y  5 c u b i c  f e e t  o r  6 5 0  p o u n d s .  
I t  s h a l l  i n c l u d e  e s s e n t i a l l y  a l l  m a t e r i a l  t h r o u g h  t h e  
f u l l  d e p t h  o f  t h e  s p r e a d  RCC l a y e r .  A recommended 
m e t h o d  o f  o b t a i n i n g  t h e  s a m p l e  i s  w i t h  a 1 - t o n  4 x 4  
p i c k u p  t r u c k  a n d  f r o n t - e n d  l o a d e r  a s s i s t e d  b y  t w o  
l a b o r e r s  w i t h  s h o v e l s .  T h e  s a m p l e  s h a l l  b e  c o v e r e d  
w i t h  a t a r p  and  p r o t e c t e d  f rom w i n d ,  r a i n ,  sun, e t c ,  
w h i l e  b e i n g  t r a n s p o r t e d .  T h e  s a m p l e  s h a l l  b e  k e p t  i n ,  
and  a l l  t e s t i n g  s h a l l  b e  d o n e  i n ,  a p r o t e c t e d  
e n v i r o n m e n t  o u t  o f  t h e  w i n d  and  s u n  a n d  w i t h i n  a 
t e m p e r a t u r e  r a n g e  o f  4 0  t o  8 0  F d e g r e e s .  

4. WATER CONTENT 

4.1 O b t a i n  a p p r o x i m a t e l y  1 / 2  c u b i c  f o o t  o r  
7 5  p o u n d s  o f  t h e  f u l l  RCC m i x  a n d  d e t e r m i n e  t h e  s a m p l e  
w e i g h t  t o  t h e  n e a r e s t  0 .1  pound .  T h i s  s a m p l e  s h o u l d  
b e  t a k e n  and  w e i g h e d  a s  s o o n  a s  p o s s i b l e  a f t e r  t h e  
b u l k  m a t e r i a l  i s  d e l i v e r e d  t o  t h e .  l a b o r a t o r y .  . A f t e r  
w e i g h i n g ,  s p r e a d  t h e  RCC m a t e r i a l  l o o s e l y  i n  a s e r i e s  
o f  p a n s  t h a t  w i l l  f i t  i n t o  a n  o v e n .  B e  c a r e f u l  n o t  t o  
l o s e  any  o f  t h e  s a m p l e .  P r e f e r a b l y  t h e  s a m p l e  s h o u l d  
b e  i n i t i a l l y  w e i g h e d  i n  t h e  d r y i n g  p a n s .  
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4.2 Dry the sample to constant weight, keeping 
it loosely separated to facilitate drying. Initial 
drying for 1 to 6 hours sha'll be accomplished by 
simple exposure to the dry atmosphere of an enclosed 
room, the sun, a breeze from an electric fan, etc. 
After initial drying, separate the material with a 
trowel o r  hoe to assure that it is still loosely 
separated and not hydrating into a solid mass. Then 
d r y  the sample to constant weight in an oven at 2 3 0  
plus or minus 9 F degrees. Drying for 12 hours in the 
oven after the initial drying period is usually 
sufficient to obtain constant moisture. 

4.3 Compute the total moisture content as 
fol lows: 

W - D  
P =  x 100 

D 

Where: 

P = The total moisture content in the mix ( $ 1  

W = The weight of the sample prior to drying (Ibs) 

D = The weight of the sample after drying (Ibs) 

5 .  UNIT WEIGHT OF AIR-FREE MORTAR 

5.1 Sieve approximately 1 cubic foot or 150 pounds 
of the f u l l  RCC niix sample over a 2-inch screen. The 
sieving action shali- be vigorous enough so that lumps 
o f  pasty material, mortar, and smaller aggregate fall 
through the screen. This can be accomplished by  
raking the sample back and forth over the screen as it 
is suspended above a platform or wheelbarrow. The 
retained coarse aggregate particles should not be 
washed a n d  will have a slight coating of cement paste 
with fines. Discard the retained coarse aggregafe. 

5 .2  Compact the material passing the 2-inch 
screen into a minimum 1/4  cubic foot pressure-type air 
meter a n d  determine the compacted weight of the 
sample. Compaction should be accomplished in three 
lifts, compacting each lift w i t h  a pneumatic tamper 
prior to placing the next lift. The pneumatic tamper 
shall be equivalent to an Ingersoll-Rand Model SPG-30 
with a 5-3/4 inch lock-type butt. The butt shall have 
a flat (not el iptical) striki-ng,_surface, b u t  the 
outside edge may be röunded. As the last lift is 
compacted in the mold, a helper should simultaneously 
add material so that the final compacted surface is 
essentially level w i t h  the top o f  the container. ( A  
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c o l l a r  t h a t  f i t s  o v e r  t h e  c o n t a i n e r  i s  recommended t o  
a l l o w  i n i t i a l  o v e r f i l l i n g  o f  t h e  l o o s e  m a t e r i a l  and t o  
p r o t e c t  t h e  e d g e  o f  t h e  c o n t a i n e r  f r o m  damage d u r i n g  
c o m p a c t i o n . )  

5 .3 D e t e r m i n e  t h e  a i r  c o n t e n t  o f  t h e  c o m p a c t e d  
s a m p l e  u s i n g  t h e  ASTM C-138 ( G r a v i m e t r i c  M e t h o d )  o r  
ASTM C-231 ( P r e s s u r e  M e t h o d ) .  

5 .4  Wash t h e  e n t i r e  a i r - c o n t e n t  t e s t  s a m p l e  o v e r  
a No. 4 s i e v e  so t h a t  a l l  m a t e r i a l  i n c l u d i n g  p a s t e  and  
f i n e s  a d h e r i n g  t o  t h e  p l u s  No. 4 m a t e r i a l  i s  removed .  
Was te  t h e  m i n u s  No. 4 m a t e r i a l .  O b t a i n  t h e  s a t u r a t e d  
s u r f a c e  d r y  w e i g h t  o f  t h e  a g g r e g a t e  f rom t h e  a i r  
c o n t e n t  t e s t  s a m p l e  t h a t  i s  r e t a i n e d  o n  t h e  No, 4 
s i e v e .  T o w e l s  a n d  a f a n  w i l l  e x p e d i t e  d r y i n g  t h e  
a g g r e g a t e  b a c k  t o  a s a t u r a t e d  s u r f a c e - d r y  c o n d i t i o n .  

5 .5  C a l c u l a t e  t h e  u n i t  w e i g h t  o f  a i r - f r e e  m o r t a r  
a s  f o l  l o w s :  

b - c  

V x A  C 
M =  

- V -  
1 O0 G x W  

Where:  

M = U n i t  w e i g h t  o f  a i r - f r e e  m o r t a r  ( I b / c u  f t )  

b = W e i g h t  o f  t h e  c o n c r e t e  s a m p l e  c o m p a c t e d  i n t o  
t h e  a i r  c o n t e n t  t e s t  c o n t a i n e r  ( I b )  

c = S a t u r a t e d  s u r f a c e - d r y  w e i g h t  o f  a g g r e g a t e  f r o m  
t h e  a i r  c o n t e n t  t e s t  c o n t a i n e r  t h a t  i s  
r e t a i n e d  o n  t h e  No. 4 s i e v e  ( I b )  

V = Vo lume o f  t h e  a i r  c o n t e n t  t e s t  c o n t a i n e r  
( C U  f t )  

A = A i r  c o n t e n t  o f  t h e  t e s t  s a m p l e  ( $ 1  

G = S p e c i f i c  g r a v i t y  o f  t h e  c o a r s e  a g g r e g a t e  

W = U n i t  w e i g h t  o f  w a t e r  ( 6 2 . 3  I b / c u  f t )  

6.  PERCENTAGE OF COARSE AGGREGATE 

6 .1  O b t a i n  a p p r o x i m a t e l y  1-1/2 c u b i c  f e e t  o r  200 
p o u n d s  o f  t h e  f - u l i  m i x  RGC s a m p l e  and a c c u r a t e l y  

m a t e r i a l  p a s s i n g  t h e  No. 4 s i e v e ,  i n c l u d i n g  a l l  
c o a t i n g s  o n  t h e  c o a r s e  a g g r e g a t e  p a r t i c l e s ,  T o  

d e t e r m i n e  i t s  w e i g h t .  Wash t h e  s a m p l e  t o  r e m o v e  a l l  ,- 
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f a c i l i t a t e  t h e  w a s h i n g  o p e r a t i o n ,  t h e  w e i g h t e d  s a m p l e  
s h o u l d . b e  washed  i n  s m a l - l e r  i n c r e m e n t s  o f  a p p r o x i -  
m a t e l y .  20 t o  3 0  p o u n d s  each ,  a n d  a s e r i e s  o f  n e s t e d  
s c r e e n s  s h o u l d  b e  u s e d  a b o v e  t h e  No. 4 s c r e e n  t o  
a v Q i d  o v e r l o a d i n g .  D i s c a r d  e v e r y t h i n g  p a s s i n g  t h e  No. 
4 s i e v e .  Save e v e r y t h i n g  r e t a i n e d  o n  t h e  No. 4 s i e v e .  

I;:. 

7 .1  Cement  c o n t e n t s  o f  e a c h  s a m p l e  s h a l l  b e  
d e t e r m i n e d  f o r  t h e  f u l l  m i x  u s i n g  t h e  c a l c i u n i  
a n a l y z e r  and  s u s p e n s i o n  t a n k  ( w a s h i n g  m a c h i n e )  o f  t h e  
c o n c r e t e  q u a l i t y  m o n i t o r  ( C Q M ) .  T h e  CQM a s  u s e d  f o r  
c o n v e n t i o n a l  c o n c r e t e  i s  d e s c r i b e d  i n  P u b l i c a t i o n  TR 
M-293 t i t l e d  " C o r p s  o f  E n g i n e e r s  C o n c r e t e  Q u a l i t y  
M o n i t o r :  O p e r a t i o n s  G u i d e , "  d a t e d  May 1 9 8 1 .  I t  i s  
a v a i l a b l e  f rom t h e  U. S .  Army C o r p s  o f  E n g i n e e r s  
E n g i n e e r  R e s e a r c h  L a b o r o t o r y ,  Ch.ampaign, I l l i n o i s .  
M o d i f i c a t i o n s  f o r  u s e  w i t h  R C C  i n c l u d e  a d d i n g  C a l g o n  
t o  t h e  wash w a t e r ,  u s i n g  a l a r g e r  s a m p l e ,  a n d  
p r o v i d i n g  more  s i e v e s  t o  f a c i l i t a t e  t h e  w a s h i n g  
o p e r a t i o n .  E x t r a  c a r e  m u s t  b e  t a k e n  a n d  e x t r a  e f f o r t  
i s  n o r m a l l y  r e q u i r e d  when u s i n g  r o l l e r  c o m p a c t e d  
c o n c r e t e  a s  c o m p a r e d  t o  c o n v e n t i o n a l  c o n c r e t e  b e c a u s e  
o f  t h e  t y p i a l l y  l o w e r  cernent  f a c t o r s  a n d  h i g h e r  f i n e s  
c o n t e n t .  

. _. 

7 . 2  F i l l  t h e  s u s p e n s i o n  t a n k  w i t h  t a p  w a t e r  to 
t h e  1 0 - g a l l o n  mark  o n  t h e  s i d e  o f  t h e  t a n k .  

6 . 2  D r y  a l l  washed  m a t e r i a l  r e t a i n e d  o n  t h e  No. 4 
s i e v e  t o  a s a t u r a t e d  s u r f a c e - d r y  c o n d i t i o n  and  o b t a i n  
t h e  w e i g h t .  T o w e l s  a n d  a n  e l e c t r i c  f a n  w i l l  e x p e d i t e  
d r y i n g  t h e  a g g r e g a t e  b a c k  t o  a s a t u r a t e d  s u r f a c e - d r y  
c o n d i t i o n .  

6 .3  Compute  t h e  p e r c e n t a g e  o f  c o a r s e  a g g r e g a t e  
( a s  p e r c e n t a g e  o f  t h e  t o t a l  m i x  b y  w e i g h t )  a s  f o l l o w s :  

W 
x 100 - c =  

w 

W h e r e : 

C = P e r c e n t a g e  o f  t h e  f u l l  m ix  t h a t  i s  c o a r s e  
a g g r e g a t e  ( $ 1  

W = W e i g h t  o f  t h e  f u l l  m i x  s a m p l e  t h a t  i s  t a k e n  
f o r  s i e v i n g  ( I b s )  

w = W e i g h t  o f  s a t u r a t e d  s u r f a c e - d r y  a g g r e g a t e  
r e t a i n e d  o n  t h e  No. 4 s i e v e  ( I b s )  

7. CEMENT CONTENT 
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7.3 P r o v i d e  a n e s t  o f  t h e  f o l l o w i n g  s t a i n l e s s  
s t e e l  s i e v e s  a b o v e  t h e  s u s p e n s i o n  t a n k :  3 / 4  i n c h ,  
No. 4 ,  No. 3 0 ,  No, 50, No. 100.  ( T h e  s i e v e s  may b e  
m o d i f i e d  t o  b e s t  s u i t  t h e  g r a d a t i o n  o f  t h e  R C C  a n d  t o  
f a c i l i t a t e  w a s h i n g ,  b u t  t h e  b o t t o m  s i e v e  m u s t  b e  t h e  
No. 1 0 0 ) .  

7 . 4  T u r n  o n  t h e  r e c i r c u l a t i n g  pump f o r  t h e  
s u s p e n s i o n  t a n k  a n d  a d d  1/2 p o u n d  o f  C a l g o n  W a t e r  
S o f t e n e r  t o  t h e  w a t e r .  B e  c a r e f u l  t o  k e e p  t h e  
r e c i r c u l a t i n g  h o s e  a b o v e  t h e  s c r e e n s .  Do NOT l o s e  
any o f  t h e  r e c i r c u l a t e d  w a t e r .  I f  t h e  h o s e  s l i p s  
f r o m  a b o v e  t h e  s c r e e n s  and  w a t e r  i s  l o s t  o r  pumped 
o u t  o f  t h e  s y s t e m  a t  any  t i m e ,  t h e  t e s t  p r o c e d u r e  
s h a l l  b e  r e s t a r t e d .  

7 .5  O b t a i n  a p p r o x i m a t e l y  8 p o u n d s  o f  t h e  f u l l  RCC 
m i x  a n d  p l a c e  i t  i n t o  o n e  o r  m o r e  p o l y e t h y l e n e  open-  
t o p  t u b s .  S p e c i a l  a t t e n t i o n  m u s t  b e  g i v e n  t o  
o b t a i n i n g  r e p r e s e n t a t i v e  s a m p l e s ,  e s p e c i a l l y  i f  t h e y  
c o n t a i n  l a r g e  a g g r e g a t e  i n  e x c e s s  o f  1-1/2 i n c h e s .  
A c c u r a t e l y  d e t e r m i n e  t h e  t o t a l  s a m p l e  w e i g h t ,  

7 .6  T r a n s f e r  t h e  s a m p l e  t o  t h e  n e s t  o f  s i e v e s  
o v e r  t h e  s u s p e n s i o n  t a n k ,  t a k i n g  c a r e  n o t  t o  o v e r l o a d  
t h e  s i e v e s  o r  r e s t r i c t  t h e  f l o w  o f  w a t e r  t h r o u g h  them.  
D e p e n d i n g  o n  t h e  g r a d a t i o n  of t h e  m i x  a n d  t h e  amoun t  
o f  f i n e s ,  i t  may b e  a d v a n t a g e o u s  t o  wash a b o u t  4 
p o u n d s  o f  t h e  s a m p l e  a t  a t i m e .  C a r e f u l l y  wash t h e  
a g g r e g a t e ,  u s i n g  w a t e r  f r o m  t h e  r e c i r c u l a t i n g  pump 
h o s e .  I t  may b e  n e c e s s a r y  t o  i n d i v i d u a l l y  h a n d  r u b  o r  
s c r u b  t h e  a g g r e g a t e  p a r t i c l e s  w i t h  a f i n e  w i r e  b r i s t l e  
b r u s h  t o  r e m o v e  a l l  a d h e r i n g  c e m e n t  a n d  f i n e s .  A f t e r  
m a t e r i a l  r e t a i n e d  o n  t h e  t o p  s i e v e  h a s  b e e n  washed, 
t h e  m a t e r i a l  a n d  s i e v e  may b e  r e m o v e d  so  t h a t  w a s h i n g  
c a n  p r o c e e d  f o r  t h e  m a t e r i a l  r e t a i n e d  o n  t h e  n e x t  
s i e v e  e t c .  S p e c i a l  c a r e  s h a l l  b e  t a k e n  t o  
t h o r o u g h l y  r i n s e  t h e  f i n e r  a g g r e g a t e s  t h a t  c a n n o t  b e  
i n d i v i d u a l l y  s c r u b b e d .  R u b b i n g  t h e m  o v e r  t h e  s c r e e n  
w i l l  h e l p .  

7 . 7  O b t a i n  a s a m p l e  o f  t h e  r e c i r c u l a t e d  w a t e r  
f rom t h e  s u s p e n s i o n  t a n k .  W i t h  t h e  r e c i r c u l a t i n g  pump 
o p e r a t i n g ,  i n s e r t  a s t i r r i n g  s p o o n  a n d  v i g o r o u s l y  s t i r  
t h e  10 g a l l o n  s o l u t i o n .  I m m e d i a t e l y  e x t r a c t  a s a m p l e  
o f  t h e  s o l u t i o n  w i t h  a 3 0  m l  s y r i n g e  p i p e t .  P l a c e  t h e  
s u s p e n d e d  m a t e r i a l  i n  a T O O  m l  E r l e n m a y e r  f l a s k .  
R e f i l l  t h e  s y r i n g e  p i p e t  w i t h  5 p e r c e n t  n i t r i c  a c i d  
and t h e n  d i s c h a r g i n g  i t  i n t o  t h e  c o n t e n t s  o f  t h e  
E r l e n m e y e r  f l a s k .  W h i l e  d i s c h a r g i n g  t h e  a c i d  s o l u t i o n  ~ 

f r o m  f h e  s y r i n g e  p i p e t ,  s h a k e  i t  o c c a s i o n a l l y  t o  
e n s u r e  t h a t  a l l  c e m e n t  t h a t  s e t t l e d  o u t  when t h e  
s a m p l e  was t a k e n  h a s  d i s s o l v e d  a n d  i s  f l u s h e d  o u t  
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w i t h  t h e  a c i d  s o l u t i o n .  Use a v o l u m e t r i c  f l a s k  t o  
a d d  250 m l  o f  t o p  w a t e r  t o  t h e  E r l e n m e y e r  f l a s k .  

7 . 8  P u t  a m a g n e t i c  s t i r r i n g  b a r  i n  t h e  
E r l e n m e y e r  f l a s k  a n d  p l a c e  i t  o n  a m a g n e t i c  s t i r r e r .  
T u r n  o n  t h e  s t i r r i n g  m o t o r  and  s t i r  f o r  a t  l e a s t  3 
m i n u t e s  b e f o r e  t a k i n g  t h e  f i r s t  s a m p l e  f r o m  t h e  f l a s k  
f o r  a n a l y s i s ,  C o n t i n u e  s t i r r i n g  u n t i l  t h e  l a s t  s a m p l e  
h a s  b e e n  t a k e n  f r o m  t h e  f l a s k .  

7 . 9  T u r n  t h e  c a l c i u m  a n a l y z e r  p o w e r  s w i t c h  t o  
I lon .  

7 . 1 0  ( T h i s  s t e p  i s  r e q u i r e d  e a c h  t i m e  t h e  c a l c i u m  
a n a l y z e r  c u v e t t e  i s  f i l l e d  w i t h  new p o t a s s l u m  
h y d r o x i d e  s o l u t i o n .  A s i n g l e  c u v e t t e  f i l l i n g  i s  
c u f f  i c i e n t  f o r  15 t o  20 r e a d i n g s . )  F i l  I t h e  c u v e t t e  
t o  t h e  i n d i c a t e d  m a r k  w i t h  1 .0  N ( N o r m a l )  p o t a s s i u m  
h y d r o x i d e  and lOOAy ( E p p e n d o r f )  o f  r e c o n s t i t u t e d  
c a l c e i n  r e a g e n t .  P u t  t h e  c u v e t t e  i n  t h e  a n a l y z e r ,  
a d d  1 0 0  ( E p p e n d o r f )  o f  c a l c i u m  s t a n d a r d  s o l u t i o n  
a n d  p u s h  t h e  t i t r a t i o n  b u t t o n  t o  c o n d i t i o n  t h e  
c u v e t t e  f o r  a n a l y s i s .  

7 . 1 1  B e g i n  t h e  a n a l y s i s  b y  p l a c i n g  t h e  m Eq/mg$ 
t o g g l e  s w i t c h  o n  t h e  mg% p o s i t i o n  and  a d d i n g  100 
( E p p e n d o r f )  o f  t h e  c a l c i u m  s t a n d a r d  t o  t h e  c u v e t t e .  
P r e s s  t h e  t i t r a t i o n  b u t t o n .  R e c o r d  t h e  r e s u l t  a n d  
r e p e a t  t h e  t e s t  b y  a d d i n g  a n o t h e r  l O O / Y R  s a m p l e .  
C o n t i n u e  r e p e a t i n g  u n t i l  c o n s e c u t i v e  r e s u l t s  a r e  l e s s  
t h a n  1 . 5  p e r c e n t  a p a r t .  P u s h  t h e  c a l i b r a t i o n  b u t t o n  
a n d  r u n  an  a d d i t i o n a l  l O O / Y /  s a m p l e  o f  t h e  c a l c i u m  
s t a n d a r d  t o  e n s u r e  t h a t  t h e  c a l c i u m  s t a n d a r d  r e a d o u t  
v a l u e  i s  10 p l u s  o r  m i n u s  0.1  mg p e r c e n t .  

7 . 1 2  D e t e r m i n e  t h e  s t r e n g t h  o f  t h e  c e m e n t  
s o l u t i o n  i n  t h e  E r l e n m e y e r  f l a s k  by  a n a l y z i n g  a 20 

a d d i n g  more  Z O A .  s a m p l e s  f r o m  t h e  E r l e n m e y e r  f l a s k  
u n t i l  t h e  v a l u e s  a r e  l e s s  t h a n  1 . 5  p e r c e n t  a p a r t .  
I f  t h e  c a l c i u m  m e t e r  r e a d i n g s  a r e  l e s s  t h a n  5 ,  t h e  
s a m p l e  s i z e  and  f o r  c a l i b r a t i o n  may b e  i n c r e a s e d  t o  
a 100 sampl  e. 

s a m p l e  i n  t h e  c a l c i u m  a n a l y z e r .  R e p e a t  b y  

7 . 1 3  D e t e r m i n e  t h e  c e m e n t  c o n t e n t  b y  e n t e r i n g  t h e  
c a l i b r a t i o n  g r a p h  w i t h  t h e  s t a b i l i z e d  c a l c i u m  a n a l y z e r  
r e a d i n g .  I f  t h e  s a m p l e  s i z e  ( a p p r o x i m a t e l y  8 I b s )  i s  
d i f f e r e n t  f r o m  t h e  s i z e  o n  w h i c h  t h e  c a l i b r a t i o n  
c h a r t  i s  based,  t h e  r e a d i n g s  s h o u l d  b e  m a t h e m a t i c a l l y  
a d j - u s t e d  by p r o p o r t i o n i n g  t o  c o r r e c t  f o r  t h e  
d i f f e r e n c e .  

7 . 1 4  ( T h i s  p r o c e d u r e  i s  n e c e s s a r y  p r i o r  t o  
r u n n i n g  any  p r o d u c t i o n  t e s t s . )  E s t a b l i s h  a 
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c a l i b r a t i o n  g r a p h  i n d i c a t i n g  t h e  c e m e n t  c o n t e n t  i n  
p o u n d s  p e r  c u b i c  y a r d  a s  a f u n c t i o n  o f  t h e  c a l c i u m  
a n a l y z e r  r e a d i n g  ( s a m p l e  a t t a c h e d ) .  T h i s  i s  
a c c o m p l i s h e d  b y  m a k i n g  s m a l l  b a t c h e s  o f  t h o r o u g h l y  
m i x e d  RCC i n  t h e  l a b o r a t o r y  u s i n g  a c c u r a t e l y  w e i g h e d  
i n g r e d i e n t s  i n g r e d i e n t s  a n d  v a r i a b l e  c e m e n t  c o n t e n t s .  
F o r  e a c h  mix,  t h e  c a l c i u n i  a n a l y z e r  r e a d i n g  
c o r r e s p o n d i n g  t o  t h e  k n o w n  c e m e n t  f a c t o r  i s  
d e t e r m i n e d .  T h e  p o i n t s  a r e  p l o t t e d  a n d  a s t r a i g h t  
l i n e  g r a p h  i s  d r a w n .  

7 .14 .1  T h e  b a t c h  s i z e  s h o u l d  b e  n o t  l e s s  t h a n  
2 - 1 / 2  c u b i c  f e e t  m i x e d  i n  a m i x e r  o f  a t  l e a s t  3 c u b i c  
f e e t  c a p a c i t y .  Dampen t h e  m i x e r  d r u m  p r i o r  t o  m i x i n g ,  
p r e b l e n d  t h e  w e i g h e d  m a t e r i a l s  ( e x c e p t  w a t e r )  b y  
s h o v e l  o n  a h a r d  f l o o r  p r i o r  t o  a d d i n g  t h e m  t o  t h e  
m i x e r .  Add t h e  d r y  m a t e r i a l s  i n t e r m i t t e n t l y  w i t h  t h e  
w a t e r  w h i l e  t h e  d r u m  i s  r o t a t i n g .  Use  t h e  l a s t  o f  t h e  
w a t e r  t o  r i n s e  down t h e  i n s i d e  e d g e  o f  t h e  m i x e r  d r u m  
w h i l e  i t  i s  r o t a t i n g .  A f t e r  a l l  i n g r e d i e n t s  h a v e  b e e n  
added ,  m i x  f o r  3 m i n u t e s  a t  t h e  f l a t t e s t  d r u m  a n g l e  
t h a t  d o e s  n o t  s p i l l  m a t e r i a l  o u t  o f  t h e  m i x e r .  R e s t  
f o r  3 m i n u t e s  a n d  s c r a p e  t h e  i n s i d e  s u r f a c e s  o f  t h e  
m i x e r  d r u m  a n d  b l a d e s .  M i x  a g a i n  f o r  2 m i n u t e s  a n d  
d i s c h a r g e  o n t o  a damp h a r d  f l o o r .  S c r a p e  a l l  
m a t e r i a l s  f r o m  w i t h i n  t h e  m i x e r  d r u m  a n d  r e m i x  t h e  
m a t e r i a l  o n  t h e  f l o o r  b y  s h o v e l .  O b t a i n  a 
r e p r e s e n t a t i v e  s a m p l e  a n d  r u n  t h e  c a l c i u m  a n a l y z e r  
t e s t  o n  t h e  m ix .  I t  i s  d e s i r a b l e  t o  u s e  e x a c t l y  t h e  
same s a m p l e  s i z e  ( 8  p o u n d s )  f o r  e a c h  c a l i b r a t i o n  t e s t .  
I f  d i f f e r e n t  s a m p l e  s i z e s  a r e  used ,  t h e  r e s u l t s  m u s t  
b e  m a t h e m a t i c a l l y  a d j u s t e d  t o  n o r m a l i z e  t h e m  t o  t h e  
same i n i t i a l  s a m p l e  s i z e  o n  w h i c h  t h e  c a l i b r a t i o n  
c h a r t  i s  b a s e d .  

7 .14 .2  As a min imum,  f o u r  m i x e s  s h a l l  b e  u s e d  
t o  e s t a b l i s h  t h e  c a l i b r a t i o n  c u r v e  f o r  e a c h  c e m e n t  
f a c t o r  a n d  f o r  e a c h  s e t  o f  m i x  p r o p o r t i o n s  u s e d  i n  
p r o d u c t i o n .  F o r  e a c h  mix,  a l l  b a t c h  q u a n t i t i e s  e x c e p t  
c e m e n t  s h a l l  r e m a i n  c o n s t a n t .  One m i x  s h a l l  b e  a t  a 
c e m e n t  f a c t o r  o f  z e r o  ( n o n e )  p o u n d s  p e r  c u b i c  y a r d .  
One m i x  s h a l l  b e  a t  t h e  d e s i g n a t e d  c e m e n t  f a c t o r .  
One m i x  s h a l l  b e  a t  a p p r o x i m a t e l y  1 5  p e r c e n t  l e s s  
t h a n  t h e  d e s i g n a t e d  c e m e n t  f a c t o r .  One m i x  s h a l l  
be a t  a p p r o x i m a t e l y  1 5  p e r c e n t  m o r e  t h a n  t h e  
d e s i g n a t e d  c e m e n t  f a c t o r .  

8 .  REPORT 

8.1 A r e p o r t  i n c l u d i n g  t h e  v a r i a b i l i t y  i n d e x  f o r  
e a c h  t e s t  s h a l l  b e  p r e p a r e d  f o l l o w i n g  t h e  f o r m a t  
shown o n  t h e  a i - t a c h e ‘ d  s a m p l e  s h e e t .  
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SP 104-2 

Effects of Construction Practice 
on Concrete-Steel Bond 

by D. Darwin 

Synopsis: C o n s t r u c t i o n  methods a n d  c o n c r e t e  p r o p e r t i e s  a f f e c t  
t h e  b o n d  s t r e n g t h  b e t w e e n  c o n c r e t e  a n d  r e i n f o r c i n g  s t e e l .  
Research on the  e f f e c t s  of c o n c r e t e  s l u m p ,  c o n s o l i d a t i o n  p rac -  
t i c e ,  b a r  p o s i t i o n ,  c o n c r e t e  c o v e r ,  a n d  b a r  s p a c i n g  i s  
summarized. The research shows t h a t  t h e  u s e  of h i g h  s l u m p  c o n -  
c r e t e  r e d u c e s  bond s t r e n g t h .  An i n c r e a s e d  d e n s i t y  o f  v i b r a t i o n  
i n c r e a s e s  bond s t r e n g t h .  V i b r a t i o n  is e s p e c i a l l y  i m p o r t a n t  f o r  
h i g h  s l u m p  c o n c r e t e s ,  b o t h  w i t h  and w i t h o u t  s u p e r p l a s t i c i z e r s .  
R e v i b r a t i o n  is o f  g rea tes t  b e n e f i t  t o  t o p - c a s t  bars  i n  h i g h  slump 
c o n c r e t e .  R e v i b r a t i o n  may damage bond  i n  i n i t i a l l y  well  con- 
s o l i d a t e d ,  low slump c o n c r e t e .  Top-cast b a r s  show r e d u c e d  bond 
s t r e n g t h  w i t h  a s  l i t t l e  as 6 i n .  Cl50 mm] o f  c o n c r e t e  below t h e  
bars. Bond s t r e n g t h  dec reases  w i t h  i n c r e a s e d  c o n c r e t e  d e p t h  
b e l o w  b a r s ,  d e c r e a s e d  c o v e r ,  a n d  d e c r e a s e d  b a r  s p a c i n g .  
M o n o l i t h i c  cove r  p r o v i d e s  a h i g h e r  bond s t r e n g t h  t h a n  l a m i n a r  
cove r  of t h e  same t o t a l  t h i c k n e s s .  

Keywords: bond (concrete to reinforcement); bridge decks; concrete 
construction; consolidation; cover; moving loads; Flasticizers; 
pullout  tests; reinforced concrete; reinforcing steels; repairs; 
resurfacing; structural engineering; vibration; water-reducing 
agents; workability 
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David Darwin, FACI, is a Professor of Civil Engineering and 
Director of the Structural Engineering and Materials Laboratory 
at the University of Kansas. He is a member of ACI's Technical 
Activities Committee and Past-President of ACI's Kansas Chapter. 
He is also a member and past-chairman of AC1 Committee 224, 
Cracking. He is a member of AC1 Committee 408, Bond and 
Development of Reinforcement, ACI-ASCE Committee 445, Shear and 
Torsion, AC1 Committee 446, Fracture Mechanics, and the Concrete 
Materials Research Council. Darwin received the ASCE Walter L .  
Huber Civil Engineering Research Prize in 1985 and the AC1 Delmar 
L. Bloem Distinguished Service Award in 1986. 

INTRODUCTION 

Construction methods and concrete properties play an impor- 
tant role in determining the bond strength between concrete and 
reinforcing steel. Changes caused by construction-related vari- 
ables can exceed the modification factors that are used in 
development length design (AC1 318-83). 

The key variables are concrete slump, consolidation prac- 
tice, bar position, concrete cover, and bar spacing. In most 
cases, the effects of these variables are interrelated. For 
instance, the negative impact on bond strength of high slump 
concrete is magnified with a lack of consolidation, increased 
depth of concrete below a bar, and decreased cover. 

This paper presents a survey of research on the effects of 
the key construction-related variables on concrete-steel bond 
strength. Most of the work pertains to horizontal deformed bars. 
Recent work concerning the use of superplasticized concrete and 
the use of reviSration is of special interest. The role of 
transverse steel, an important design consideration, is not 
covered. 

Lewis H. Tuthill has made "quality concrete construction'' 
the major theme of his professional life. The research presented 
in this paper strongly emphasizes the importance of construction 
practice in determining concrete-steel bond strength. 

Full document details: ACI SP-104-87

http://www.avadocuments.com/doc/aci-sp-104-87
http://www.avadocuments.com/doc/aci-sp-104-87


A C 1  SP-LO4 87 a Ob62743 0003285  2 Lewis H. Tuthill Symposium 29 ~ ~~~ 
~~ 

CONCRETE SLUMP 

. .  

. -  

. .  

. . -  ' 

. .  

. .  . .  . .  

The w o r k a b i l i t y  of c o n c r e t e ,  g e n e r a l l y  measured by s lump,  
a f f ec t s  t h e  bond s t r e n g t h  between c o n c r e t e  and r e i n f o r c i n g  s t ee l .  
A f t e r  c o n c r e t e  i s  c a s t ,  i t  c o n t i n u e s  t o  s e t t l e  a n d  b l e e d .  
S e t t l e m e n t  l e a v e s  a vo id  below r i g i d l y  h e l d  b a r s .  Bleed water 
c o l l e c t s  b e l o w  b a r s ,  whether r i g i d l y  h e l d  i n  place o r  n o t .  The 
h ighe r  t h e  c o n c r e t e  s lump,  t h e  grea te r  t he  tendency  t o  s e t t l e  and 
b leed .  

P r o p e r l y  c o n s o l i d a t e d ,  low slump c o n c r e t e  p r o v i d e s  t h e  b e s t  
bond w i t h  r e i n f o r c i n g  s t e e l .  High slump c o n c r e t e ,  used  p r i m a r i l y  
when it  is des i rab le  t o  u s e  l i t t l e  o r  no c o n s o l i d a t i o n  e f f o r t ,  
r e s u l t s  i n  decreased b o n d ,  Top-cas t  bars (bars  n e a r  t h e  upper  
s u r f a c e  o f  a c o n c r e t e  p lacement )  appea r  t o  be e s p e c i a l l y  s e n s i -  
t i v e  t o  s l u m p .  T o p - c a s t  b a r s  may o r  may n o t  b e  " t o p  
r e i n f o r c e m e n t , "  d e f i n e d  as I l h o r i z o n t a l  r e i n f o r c e m e n t  s o  p l a c e d  
t h a t  more t h a n  1 2  i n .  of f r e s h  c o n c r e t e  is cast  i n  t h e  member 
below t h e  re inforcement I l  ( A C 1  3 8 - 8 3 ] .  

Menzel  ( 1 9 5 2 )  s t u d i e d  t h e  effect  o f  slump on bond s t r e n g t h  
f o r  t o p - c a s t  bars. Using specimens shown i n  F i g .  1 ,  h e  o b s e r v e d  
a marked r e d u c t i o n  i r i  bond s t r e n g t h  as t h e  h e i g h t  o f  t o p - b a r s  was 
i n c r e a s e d  from 2 i  i n .  t o  3 3 i  i n .  (54 t o  841 mm) when u s i n g  5 t o  
6 - i n .  ( 1 2 7 - 1 5 2  m m )  s l u m p ,  h a n d - r o d d e d  c o n c r e t e .  The rate o f  
decrease i n  bond s t r e n g t h  w i t h  i n c r e a s i n g  h e i g h t  o f  t h e  t o p - b a r s  
was g r e a t l y  r e d u c e d  by d e c r e a s i n g  the  c o n c r e t e  slump t o  a r ange  
of  2 t o  3 i n .  (51 t o  76 mm). 

Z e k a n y ,  Neumann, J irsa,  and Breen (1981)  s t u d i e d  t h e  e f f ec t  
of  c o n c r e t e  s l u m p  o n  t o p - c a s t  a n d  b o t t o m - c a s t  s p l i c e s .  They 
f o u n d  t h a t  t h e  bond  s t r e n g t h  o f  b o t h  t o p - c a s t  and bot tom-cas t  
b a r s  decreased w i t h  i n c r e a s i n g  s l u m p .  The e f f e c t  was m o s t  
pronounced f o r  t h e  t o p - c a s t  bars.  Luke, Hammad, J i r sa ,  and  Breen 
(1981) s t u d i e d  t h e  i n f l u e n c e  of c a s t i n g  p o s i t i o n  on  d e v e l o p m e n t  
and  s p l i c e  l e n g t h  u s i n g  a 7 2 - i n .  (1.83-m) d e e p  w a l l  specimen 
( F i g .  2 ) .  A s  shown i n  F i g .  3, the bond o f  t o p - c a s t  r e i n f o r c e m e n t  
was reduced  s i g n i f i c a n t l y  w i t h  8$-in.  (216-mm) slump c o n c r e t e ,  as 
compared t o  3- in .  (76  mm) slump c o n c r e t e .  The bond  s t r e n g t h  o f  
t h e s e  ba r s  decreased 40 t o  50 p e r c e n t  d u e  t o  t h e  i n c r e a s e  i n  
slump a l o n e .  

Donahey and Darwin (1983,  1985) s t u d i e d  t h e  bond s t r e n g t h  o f  
t o p - c a s t  bars i n  b r i d g e  decks.  The b a r s  had d i f f e r e n t  a m o u n t s  
and  t y p e s  o f  cove r .  These i n c l u d e d  two m o n o l i t h i c  c o v e r s ,  and 
3- in .  ( 1 9  and 76-mm) t h i c k ,  and a l amina r  c o v e r  c o n s i s t i n g  of a 
+ - i n .  (19-mm) m o n o l i t h i c  cove r  topped  w i t h  a 2 t - i n .  (57-mm) h i g h  
d e n s i t y  c o n c r e t e  o v e r l a y .  E i g h t  i n .  (203  m m )  o f  c o n c r e t e  was 
u s e d  b e l o w  t h e  r e i n f o r c e m e n t ,  A s  shown i n  F i g .  4 ,  i n c r e a s i n g  
slump r e s u l t e d  i n  dmreased bond s t r e n g t h .  
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High slump concrete can be obtained in a number of ways. It 
can be obtained by the addition of water, in which case the 
strength of the concrete is reduced. It can be obtained by the 
addition of water and cement, in which case the strength of the 
concrete can be maintained approximately constant. Or, it can be 
obtained by the addition of a high-range water-reducer o r  super- 
plasticizer, in which case the strength is usually increased. 

A number of recent investigations have specifically con- 
sidered the bond of reinforcement to superplasticized concrete. 
Brettmann, Darwin, and Donahey ( 1  984, 1986) used modified can- 
tilever beam specimens (Fig. 5) and concretes varying in slump 
from 1: to 9 in. (44 to 229 mm). Three specimen depths were 
used. The key variables were degree of consolidation, concrete 
slump with and without superplasticizer, concrete temperature, 
and bar position. Based on their work, Brettmann et al. (1986) 
concluded that, if cast at a relatively high temperature 
(resulting in a short setting time), properly vibrated (AC1 309- 
72) high-slump superplasticized concrete and its low slump 
nonsuperplasticized base concrete provide approximately the same 
bond strength. The equal bond strength is due largely to the 
increased concrete strength obtained with the high-range water- 
reducer. However, for the same concrete strength, high slump 
concrete made with a high-range water-reducer has a lower bond 
strength than low slump concrete. Brettmann et al. also observed 
that if the high slump, superplasticized concrete is cast at a 
low temperature (resulting in a longer setting time), o r  if high 
slump, high cement factor, nonsuperplasticized concrete is used, 
bond strength decreases regardless of concrete strength. The 
results of Brettmann et al. for both superplasticized and nonsu- 
perplasticized concrete, normalized for concrete strength, are 
illustrated in Fig. 6. In this case, the bond strengths are 

of 4000 psi by multiplying normalized to a concrete strength, 
the experimental results by T. 

Musser, Carrasquillo, Jirsa, and Klingner ( 1  9 8 5 )  and 
Zilveti, Sooi, Klingner, Carrasquillo, and Jirsa (1985) also 
studied the effect of high slump, superplasticized concrete on 
bond strength. Specimens were consolidated using an internal 
vibrator in both investigations. Musser et al. considered the 
anchorage of deformed bars in wall specimens. Bond was tested by 
a straight pull-out procedure (Fig. 7). Zilveti et al. used 
modified cantilever beam specimens similar to those used by 
Brettmann et al. (1984, 1986) (Fig. 5 ) .  Of the two test methods, 
modified cantilever beam tests provide a more realistic com- 
parison to bond in structural members than do pull-out tests, 
since the test places both the concrete and the steel in tension. 
Pull-out tests of the type used by Musser et al. place the con- 
crete in compression around the test bar. Musser et al. found 
little effect, with or without a correction for concrete 
strength. Zilveti et al. concluded that the addition of a super- 
plasticizer simply to improve workability has no effect on bond 
strength. Additional analysis of Zilveti’s results, however, 

f:: 

. .  .. . . 
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reveals that when corrected for concrete strength, the bond 
strength obtained with high-slump, superplasticized concrete is 
lower than the bond strength obtained with low slump concrete. 
This agrees with Brettmann's results. Also like Brettmann et 
al., Zilveti's tests show that high slump is more detrimental to 
bond strength when the temperature of the concrete is initially 
low. The lower temperature provides a longer period during which 
the concrete remains plastic and, thus, a longer period during 
which settlement and bleeding occur. 

CONSOLIDATION 

It is generally agreed that adequate consolidation is a key 
factor in quality concrete construction. The role of consolida- 
tion is usually described in terms of removing entrapped air. In 
terms of bond, adequate consolidation, usually in the form of 
high frequency internal vibration, plays the additional role of 
reducing the effects of settlement and bleeding, which result in 
the accumulation of bleed water and low density, weak concrete 
just below horizontal reinforcement. By disturbing the concrete, 
vibration helps restore local uniformity. Both the removal of 
entrapped air and the restoration of local uniformity appear to 
play an important role in improving bond strength. 

In the following sections, the effects of initial vibration, 
delayed vibration, and revibration are discussed. 

Vi brat ion 

Davis, Brown, and Kelly (1938) studied the effects of 
delayed vibration and sustained jigging on bond strength. Using 
4-in. (102-mm) slump concrete, vibrations were applied O to 9 
hours after the placement to specimens consisting of deformed 
bars held vertically in cylindrical specimens. Delayed vibration 
up to 9 hours improved bond strength compared to initial 
vibration. Increases in bond strength of up to 62 percent were 
recorded. This improved bond strength has been used as evidence 
of the positive effect of revibration (Tuthill 1938, 1977). 
However, since the specimens were not initially vibrated, the 
improved bond strength must be attributed to delayed vibration, 
not revibration. 

Using similar specimens for sustained jigging tests, Davis 
et al. obtained increases in bond strength as the period of 
jigging increased from one-half hour to two hours, after which 
there was no significant change up to a maximum of 6 hours. 

Robin, Olsen, and Kinnane (1942) compared bond strengths of 
horizontally cast bars consolidated with external vibration and 
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h a n d  r o d d i n g .  E x t e r n a l  v i b r a t i o n  o f  3 t o  4- in .  (76  t o  102-mm) 
slump c o n c r e t e  produced  l o w e r  s t r e n g t h s  t h a n  .hand  r o d d i n g  f o r  
b a r s  15 o r  3 i n .  ( 3 8  o r  76 m m )  from t h e  bot tom o f  t h e  fo rms ,  b u t  
h ighe r  bond s t r e n g t h s  t h a n  hand r o d d i n g  for  bars 6 or 7$ i n .  (152 
or 191 m m )  from t h e  bot tom o f  t h e  forms .  

Using 2 - in .  ( 5 1 - m m )  s l u m p  c o n c r e t e  a n d  b o t h  t o p - c a s t  a n d  
b o t t o m - c a s t  deformed bars  ( F i g .  1 1 ,  Menze l  ( 1 9 5 2 )  found t h a t  
i n t e r n a l  v i b r a t i o n  s i g n i f i c a n t l y  i n c r e a s e d  bond s t r e n g t h  compared 
t o  hand  r o d d i n g  ( F i g .  8 ) .  T h e  r e l a t i v e  improvemen t  i n  bond 
s t r e n g t h  w i t h  v i b r a t i o n  i n c r e a s e d  as  t h e  d i s t a n c e  o f  t h e  bar  
above t h e  base o f  t h e  specimen i n c r e a s e d .  

I n  t h e  s t u d y  of  t o p - c a s t  b a r s  i n  b r i d g e  d e c k s  d e s c r i b e d  
e a r l i e r ,  Donahey a n d  Darwin (1983,  1985) c o n s i d e r e d  t h e  e f f e c t s  
of  t h e  d e n s i t y  o f  v i b r a t i o n  on  bond s t r e n g t h .  They  c o m p a r e d  
p r o c e d u r e s  u s i n g  I t h i g h t 1  d e n s i t y  v i b r a t i o n  ( i n  w h i c h  v i b r a t o r  
r a d i i  o f  i n f l u e n c e  o v e r l a p p e d )  a n d  t t l o w l l  d e n s i t y  v i b r a t i o n  ( i n  
wh ich  t h e  r a d i i  of i n f l u e n c e  d i d  n o t  o v e r l a p ) .  They found t h a t  
h igh  d e n s i t y  i n t e r n a l  v i b r a t i o n  improves bond s t r e n g t h .  

Using t h e  spec imens  shown i n  F i g .  5 ,  Bret tmann e t  a l .  (1984,  
1986)  obse rved  t h a t  v i b r a t i o n  is e s p e c i a l l y  i m p o r t a n t  when h i g h  
s l u m p  c o n c r e t e  i s  Lised, whether t h e  h i g h  slump is produced w i t h  
t h e  a d d i t i o n  o f  water a n d  c e m e n t ,  o r  w i t h  t h e  a d d i t i o n  o f  a 
s u p e r p l a s t i c i z e r .  Bret tmann used  i n t e r n a l  v i b r a t i o n  and fo l lowed  
s t a n d a r d  pract ices  f o r  v i b r a t i o n  ( A C 1  309-72).  A s  shown i n  F i g .  
9 ,  e x c e p t ;  i n  t w o  c a s e s ,  t h e  b o n d  s t r e n g t h  of  n o n v i b r a t e d  
specimens was lower t h a n  the  bond s t r e n g t h  o f  v i b r a t e d  spec imens .  

Fo r  h i g h  s lump c o n c r e t e  o b t a i n e d  w i t h o u t  a s u p e r p l a s t i c i z e r  
(see Group 2 i n  F i g .  9 ) ,  bond s t r e n g t h s  ave raged  1 4  p e r c e n t  lower 
f o r  n o n v i b r a t e d  s p e c i m e n s  t h a n  f o r  v i b r a t e d  s p e c i m e n s .  F o r  
bot tom-cas t  bars ,  t h e  a v e r a g e  decrease  was o n l y  6 p e r c e n t  f o r  
n o n v i b r a t e d  spec imens ,  l a r g e l y  due t o  t h e  c o n s o l i d a t i o n  p rov ided  
by the  c o n c r e t e  above  t h e  bars. For top-cast bars, bond s t r e n g t h  
d e c r e a s e d  23  p e r c e n t  when the  c o n c r e t e  was n o t  v i b r a t e d .  

Fo r  h i g h  s l u m p ,  s u p e r p l a s t i c i z e d  c o n c r e t e ,  n o n v i b r a t e d  
s p e c i m e n s  a l s o  e x h i b i t e d  a lower bond s t r e n g t h .  There were two 
e x c e p t i o n s  i n v o l v i n g  t o p - c a s t  b a r s  i n  h i g h  t e m p e r a t u r e  C84OF 
(29OC)I  c o n c r e t e  which r e c e i v e d  a d d i t i o n a l  c o n s o l i d a t i o n  due t o  
f i n i s h i n g  o p e r a t i o n s .  F o r  t h e  h i g h  t e m p e r a t u r e  c o n c r e t e  ( s e e  
Group 1 i n  F i g .  9 1 ,  n o n v i b r a t e d  bot tom-cas t  bars  had 25 p e r c e n t  
lower bond s t r e n g t h  t h a n  v i b r a t e d  bars .  F o r  l o w e r  t e m p e r a t u r e  
[ 5 Q ° F  (12OC)I  c o n c r e t e  (Group 3 ) ,  t h e  lack o f  v i b r a t i o n  caused  a 
decrease i n  bond s t r e n g t h  t h a t  r anged  from 8 p e r c e n t  f o r  b o t t o m -  
cas t  bars  t o  41 p e r c e n t  for  t o p - c a s t  bars i n  deep spec imens .  
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Construction-Related Vibrations 

Both field and laboratory studies have considered the ef- 
fects of external construction-related vibrations. The concern 
is that these vibrations, which occur while the concrete is 
setting up, will damage the bond between the reinforcement and 
the concrete. 

In 1974,  the Massachusetts Department of Public Works at- 
tempted to study bond strength in bridge decks that were widened 
while traffic was maintained on the decks. They concluded that 
traffic-induced vibrations caused no reduction of bond strength. 
Unfortunately, the control specimens were made and cured in the 
laboratory and differed in strength and geometry from the 
specimens subjected to traffic. Hence, these results are of 
little use in determining the effects of traffic-induced vibra- 
tions on bond strength. 

Furr and Fouad (1981) also studied the effects of maintain- 
ing traffic on existing lanes of a bridge while the bridge was 
being widened. In both field and laboratory investigations, they 
found that it was possible to have some reduction in bond 
strength. However, this reduction was limited to areas close to 
longitudinal construction joints, where relative movement between 
the concrete and the steel was greatest. 

Harsh and Darwin (1984,  1986) studied the effects of simu- 
lated traffic-induced vibrations on bond strength in bridge deck 
repairs. They found that if low-slump concrete is used, bond 
strength actually increases. However, for slumps in excess of 4 
in. (102 mm), traffic-induced vibrations result in a reduction in 
bond strength, in some cases over 10 percent. They concluded 
that with stiff concrete, vibrations improve consolidation, 
whereas with fluid concrete, vibrations cause additional settle- 
ment and bleeding. Overall, traffic-induced vibrations do not 
appear to be detrimental to bond strength in bridge deck repairs 
if low-slump concrete is used. 

Revibration 

When properly executed, internal vibration improves the 
quality of bond between concrete and steel. Much less is known 
about the effects of revibration, the process in which a vibrator 
is reapplied to concrete at some time after initial vibration. 

Vollick ( 1  958 )  found that internal revibration increases 
concrete compressive strength from 6.9 to 18.7 percent, depending 
on the concrete mix. He did not study the effect of revibration 
on bond strength. Larnach (1952) studied the effects of external 
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r e v i b r a t i o n  on b o t h  bond and compress ive  s t r e n g t h .  He found t h a t  
e x t e r n a l  r e v i b r a t i o n  r educed  t h e  bond  s t r e n g t h  o f  h o r i z o n t a l l y  
c a s t  s m o o t h  b a r s  from 6 t o  33 p e r c e n t ,  d e p e n d i n g  o n  the  time 
af te r  i n i t i a l  c o n s o l i d a t i o n .  He o b t a i n e d  r e d u c t i o n s  i n  c o m p r e s -  
s i v e  s t r e n g t h  o f  approx ima te ly  15 p e r c e n t .  

Menzel (1952) s t u d i e d  t h e  e f f ec t s  o f  i n t e r n a l  r e v i b r a t i o n  on 
t h e  bond s t r e n g t h  o f  deformed bars w i t h  2 t o  3 - in .  (51 t o  76-mm) 
slump c o n c r e t e .  He found t h a t  r e v i b r a t i o n  a f t e r  1 h o u r  h a d  no  
a d v e r s e  e f f e c t  on bot tom-cas t  bars ,  b u t  reduced  t h e  bond s t r e n g t h  
o f  t o p - c a s t  bars by 28 t o  60 p e r c e n t .  

A l t o w a i j i ,  D a r w i n ,  a n d  Donahey (1984, 1986) s t u d i e d  t h e  
e f f ec t s  o f  i n t e r n a l  r e v i b r a t i o n  o n  bond s t r e n g t h  f o r  c o n c r e t e s  
w i t h  s l u m p s  b e t w e e n  24 and 7 ;  i n .  (70 and 191 m m ) .  They t e s t e d  
bo th  bottom and t o p - c a s t  bars u s i n g  s p e c i m e n s  s imilar  t o  t h o s e  
u s e d  by  B r e t t m a n n  e t  a l .  (1984, 1986) ( F i g .  5). F o r t y - f i v e  and 
90 m i n u t e  i n t e r v a l s  were u s e d  b e t w e e n  i n i t i a l  v i b r a t i o n  a n d  
r e v i b r a t i o n .  A l t o w a i j  i e t  a l  found t h a t  r e v i b r a t i o n  improves 
t h e  bond s t r e n g t h  o f  t o p - c a s t  bars and bars placed i n  h i g h  s l u m p  
c o n c r e t e  ( F i g .  1 O ,  1 1 ) .  However, r e v i b r a t i o n  can  s i g n i f i c a n t l y  
r educe  t h e  bond s t r e n g t h  o f  bars cast  i n  w e l l  c o n s o l i d a t e d ,  low 
s l u m p  c o n c r e t e  ( F i g .  1 1 ) .  R e v i b r a t i o n  is  a l m o s t  u n i v e r s a l l y  
d e t r i m e n t a l  t o  t h e  bond s t r e n g t h  o f  bo t tom-cas t  bars.  

The b a r s  b e n e f i t i n g  m o s t  f r o m  r e v i b r a t i o n ,  t o p - c a s t  bars 
placed i n  h i g h  slump c o n c r e t e ,  a r e  t h e  b a r s  t h a t  a r e  a f f e c t e d  
mos t  by  s e t t l e m e n t  a n d  b l e e d i n g .  R e v i b r a t i o n  h e l p s  t o  r econ-  
s o l i d a t e  t h e  c o n c r e t e  a d j a c e n t  t o  t h e  bars,  r e d u c i n g  v o i d s  caused 
by s e t t l e m e n t  and b l e e d i n g  and ,  t h u s ,  improving bond. A l t o w a i j i  
e t  a l .  concluded  t h a t  from a p rac t i ca l  s t a n d p o i n t ,  s t r u c t u r e s  i n  
wh ich  r e v i b r a t i o n  h a s  i ts  grea tes t  advan tage  ( s t r u c t u r e s  placed 
w i t h  h igh  slump c o n c r e t e )  a r e  t h e  l e a s t  l i k e l y  t o  r e c e i v e  p r o p e r  
c o n s o l i d a t i o n  a t  any s tage .  

The d e t r i m e n t a l  e f fec ts  o f  r e v i b r a t i o n  t o  b o t t o m - c a s t  b a r s  
are p robab ly  due  t o  t h e  f a c t  t h a t  s e t t l e m e n t  and b l e e d i n g  h e l p  t o  
c o n s o l i d a t e  t h e  c o n c r e t e  a r o u n d  t h e s e  b a r s ,  w h i l e  r e v i b r a t i o n  
o n l y  s e r v e s  t o  d i s r u p t  t h e  c o n c r e t e .  Thus,  f u l l - d e p t h  r e v i b r a -  
t i o n  a p p e a r s  t o  b e  a p o o r  c o n s t r u c t i o n  p r a c t i c e .  When u s e d ,  
r e v i b r a t i o n  s h o u l d  b e  l i m i t e d  t o  t h e  upper  p o r t i o n s  o f  a place- 
ment,  p r o b a b l y  no  deepe r  t h a n  a b o u t  6 i n .  [150 m m ]  b e l o w  t h e  
c o n c r e t e  surface.  T h i s  l i m i t a t i o n  a l l o w s  t h e  e f f e c t s  o f  s e t t l e -  
m e n t  a n d  b l e e d i n g  t o  b e  c o u n t e r a c t e d  a r o u n d  t o p - c a s t  
r e i n f o r c e m e n t  w i t h o u t  damaging t h e  bond o f  deepe r  bars .  The u s e  
o f  a v i b r a t o r  t o  t i e  t o g e t h e r  two l i f ts  o f  c o n c r e t e  is  a common 
a p p l i c a t i o n  o f  r e v i b r a t i o n  under  these g u i d e l i n e s .  
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BAR POSITION 

A s  e a r l y  as 1913, Abrams obse rved  t h a t  ba r  p o s i t i o n  d u r i n g  
c o n c r e t e  p l a c e m e n t  p l a y s  an  impor t an t  r o l e  i n  t he  bond s t r e n g t h  
between c o n c r e t e  and r e i n f o r c i n g  s tee l .  Top-cast  bars have lower 
bond s t r e n g t h s  t h a n  bars cast  lower i n  a p lacement  (Altowaiji  e t  
a l .  1984,  1986, Bret tmann e t  a l .  1 9 8 4 ,  1 9 8 6 ,  C l a r k  1 9 4 6 ,  1 9 4 9 ,  
C o l l i e r  1 9 4 7 ,  C U R  1963 ,  Donahey and Darwin 1983,  1985,  Ferguson 
and Thompson 1962,  1965, Larnach 1952, Luke e t  a l .  1 9 8 1 ,  Menze l  
1952,  Menzel and Woods 1952, Thompson e t  a l .  1979, Un t raue r  1965, 
Un t raue r  and Warren 1977,  Welch a n d  P a t t e n  1 9 6 5 ,  Zekany  e t  a l .  
1 9 8 1  ) .  T h e  p r o v i s i o n s  o f  A C 1  318-83 a n d  t h e  A A S H T O  B r i d g e  
S p e c i f i c a t i o n s  (1983)  r e c o g n i z e  t h i s ,  a f t e r  a f a s h i o n .  'ITop- 
r e i n f o r c e m e n t " ,  r e i n f o r c e m e n t  w i t h  more t h a n  12 i n .  (305 mm) of 
f r e sh  c o n c r e t e  cast  i n  the  member below t h e  r e i n f o r c e m e n t ,  r e -  
q u i r e s  a 40 p e r c e n t  i n c r e a s e  i n  d e v e l o p m e n t  l e n g t h .  Most 
research, however,  i n d i c a t e s  t h a t  w h i l e  a n  i n c r e a s e d  d e p t h  of 
c o n c r e t e  below a bar  r e d u c e s  bond s t r e n g t h ,  t h e  e f f e c t  o f  a 
shallow t o p  c o v e r  is o f  greater  s i g n i f i c a n c e .  The i m p o r t a n c e  o f  
s h a l l o w  t o p  cove r  on the t o p - c a s t  bar e f f ec t  is emphasized by  t he  
f a c t  t h a t  the  s t r e n g t h  r e d u c t i o n  becomes p r o g r e s s i v e l y  greater as 
the cove r  is decreased. 

The lower bond s t r e n g t h  o f  t o p - c a s t  bars may be e x p l a i n e d  a s  
f o l l o w s :  The  g r e a t e r  the d e p t h  o f  c o n c r e t e  below a bar ,  t h e  
greater w i l l  be  t h e  s e t t l e m e n t  a n d  b l e e d i n g  a t  t h e  b a r ,  s i m p l y  
b e c a u s e  t h e r e  is more  c o n c r e t e  b e n e a t h  t h e  ba r  t o  s e t t l e  and 
b l e e d .  T h e  e f f e c t s  o f  s e t t l e m e n t  a n d  b l e e d  o n  t h e  c o n c r e t e  
a r o u n d  a bar  a r e  a g g r a v a t e d  by i n c r e a s e d  c o n c r e t e  s l u m p  a n d  
decreased cove r  above  t h e  bar.  D a k h i l ,  Cady, and Carr ier  ( 1 9 7 5 )  
f o u n d  t h a t  l o n g i t u d i n a l  s e t t l e m e n t  c r a c k i n g  i n c r e a s e d  above top-  
cas t  bars w i t h  i n c r e a s e d  slump a n d  bar s i z e ,  a n d  decreased  t o p  
cove r  ( F i g .  1 2 ) .  

Menzel (1952)  obse rved  s e t t l e m e n t  cracks o v e r  1 - i n .  (25-mm) 
d i a .  t o p - c a s t  bars  w i t h  a 2 i n .  (51 m m )  c o v e r  f o r  s p e c i m e n s  
placed w i t h  6- in .  ( 1  52-mm) slump c o n c r e t e  t h a t  w a s  c o n s o l i d a t e d  
by h a n d .  Cracks  were n o t  observed  i n  lower slump c o n c r e t e  t h a t  
was v i b r a t e d  i n t e r n a l l y .  

A s  n o t e d  e a r l i e r ,  Menzel (1952)  a l s o  obse rved  t h a t  t he  bond 
s t r e n g t h  o f  top-cast r e i n f o r c e m e n t  dec reases  as  s p e c i m e n  d e p t h  
i n c r e a s e s  ( F i g .  8 ) .  He obse rved  t h e  greatest  r e d u c t i o n  for  h igh  
slump c o n c r e t e  c o n s o l i d a t e d  by hand  r o d d i n g ,  a n d  t h e  l e a s t  f o r  
low slump c o n c r e t e  c o n s o l i d a t e d  w i t h  v i b r a t i o n .  

The impor tance  o f  cove r  on t h e  r e d u c t i o n  i n  bond  s t r e n g t h  
f o r  t o p - c a s t  b a r s  i s  d e m o n s t r a t e d  by t e s t s  i n  t h e  N e t h e r l a n d s  
( C U R  1964)  t h a t  u s e d  m o d i f i e d  c a n t i l e v e r  beam s p e c i m e n s .  A s  
shown i n  F i g .  1 3 ,  t h e  r a t i o  o f  t o p - c a s t  bar t o  boktom-cast  b a r  
bond s t r e n g t h  decreased s i g n i f i c a n t l y  as cove r  decreased. 
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Ferguson and Thompson (1965)  conducted  beam t e s t s  t o  compare 
t h e  r a t i o  of t o p - c a s t  t o  b o t t o m - c a s t  b a r  bond s t r e n g t h .  They  
n o t e d  t h a t  t h e  bond s t r e n g t h  o f  t o p - c a s t  bars decreased w i t h  
i n c r e a s i n g  slump. A l t h o u g h  t h e y  d i d  n o t  n o t e  t h e  f a c t ,  t h e i r  
t e s t  d a t a  a l s o  show a c l e a r  t r e n d  o f  decreased  s t r e n g t h  w i t h  
reduced  t o p  cove r  ( F i g .  1 4 )  (Donahey and Darwin 1983) .  

Zekany e t  a l .  (1981)  conducted  s p l i c e  t e s t s  i n  16 - in .  (406-  
m m )  d e e p  beams w i t h  b o t h  t o p  a n d  b o t t o m - c a s t  b a r s .  S p l i c e  
s t r e n g t h  dec reased  f o r  b o t h  t o p  a n d  b o t t o m - c a s t  bars w i t h  in -  
c r e a s i n g  s lump,  b u t  t h e  decrease was c o n s i s t e n t l y  greater f o r  t he  
t o p - c a s t  bars .  

I n  t h e i r  s t u d y  o f  c a s t i n g  p o s i t i o n  ( F i g .  2 1 ,  Luke e t  a l .  
(1981)  c l e a r l y  demons t r a t ed  t h a t  as t h e  d e p t h  o f  c o n c r e t e  below a 
bar i n c r e a s e s ,  t h e  bond s t r e n g t h  dec reases  ( F i g .  3 ) .  T h e y  ob- 
s e r v e d  t h e  g rea tes t  i n c r e m e n t a l  decrease i n  s t r e n g t h  f o r  t o p - c a s t  
bars. A s  no ted  e a r l i e r ,  t h e y  a l s o  o b s e r v e d  t h a t  bond s t r e n g t h  
dec reased  w i t h  i n c r e a s i n g  s lump,  b u t  t h a t  t h e  decrease was most 
pronounced f o r  t o p - c a s t  bars. For  b a r s  cas t  below t h e  s p e c i m e n  
mid-depth,  s lump appea red  t o  have l i t t l e  e f f ec t .  

Bret tmann e t  a l .  (1984,  1986)  a l so  found t h a t  as t h e  amount  
of c o n c r e t e  below a bar i n c r e a s e s ,  bond s t r e n g t h  decreases. The 
measured decrease was l ea s t  f o r  low slump c o n c r e t e  a n d  g r e a t e s t  
f o r  h i g h  s lump c o n c r e t e  o b t a i n e d  w i t h o u t  t h e  u s e  o f  a s u p e r p l a s -  
t i c i z e r  ( F i g .  1 5 ) .  They o b s e r v e d  a r e d u c t i o n  i n  bond s t r e n g t h  
f o r  ba r s  w i t h  as  l i t t l e  as  8 i n .  of c o n c r e t e  below t h e  bar ( F i g .  
51, bars t h a t  would n o t  be d e f i n e d  as " t o p  r e i n f o r c e m e n t t t  u n d e r  
t h e  p r o v i s i o n s  o f  AC1 318-83. I n  a d d i t i o n ,  t h e y  obse rved  l i t t l e  
d i f f e r e n c e  i n  bond s t r e n g t h  between bars p l a c e d  8 and 15 i n .  (203  
a n d  381 m m )  above the  bottom of t h e  forms, w i t h  the  e x c e p t i o n  o f  
c o n c r e t e  t h a t  was n o t  v i b r a t e d ,  w h i c h  s h o w e d  a m e a s u r a b l e  
d e c r e a s e .  Bond s t r e n g t h  was l o w e s t  f o r  bars p laced  36 i n .  (914  
mm) above t h e  b o t t o m  o f  t h e  f o r m s .  A s  shown i n  F i g .  1 6 ,  t h e  
l a r g e s t  r e d u c t i o n s  were o b t a i n e d  f o r  h i g h  s l u m p ,  n o n v i b r a t e d  
specimens.  The decrease i n  bond s t r e n g t h  was g r e a t e r  b e t w e e n  
bot tom-cas t  and top-cast bars t h a n  between bars w i t h  8 and 36 i n .  
( 2 0 3  and  914  mm) o f  c o n c r e t e  b e l o w  t h e  b a r s .  These r . e s u l t s  
i n d i c a t e  t h a t  t h e  c h o i c e  o f  1 2  i n .  (305 m m )  o f  c o n c r e t e  below a 
bar f o r  t h e  40 p e r c e n t  i n c r e a s e  i n  d e v e l o p m e n t  l e n g t h  f o r  t o p  
r e i n f o r c e m e n t  is a r b i t r a r y .  Based on c o n c r e t e  d e p t h  a l o n e ,  t he re  
seems t o  be a g r a d u a l  dec rease  i n  bond s t r e n g t h  w i t h  n o  s h a r p  
drop-of f .  

I n  similar t e s t s  r u n  by Z i l v e t i  ( 1 9 8 5 ) ,  a l l t o p - b a r  e f f e c t "  
was o b t a i n e d  f o r  t o p - c a s t  b a r s  w i t h  as l i t t l e  as 6 i n .  (152 mm) 
o f  c o n c r e t e  below t h e  bars .  
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COVER AND BAR S P A C I N G  

Concrete cover and bar spacing play an important role in 
bond strength. This point is not recognized by AC1 318-83, 
except that bars spaced laterally 6 in. or more are allowed a 20 
percent reduction in development length. The role of cover and 
bar spacing lies largely in the ability of concrete to resist 
splitting forces caused by a bar undergoing bond failure. The 
lugs on a bar act as wedges which split the concrete at pullout. 
For shallow covers, splitting cracks extend to the surface (Fig. 
17a), while for close bar spacings, splitting cracks extend 
between bars (Fig. 17b). 

Orangun, Jirsa, and Breen ( 1  977) recognized the importance 
of both bar spacing and cover in their detailed analysis of 
existing test data. Although not yet adopted, their work has 
provided the impetus for recommended changes in the development 
length provisions of AC1 318-83. These provisions, virtually 
unchanged since 1971, are based on the ultimate bond stress 
provisions of AC1 318-63. 

The importance of cover has been emphasized by other 
investigators. Untrauer (1965) pointed out that bars with covers 
below 1: in. (32 mm) have bond strengths less than that predicted 
by AC1 318-63. Concern for problems with bars with close spacing 
and low cover prompted Ferguson (1977) to recommend that desig- 
ners adopt conservative modifications to the development length 
provisions of AC1 318. As pointed out earlier in the discussion 
of top-cast reinforcement and illustrated in Fig. 13 and 14, the 
effects of cover are especially important for top-cast 
reinforcement. 

A major goal of the research performed by Donahey and Darwin 
(1983, 1985) was to determine the effects of cover thickness and 
cover type on the bond strength of top-cast bars placed in struc- 
tural slabs, with special emphasis on methods of construction for 
reinforced concrete bridge decks. As described earlier, they 
considered bars with 4 and 3 in. (19 and 76 mm) of monolithic 
cover and bars with a laminar cover consisting of a $-in. (19-mm) 
monolithic cover topped with a 2t-in. (57-mm) high density con- 
crete overlay. As illustrated in Fig. 4, cover thickness and 
type had a significant effect on bond strength, resulting in an 
over 40 percent reduction in bond strength for a reduction in 
monolithic cover from 3 to 4 in. (76 to 19 mm). A measurable 
reduction in bond strength was also obtained for the laminar 
cover. Donahey and Darwin felt that the reduction in bond 
strength for the laminar cover was due to the formation of 
settlement cracks above the bars in the initial $-in. (19-mm) 
layer, coupled with the tendency of finishing equipment to remove 
coarse aggregate from the concrete above the bars. The lower 
coarse aggregate content aggravated shrinkage cracking above the 
bars. The longitudinal settlement and shrinkage cracks served as 
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incipient bond cracks and contributed to a reduction in bond 
strength. Donahey and Darwin also pointed out that should the 
bond between the first and second courses of concrete be unsatis- 
factory, the effective cover would drop to 4 in. (19 mm). 

CONCLUSIONS 

This survey of bond research indicates that construction 
practices can strongly affect the bond strength between reinforc- 
ing steel and concrete. Concrete slump, consolidation 
procedures, thoroughness of consolidation, bar placement, and 
concrete cover play important roles in the strength of reinforced 
concrete structures. The key conclusions are summarized below. 

1. 

2. 

3. 

4. 

5. 

6. 

7 .  

8. 

For concretes with the same compressive strength, bond 
strength decreases with increasing concrete slump. 

The addition of a superplasticizer solely to increase slump 
has relatively little effect on bond strength, if the con- 
crete sets up rapidly after consolidation. For the same 
concrete strength, bond strength is lower for high slump, 
superplasticized concrete than for low slump concrete. 

If good vibration practices are followed, an increased 
density of vibration will increase bond strength. Vibration 
is especially important for high slump concrete, whether or 
not the high slump is obtained with a superplasticizer. If 
high slump concrete is not vibrated, a significant reduction 
in bond strength is obtained. 

If low slump concrete is used, traffic-induced vibrations 
increase bond strength in bridge deck repairs. If high 
slump concrete is used, traffic-induced vibrations may 
decrease bond strength. 

Bond in initially well-consolidated, low slump concrete may 
be damaged by revibration. Revibration is of the greatest 
benefit to top-cast bars in high slump concrete. 

Top-cast bars show a reduced bond strength with as little as 
6 to 8 in. (152 to 203 mm) of concrete below the bars. The 
magnitude of the reduction increases with reduced cover, 
increased concrete slump, and increased concrete depth below 
the reinforcement. 

Bond strength decreases with increased concrete depth below 
bars. Top-cast bars are the most sensitive. 

Increased cover increases bond strength. 
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9. M o n o l i t h i c  cover p r o v i d e s  a h i g h e r  b o n d  s t r e n g t h  t h a n  
laminar cover  of  t h e  same t o t a l  t h i c k n e s s .  
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