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PREFACE 

C o r r o s i o n  of r e i n f o r c e m e n t  i n  p o r t l a n d  cemen t  
c o n c r e t e  i s  of major conce rn  because  it cos t s  b i l l i o n s  
of d o l l a r s  p e r  y e a r  t o  s t a b i l i z e  and r e p l a c e  c u r r e n t  
c o n s t r u c t i o n ,  g r e a t l y  i n c r e a s e s  c o n s t r u c t i o n  costs t o  
" p r o t e c t "  a g a i n s t  t h e  c o r r o s i o n ,  and  c a n  r e s u l t  i n  
s a f e t y  h a z a r d s .  

The c o r r o s i o n  phenomenon has  a lways been o f  con- 
c e r n  w i t h  s t r u c t u r e s  exposed d i r e c t l y  o r  i n d i r e c t l y  t o  
sea w a t e r .  But it became of t remendous conce rn  when 
e x t e n s i v e  s a l t i n g  of b r i d g e s  and highways began i n  t h e  
1 9 6 0 s ,  w i t h  t h e  t r a c k i n g  of c h l o r i d e - c o n t a i n i n g  d e i c -  
i n g  c h e m i c a l s  o n t o  s t r u c t u r e s  m a d e  w i t h  c a l c i u m  chlor -  
i d e  o r  o t h e r  c h l o r i d e - c o n t a i n i n g  a d m i x t u r e s .  

S i n c e  t h e  o n s e t  of t h e  n a t i o n w i d e  c o r r o s i o n  pro-  
b l e m  w i t h  load-locked concrete, t h e r e  have been ex ten -  
s i v e  f i e l d  and l a b o r a t o r y  i n v e s t i g a t i o n s  i n t o :  

1. s p e c i f i c  shenomena t h a t  i nduce  c o r r o s i o n ,  

2 .  methods fo r  i d e n t i f y i n g  t h e  magni tude  a n d  
e x t e n t  of c o r r o s i o n  i n  s t r u c t u r e s ,  

3 .  t e c h n i q u e s  fo r  s t a b i l i z i n g  c o r r o s i o n  
once  it has begun, and  

4 .  d e s i g n  of s t r u c t u r e s  and  c o n c r e t e s  so 
t h a t  c o r r o s i o n  w i l l  n o t  o c c u r .  

The i n d u s t r y  and  e n g i n e e r i n g  conce rn  a b o u t  cor- 
r o s i o n ,  and  t h e  need  t o  d i s s e m i n a t e  s t a t e - o f - t h e - a r t  
i n f o r m a t i o n  abou t  c o r r o s i o n  m o t i v a t e d  t h e  p l a n n i n g  of 
t h r e e  independen t  sess ions  re la ted  t o  c o r r o s i o n  of  
s t ee l  i n  c o n c r e t e  a t  t h e  March 1 9 8 5  AC1 Convent ion.  
The th ree  s e s s i o n s  w e r e :  

"The C h l o r i d e  I s s u e  -- t h e  N e w  L i n i t s "  
sponsored  by A C 1  Committee 123 

"Non-Chloride Accelerators" sponsored  by 
AC1 C o m m i t t e e  2 1 2  

"Ch lo r ide - Induced  C o r r o s i o n  of Steel  i n  
Concre t e"  sponsored  by A C 1  Committees 
2 1 2  and  2 2 2 .  

... 
111 
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T h i s  volume i s  a c o m p i l a t i o n  of some of t h e  pa- 
p e r s  p r e s e n t e d  a t  t h e s e  s e s s i o n s ,  p l u s  a n  ed i ted  t r a n -  
c r i p t  of t h e  Forum, and  one a d d i t i o n a l  p a p e r  s o l i c i t e d  
t o  round o u t  t h e  c o v e r a g e  of t h e  s u b j e c t .  

The p a p e r s  d e a l  w i t h  a v a r i e t y  of a s p e c t s  o f  cor- 
They i n c l u d e  t h e  marked i n f l u e n c e  of c h l o r i d e  r o s i o n .  

i n  c a u s i n g  c o r r o s i o n ,  t h e  c h e m i s t r y  of c o r r o s i o n  a s  
t r i g g e r e d  by c h l o r i d e  t h a t  r e s u l t s  i n  t h e  i n t e r n a l  
e lec t r ica l  mechanism of c o r r o s i o n ,  ways fo r  c o n t r o l -  
l i n g  c o r r o s i o n  by u s i n g  c h l o r i d e - f r e e  a c c e l e r a t o r s  
( a n d  t h e i r  e f f e c t s  on t h e  s e t t i n g  and  s t r e n g t h  of  con- 
c r e t e ) ,  t h e  r e d u c t i o n  of ch lo r ide  p e n e t r a t i o n  t h r o u g h  
u s e  of p o z z o l a n i c  b l a s t - f u r n a c e  s l a g  as  an  a d m i x t u r e  
i n  c o n c r e t e ,  and  t h e  c o n d u c t i v e  c o a t i n g  a s p e c t s  of 
c a t h o d i c  p r o t e c t i o n .  

The r e p o r t  on t h e  Forum r a n g e s  o v e r  a l l  of t h e s e  
t o p i c s ,  and  more. 

W e  t h a n k  t h e  a u t h o r s  f o r  s h a r i n g  t h e i r  knowledge. 
I n  a d d i t i o n ,  w e  t h a n k  t h e  anonymous, b u t  e s s e n t i a l ,  
reviewers f o r  t h e i r  h e l p f u l  s u g g e s t i o n s ,  

W i l l i a m  F. P e r e n c h i o  
Chairman, S e s s i o n  on "Non- 

C h l o r i d e  Accelerators" 

Robert L .  Henry 
Chairman of Forum on "The 

C h l o r i d e  I s s u e  -- The N e w  
L i m i t s  'I 

Berna rd  E r l i n  
Chairman, S e s s i o n  on "Chlor -  

i de - Induced  C o r r o s i o n  o f  
S t ee l  i n  C o n c r e t e "  
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Some Chemical and Physical Aspects 
of Phenomena Associated with 

C hloride-Induced Corrosion 

by W. Hirne and B. Erlin 

Synopsis :  
c o r r o s i o n  of s t e e l  i n  c o n c r e t e  h a s  caused d i f f i c u l t i e s  i n  
communication. Each d i s c i p l i n e  h a s  i t s  own terminology;  a t  t i m e s  
two d i s c i p l i n e s  use  c o n f l i c t i n g  terms o r  e x p l a n a t i o n s  f o r  t h e  
same phenomenon. T h i s  pape r  a d d r e s s e s  some areas of such 
c o n f u s i o n ,  and p r e s e n t s  chemica l  mechanisms t o  e x p l a i n  h a l f - c e l l  
p o t e n t i a l s  and causes  f o r  ch lo r ide - induced  c o r r o s i o n .  
of such c o r r o s i o n  are p r e s e n t e d .  

The wide va r i e ty  of d i s c i p l i n e s  invo lved  w i t h  t h e  

Examples 

Keywords: admix tu res ;  c a t h o d i c  p r o t e c t i o n ;  c h l o r i d e s ;  c o r r o s i o n ;  
h a l f - c e l l  p o t e n t i a l ;  l i g h t w e i g h t  a g g r e g a t e s ;  r e i n f o r c e d  c o n c r e t e ;  
r e i n f o r c i n g  steels;  sea water 
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2 Hime and Erlin 

William Hime is a Principal of the Erlin, Hime Associates 
Division of Wiss, Janney, Elstner Associates, Inc., Northbrook, 
Illinois. Mr. Hime, a member of ACI, has authored over 30 
publications on cement systems and analytical methods for them, 
and on corrosion. 

Bernard Erlin is a Principal and Manager of the Erlin, Hime 
Associates Division of TJiss, Janney, Elstner Associates, Inc., 
Northbrook, Illinois. He is a member of AC1 and active on 
Committees 210, 222, and 362, and has authored over 30 
publications on aspects of cement, concrete,, concrete failures, 
and methods of analyses. 

INTRODUCTION 

The economic loss due to the corrosion of metals in portland 
cement systems has been estimated at billions of dollars per 
year. This magnitude would suggest the corresponding development 
of a body of literature and a corps of scientists and design 
engineers that could now adequately address the problem. 
Unfortunately, the science is so technical, and the art so 
confused, that many of the practicing engineers who must address 
a corrosion problem in the field are without clear, simple guide- 
1 ines. 

To illustrate, AC1 committees still disagree as to the amount 
1,293, of chloride by weight of cement needed to promote corrosion ? 

and some investigators report that steel doesn’t corrode under 
seawater, while others cite specific instances of catastrophic 
failures . 

Part of the problem is due to the relative newness of the 
corrosion problem. Prior to 1965, few investigations of the 
corrosion of metals in concrete were made. NOW, with salting of 
bridges and highways, tracking of salt into parking structures, 
and aging of concrete structures made with calcium chloride 
admixtures, there may be few subjects of greater interest. 

It is the purpose of this paper to simplify some of the 
basics of corrosion, to refute some “old-wives tales” that have 
become gospel, and to present examples from our studies that 
illustrate these aspects. 
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Corrosion, Concrete, and Chlorides 3 

CORROSION CELL MODEL 

The Anode 

Many r e a d e r s  are f ami l i a r  w i t h  t h e  classic meta1:metal-ion 
h a l f - c e l l s  t h a t  are i l l u s t r a t e d  i n  b a s i c  chemis t ry  and p h y s i c s  
t ex ts .  An example i s  a copper wire p a r t i a l l y  immersed i n  a 
s o l u t i o n  of a copper s a l t .  The copper metal  atoms have a s l i g h t  
tendency t o  l o s e  e l e c t r o n s  and become copper  i o n s ,  and t h e  i o n s  
have a tendency t o  g a i n  e l e c t r o n s  and become copper m e t a l  atoms. 
T h i s  i s  i l l u s t r a t e d  by t h e  e q u a t i o n :  

CU -+-+ CU++ + 2e- 

For a s i n g l e  h a l f - c e l l ,  a f t e r  e q u i l i b r i u m  is  e s t a b l i s h e d  
t h e r e  is  no n e t  r e a c t i o n .  Connection t o  a ca thode  ( d i s c u s s e d  
l a t e r )  c a n  l e a d  t o  s u b s t a n t i a l ,  con t inued  r e a c t i o n .  

Confusion e x i s t s  w i t h  r e s p e c t  t o  t e r m s  f o r  t h i s  phenomenon: 
(1) chemis t s .  g i v e  t h e  name "ox ida t ion"  t o  t h e  r e a c t i o n  whereby 
an  element becomes more p o s i t i v e  ( e .g .  copper becoming copper 
i o n ) ,  even though no oxygen i s  i n v o l v e d ;  and (2)  some c o r r o s i o n  
s c i e n t i s t s  ( e . g .  those invo lved  w i t h  c a t h o d i c  p r o t e c t i o n )  r e f e r  
t o  c u r r e n t  f low as o c c u r r i n g  i n  a d i r e c t i o n  o p p o s i t e  t o  e l e c t r o n  
f low,  a concept  f o r e i g n  t o  many chemis t s  and e n g i n e e r s ,  and one 
t h a t  w i l l  n o t  b e  used h e r e i n .  

To i l l u s t r a t e  t h e  meta1:metal-ion h a l f - c e l l ,  we n o t e  t h a t  many 
c o r r o s i o n  e n g i n e e r s  employ copper:copper  s u l p h a t e  o r  calomel  
(mercury:mercury c h l o r i d e )  h a l f - c e l l  e l e c t r o d e s  f o r  de t e rmin ing  
c o r r o s i o n  of s teel  i n  c o n c r e t e  (ASTM C 876) .  

It i s  o u r  purpose t o  c o n s i d e r  t h e  c o r r o s i o n  of s tee l  i n  
c o n c r e t e  t o  s imply i n v o l v e  an  i r o n : i r o n - i o n  h a l f - c e l l ,  as 
i l l u s t r a t e d  by t h e  l e f t  h a l f  of F i g u r e  1. That i s ,  i t  i n v o l v e s  
t h e  r e a c t i o n :  

+I- 
Fe - Fe + 2e- 

When t h e  r e a c t i o n  goes l e f t  t o  r i g h t ,  o x i d a t i o n  o c c u r s ,  and 
t h e  e l e c t r o d e  i s  d e f i n e d  as an anode. Thus, c o r r o s i o n  i s  a t  t h e  
anode. (For t h e  above examples,  t h e  p o s i t i v e l y  charged i o n s  are 
c a l l e d  c a t i o n s .  Nega t ive ly  charged i o n s  are a n i o n s . )  

The Cathode 

Another e l e c t r o d e ,  a ca thode ,  is  needed t o  " t ake  up'' t h e  
e l e c t r o n s  from t h e  anod ic  r e a c t i o n .  For most of t h e  u s u a l  s t e e l  
c o r r o s i o n  r e a c t i o n s  i n  r e i n f o r c e d  c o n c r e t e ,  t h e  c a t h o d i c  r e a c t i o n  
i s  : 

- 
1 / 2  O2 + H 2 0  + 2e -=+--+- 20H- ( E q .  3 )  
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4 Hirne and Erlin 

The need f o r  oxygen and water i n  t h i s  r e a c t i o n  l e a d s  t o  t h e  
common misconcept ion t h a t  t h o s e  s u b s t a n c e s  produce r u s t ;  however, 
t h e  c o r r o s i o n  p roduc t  produced a t  an  anode on a r e i n f o r c i n g  b a r  
does  n o t  i n c o r p o r a t e  t h e  oxygen o r  water invo lved  a t  t h e  ca thode .  
Indeed,  r e d  r u s t  (Fe O ) o f t e n  o c c u r s  on ly  a f t e r  t h e  i r o n  

c o r r o s i o n  product  h a s ,  due t o  i t s  r e l a t i v e l y  l a r g e  volume 
compared t o  meta l l ic  i r o n ,  caused c r a c k i n g  of t h e  c o n c r e t e ,  
a l l o w i n g  oxygen t o  p e n e t r a t e  and react w i t h  i t .  

2 3  

S i n c e  water and oxygen can b o t h  ex i s t  i n  t h e  gaseous form,  
and s i n c e  even t h e  b e s t  c o n c r e t e  i s  permeable t o  g a s e s ,  c a t h o d i c  
r e a c t i o n s  i n  r e i n f o r c e d  c o n c r e t e  are v e r y  p r o b a b l e .  However, 
t h e  a v a i l a b i l i t y  of oxygen a t  t h e  ca thode  may be l i m i t e d  due t o  
a low water-cement r a t i o  p a s t e ,  t h e  p r e s e n c e  of sa l t  water ( i n  
which oxygen has  a l o w ~ s o l u b i l i t y ) ,  o r  c e r t a i n  o t h e r  oxygen- 
l i m i t i n g  o r  oxygen-destroying mechanisms. 

S i n c e ,  as d e t a i l e d  l a t e r ,  c o r r o s i o n  magnitude i s  p r i m a r i l y  
governed by t h e  ca thode  " s i ze"  ( a  term implying area and avail-  
a b i l i t y  of oxygen and w a t e r ) ,  methods of r e s t r i c t i n g  t h e  
p r e s e n c e  of oxygen and w a t e r  a t  t h e  s u r f a c e  of r e i n f o r c i n g  s t e e l  
a r e  impor t an t  c o n s i d e r a t i o n s .  

The Complete Cel l  

The complete c o r r o s i o n  c e l l  u s u a l l y  invo lved  i n  the c o r r o s i o n  
of s t e e l  i n  c o n c r e t e  i s  i l l u s t r a t e d  f i g u r a t i v e l y  i n  F i g u r e  1 and 
p r a c t i c a l l y  i n  F i g u r e  2 .  I t  c o n s i s t s  of t h e  anode and t h e  
ca thode  d e s c r i b e d  above. The ca thode  m e t a l  (M) i s  u s u a l l y ,  b u t  
n o t  n e c e s s a r i l y ,  i r o n  ( s t e e l ) .  To connect  them, a m e t a l l i c  
conduc to r  f o r  t h e  e l e c t r o n s  and an e l e c t r o l y t e  conduc to r  f o r  t h e  
i o n s  i s  r e q u i r e d ,  A r e b a r  u s u a l l y  p r o v i d e s  t h e  fo rmer ,  and t h e  
moi s t  c o n c r e t e  Che l a t t e r .  

There are several  impor t an t  c o r o l l a r i e s  t o  o u r  c o r r o s i o n  
c e l l  : 

1. 

2 .  

3 .  

The anode and ca thode  are s e p a r a t e d .  The d i s t a n c e  may be a 
micron ( f o r  a m i c r o c e l l ) ,  a meter, o r  a m i l e  ( f o r  
m a c r o c e l l s ) .  

Oxygen i s  - n o t  i nvo lved  a t  t h e  s i t e  of t h e  c o r r o s i o n .  Indeed,  
as d e s c r i b e d  l a t e r ,  t h e  p r e s e n c e  o f  oxygen a t  t h e  anode can 
l i m i t  o r  p r e v e n t  c o r r o s i o n .  

Breaking t h e  c e l l  ( s t o p p i n g  c o r r o s i o n )  can  be accomplished 

a .  C u t t i n g  t h e  m e t a l l i c  conductor  between t h e  anode and 

b .  P reven t ing  oxygen from r e a c h i n g  t h e  c a t h o d e .  
c .  

by : 

ca thode .  

Drying o u t  t h e  c e l l  a t  __ an17 l o c a t i o n  between t h e  ca thode  
- and t h e  anode (wa te r  i s  r e q u i r e d  f o r  t h e  c a t h o d i c  
r e a c t i o n ,  - and t o  c a r r y  i o n s  between t h e  e l e c t r o d e s ) .  
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Most e l e c t r o c h e m i c a l  c o r r o s i o n  s i t u a t i o n s  p r e s e n t  a n  a lmos t  
u n l i m i t e d  anode as compared t o  t h e  ca thode ,  and are t h u s  
" c a t h o d i c a l l y "  r e s t r i c t e d .  U n f o r t u n a t e l y ,  a false unde r s t and ing  
of t h e  c o r r o s i o n  mechanism h a s  caused some a t t e m p t s  a t  p r e v e n t i n g  
c o r r o s i o n  t o  a c t u a l l y  cause  d i s a s t r o u s  f a i l u r e s .  For example, 
p a i n t i n g  a p o r t i o n  of a p o t e n t i a l l y  anod ic  area can i n c r e a s e  t h e  
cathode:anode area r a t i o ,  promoting severe c o r r o s i o n .  P a i n t i n g  
t h e  c a t h o d i c  area--where w e  w i sh  t o  restrict  oxygen and w a t e r - -  
would b e  t h e  p r o p e r  p rocedure .  

PAS S IVITY 

Our c o r r o s i o n  model h a s  s o  f a r  i gnored  a most i m p o r t a n t  f a c t :  
t h e  anod ic  steel  c o r r o s i o n  r e a c t i o n  q u i c k l y  s t o p s  i n  a h i g h l y  
a l k a l i n e  medium such  as p o r t l a n d  cement m o r t a r  o r  c o n c r e t e  ( t h a t  
i s ,  i r o n  i s  p a s s i v a t e d  by t h e  high-pH e l e c t r o l y t e ) ,  u n l e s s  
s u f f i c i e n t  c o n c e n t r a t i o n s  of a d e p a s s i v a t i n g  a g e n t  are p r e s e n t .  

P a s s i v a t i o n  i s  d e s c r i b e d  i n  most t e x t s  as due t o  t h e  produc- 
t i o n  of a minute  p r o t e c t i v e  l a y e r  of gamma i r o n  o x i d e  ( Y F e  O ) 

t h a t  p r e v e n t s  f u r t h e r  c o r r o s i o n .  T h i s  i s  s imi la r  t o  t h e  pro- 
t e c t i o n  a f f o r d e d  t o  copper by a t h i n  l a y e r  of c u p r i c  o x i d e ,  and 
t o  s t a i n l e s s  steel by a chromic ox ide  l a y e r .  F i g u r e  3 i l l u s -  
t ra tes  t h e  r a t h e r  un i fo rm c o a t i n g  of t h e  s tee l  w i t h  a l a y e r  
(magnif ied i n  t h e  f i g u r e  f o r  i l l u s t r a t i o n )  of i r o n  ox ide .  Here, 
a v o i d ,  such as t h a t  which l e d  t o  a ca thode  i n  F i g u r e  2, has  no 
e f f e c t  on t h e  b a r .  

2 3  

Recent ev idence  s u g g e s t s  t h a t  t h i s  p a s s i v a t i o n  e x p l a n a t i o n  
may n o t  always b e  t r u e .  That i s ,  p a s s i v a t i o n  o c c u r s ,  b u t  may n o t  
i n v o l v e  a gamma i r o n  o x i d e  l a y e r .  
t h a t  p a s s i v a t i o n ,  n o t  c o r r o s i o n ,  can b e  f o s t e r e d  by t h e  p re sence  
of oxygen a t  p o t e n t i a l  a n o d i c  s i tes ;  and t h a t  i r o n  ox ides  can  b e ,  
and u s u a l l y  are,  formed w i t h o u t  t h e  need f o r  gaseous oxygen, e . g .  

I n  any case, i t  shou ld  b e  noted 

Fe* + 20H-++ Fe(OH)2 

Fe(OH)* -si-+=- Fe0 + H20 (Eq. 5 )  

The l a t t e r  r e a c t i o n  produces water, and t h e r e f o r e  t h e  co r ro -  
s i o n  p r o c e s s  i t s e l f  g e n e r a t e s  t h e  water n e c e s s a r y  f o r  t h e  con t in -  
ued o p e r a t i o n  of t h e  ce l l .  

P a s s i v a t i o n  p e r m i t s  t h e  s u c c e s s f u l  u s e  of m i l l i o n s  of t o n s  of 
r e i n f o r c e d  m o r t a r  o r  c o n c r e t e .  D e p a s s i v a t i o n ,  t h e  l o s s  of 
p a s s i v a t i o n ,  u s u a l l y  o c c u r s  o n l y  under one o f  two c o n d i t i o n s :  

1. N e u t r a l i z a t i o n  of t h e  p o r t l a n d  cement p a s t e  system by 
a tmosphe r i c  ca rbon  d i o x i d e ,  a p r o c e s s  t h a t  o c c u r s  s o  s lowly  
f o r  low water-cement r a t i o  c o n c r e t e  t h a t  t h e  n e u t r a l ' '  (pH 
about  9 )  f r o n t  p r o g r e s s e s  i n t o  c o n c r e t e  a t  most a few 
m i l l i m e t e r s  a y e a r .  

1 1  
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For mor t a r s  o r  f o r  l i g h t w e i g h t - a g g r e g a t e  c o n c r e t e ,  however, 
t h e  c a r b o n a t i o n  ra te  can  b e  much g r e a t e r  because  t h e y  are 
g e n e r a l l y  more porous than  o r d i n a r y  c o n c r e t e .  

2 .  Overcoming t h e  p a s s i v i t y  by a g g r e s s i v e  i o n s .  C h l o r i d e  and 
bromide are t h e  o n l y  a g g r e s s i v e  i o n s  of normal conce rn .  

Remarkably, c o r r o s i o n  s c i e n t i s t s  s t i l l  do n o t  a g r e e  on a 
mechanism f o r  t h e  d e p a s s i v a t i o n  r e a c t i o n s  i n v o l v i n g  h a l i d e s  such 
as c h l o r i d e  and bromide. I n  o u r  o p i n i o n ,  complex i o n  f o r m a t i o n ,  
as d e s c r i b e d  l a t e r ,  i s  r e s p o n s i b l e .  

S t u d i e s  f o r  t h e  S t a t e  of C a l i f o r n i a ,  t h e  F e d e r a l  Highway 
A d m i n i s t r a t i o n ,  and t h e  Bureau of S t a n d a r d s  have i n d i c a t e d  t h a t  
c h l o r i d e  i o n  c o n c e n t r a t i o n s  of 0 . 2  p e r c e n t  by we igh t  of cement 
c a u s e  d e p a s s i v a t i o n  i n  cement sys t ems .  However, t h o s e  s t u d i e s  
g e n e r a l l y  invo lved  t h e  non-uniform d i s t r i b u t i o n  of t h e  c h l o r i d e :  
more uniform d i s t r i b u t i o n s  may r e q u i r e  h i g h e r  c h l o r i d e  concentra-  
t i o n s  t o  produce s u b s t a n t i a l l y  t h e  same c o r r o s i o n  c u r r e n t .  

Some i n v e s t i g a t o r s  have a t t r i b u t e d  t h e  d e p a s s i v a t i o n  caused 
by c h l o r i d e  as due t o  a lower ing  of pH. Th i s  i s  n o t  t h e  c a s e .  
Misunderstanding h a s  developed because ,  u n f o r t u n a t e l y ,  i t  i s  
i m p o s s i b l e  t o  s imply  add c h l o r i d e  i o n s  t o  c o n c r e t e .  A c a t i o n  
must be added a t  t h e  same t i m e .  Add i t ion  o f ,  f o r  example,  
aluminum c h l o r i d e ,  does lower pH because t h e  aluminum i o n  r e a c t s  
w i t h  water t o  produce an  a c i d .  Add i t ion  of ca l c ium c h l o r i d e  a l s o  
r educes  pH by t h e  "common ion"  e f f e c t  o f  t h e  ca l c ium on t h e  
ca l c ium hydroxide component of t h e  cement p a s t e .  But a d d i t i o n  of 
sodium c h l o r i d e  ( t h e  common d e i c e r  s a l t )  c a u s e s  no s i g n i f i c a n t  

r e d u c t i o n  of pH . 4 

P a r t  of t h e  c o n f u s i o n  o c c u r s  because ,  i n  t h e  neighborhood of 
a s t e e l  b a r  where a w a t e r - f i l l e d  v o i d  e x i s t s ,  i r o n  c h l o r i d e s  w i l l  
hyd ro lyze  t o  form h y d r o c h l o r i c  a c i d .  However, t h a t  a c i d  i s  
norma l ly  n e u t r a l i z e d  q u i c k l y  by t h e  enormous reserve of ca l c ium 
hydrox ide  from t h e  cement p a s t e .  

CASE ILLUSTRATIONS OF OUR CORROSION CELL MODEL 

The l i t e r a t u r e  abounds i n  c o n f l i c t i n g  i n f o r m a t i o n  as t o  t h e  
c o r r o s i o n  of r e i n f o r c e m e n t  i n  sea-water-exposed c o n c r e t e .  The 
non-corrosion of s t ee l  i n  some s t r u c t u r e s  h a s  been e x p l a i n e d  as 
due t o  t h e  l o w  s o l u b i l i t y  of oxygen i n  seawater. O the r  s t r u c t u r e s  
have  a p p a r e n t l y  undergone e x t e n s i v e  d e t e r i o r a t i o n ,  f o r  r e a s o n s  
n o t  g e n e r a l l y  r ecogn ized :  

A .  F i g u r e  4 i l l u s t r a t e s  o u r  e x p l a n a t i o n  f o r  a t  l eas t  some of 
t h e  c o n f l i c t i n g  e x p e r i e n c e .  The s t e e l  i n  t h e  s t r u c t u r e  a t  
t h e  l e f t  i s  e n t i r e l y  below sea-level, and t h u s  v e r y  l i t t l e  
oxygen i s  p r e s e n t  t o  c r e a t e  a c a t h o d e .  The s t e e l  i n  t h e  
s t r u c t u r e  a t  t h e  r i g h t  is  p a r t i a l l y  above sea-level where a 
ca thode  can form because  of a v a i l a b i l i t y  of oxygen. E l e c t r o n  
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f low and e l e c t r o l y t i c  conductance e a s i l y  occur  on t h e  b a r  and 
i n  t h e  wet c o n c r e t e ,  r e s p e c t i v e l y .  The r e i n f o r c e m e n t  i n  t h e  
underwater  p o r t i o n  of t h e  s t r u c t u r e  becomes a n o d i c  because  of 
t h e  p r e s e n c e  of c h l o r i d e  and t h e  re la t ive  absence  of oxygen. 
Cor ros ion  and c r a c k i n g  t h e n  r e s u l t .  

We have i n v e s t i g a t e d  a s t r u c t u r e  where s tee l  e x t e n d i n g  t o  t h e  
ocean s u r f a c e  was c o r r o d i n g  s e v e r e l y  a t  20 f o o t  d e p t h s .  An 
i n v e s t i g a t o r  removed some of t h e  r u s t  and c a r r i e d  i t  t o  t h e  
s u r f a c e  where i t  warmed h i s  hand. The c o r r o s i o n  p r o d u c t s  
were f e r r o u s  o x i d e s  (Feo) and hydrox ides  (Fe(0H ) ) ,  which 

r e a d i l y  “burned” i n  t h e  oxygen of t h e  a i r  t o  form f e r r i c  
p r o d u c t s  ( e . g .  Fe O Fe(0H) Fe O ) ,  e l e g a n t l y  demons t r a t ing  

lack of oxygen, and t h e  non-need of i t ,  a t  t h e  s i t e  of t h e  
c o r r o s i o n .  

2 

2 3’ 3’ 3 4 

B .  , F i g u r e  5 i l l u s t r a t e s  c o n d i t i o n s  p r e s e n t  when c o n c r e t e  con ta in -  
i n g  epoxy-coated steel i s  s u b j e c t e d  t o  dynamic l o a d s  and 
s a l t  s o l u t i o n s .  Cor ros ion  occur red  a t  l o c a t i o n s  of l u g s ,  b u t  
n o t  a t  c r a c k s .  Q u i t e  obv ious ly  t h e  c r a c k s  e s t a b l i s h  t h e  
ca thode .  The l o c a t i o n  of t h e  anode may b e  due t o  l o c a l  
inhomogeneity of s tee l ,  pe rhaps  occas ioned  by t h e  p r e s e n c e  of 
i n c l u s i o n s  s u c h  as manganese s u l f i d e .  

C. Recen t ly  f l o o r s  i n  some areas of h e a t e d ,  a i r - c o n d i t i o n e d ,  
decade-old b u i l d i n g s  have cracked due t o  c o r r o s i o n  of s t ee l  
embedded i n  c o n c r e t e  c o n t a i n i n g  admixed ca l c ium c h l o r i d e .  
I n v e s t i g a t i o n  r e v e a l e d  t h a t  t h e  c o n c r e t e  had been made w i t h  
a l i g h t - w e i g h t  a g g r e g a t e  t h a t  h e l d  c o n s i d e r a b l e  water, and 
t h a t  severe c o r r o s i o n  occur red  where t h e  c o n c r e t e  cou ld  n o t  
d r y  o u t  due t o  t i l e d  s u r f a c e s .  Carpeted areas evidenced no 
d i s  tress. 

THE CHLORIDE PROBLEM 

C h l o r i d e  i s  p robab ly  r e s p o n s i b l e  f o r  a l l  b u t  a few p e r c e n t  
of t h e  economic loss due t o  c o r r o s i o n  of s t e e l  i n  c o n c r e t e  
s t r u c t u r e s .  Remarkably, t h e r e  h a s  been  l i t t l e  i n t e r e s t  shown i n  
de t e rmin ing  t h e  mechanism f o r  t h e  d e p a s s i v a t i n g  a c t i o n  of c h l o r i d e  
i n  c o n c r e t e .  (We have examined many g e n e r a l  and i n o r g a n i c  
chemis t ry  t e x t s  and found most of them f a i l  t o  d i s c u s s  e i t h e r  
ch lo r ide -caused  c o r r o s i o n  o r  d e p a s s i v a t i o n . )  A knowledge of t h e  
mechanism cou ld  l e a d  t o  methods f o r  i n h i b i t i o n  of t h e  depass iva -  
t i o n  p r o c e s s .  

In  o u r  view, and as proposed by o t h e r s ,  complex fo rma t ion  
cou ld  p l a y  a l a r g e  r o l e ,  a c c o r d i n g  t o  such  r e a c t i o n s  as: 

-4  
Fett + 6C1- +--+ FeC16 

+3  Fe + 6Cl- 4- 
-3 

6 FeC1 
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A reaction such as E q .  6 removes-ferrous ions from the cathode 
area, allowing them to be deposited away (perhaps only a few 
microns) from the bar, through the reaction: 

This reaction produces rust and releases chloride ion for 
further reaction with ferrous ion. 

The complexation of the ferrous ion, in accordance with 
Lechatelier's Law and E q .  2, causes more metallic iron to oxidize, 
leading to more rust. Further, the lowering of the ferrous ion 
concentration because of its reaction with chloride ( E q .  6) leads 
to a change in the half-cell potential of the iron:ferrous ion 
half-cell, which can be measured by the procedures of ASTM C 876. 
Thus, lower (toward a more negative value) half-cell potential 
does not indicate that "more rust is present" (an increased 
ferrous ion concentration) but actually dynamically demonstrates 
that a corrosion mechanism (decrease in ferrous ion concentration 
to force oxidation of the iron) is almost certainly in operation. 
This is why ASTM C 876 can state that half-cell measurements more 
negative than -0.35 volts (vs. the copper-copper sulfate elec- 
trode) are 90 percent certain of demonstrating that corrosion is 
occurring. 

CONCENTRATION CELLS AND OTHER COMPLICATIONS 

Our simplified model of the steel corrosion process as one 
involving an anode where iron atoms oxidize to form ferrous ions, 
and a cathode where oxygen is reduced and reacts with water to 
form hydroxyl ions, is insufficient to explain all of the causes 
for corrosion of steel in concrete, and the differences in 
corrosion current for apparently similar situations. These 
complications are due to mechanisms such as: 

1. "Concentration cells" due to differences in chloride, oxygen, 
water, etc. concentration at different locations on a steel 
bar. Figure 6 illustrates that a cell may be set up simply 
by having two concentrations of ferrous ion (Fe ) in contact 
with a steel bar. The different concentrations may be due to 
reactions of ferrous ion at one electrode with chloride or 
oxygen. 

++ 

2. Local inhomogeneities in steel composition. 

3. Galvanic effects, due to contact between dissimilar metals. 

A more complete discussion of these phenomena is outside the 
scope of this paper. 
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Fig. 1--Electrochemical corrosion cell 

CATHODE 
, *  . . - .  . a *  . . . . . . . . .  . . . .  : .  4 .  . 

ANODE 
1 '  . ' b  . . . . . . .  . e  ' . .  . . .  . .  

. . .  . . .  ............. ......... . . . . .  . . .  - . OH- 
A- 

' ' 0 Fe++'. 1 . . '  

. .  
x.... : . . .... e -  n 

Fig. 2--Corrosion cell in reinforced concrete 

Full document details: ACI SP-102-87

http://www.avadocuments.com/doc/aci-sp-102-87
http://www.avadocuments.com/doc/aci-sp-102-87


A C 1  SP-LO2 87 W Obb2îLi ï  0002780 7 W 
~~ ~ ~~ ~ 

~ ~ ~ ~~- 

Corrosion, Concrete, and Chlorides 11 

, -  . 4  : .. . . . ,  . .  . * .  . . .  

STEEL 

PASSIVATED 
STEEL 

Fig. 3--Passivated steel in concrete 

[CATHODE 

-ANODE 

Fig. 4--Examples of steel in concrete completely and partially 
immersed in sea water 

Full document details: ACI SP-102-87

http://www.avadocuments.com/doc/aci-sp-102-87
http://www.avadocuments.com/doc/aci-sp-102-87


A C 1  SP-302 8 7  m Ob62949 0002783 9 a 
12 Hirne and Erlin 

ANODEST, CATHODE- 

Fig. 5--Dotted areas represent corrosion of epoxy-coated 
steel in cracked concrete 

Full document details: ACI SP-102-87

http://www.avadocuments.com/doc/aci-sp-102-87
http://www.avadocuments.com/doc/aci-sp-102-87


A Review of Electrochemical Principles 
as Applied to Corrosion of Steel 

in a Concrete or Grout Environment 

By J. Fraczek 

Synops i s :  C o r r o s i o n  of steel  i n  concrete p r o c e e d s  a t  
a f a r  g r e a t e r  ra te  i n  t h e  p r e s e n c e  of c h l o r i d e  i o n s .  

Most researchers agree t h a t  c h l o r i d e  i o n s  ac t  as 
an  e s s e n t i a l  p a r t  o f  t h e  c o r r o s i o n  c e l l  by 

i) l ower ing  t h e  pH o f  t h e  concrete p o r e  water i n  
c o n t a c t  w i t h  t h e  s teel ,  t h e r e b y  d i s s o l v i n g  t h e  p a s s i v e  
o x i d e  f i l m  on t h e  s t e e l  s u r f a c e ,  o r  

2 )  p e n e t r a t i n g  t h e  f i l m  t o  react w i t h  and  t r a n s -  
p o r t  t h e  me ta l l i c  i r o n  i n t o  t h e  e l e c t r o l y t e .  

I n  t h e  l a t t e r  p r o c e s s ,  t h e  r e s u l t i n g  i r o n  chlor-  
i d e  complex i o n  combines w i t h  hydroxyl  i o n s  t o  f o r m  
f e r r o u s  hydrox ide  i n  s o l u t i o n  and  lower t h e  pH. T h i s ,  
i n  t u r n ,  t h i n s  o u t  t h e  o x i d e  f i l m  and  s p e e d s  p e n e t r a -  
t i o n  of ch lor ide  i o n s .  E v e n t u a l l y  t h e  c o n t i n u i n g  cor- 
rosive a c t i o n  r e s u l t s  i n  a p i t .  

To  i n i t i a t e  c o r r o s i o n ,  a t h r e s h o l d  c o n c e n t r a t i o n  
of c h l o r i d e  i s  needed i n  e x c e s s  of  t h e  amount immobil- 
i z e d  by r e a c t i o n  w i t h  t r i c a l c i u m  a l u m i n a t e  i n  t h e  ce- 
ment. I n v e s t i g a t i o n  of t h e  c h l o r i d e  i o n  c o n t e n t  i n  
c o n c r e t e  a d j a c e n t  t o  c o r r o d i n g  r e i n f o r c i n g  s t e e l  shows 
t h e  c o n c e n t r a t i o n  t o  be 1 . 0  t o  1 . 4  l b  of c h l o r i d e  i o n  
p e r  c u b i c  y a r d  of c o n c r e t e  (0 .59 -0 .83  kg/m3). 

Keywords : 
c o r r o s i o n ;  pH; r e i n f o r c e d  c o n c r e t e ;  r e i n f o r c i n g  steels 

c h l o r i d e s  ; c o r r o s i o n ;  e l e c t r o l y s i s  ; g a l v a n i c  
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INTRODUCTION 

T h e  phenomenon of c o r r o s i o n  o f  s tee l  i n  c o n c r e t e  
h a s  been s t u d i e d  e x t e n s i v e l y  s i n c e  1 9 6 0 .  V a r i o u s  i n -  
v e s t i g a t i o n s  p r i o r  t o  1 9 6 0  i d e n t i f i e d  t h e  b a s i c  cor- 
r e l a t i o n  between c h l o r i d e  i o n s  and  t h e  c o r r o s i o n  of  
s t e e l  i n  concrete (1, 2 ) .  The n a t u r e  of t h e  i n t e r a c -  
t i o n ,  however, w a s  n o t - c l e a r l y  unde r s tood .  Most re- 
search i n  t h e  1 9 6 0 ' s  c o n c e n t r a t e d  on t h e  cor ros ion  of  
m i l d  s t e e l  r e i n f o r c e m e n t  i n  b r i d g e s .  
p o t e n t i a l  o f  p r e s t r e s s i n g  s t ee l  w a s  a l s o  r e c o g n i z e d ,  
however, a n d  r e s e a r c h e r s  e v e n t u a l l y  r e a l i z e d  t h a t  t h e  
p r i n c i p l e s  g o v e r n i n g  c h l o r i d e - i n d u c e d  c o r r o s i o n  o f  
m i l d  s t ee l  i n  c o n c r e t e  a p p l y  t o  p r e s t r e s s i n g  s t ee l  as 
w e l l .  

The corrosion 

The f o l l o w i n g  i s  a br ief  review of t h e  p r i n c i p l e s  
g o v e r n i n g  c h l o r i d e - i n d u c e d  c o r r o s i o n  of s t ee l  i n  con- 
crete .  I t  i s  i n t e n d e d  t o  p r o v i d e  t h e  e n g i n e e r  hav ing  
l i t t l e  o r  no  knowledge of t h e  c o r r o s i o n  p r o c e s s  w i t h  
s u f f i c i e n t  background and  u n d e r s t a n d i n g  t o  comprehend 
t h e  f u n c t i o n i n g  of v a r i o u s  c o r r o s i o n  p r o t e c t i o n  mea- 
s u r e s .  

PRINCIPLES O F  CORROSION 

For p u r p o s e s  of t h i s  d i s c u s s i o n ,  c o r r o s i o n  w i l l  
b e  d i v i d e d  i n t o  t w o  c a t e g o r i e s :  s t r a y  c u r r e n t  and  
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g a l v a n i c .  S t r a y  c u r r e n t  c o r r o s i o n  i s  c a u s e d  by t h e  
d i s c h a r g e  of s t r a y  d i rec t  c u r r e n t  from t h e  s u r f a c e  of 
a metal, and  i s  n o t  a common problem i n  c o n c r e t e  
s t r u c t u r e s .  G a l v a n i c  c o r r o s i o n ,  i n  t h e  s t r i c t  sense, 
i s  c a u s e d  by t h e  p o t e n t i a l  d i f f e r e n c e s  deve loped  when 
t w o  d i s s i m i l a r  m e t a l s  a re  e l e c t r i c a l l y  connec ted .  I n  
t h e  b r o a d  s e n s e ,  however, t h e  t e r m  h a s  a l s o  been ap- 
p l i e d  t o  c o r r o s i o n  r e s u l t i n g  f r o m  d i s s i m i l a r  s u r f a c e  
c o n d i t i o n s ,  d i f f e r e n c e s  i n  oxygen c o n c e n t r a t i o n  o r  
d i f f e r e n c e s  i n  environment  a round  a s t r u c t u r e  ( 3 ) .  - 
The Basic C o r r o s i o n  C e l l  

The b a s i c  p r i n c i p l e s  of e l e c t r o c h e m i c a l  c o r r o s i o n  
can  be t r a c e d  t o  t h e  components of t h e  e l e c t r o l y t i c  
c e l l  which  must b e  e s t a b l i s h e d  f o r  c o r r o s i o n  t o  o c c u r .  
Three  b a s i c  components compr ise  t h e  c e l l :  t h e  anode,  
t h e .  cathode and  an  e l e c t r o l y t e .  For c o r r o s i o n  t o  oc- 
c u r ,  t h e  anode a n d  c a t h o d e  must be c o n n e c t e d  i n  a man- 
n e r  t h a t  p e r m i t s  e l e c t r o n  f l o w .  

Anode and  Cathode -- The s i t e  where m e t a l  cor- 
r o d e s  i s  t e rmed  t h e  anode.  I n  t h e  a n o d i c  r e a c t i o n ,  
a m e t a l  atom loses e l e c t r o n s  i n  a r e a c t i o n  w i t h  t h e  
c o r r o d i n g  m e d i u m .  These e l e c t r o n s  are consumed a t  
t h e  c a t h o d e ,  t y p i c a l l y  t h r o u g h  oxygen r e d u c t i o n .  I n  
ac id ic  nedia, hydrogen e v o l u t i o n  i s  a common c a t h o d i c  
r e a c t i o n .  The  t w o  r e a c t i o n s  a re  c o u p l e d  by a migra-  
t i o n  o f  i o n s  i n t o  t h e  e l e c t r o l y t e  a t . t h e  anode  and  o u t  
of t h e  e l e c t r o l y t e  a t  t h e  cathode. 

The o r i e n t a t i o n  of  t h e  a n o d i c  and  c a t h o d i c  s i tes  
can  be viewed on t w o  scales. I n  t h e  m i c r o s c o p i c  view, 
a t i n y  anode may b e  su r rounded  by t h e  c a t h o d e .  On a 
macro-cell scale, t h e  anode  and  c a t h o d e  can  b e  s e p a r -  
a t e d  by a f i n i t e  d i s t a n c e  measured i n  i n c h e s ,  fee t ,  o r  
y a r d s .  G e n e r a l l y ,  t h e  s u r f a c e  area of t h e  anode i s  
s m a l l  r e l a t i v e  t o  t h a t  of t h e  cathode, and  t h e  cor- 
r o s i o n  c e l l  c o n s i s t s  of a combina t ion  of many micro- 
and  m a c r o - e l e c t r o l y t i c  c e l l  i n t e r a c t i o n s .  

E l e c t r o l y t e  -- T h e  c u r r e n t  which d r i v e s  t h e  ano- 
d i c  and  c a t h o d i c  r e a c t i o n s  f l o w s  t h r o u g h  a medium 
te rmed t h e  e l e c t r o l y t e .  The e l e c t r o l y t e  c o n d u c t s  c u r -  
r e n t  p r i m a r i l y  t h r o u g h  i o n i c  d i f f u s i o n ,  and  t h u s  must 
have a s p e c i f i c  minimum i o n  c o n t e n t  and  a minimum 
w a t e r  c o n t e n t  t o  a l low t h e  f l o w  of  i o n s .  

C o r r o s i o n  P o t e n t i a l  and  C o r r o s i o n  R a t e  -- The 
e l e c t r o l y t i c  o r  g a l v a n i c  c e l l  o p e r a t e s  as a c i r c u i t .  
C u r r e n t  f l o w s  a round  t h i s  c i r c u i t  between t h e  anode 
and  t h e  cathode, f l o w i n g  one  way t h r o u g h  the  m e t a l  
and  r e t u r n i n g  t h r o u g h  t h e  e l e c t r o l y t i c  medium. The 
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d r i v i n g  f o r c e  p r o d u c i n g  c u r r e n t  f l o w  i s  c a l l e d  t h e  
e l e c t r o m o t i v e  force,  o r  e m f ,  and  r e s u l t s  f r o m  t h e  
chemica l  r e a c t i o n s  t a k i n g  p l a c e  a t  t h e  anode and  cath-  
ode .  The v a l u e  of t h e  e m f  i s  measured as a p o t e n t i a l  
d i f f e r e n c e ,  i n  u n i t s  of v o l t s ,  between t h e s e  t w o  
s i tes .  

The v a l u e  of t h e  emf i s  n o t  an  i n d i c a t i o n  of t h e  
r a t e  of c o r r o s i o n ,  b u t  o n l y  of  t h e  f o r c e  o r  p o t e n t i a l  
e n e r g y  push ing  t h e  r e a c t i o n  i n  a p a r t i c u l a r  d i r e c t i o n .  
The c o r r o s i o n  r a t e  depends on t h e  amount of c u r r e n t  
a c t u a l l y  f l o w i n g ,  as c a l c u l a t e d  by F a r a d a y ' s  Law: 

W = k I t  (Eq.  1) 

where W i s  t h e  we igh t  of t h e  m e t a l  corroded, k i s  t h e  
e l e c t r o c h e m i c a l  e q u i v a l e n t ,  I i s  t h e  c u r r e n t ,  and  t 
i s  t h e  t i m e .  

C o r r o s i o n  C e l l s  

G e n e r a l l y ,  any n o n u n i f o r m i t y  w i t h i n  t h e  electro- 
l y t e  o r  between t h e  anode  and  c a t h o d e  c a n  p roduce  a 
c e l l  w i t h  d i f f e r e n t  p o t e n t i a l s  ( a n  e m f ) .  Examples of 
s u c h  n o n u n i f o r m i t i e s  i n c l u d e  d i s s i m i l a r  metals, oxygen 
c o n c e n t r a t i o n s  and  t e m p e r a t u r e  d i f f e r e n t i a l s .  Coup- 
l i n g  d i s s i m i l a r  metals w i l l  c a u s e  t h e  more a c t i v e  m e t -  
a l  t o  c o r r o d e  w h i l e  t h e  m o r e  n o b l e  m e t a l  ac t s  as  t h e  
c a t h o d e .  T h i s  a c t i v i t y  can  o c c u r  on a m i c r o s c o p i c  o r  
macroscop ic  scale .  A c o r r o s i o n  c e l l  can  a l s o  be p ro -  
duced by d i f f e r e n t i a l  c o n c e n t r a t i o n s  of  e i t h e r  oxygen 
or meta l l ic  i o n s  a t  t h e  e l e c t r o d e s .  A p o t e n t i a l  de- 
v e l o p s  due t o  t h e  g r e a t e r  a v a i l a b i l i t y  of t h e  r e a c t i n g  
i o n  a t  one  l o c a t i o n  t h a n  a t  t h e  o t h e r .  D i f f e r e n t i a l  
oxygen c o n c e n t r a t i o n s  can  o c c u r  i n  many ways w i t h i n  a 
g i v e n  e l e c t r o l y t e .  Even a t e m p e r a t u r e  g r a d i e n t  i n  a 
metal adjacent  t o  a n  e l e c t r o l y t e  can  r e s u l t  i n  a cor- 
r o s i o n  c e l l .  

Factors A f f e c t i n a  C o r r o s i o n  A c t i v i t v  

Many f a c t o r s  a f f e c t  t h e  a c t i v i t y  of a c o r r o s i o n  
c e l l .  I n  g e n e r a l  t h e y  i n c l u d e  i )  t h e  r a t i o  between 
t h e  s u r f a c e  areas of t h e  a n o d i c  and  cathodic  r e g i o n s ,  
2 )  p o l a r i z a t i o n ,  and  3 )  r e s i s t i v i t y  of  t h e  e l e c t r o l y t e  

1. A r e a  R a t i o  -- The c o r r o s i o n  r a t e  i s  r e l a t e d  
t o  t h e  d e n s i t y  of t h e  c u r r e n t  f l o w i n g  i n  t h e  c e l l  ( 4 ) .  
For a g i v e n  c u r r e n t ,  t h e  c u r r e n t  d e n s i t y  d e c r e a s e s  at 
t h e  anode  a s  t h e  a n o d i c  area i n c r e a s e s  w i t h  r e s p e c t  t o  
t h e  c a t h o d i c  area.  The decrease i n  c u r r e n t  d e n s i t y  
d e n o t e s  a d e c r e a s e  of  t h e  cor ros ion  r a t e .  
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2 .  P o l a r i z a t i o n  -- E l e c t r o c h e m i c a l  p o l a r i z a t i o n ,  
o r  t h e  change  of p o t e n t i a l  o f  an  e l e c t r o d e  r e s u l t i n g  
f r o m  c u r r e n t  f l ow,  can  be d i v i d e d  i n t o  a c t i v a t i o n  and  
c o n c e n t r a t i o n  p o l a r i z a t i o n .  A c t i v a t i o n  p o l a r i z a t i o n  
r e f e r s  t o  electrochemical p r o c e s s e s  which are  c o n t r o l -  
l e d  by  t h e  r e a c t i o n  sequence  a t  t h e  m e t a l - e l e c t r o l y t e  
i n t e r f a c e .  C o n c e n t r a t i o n  p o l a r i z a t i o n  refers t o  re- 
a c t i o n s  which are  c o n t r o l l e d  by t h e  d i f f u s i o n  of i o n s  
i n  t h e  e l e c t r o l y t e .  Both a c t i v a t i o n  and  c o n c e n t r a t i o n  
p o l a r i z a t i o n  u s u a l l y  o c c u r  a t  an  electrode. A c t i v a -  
t i o n  p o l a r i z a t i o n  u s u a l l y  c o n t r o l s  a t  l o w  r e a c t i o n  
ra tes ,  w h i l e  c o n c e n t r a t i o n  p o l a r i z a t i o n  becomes con- 
t r o l l i n g  a t  h i g h e r  rates. The t o t a l  p o l a r i z a t i o n  of 
a n  e l e c t r o d e  i s  t h e  sum of t h e  a c t i v a t i o n  and  concen- 
t r a t i o n  p o l a r i z a t i o n  c o n t r i b u t i o n s  ( 5 ,  - pp. 308-313) .  

P a s s i v a t i o n  i s  a s p e c i a l  case of a c t i v a t i o n  po- 
l a r i z a t i o n  c a u s e d  by t h e  f o r m a t i o n  of a t h i n  p a s s i v e ,  
or nonconduct ing ,  l a y e r  on t h e  m e t a l  s u r f a c e .  I t  i s  
estimated t h a t  t h e  f i l m  i s  o n l y  a p p r o x i m a t e l y  3 0  ang- 
stroms o r  less i n  t h i c k n e s s .  When t h e  l a y e r  becomes 
t h i c k  enough a t  e i t h e r  t h e  anode o r  c a t h o d e  t o  p a r -  
t i a l l y  o r  f u l l y  b lock  t h e  f l o w  of c u r r e n t ,  c o r r o s i o n  
a c t i v i t y  s l o w s  o r  comes t o  a h a l t  and t h e  c e l l  i s  con- 
sidered t o  be p a s s i v a t e d .  Formation and  breakdown of 
t h e  p a s s i v e  l a y e r  depends on a number of f ac to r s ,  i n -  
c l u d i n g  t h e  i o n i c  c o n c e n t r a t i o n s  and  pH l e v e l  w i t h i n  
t h e  e l e c t r o l y t e .  

3 .  E l e c t r o l y t e  R e s i s t a n c e  -- Another  major f ac to r  
a f f e c t i n g  t h e  c o r r o s i o n  r a t e  i s  t h e  e lec t r ica l  resis- 
t a n c e  of  t h e  e l e c t r o l y t e .  T h i s  f a c t o r  depends on t e m -  
p e r a t u r e ,  m o i s t u r e  and  i o n i c  c o n t e n t ,  s i n c e  t h e  corro- 
s i o n  c u r r e n t  f l o w s  t h r o u g h  t h e  e l e c t r o l y t e  by i o n i c  
c o n d u c t i o n .  The p o t e n t i a l  c o r r o s i o n  r a t e  i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  r e s i s t a n c e  of t h e  e l e c t r o l y t e .  

CORROSION O F  STEEL I N  CONCRETE 

The s u r f a c e  of s tee l  r e i n f o r c e m e n t  i n  c o n c r e t e  
has been s t u d i e d  e x t e n s i v e l y  i n  t h e  r e c e n t  p a s t  ( 6 - 8 ) .  - -  
Evidence  e x i s t s  t h a t  a p a s s i v e  i r o n  o x i d e  f i l m  i s  p r e -  
s e n t  on t h e  s teel  s u r f a c e  and  t h a t  t h i s  f i l m  norma l ly  
p r o t e c t s  t h e  s teel  s u b s t r a t e  a g a i n s t  c o r r o s i o n  t h r o u g h  
a form of a c t i v a t i o n  p o l a r i z a t i o n .  T h e  f i l m  p r e v e n t s  
i r o n  c a t i o n s  (Fe++)  f r o m  e n t e r i n g  i n t o  s o l u t i o n  i n  t h e  
e l e c t r o l y t e  and  acts  a s  a barr ier  t o  p r e v e n t  oxygen 
a n i o n s  ( 0 - 2 )  f rom c o n t a c t i n g  t h e  s teel  s u r f a c e .  

There i s  a l s o  a n  i n i t i a l  b a s i c i t y  of t h e  electro- 
l y t e  s u r r o u n d i n g  t h e  s teel  due t o  t h e  p r e s e n c e  of a 
s a t u r a t e d  l i m e  s o l u t i o n  i n  t h e  cement g e l .  T h e  normal 
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pH of m o i s t  c o n c r e t e  t y p i c a l l y  r ema ins  above 1 2 ,  main- 
t a i n i n g  t h e  p a s s i v e  o x i d e  f i l m  i n  a s t a b l e  c o n d i t i o n .  
However, t h e  f i l m  b r e a k s  down ( d e p a s s i v a t e s )  i f  t h e  pH 
of t h e  s u r r o u n d i n g  envi ronment  f a l l s  below a p p r o x i -  
m a t e l y  10-11, o r  i f  t h e  c h l o r i d e  ion c o n c e n t r a t i o n  be- 
comes s u f f i c i e n t l y  h i g h ,  and  c o r r o s i o n  can  r e s u l t .  

Reduct ion  i n  pH can  o c c u r  i n  one  of t h ree  ways: 
1) by c a r b o n a t i o n  of  t h e  c o n c r e t e ,  2 )  by w a t e r  leach- 
i n g  a s s o c i a t e d  w i t h  c r a c k i n g ,  o r  3 )  due t o  o t h e r  chem- 
i ca l  r e a c t i o n s  w i t h i n  t h e  cement m a t r i x .  Ca rbona t ion  
i n v o l v e s  a r e a c t i o n  of a t m o s p h e r i c  carbon d i o x i d e  w i t h  
t h e  C a ( O H ) 2  i n  t h e  cement g e l  t o  f o r m  i n s o l u b l e  CaC03 
and  w a t e r .  T h i s  r e a c t i o n  r e s u l t s  i n  a s i g n i f i c a n t  re- 
d u c t i o n  i n  pH of t h e  e l e c t r o l y t e  due t o  removal  of  hy- 
d r o x y l  i o n s  f r o m  t h e  p o r e  water s o l u t i o n  ( 9 ,  p.  1 9 0 ) .  
Al though c a r b o n a t i o n  i s  n o r m a l l y  n o t  a s i g n i f i c a n t  
c o n c e r n  because  it p r o c e e d s  a t  a v e r y  s l o w  r a t e ,  s i g -  
n i f i c a n t  c o r r o s i o n  damage r e s u l t i n g  from c a r b o n a t i o n  
of l i g h t w e i g h t  c o n c r e t e  h a s  been r e p o r t e d  ( 1 0 ) .  S i m i -  
l a r l y ,  p r o p e r l y  d e s i g n e d  c o n c r e t e  does  n o t  n o r m a l l y  
c r a c k  enough t o  c a u s e  s i g n i f i c a n t  l e a c h i n g .  O the r  
chemica l  r e a c t i o n s  t h a t  r e s u l t  i n  pH r e d u c t i o n  are  
t y p i c a l l y  due t o  c e r t a i n  a g g r e s s i v e  envi ronments  -- 
fo r  example a c i d  r a i n ,  o r  t h e  p r e s e n c e  of  h a l i d e s  
s u c h  a s  c h l o r i d e ,  o r  s u l f i d e .  

T h e  Ro le  of C h l o r i d e  i n  t h e  C o r r o s i o n  P r o c e s s  

C o r r o s i o n  of s tee l  i n  c o n c r e t e  p r o c e e d s  a t  a f a r  
g r e a t e r  r a t e  i n  t h e  p r e s e n c e  o f  c h l o r i d e  i o n s .  A l m o s t  
a l l  r e s e a r c h e r s  a g r e e  t h a t  t h e  c h l o r i d e  i o n  ac t s  as  an  
e s s e n t i a l  c a t a l y s t  i n  t h e  c o r r o s i o n  r e a c t i o n .  The 
p r e c i s e  r o l e  which t h e  c h l o r i d e  i o n  p l a y s  i n  t h e  reac- 
t i o n s ,  however, i s  n o t  n e c e s s a r i l y  agreed upon. 

E f f e c t  on C o n d u c t i v i t y  of t h e  E l e c t r o l y t e  -- Con- 
crete ,  a c t i n g  as  a n  e l e c t r o l y t e ,  has  a wide v a r i a t i o n  
i n  i t s  e l e c t r i c a l  r e s i s t i v i t y  character is t ics .  R e s i s -  
t i v i t y  v a l u e s  r a n g i n g  f r o m  a b o u t  1 0 , 0 0 0  t o  1 0 , 0 0 0 , 0 0 0  
ohm-cm have been r e p o r t e d  by r e s e a r c h e r s  s t u d y i n g  con- 
c re te  w i t h  d i f f e r e n t  m o i s t u r e  and  induced  i o n i c  con- 
t e n t s .  An i n c r e a s e  i n  t e m p e r a t u r e  o r  a d d i t i o n  of 
m o i s t u r e  and i o n s ,  such  as  c h l o r i d e  i o n s ,  t o  c u r e d  
c o n c r e t e  r e s u l t s  i n  a l a r g e  d rop  i n  r e s i s t i v i t y .  High 
wa te r - cemen t  r a t i o ,  c h l o r i d e - b e a r i n g ,  s a t u r a t e d  con- 
c re te  p r o v i d e s  t h e  l o w e s t  r e s i s t i v i t y  t o  c u r r e n t  -- 
w h i l e  l o w  water-cement  r a t i o ,  w e l l  c u r e d ,  a i r - d r y  con- 
c re te  p r o v i d e s  t h e  h i g h e s t .  Condensed s i l i c a  fume, a n  
a d m i x t u r e  d e s c r i b e ?  as  a n  e x t r e m e l y  a c t i v e  p o z z o l a n ,  
d r a m a t i c a l l y  i n c r e a s e s  t h e  r e s i s t i v i t y  of concrete.  

Chemical  R e a c t i o n s  I n v o l v e d  i n  C o r r o s i o n  -- To 
d e m o n s t r a t e  t h e  ways i n  which t h e  c h l o r i d e  i o n  may a f -  
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fec t  t h e  c o r r o s i o n  r e a c t i o n ,  it i s  h e l p f u l  t o  d i s c u s s  
t h e  basic chemica l  r e a c t i o n s  t a k i n g  p l a c e  w i t h i n  t h e  
g a l v a n i c  c o r r o s i o n  ce l l .  The a c t u a l  p h y s i c a l  reac- 
t i o n s  are much more complex, b u t  r e s u l t  i n  t h e  funda-  
m e n t a l  p r o c e s s  d e s c r i b e d  below. 

A t  t h e  anode,  me ta l l i c  i r o n  goes  i n t o  s o l u t i o n  by 
o x i d a t i o n  (loss of e l e c t r o n s ) :  

A t  t h e  c a t h o d e ,  d i s s o l v e d  oxygen i n  t h e  p o r e  water 
which h a s  d i f f u s e d  t o  t h e  s teel  s u r f a c e  i s  r e d u c e d  by 
e l e c t r o n s  s u p p l i e d  by t h e  anode r e a c t i o n  t o  f o r m  hy- 
d r o x y l  i o n s :  

O2 + 2 H 2 0  + 4e' = 4 0 H - .  (Eq. 3) 

The c u r r e n t  comple t e s  t h e  c i r c u i t  back t o  t h e  
anode t h r o u g h  t h e  c o n c r e t e  e l e c t r o l y t e  i n  t h e  form of 
t h e  n e g a t i v e  hydroxyl  i o n s .  The r a t e  of t h i s  t r a n s f e r  
depends on t h e  t e m p e r a t u r e ,  m o i s t u r e  c o n t e n t ,  i o n  con- 
c e n t r a t i o n  and  p e r m e a b i l i t y  of t h e  c o n c r e t e .  T h i s  i s  
a n  i o n i c  d i f f u s i o n  p r o c e s s ,  b u t  it can  s t i l l  b e  e q u i -  
v a l e n t l y  modeled by O h m ' s  Law r e l a t i n g  t h e  d r i v i n g  
force  ( e m f ) ,  c u r r e n t ,  and  r e s i s t a n c e  of t h e  e lectro-  
l y t e  (6, p.  1 1 3 8 ) .  

The OH- i o n s  a t  t h e  anode can  t h e n  combine w i t h  
t h e  Fe++ c a t i o n  t o  form a f a i r l y  s o l u b l e  f e r r o u s  hy- 
d r o x i d e ,  Fe ( O H  1 2  : 

Fe++ + 20H-  = F e ( O H ) 2 .  (Eq. 4 )  

Given s u f f i c i e n t  oxygen, t h i s  p r o d u c t  can  b e  f u r t h e r  
o x i d i z e d  t o  f o r m  i n s o l u b l e  h y d r a t e d  red r u s t .  U n l e s s  
t h e  c o n c r e t e  i s  c r a c k e d ,  however, oxygen u s u a l l y  
c a n n o t  d i f f u s e  q u i c k l y  enough a t  an a c t i v e  anode s i t e  
t o  s u p p o r t  t h i s  r e a c t i o n  and  t h e  i r o n  r ema ins  i n  t h e  
f e r r o u s  s ta te .  

G e n e r a l  E f f e c t  of Ch lo r ide  -- Most researchers 
bel ieve t h a t  t h e  c h l o r i d e  i o n  i n i t i a t e s  t h e  c o r r o s i o n  
react ion by d e p a s s i v a t i n g  t h e  n a t u r a l  o x i d e  f i l m  on  
t h e  s teel  s u r f a c e ,  a l l o w i n g  t h e  i r o n  t o  t o  i n t o  s o l u -  
t i o n .  However, t h e  d e p a s s i v a t i o n  does n o t  n e c e s s a r i l y  
o c c u r  t h r o u g h  a d i rec t  r e d u c t i o n  of a l k a l i n i t y  i n  t h e  
e l e c t r o l y t e  by t h e  c h l o r i d e - i n d u c e d  r eac t ion .  Some 
researchers now b e l i e v e  t h a t  t h e  chlor ide i o n  a l s o  
acts d i r e c t l y  by m i g r a t i n g  t h r o u g h  t h e  f i l m ,  as  f i r s t  
p roposed  by Hoar (il). The a c t u a l  mechanism of migra-  
t i o n ,  however, i s  Ï%t w e l l  u n d e r s t o o d  o r  a g r e e d  upon. 
Ogura and  O h a m a  r e c e n t l y  s u g g e s t e d  t h a t  n u c l e a t i o n  
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s i tes  a re  r e l a t ed  t o  m i c r o s c o p i c  i n c l u s i o n s  and  g r a i n  
b o u n d a r i e s  on t h e  metal s u r f a c e  Othe r  t h e o r i e s  
i n c l u d e  t h e  effects  of c h l o r i d e  ion c o n c e n t r a t i o n  (13;  
- 1 4 ,  p .  7 8 )  and  l o c a l i z e d  c o n c e n t r a t i o n s  of lower p H a t  
t h e  f i l m - e l e c t r o l y t e  i n t e r f ace  due t o  r e d u c t i o n  of t h e  
i r o n  o x i d e  f i l m  ( 8 ,  p.  4 9 1 - 4 9 2 1 ,  

C h l o r i d e  i o n s  a l s o  r e s u l t  i n  a s h i f t  of p o t e n t i a l  
of t h e  s tee l .  
i o n s  t o  t h e  l e v e l  of t h e  s tee l  t h u s  p roduces  d i f f e r -  
e n c e s  i n  p o t e n t i a l  and  l e a d s  t o  t h e  f o r m a t i o n  of "ma-  
cro"  c o r r o s i o n  cel ls .  
g e n e r a l  o c c u r r e n c e ,  and  r e s u l t s  from such  factors  as  
uneven s a l t  d i s t r i b u t i o n ,  v a r i a t i o n s  i n  c o n c r e t e  cover 
and  loca l  d i f f e r e n c e s  i n  c o n c r e t e  q u a l i t y .  

( 1 2 ) .  

- 

Non-uniform p e n e t r a t i o n  of c h l o r i d e  

Non-uniform p e n e t r a t i o n  i s  a 

S p e c i f i c  E f f e c t  of C h l o r i d e  I o n  -- On r e a c h i n g  
t h e  i r o n  s u b s t r a t e ,  t h e  c h l o r i d e  i o n  ac t s  as  a cata- 
l y s t  f o r  t h e  o x i d a t i o n  of t h e  i r o n  by t a k i n g  an  a c t i v e  
par t  i n  t h e  r e a c t i o n .  
it o x i d i z e s  t h e  i r o n  t o  form t h e  complex ion FeC13 and  
draws t h i s  u n s t a b l e  i o n  i n t o  s o l u t i o n ,  where it reacts  
w i t h  t h e  a v a i l a b l e  hydroxy l  i o n s  t o  form F e ( O H ) 2 .  
T h i s  releases t h e  C l -  i o n s  back i n t o  s o l u t i o n  and  con- 
sumes hydroxy l  i o n s ,  as s e e n  i n  t h e  f o l l o w i n g  reac- 
t i o n s :  

According t o  U h l i g  ( 5 ,  p.  75)  I 

fo l lowed by: 

FeC1; i- 2 0 H -  = F e ( O H ) 2  + 3C1- (Eq. 6 )  

The e l e c t r o n s  released i n  t h e  o x i d a t i o n  r e a c t i o n  ( E q .  
5 )  f l o w  t h r o u g h  t h e  s tee l  t o  t h e  c a t h o d e  s u r f a c e .  
T h i s  p r o c e s s  would r e s u l t  i n  a c o n c e n t r a t i o n  of c h l o r -  
i d e  i o n  and a r e d u c t i o n  of t h e  pH a t  t h e  p o i n t s  of 
c o r r o s i o n  i n i t i a t i o n ,  p r o b a b l y  a c c o u n t i n g  f o r  t h e  pro-  
cess of p i t t i n g  cor ros ion .  T h e  lowered pH a t  these 
s i tes  c o n t r i b u t e s  t o  t h e  c o n t i n u a l  breakdown of t h e  
p a s s i v e  o x i d e  f i l m  (15). - 

T h r e s h o l d  C h l o r i d e  C o n c e n t r a t i o n s  -- The t r i c a l -  
cium a l u m i n a t e  ( C 3 A )  c o n t e n t  i n  p o r t l a n d  cement i s  us-  
u a l l y  l a r g e  enough t o  combine w i t h  a s i g n i f i c a n t  
amount of c h l o r i d e  i o n ,  forming  an i n s o l u b l e  c a l c i u m  
c h l o r o a l u m i n a t e  ( 9 ,  p .  1 9 3 ) .  L a r g e r  q u a n t i t i e s  of 
c h l o r i d e  i o n  a p p e a r  t o  b e  immobil ized when t h e  con- 
c r e t e  i s  i n  a p l a s t i c  s t a t e  t h a n  when i n  a ha rdened  
s t a t e .  Because of t h i s  r e a c t i o n  w i t h  tricalcium a l u -  
m i n a t e ,  a t h r e s h o l d  c o n c e n t r a t i o n  of c h l o r i d e  i o n s  i n  
t h e  c o n c r e t e  mass must b e  p r e s e n t  above which loca l -  
i z e d  c h l o r i d e  c o n c e n t r a t i o n s  can  b e  e f f e c t i v e  i n  des- 
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t r o y i n g  t h e  p a s s i v e  f i l m  s u r f a c e  ( 6 ,  p. 1 1 3 8 ) .  It  i s  
p o s s i b l e  t h a t  these l o c a l i z e d  c o n c e n t r a t i o n s  o c c u r  p r i -  
m a r i l y  i n  v o i d s  i n  t h e  c o n c r e t e  m a t r i x  t h a t  are  i n  d i -  
rec t  c o n t a c t  w i t h  t h e  o x i d e  f i l m  ( 1 3 ) .  - 

I n v e s t i g a t i o n  of t h e  c h l o r i d e  i o n  c o n t e n t  i n  con- 
crete a d j a c e n t  t o  c o r r o d i n g  r e i n f o r c i n g  s teel  has  
found it t o  be i n  t h e  r a n g e  of 1 . 0  t o  1 . 4  l b  of chlor- 
i d e  i o n  p e r  c u b i c  y a r d  (0.59-0.83 kg/m3) ( 1 6 ) .  A t  t h e  
p r e s e n t  t i m e ,  a commonly a c c e p t e d  v a l u e  f o r t h e  corro- 
s i o n  t h r e s h o l d  i s  0 . 2 0  p e r c e n t  t o t a l  c h l o r i d e  i o n  by 
we igh t  of cement ( 1 7 ) .  T h i s  r e p r e s e n t s  t h e  minimum 
q u a n t i t y  of t o t a l  ch lo r ide  i o n  n e c e s s a r y  t o  i n i t i a t e  
c o r r o s i o n  i n  p o r t l a n d  cement c o n c r e t e  when s u f f i c i e n t  
m o i s t u r e ,  oxygen and  o t h e r  r e q u i s i t e  factors  are p r e -  
s e n t .  t h i s  v a l u e ,  a t y p i c a l  7-sack ( 6 6 0  lb /yd3  
o r  390 kg/m ) b r i d g e  deck c o n c r e t e  would have  a corro- 
s i o n  t h r e s h o l d  of approx ima te ly  1 . 3  l b  of  c h l o r i d e  i o n  
p e r  c u b i c  y a r d  ( O .  77  kb/m3). 

Factors A f f e c t i n g  P i t t i n g  C o r r o s i o n  -- There  ap- 
p e a r s  t o  b e  a n  i n i t i a l  t h r e s h o l d  p o t e n t i a l ,  ca l led  t h e  
p i t t i n g  p o t e n t i a l ,  above which p i t t i n g  c o r r o s i o n  can  
be  i n i t i a t e d  on a n  o t h e r w i s e  p a s s i v e  s u r f a c e .  The 
ove ra l l  g a l v a n i c  p o t e n t i a l  g e n e r a l l y  d r o p s  when corro- 
s i o n  c u r r e n t  b e g i n s  t o  f l o w  t h r o u g h  a l o c a l i z e d  anode 
o r  p i t .  T h i s  p o t e n t i a l  d rop  e s s e n t i a l l y  r e p a s s i v a t e s  
t h e  r ema in ing ,  n o n - p i t t e d  s teel  s u r f a c e .  S i n c e  hydro- 
l y s i s  has t a k e n  p l a c e  w i t h i n  t h e  p i t ,  however, t h e  
lower pH of  t h a t  s o l u t i o n  a l l o w s  c o n t i n u a t i o n  of t h e  
r e a c t i o n  a t  t h e  ava i lab le  p o t e n t i a l  l eve l .  The v e r y  
s m a l l  anode-ca thode  area r a t i o  i n  p i t t i n g  c o r r o s i o n  
a l so  r e s u l t s  i n  a h i g h  c u r r e n t  d e n s i t y  w i t h i n  t h e  p i t  
b e c a u s e  of t h e  r e l a t i v e l y  l a r g e  c a t h o d i c  area a v a i l -  
a b l e  fo r  d i s t r i b u t i n g  e x c e s s  e l e c t r o n s  t o  t h e  electro- 
l y t e .  T h i s  area effect  h e l p s  t o  r e i n f o r c e  t h e  corro- 
s i o n  ce l l  a c t i o n  u n t i l  t h e  p i t  s u r f a c e  area i s  s u f f i -  
c i e n t l y  l a r g e  f o r  t h e  c h l o r i d e  i o n  c o n c e n t r a t i o n  a t  
t h a t  l o c a t i o n  t o  m a i n t a i n  t h e  r e a c t i o n  ( 1 8 ) .  - 

R e s e a r c h e r s  have found e v i d e n c e  s u p p o r t i n g  t h i s  
phenomenon u t i l i z i n g  small-scale e q u i p o t e n t i a l  mapping 
of  a c o r r o d i n g  s tee l  s u r f a c e  ( 1 9 ) .  They have found 
t h a t  g e n e r a l l y  many s m a l l  p i t s i n i t i a i t e  s imul t aneous -  
l y  a t  a n  e a r l y  s t a g e ,  and  t h e n  a l l  b u t  a few r e p a s s i -  
vate .  T h e i r  c u r r e n t  i s  t h e n  channe led  i n t o  t h e  re- 
main ing  f e w  p i t s ,  c a u s i n g  an  i n c r e a s e  i n  t h e  c o r r o s i o n  
rates a t  t h o s e  l o c a t i o n s .  
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SUMMARY 

C h l o r i d e  and  oxygen i o n s ,  when p r e s e n t ,  d i f f u s e  
t h r o u g h  c o n c r e t e  a t  a r a t e  t h a t  depends on t h e  q u a l i t y  
and  i n t e g r i t y  of t h e  c o n c r e t e .  The g a l v a n i c  c o r r o s i o n  
c e l l ,  which p r o v i d e s  t h e  d r i v i n g  force b e h i n d  t h e  cor- 
r o s i o n  p r o c e s s ,  i s  e s t a b l i s h e d  ma in ly  by t h e  deve lop-  
ment of d i f f e r e n t i a l  c o n c e n t r a t i o n s  of oxygen or 
ch lor ide  a n i o n s  a l o n g  e l e c t r i c a l l y  c o n t i n u o u s  s t ee l  
s u r f a c e s .  The e l ec t r i c  p o t e n t i a l  d i f f e r e n t i a l  t h a t  
b u i l d s  up between a n  anode and  c a t h o d e  on t h e s e  s u r -  
faces i s  t h e  measure  of t h e  f o r c e  d r i v i n g  t h e  corro- 
s i o n  c e l l .  Although t h e  p o t e n t i a l  d i f f e r e n t i a l  p ro-  
v i d e s  a measure of c o r r o s i o n  a c t i v i t y ,  r a t e  of m e t a l  
loss  i s  p r o p o r t i o n a l  t o  c u r r e n t  f l o w  i n  t h e  c e l l .  

The c h l o r i d e  i o n  acts  as  an  e s s e n t i a l  p a r t  o f  t h e  
c o r r o s i o n  c e l l  i n  one  of t w o  ways. I t  e i t h e r  lowers 
t h e  pH of t h e  c o n c r e t e  p o r e  w a t e r  i n  c o n t a c t  w i t h  t h e  
s teel ,  d i s s o l v i n g  t h e  p a s s i v e  o x i d e  f i l m  on t h e  s tee l  
s u r f a c e ,  o r  it a t t a c k s .  t h e  p a s s i v e  f i l m  d i r e c t l y  by 
p e n e t r a t i n g  t h r o u g h  t h e  f i l m  s u r f a c e  t o  react  w i t h  and  
t r a n s p o r t  t h e  meta l l ic  i r o n  i n t o  t h e  e l e c t r o l y t e .  The 
r e s u l t i n g  i r o n  c h l o r i d e  complex i o n  t h e n  combines w i t h  
hydroxy l  i o n s  t o  f o r m  Fe(OH)2 i n  s o l u t i o n  and  l o w e r  
t h e  pH. T h i s ,  i n  t u r n ,  t h i n s  o u t  t h e  o x i d e  f i l m  and  
al lows easier p e n e t r a t i o n  of c h l o r i d e  i o n s ,  a l l o w i n g  
c o n t i n u e d  c o r r o s i o n  i n  t h e  newly i n i t i a t e d  p i t .  

R e g a r d l e s s  of t h e  method by which c h l o r i d e  i o n s  
ac t  i n  i n i t i a t i n g  c o r r o s i o n ,  it h a s  been shown t h a t  a 
minimum t h r e s h o l d  c o n c e n t r a t i o n  of  chlor ide is  needed 
i n  e x c e s s  of t h e  amount immobi l ized  by r e a c t i o n  w i t h  
tr icalcium a l u m i n a t e .  
p l a c e  i n i t i a l l y  i n  v o i d s  o f  t h e  cement m a t r i x  i n  con- 
t a c t  w i t h  s teel  s u r f a c e s .  A c u r r e n t l y  commonly ac- 
c e p t e d  v a l u e  f o r  t h e  c o r r o s i o n  t h r e s h o l d  i s  0 . 2  p e r -  
c e n t  t o t a l  c h l o r i d e  i o n  by we igh t  of cement .  

T h i s  c o n c e n t r a t i o n  may take 

The r a t e  of c o r r o s i o n  a c t i v i t y  i s  a f f e c t e d  by t h e  
i o n i c  c o n c e n t r a t i o n s  w i t h i n  t h e  c o n c r e t e  e l e c t r o l y t e .  
These  c o n c e n t r a t i o n s  a f f ec t  n o t  o n l y  t h e  r e s i s t i v i t y  
of t h e  e l e c t r o l y t e ,  b u t  a l s o  t h e  a v a i l a b i l i t y  of t h e  
r e a c t a n t s .  A s  an  example,  i f  oxygen i s  i n h i b i t e d  from 
r e a c h i n g  t h e  c a t h o d i c  s t ee l ,  e i t h e r  by d e n s e  c o n c r e t e ,  
m o i s t u r e  s a t u r a t i o n  o r  impermeable c o a t i n g s  on t h e  
c o n c r e t e  s u r f a c e s ,  t h e  g a l v a n i c  c e l l  w i l l  be s t i f l e d  
s i n c e  hydroxyl  a n i o n s  w i l l  n o t  b e  produced.  ( A s  a 
p r a c t i c a l  matter,  however, t h i s  i s  r a r e l y  a c h i e v e d . )  
S i m i l a r l y ,  a d e p l e t i o n  of t h e  c h l o r i d e  ' ion o r  c o n c r e t e  
p o r e  water, o r  a reversal  of t h e  e l e c t r o m o t i v e  force  
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( a s  w i t h  c a t h o d i c  p r o t e c t i o n ) ,  can  s t o p  t h e  a c t i v e  
c o r r o s i o n  c e l l .  

REFERENCES 

.. 

1. V e i t s ,  R .  I . ,  " U s e  of a 2 %  S o l u t i o n  of Calcium 
C h l o r i d e  i n  P r e s t r e s s e d  Concre t e .  'I S t r o i t e l n a y a  
Promyshlenos t ,  V o l .  32, N o .  9 (1954)  pp. 23-25 
Chem. A b s t r a c t s ,  V o l .  4 9  (1955)  42576. 

2 .  Evans, R.  H . , " A p p l i c a t i o n  of P r e s t r e s s e d  Concre t e  
t o  Water Supply  and  Dra inage ."  P roc .  I n s t i t u t e  
of C i v i l  Eng., London, V o l .  4 ,  P t .  3 (1955)  pp. 
725-775. 

3 .  Brown, R.  P . ,  F i t z g e r a l d ,  J. H . ,  "A Prac t ica l  Ap- 
p roach  t o  C o u n t e r a c t i n g  Cor ros ion  of Br idge  
S t r u c t u r e s . "  P u b l i c  Works, (November 1 9 7 1 ) .  

4 .  T s u j i n o ,  B . ,  Miyase,  S . ,  "The Ga lvan ic  C o r r o s i o n  
of S t e e l  i n  Sodium C h l o r i d e  S o l u t i o n . "  C o r r o s i o n  
- NACE, V o l .  38,  N o .  4 ( A p r i l  1 9 8 2 )  p .  228. 

5. Fontana ,  M.  G . ,  G r e e n e ,  N .  D . ,  C o r r o s i o n  Engineer- 
- i n g ,  M c G r a w - H i l l ,  I n c . ,  ( 1 9 6 7 ) .  

6 .  Bazant ,  Z .  P . ,  " P h y s i c a l  Model f o r  Steel  Corro- 
s i o n  i n  C o n c r e t e  Sea S t r u c t u r e s  - Theorv."  J o u r -  
n a l  of t h e  S t r u c t u r a l  D iv i s ion ,  Proc. o? t h e  ASCE, 
V o l .  105,  N o .  ST6  ( J u n e  1 9 7 9 )  pp. 1137-1153. 

7 .  Townsend, H . E . ,  C l e a r y ,  H . J . ,  A l l e g r a ,  L . ,  
"Breakdown of Oxide F i l m s  on S t e e l  Exposed t o  
C h l o r i d e  S o l u t i o n s . "  C o r r o s i o n  - NACE, V o l .  37, 
NO.  7 ( J u l y  1 9 8 1 )  pp. 384-391. 

8 .  Ogura, X., Takesue,  N . ,  " P i t  Formation i n  t h e  
Ca thod ic  P o l a r i z a t i o n  of Pass ive  I r o n :  I. D i s -  
s o l u t i o n  of P a s s i v e  F i l m  and  P i t  I n i t i a t i o n . "  
C o r r o s i o n  - NACE, Vol. 36, N o .  9 (September  1980)  
pp. 4 8 7 - 4 9 2 .  

9 .  "Cor ros ion  of Reinforcement  i n  Concre t e ,  'I Mater- 
i a u x  E t  C o n s t r u c t i o n ,  Vol. 9 ,  N o .  51, pp. 187-207. 

1 0 .  " S p a l l i n g  Stadium Repa i r ed .  E n g i n e e r i n g  N e w s -  
Record, ( J u l y  8,  1 9 8 2 ) .  

11. Hoar, T.  P . ,  Mears, R .  B.  and  Rothwel l ,  G.  P . ,  
C o r r o s i o n  S c i e n c e ,  Vol. 5 (1965)  p .  2 7 9 .  

Full document details: ACI SP-102-87

http://www.avadocuments.com/doc/aci-sp-102-87
http://www.avadocuments.com/doc/aci-sp-102-87


A C 1  SP-LO2 ô7  W Ob629419 0002793 5 W 

24 

1 2 .  

13. 

1 4 .  

15 .  

1 6 .  

1 7 .  

18 .  

19. 

Fraczek 

Ogura, K., Ohama, T . ,  " P i t  Formation i n  t h e  C a -  
t h o d i c  P o l a r i z a t i o n  o f  Pass ive  I r o n :  II. E f f e c t s  
of Anions." C o r r o s i o n  - NACE, V o l .  37, N o .  1 0  
(Oc tobe r  1981)  p .  572. 

Manfore, G .  E . ,  Verbeck, G .  J., " C o r r o s i o n  of 
P r e s t r e s s e d  Wire i n  C o n c r e t e . "  J o u r n a l  of t h e  AC& 
V o l .  3 2 ,  N o .  5 (November 1 9 6 0 )  pp.  491-515. 

Uh l ig ,  H .  H . ,  C o r r o s i o n  and  C o r r o s i o n  C o n t r o l ,  
2nd Ed., John Wiley & Sons,  I n c .  ( 1 9 7 1 )  4 1 9  pp. 

R i t t e r ,  J. J., Rodr iguez ,  M. J., " C o r r o s i o n  Phen- 
omena f o r  I r o n  Covered w i t h  a C e l l u l o s e  N i t r a t e  
C o a t i n g , "  C o r r o s i o n  - NACE, V o l .  38, N o .  4 ( A p r i l  
1982)  pp. 223-226. 

S t r a t f u l l ,  R.  F., Ed., . .A Manual f o r  t h e  Corro- 
s i o n  C o n t r o l  of B r i d g e  Decks. Repor t  N o .  FHWA- 
C r  Eng-1, U . S .  Dept.  of T r a n s p o r t a t i o n ,  Washing- 
t o n ,  D . C . ,  ( F e b r u a r y  1 9 8 4 )  2 0 0  pp. 

- o- I u ,  k'eaerai nignwa- 
Washington, D . C . ,  ( A p r i l  1 9 7 6 )  59 pp. 

Henr iksen ,  J, -F., "The C o r r o s i o n  and  P r o t e c t i o n  
of S t e e l  i n  S a t u r a t e d  C a ( O H ) ,  Contaminated  w i t h  
N a C l . "  C o r r o s i o n  S c i e n c e ,  V 8 1 .  2 0  ( 1 9 8 0 )  pp.  
1 2 4 1 - 1 2 4 9 .  

Isaacs, H . S . ,  Vyas, B., "Scanning  R e f e r e n c e  E l e c -  
t r o d e  Techniques  i n  L o c a l i z e d  C o r r o s i o n . "  E l e c -  
t r o c h e m i c a l  C o r r o s i o n  T e s t i n g ,  ASTM STP 7 2 7 ,  
American S o c i e t y  f o r  T e s t i n g  and  Materials (1981)  
pp. 3-33. 

Full document details: ACI SP-102-87

http://www.avadocuments.com/doc/aci-sp-102-87
http://www.avadocuments.com/doc/aci-sp-102-87


Effects of Two Non-Chloride Accelerating 
Agents on Setting Characteristics 

of Portland Cement Mortars 

b y P  Smith 

Synops i s :  E f f e c t s  of t w o  n o n - c h l o r i d e  a c c e l e r a t i n g  
a g e n t s  -- sodium t h i o c y a n a t e  and calcium n i t r a t e  -- 
on t i m e  t o  a c h i e v e  i n i t i a l  set  of t w o  b r a n d s  of Type I 
cement w e r e  de t e rmined  a t  7 0  F ( 2 1  C )  and 4 0  F (4 C ) .  

R e s u l t s  w i t h  these t w o  n o n - c h l o r i d e  accelerators 
w e r e  compared w i t h  r e s u l t s  w i t h  calcium chlor ide ,  t h e  
c o n v e n t i o n a l  accelerator. 

T e s t s  show: 
- Low or  moderate dosages  of  t h e  t w o  

n o n - c h l o r i d e  accelerators can  r e d u c e  
t i m e  t o  a c h i e v e  i n i t i a l  set by 1 - 2  
h r .  

may be nore e f fec t ive  w i t h  one  ce- 
ment t h a n  w i t h  a n o t h e r  cement hav- 
i n g  s i m i l a r  s e t t i n g  character is t ics  
w i t h o u t  accelerators. 

- I n  g e n e r a l ,  a l l  three of t h e  accel- 
erators  are  more e f f e c t i v e  a t  4 0  F 
t h a n  a t  7 0  F. 

- Any one  of t h e  three accelerators 

Keywords: accelerating agents; calcium chlorides; calcium 
nitrates; mortars (material); setting (hardening); sodium 
thiocyanates 
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I N T R O D U C T I O N  

A major  c o n s i d e r a t i o n  i n  choos ing  a n  accelerator 
t o  b e  used  i n  c o n c r e t e  must ,  of c o u r s e ,  b e  i t s  e f fec t -  
i v e n e s s  i n  a c c e l e r a t i n g  s e t t i n g .  Tha t  i s  t h e  c h a r a c t -  
e r i s t i c  s t u d i e d  i n  t h i s  i n v e s t i g a t i o n .  O the r  charact- 
e r i s t i c s  t h a t  s h o u l d  be c o n s i d e r e d  i n  choos ing  an  ac- 
celerator  i n c l u d e :  

- cost  

- i n f l u e n c e  on c o r r o s i o n  of s tee l  
r e i n f o r c e m e n t  and  o t h e r  m e t a l  
embedments, a n d  

- enhancement of compress ive  
s t r e n g t h  of  c o n c r e t e .  

I t  is w e l l  known t h a t  n o n - c h l o r i d e  a c c e l e r a t o r s  
are  more e x p e n s i v e  t h a n  c h l o r i d e b a c c e l e r a t o r s .  Sodi -  
um t h i o c y a n a t e  i s  t h e  most e x p e n s i v e  of t h e  t h ree  chem- 
i c a l s  u s e d  a s  accelerators  i n  t h i s  t e s t  program. C a l -  
cium n i t r a t e  i s  somewhat less  e x p e n s i v e .  Both a re  f a r  
c o s t l i e r  p e r  ounce  t h a n  c a l c i u m  c h l o r i d e .  

I t  i s  w e l l  known a l so  t h a t  ch lo r ide  accelerators 
can  c o n t r i b u t e  t o  c o r r o s i o n  of s t ee l  r e i n f o r c e m e n t .  
However, n o n - c h l o r i d e  accelerators  a re  n o t  n e c e s s a r i l y  
n o n c o r r o s i v e .  A p a r t i c u l a r  n o n - c h l o r i d e  accelerator 
may o r  may n o t  c o n t r i b u t e  t o  c o r r o s i o n .  

T h i s  i n v e s t i g a t i o n  d i d  n o t  c o v e r  effects  of t h e  
a c c e l e r a t o r s  on c o r r o s i v i t y  o r  c o n c r e t e  compress ive  
s t r e n g t h .  N o r  d i d  it c o v e r  a l l  of t h e  many p o s s i b l e  
n o n - c h l o r i d e  accelerators .  A s  Chap te r  3 of A C 1  2 1 2 . 1 R  
s ta tes ,  " S t u d i e s  have shown t h a t  a wide r a n g e  of s o l u -  
b l e  i n o r g a n i c  s a l t s ,  such  a s  c h l o r i d e s ,  b romides ,  
f l u o r i d e s ,  c a r b o n a t e s ,  n i t r a t e s ,  t h i o s u l f a t e s ,  s i l i -  
cates ,  a l u m i n a t e s ,  and  a l k a l i  h y d r o x i d e s ,  w i l l  accel- 
erate  t h e  s e t t i n g  and  e a r l y  h a r d e n i n g  of p o r t l a n d  ce- 
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ment."  A C 1  2 1 2 . 1 R  a l so  d i s c u s s e s  o r g a n i c  accelerators 
such  as t r i e t h a n o l a m i n e ,  which are  u s e d  i n  a d m i x t u r e s  
w i t h  wa te r - r educ ing  c o n s t i t u e n t s  t o  c o u n t e r a c t  t h e i r  
r e t a r d i n g  e f f e c t s .  T r i e t h a n o l a m i n e  c o u l d  a l so  b e  u s e d  
w i t h  o t h e r  n o n - c h l o r i d e  o r  c h l o r i d e  accelerators. Bu t  
it i s  c o s t l y  and  of  l i m i t e d  e f f e c t i v e n e s s .  Calcium 
formate and  o t h e r  i n o r g a n i c  a c c e l e r a t i n g  a d m i x t u r e s  
a re  d i s c u s s e d  by Rosskopf ,  L i n t o n ,  and  P e p p l e r  ( 1 9 7 5 ) .  

ACCELERATORS STUDIED 

I n  t h e  s t u d y ,  a 55% aqueous s o l u t i o n  of sodium 
t h i o c y a n a t e  w a s  p r e p a r e d  i n  t h e  l a b o r a t o r y  by d i s s o l v -  
i n g  sodium t h i o c y a n a t e  t e c h n i c a l  g r a d e  c r y s t a l s  i n  
d i s t i l l e d  d e i o n i z e d  water. The c a l c i u m  n i t r a t e  s o l u -  
t i o n  u s e d  w a s  6 6 %  t e t r a h y d r a t e ,  45.9% ac t ive .  The 35% 
aqueous s o l u t i o n  o f  calcium c h l o r i d e  w a s  p r e p a r e d  from 
anhydrous c a l c i u m  c h l o r i d e ,  94 -97% p u r e ,  d i s s o l v e d  i n  
d i s t i l l e d  d e i o n i z e d  w a t e r .  The c o n c e n t r a t i o n  s o l u -  
t i o n s  p r e p a r e d  i n  t h e  l a b o r a t o r y  were b a s e d  on t h e  t o -  
t a l  we igh t  of t h e  s o l i d s  i n t r o d u c e d  i n t o  t h e  d i s t i l l e d  
d e i o n i z e d  water. These  c o n c e n t r a t i o n s  a re  a s  h i g h  as . 

i s  p r a c t i c a l  f o r  g e n e r a l  f i e l d  u s e .  

The dosage  r a t e  of t h e s e  a c c e l e r a t i n g  s o l u t i o n s  
i s  r e p o r t e d  i n  l i q u i d  ounces  a t  t h e  s t a t e d  c o n c e n t r a -  
t i o n  p e r  1 0 0  l b  of cement.  

TEST METHOD 

The i n i t i a l  s e t t i n g  t i m e s  of mortars w e r e  d e t e r -  
mined i n  acco rdance  w i t h  ASTM C 403-80 w i t h  t h e  fo l -  
lowing e x c e p t i o n s :  

1. A c o n c r e t e  m i x t u r e  was p r o p o r t i o n e d  i n  t h e  
l a b o r a t o r y  u s i n g  4 7 0  l b  of  cement p e r  c u b i c  y a r d  of 
c o n c r e t e  ( 2 7 9  kg/m3) -- which i s  a " f i v e  s a c k "  m i x t u r e  
-- t o  y i e l d  a 5- in .  slump. Mortars f r o m  t h i s  mix w e r e  
t h e n  s e p a r a t e d  f r o m  t h e  c o n c r e t e  and  a f l o w  de te rmined  
i n  acco rdance  w i t h  ASTM C 230-83 ( f l o w  t a b l e  dropped 
f i v e  t i m e s ) .  For  t h i s  m i x t u r e ,  it w a s  de t e rmined  t h a t  
t h e  5- in .  slump c o n c r e t e  would produce  a mortar w i t h  a 
f l o w  of  9 6 % .  

2 .  The mortars  u s e d  i n  t h e s e  series of t es t s  
w e r e  t h e n  p r e p a r e d  u s i n g  t h e  s a m e  cemen t ,  s and ,  a n d  
water r a t i o  as  u s e d  i n  t h e  t e s t  m i x t u r e ,  and  t h e  f l o w s  
w e r e  m a i n t a i n e d  between 9 0  and  1 0 0 %  u s i n g  t h e  afore- 
ment ioned  method f o r  d e t e r m i n i n g  f l o w s .  
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The volume of t h e  t o t a l  l i q u i d  c o n t e n t  w a s  k e p t  
approx ima te ly  t h e  same, r e g a r d l e s s  of t h e  dosage  r a t e  
of accelerator. The non-water-reduChg-.aspecks of 
t h e s e  accelerators a l lowed  u s  t o  accompl i sh  t h i s  a n d  
s t i l l  m a i n t a i n  a c o n s i s t e n c y  of mortar between 9 0  and 
1 0 0 %  f l o w .  

I n  t h i s  t e s t  program, o n e  set of samples  w a s  
s tored  a t  7 0  F, a b o u t  t h e  h i g h e s t  t e m p e r a t u r e  a t  which 
accelerators are  used .  A second set  w a s  s to red  a t  
4 0  F,  t h e  minimum p l a c i n g  and  c u r i n g  t e m p e r a t u r e  a l -  
lowed i n  most s p e c i f i c a t i o n s .  One hour  a f t e r  i n i t i a l  
c o n t a c t  between cemen t  and  mixing  water w a s  made, and 
a t  i n t e r v a l s  o f  4-hr  t h e r e a f t e r ,  t h e  r e s i s t a n c e  of t h e  
mortar t o  p e n e t r a t i o n  by a s t a n d a r d  n e e d l e  w a s  measur- 
ed .  

Mortars w e r e  m a i n t a i n e d  a t  t h e  selected t e s t  t e m -  
p e r a t u r e  d u r i n g  mixing ,  p l a c i n g ,  and  t e s t i n g .  

MATERIALS 

The two cements  u s e d  w e r e  from d i f f e r e n t  r e g i o n s  
of t h e  U n i t e d  S t a t e s ,  b u t  had  s i m i l a r  s e t t i n g  c h a r a c -  
t e r i s t i c s  w i t h o u t  a c c e l e r a t o r s ,  as shown i n  T a b l e  1. 

For  each acce lera tor  dosage  i n  t h e  t e s t  program, 
t h r e e  b a t c h e s  of mortar were p r e p a r e d  u s i n g  t h e  same 
p r o p o r t i o n s  of  c e m e n t ,  f i n e  a g g r e g a t e ,  and  w a t e r ;  
f l o w s  w e r e  m a i n t a i n e d  between 9 0  and  1 0 0 % .  Mortars 
w e r e  mixed i n  a c c o r d a n c e  w i t h  ASTM C 305-82. Then 
i n i t i a l  s e t t i n g  t i m e  w a s  de t e rmined  a c c o r d i n g  t o  ASTM 
C 403-85. 

RESULTS AND CONCLUSIONS 

F i g s .  1 - 4 ,  which a p p e a r e d  i n  Concre t e  P r o d u c t s  
f o r  October  1985,  compare t h e  d a t a  o b t a i n e d .  

F i g .  1 shows t h e  e f fec ts  of a r a n g e  of dosages  of 
t h e  t h r e e  accelerators  on Cements A and  B a t  7 0  F am-  
b i e n t  t e m p e r a t u r e .  F i g .  2 p r e s e n t s  s i m i l a r  in forma-  
t i o n  f o r  4 0  F. 

F i g s . 3  and  4 p r e s e n t  t h e  s a m e  d a t a  p l o t t e d  i n  
F i g s .  1 and 2 .  But F i g .  3 p r e s e n t s t h e  e f fec ts  of t h e  
t h r e e  a c c e l e r a t o r s  o n  C e m e n t  A a t  7 0  F a n d  4 0  F. F i g .  
4 p r e s e n t s  s i m i l a r  i n f o r m a t i o n  f o r  Cement B. 
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I n  F i g .  1, w i t h  c a l c i u m  n i t r a t e  Cement A a p p e a r s  
t o  se t  a b o u t  $ h r  soone r  t h a n  Cement B over t h e  r a n g e  
of working dosage  rates.  With sodium t h i o c y a n a t e  a t  
1 6  oz/lOO lb of cement,  Cement A a p p e a r s  t o  set  a b o u t  
3/4 h r  soone r  t h a n  Cement B. However, w i t h  calcium 
chlor ide,  Cement B sets soone r  t h a n  Cement A. 

I n  F ig .  2 ,  w i t h  c a l c i u m  n i t r a t e  t h e  d i f f e r e n c e  i n  
s e t t i n g  times f o r  Cements A and  B i s  even more p ro -  
nounced; over much of t h e  dosage  r a n g e  Cement A sets 
abou t  3/4 h r  s o o n e r .  With sodium t h i o c y a n a t e ,  C e m e n t  
B c o n s i s t e n t l y  sets somewhat soone r  t h a n  Cement B. 
However, w i t h  calcium c h l o r i d e ,  Cement A sets abou t  $ 
t o  1% h r  soone r  t h a n  Cement B and  t h e  d i f f e r e n c e  i s  
wider  a t  16-32 oz/lOO l b  of cement t h a n  a t  48-64 oz 
p e r  1 0 0  l b .  

F igs .  3 and  4 d e m o n s t r a t e  t h a t ,  as  might  be ex- 
p e c t e d ,  f o r  b o t h  Cement A and  Cement B a l l  th ree  ac- 
celerators  are  more e f f e c t i v e  i n  h a s t e n i n g  s e t t i n g  a t  
4 0  F t h a n  a t  7 0  F. With sodium t h i o c y a n a t e ,  t h e  d i f -  
f e r e n c e  i s  more pronounced f o r  Cemen t  B t h a n  f o r  Ce-  
ment A. However, f o r  calcium c h l o r i d e  t h e  d i f f e r e n c e  
i s  more pronounced f o r  Cement A t h a n  f o r  Cement B .  

When i n t e r p r e t i n g  F i g s .  3 and 4 ,  one  s h o u l d  n o t e  
t h a t ,  as  Table 1 shows: i) Cement  A mortar a t  4 0  F 
w i t h  no admix tu re  took  2 h r  47  min l o n g e r  t h a n  d i d  t h e  
same mortar a t  7 0  F t o  r e a c h  i n i t i a l  set .  2 )  Cement 
B mortar a t  4 0  F t o o k  2 h r  37 min l o n g e r  t h a n  d i d  t h e  
same mortar a t  70  F t o  reach i n i t i a l  set. Therefore ,  
i n  order f o r  t h e  mortars  a t  4 0  F t o  have t h e  s a m e  se t -  
t i n g  character is t ics  as t h e  mortars a t  7 0  F, t h e y  
would have  t o  have d e m o n s t r a t e d  an  a c c e l e r a t i o n  o v e r  
t h a t  of t h e  7 0  F mortar of a p p r o x i m a t e l y  2 h r  4 0  min. 

A l s o ,  it s h o u l d  be remembered t h a t  ounce fo r  
ounce,  sodium t h i o c y a a t e  i s  t h e  m o s t  e x p e n s i v e ,  ca lc i -  
um n i t r a t e  s o m e w h a t  less expens ive ,  and  calcium chlor-  
i d e  f a r  less e x p e n s i v e .  

From t h e  t e s t  d a t a  and  cost  d a t a ,  it a p p e a r s  t h a t  
t h e  m o s t  e f f e c t i v e  dosage  rates i n  t e r m s  of cos t  are  
f o r  sodium t h i o c y a n a t e  approx ima te ly  2-8 oz/lOû l b  of  
cement and  f o r  c a l c i u m  n i t r a t e  1 2 - 4 0  oz/lOO l b .  
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A C 1  Repor t  

AC1 212.1R-81 Admixtures  f o r  C o n c r e t e  

ASTM S t a n d a r d s  

C 230-183 S p e c i f i c a t i o n  f o r  F l o w  Table fo r  U s e  i n  
T e s t s  o f  H y d r a u l i c  Cement 

C 305-82 Method f o r  Mechanical  Mixing of Hydrau- 
l i c  Cement Pastes  and  Mortars of P l a s -  
t i c  C o n s i s t e n c y  
T e s t  Method f o r  T i m e  of S e t t i n g  of Con- 
Crete Mixtures  by P e n e t r a t i o n  R e s i s t -  
a n c e  

C 403-85 

A r t i c l e s  C i t e d  

Rosskopf ,  P .  A.  i L i n t o n ,  F . J .  and  P e p p l e r ,  R .  B . ,  
" E f f e c t  of Various A c c e l e r a t i n g  Chemical Admix tu res  on  
S e t t i n g  and  S t r e n g t h  Development of Concre t e , "  J o u r n a l  
of T e s t i n g  and  E v a l u a t i o n ,  ASTM V.  3,  N o .  4, pp. 322- 
330, 1 9 7 5  

Smi th ,  P .  A . ,  "The Ef fec t s  of Non-Chloride Accelerat- 
i n g  Admixtures  on t h e  S e t t i n g  C h a r a c t e r i s t i c s  of  Con- 
c r e t e , "  C o n c r e t e  P r o d u c t s ,  Maclean Hunter  P u b l i s h i n g  
CO. ;  O c t .  1985, pp. 2 6 - 2 7  

A d d i t i o n a l  Reading 

Ramachandran, V.  S., C o n c r e t e  Admixtures  Handbook, 
Noyes, 1 9 8 4  

TABLE 1--TIME OF INITIAL SETTING OF CEMENTS A AND B 

A t  7 0  F (21 c )  L9t ri. o ,F ( il. r] ) 

C a n e n t  R 

C e m e n t  E 

h r  : n i n  hr : x i n  

4:45 7 : 3 2  

4 : 5 0  7 : 2 7  
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Cement A at 70 F 
A(st/70) sodium thiocyanate 
A(cn/70) calcium nitrate 
A(cc/70) calcium chloride 

Cement B at 70 F 
B(st/70) sodium thiocyanate 
B(cn/70) calcium nitrate 
B(cc/70) calcium chloride 

8 16 2 4  32 48 6 4  

D O S A G E  R A T E ,  O Z  P E R  10018 CEMENT 

Fig. 1--For Cements A and B at 70 F,  effect of dosage 
rate on time to set for three accelerators 

Full document details: ACI SP-102-87

http://www.avadocuments.com/doc/aci-sp-102-87
http://www.avadocuments.com/doc/aci-sp-102-87


32 Smith 
A C 1  SP-LO2 ô 7  H Obb27Li7 0 0 0 2 8 0 1  O 

v) 

3 
O 
I 

a 

æ- 
O 

I- 
U 

- 
a 
W 
-1 
w 
u 
u 
U 

Cement A a t  40 F 

A ( s t / 4 0 )  sodium thiocyanate 
A(cn/lO) calcium n i t r a t e  
A(cc/4O) calcium chloride 

/ 

//// Cement B a t  40  F 

B ( s t / 4 0 )  sodium thiocyanate 
B(cn/40) calcium n i t r a t e  

I 

I 
I 
I 

I 
I 

I 
I 

I 
1 

I 

8 16 24  32 4 8  6 4  

O O S A G E  R A T E ,  O Z  P E R  1OOL8 C E M E N T  

F i g .  2--For Cements A and B at 40 F, effect of dosage 
rate on time to set fo r  three accelerators 

Full document details: ACI SP-102-87

http://www.avadocuments.com/doc/aci-sp-102-87
http://www.avadocuments.com/doc/aci-sp-102-87


VJ 

7 
O 
I 

a 

æ- 
O 

I- 
4 
œ 
UJ 
-1 
Lu 
u 
u 
4 

- 

4 

3 .  

2. 

- 
Cement A a t  70 F 

A ( s t / 7 0 )  sodium thiocyanate 
A(cn/70) calcium n i t r a t e  
A(cc/70) calcium chloride 

Cement A a t  4 0  F 
A (  s t / 4 0 )  sodium thiocyanate 
A(cn/4O) calcium n i t r a t e  
A(cc/40) calcium chloride 
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8 16 24  32 

D O S A G E  R A T E ,  O Z  P E R  1 O O L B  CEMENT 
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Fig. 3--For Cement A at 70 F and 40 F,  effect  of dosage 
r a t e  on time t o  s e t  for  three accelerators 
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Cement B a t  70 F 

B ( s t / 7 0 )  sodium thiocyanate 
B(cn/7O) calcium n i t r a t e  
B(cc/70) calcium chloride 

Cement B a t  40  F 

B ( s t / 4 0 )  sodium thiocyanate 
B(cn/40) calcium ni t ra te  
B(cc/40) calcium chloride 
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D O S A G E  R A T E ,  O 2  P E R  1 O O L B  CEMENT 

Fig. 4--For Cement B at 70 F and 40 F, effect of dosage 
rate on time to set for three accelerators 

Full document details: ACI SP-102-87

http://www.avadocuments.com/doc/aci-sp-102-87
http://www.avadocuments.com/doc/aci-sp-102-87


SP 102-4 

Comparison of the Corrosion Potential of 
Calcium Chloride and a Calcium Nitrate Based 

Non-C hloride Accelerator- 
a Macro-Cell Corrosion Approach 

by J. Holm 

Synopsis : 

A method for evaluation o f  the corrosion potential of 
chemical admixtures is presented. The method allows the direct 
measurement of the macrocell corrosion current between two layers 
of electrically connected reinforcing bars embedded in concrete. 
By ponding the specimens with chloride-free water, the potential 
of the chemical admixture to. instigate corrosion can be 
evaluated, By using a chloride-containing ponding solution, in 
particular a 15% NaC1 solution, it may be possible to assess the 
potential corrosion inhibiting effects of certain chemical 
admixtures. 

The test method was used to compare the corrosion activity in 
reinforced concrete slabs containing a normal dosage rate of 
calcium chloride, plain concrete and concrete containing two 
dosage rates of a multicomponent calcium nitrate based non- 
chloride accelerator. Only the slabs containing calcium 
chloride exhibited corrosion when ponded with tap water. When 
subjected to cyclic ponding with the salt solution, both the 
plain concrete and the concrete slabs containing the two dosage 
rates of  the non-chloride accelerator exhibited corrosion. 
However, the slab containing the higher dosage rate of the non- 
chloride accelerator exhibited only 25% of the corrosion activity 
of the other two slabs. It i s  speculated that this reduction may 
be the result of corrosion-inhibiting effects of the non-chloride 
accelerator when it is added at sufficient rates. 

Keywords: a c c e l e r a t i n g  a g e n t s ;  calcium c h l o r i d e s ;  ca l c ium 
n i t r a t e s ;  c o n c r e t e  s l a b s ;  c o r r o s i o n ;  c o r r o s i o n  t es t s ;  r e i n f o r c e d  
c o n c r e t e  
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AC1 Member Jens Holm received a B.Sc. degree in Civil 
Engineering from Denmark's Engineer Academy in 1981 and a M.Sc. 
degree in Civil Engineering from Purdue University in 1983. 
Presently a materials engineer with G . M .  Idorn Consult A/S, 
Denmark, he worked as a project engineer for Wiss, Janney, 
Elstner Associates, Inc between 1983 and 1986. A majority of 
Mr. Holm's work has been concerned with field and laboratory 
evaluation of the durability of reinforced concrete and concrete- 
making materials. 

INTRODUCTION 

The growing concern about chloride-induced corrosion of 
reinforcing bars embedded in portland cement concrete has led to 
the development of a number of chloride-free admixtures, 
Particular attention has been given to the formulation of 
chloride-free set-accelerating admixtures to replace the widely 
used calcium chloride accelerator. Some of these non-chloride 
accelerators (NCA) are based partially on chemical compounds 
which are believed to have corrosion-inhibiting properties. 

This paper presents a method for studying the influence of 
admixtures on the rate of corrosion of reinforcing bars embedded 
in concrete, both with respect to possible corrosion-promoting 
and corrosion-inhibiting effects. This method utilizes direct 
measurement of the macrocell corrosion current between two layers 
of electrically connected reinforcement embedded in concrete. 

The method was used in this study to compare the corrosion 
potential of calcium chloride and a multicomponent calcium 
nitrate based accelerator. In addition, the ability of this 
accelerator to act as a corrosion inhibitor was assessed. 

CONCLUSIONS 

The results of the work presented in this paper indicate that 
f o r  the non-chloride accelerating admixture used in this study: 

1. The addition of the non-chloride accelerator at dosage rates 
of 25 o r  40 oz per 100 lbs of cement d i d  not result in 
corrosion of reinforcing bars embedded in concrete which was 
continually exposed to essentially chloride-free water. This 
behavior is similar to that of plain concrete. 

2. The addition of calcium chloride to concrete at a rate of 
1.8% by weight of cement caused an initially very high 
corrosion rate which subsequently subsided to a relatively 
low level, when the concrete was exposed to continuous 
ponding with essentially chloride-free water. 
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3 ,  While t h e  a d d i t i o n  of 25 oz p e r  100 l b s  of  cement of  t h e  non- 
c h l o r i d e  a c c e l e r a t o r  had no e f f e c t  on t h e  c o r r o s i o n  r a t e  o f  
t h e  r e i n f o r c e m e n t  i n  c o n c r e t e  exposed t o  c y c l i c  ponding wi th  
a s a l t  s o l u t i o n ,  t h e r e  was a marked r e d u c t i o n  i n  c o r r o s i o n  
a c t i v i t y  i n  t h e  c o n c r e t e  c o n t a i n i n g  40 o z  of non-chlor ide 
a c c e l e r a t o r  pe r  100 l b s  of cement. 

RECOMMENDATIONS 

The use  of t h e  n o n - c h l o r i d e  a c c e l e r a t o r  which  was u s e d  i n  
t h i s  t e s t  program does n o t  c a u s e  i n c r e a s e d  c o r r o s i o n  a c t i v i t y  i n  
r e i n f o r c e d  c o n c r e t e ,  e i t h e r  when e x p o s e d  t o  m o i s t u r e  a l o n e  o r  
when e x p o s e d  t o  e x t e r n a l l y  i n t r o d u c e d  c h l o r i d e  i o n ,  and should 
t h e r e f o r e  from a c o r r o s i o n  s t a n d p o i n t  be a recommended admixture ,  
p r o v i d e d  i t s  a b i l i t y  t o  a c c e l e r a t e  t h e  s e t t i n g  of c o n c r e t e  i s  
adequate  f o r  t h e  g iven  a p p l i c a t i o n .  

The t e s t  method which  was used i n  t h i s  s t u d y  i s  recommended 
f o r  u se  a s  an a c c e l e r a t e d  method f o r  e v a l u a t i n g  t h e  c o r r o s i o n  
p o t e n t i a l  o f  c h e m i c a l  a d m i x t u r e s .  B e c a u s e  o f  t h e  number o f  
c o r r o s i o n  r e l a t e d  parameters  which can be  m e a s u r e d ,  t h i s  method 
may p r o v i d e  more e x t e n s i v e  i n f o r m a t i o n  t h a n  t h e  h i t h e r t o  q u i t e  
wide ly  used " l o l l i p o p "  (1) procedure  wi th  r e g a r d  t o  c o r r o s i o n  of  
r e i n f o r c e d  c o n c r e t e  members such as b r idgedecks ,  where c h l o r i d e  
i o n  predominant ly  e n t e r s  t h e  c o n c r e t e  from one s u r f a c e .  

The r e s u l t s  of t h i s  work do ,  however, i n d i c a t e  t h a t  t h e r e  i s  
a need  t o  l e a r n  more a b o u t  t h e  i n f l u e n c e  o f  admixed c a l c i u m  
c h l o r i d e  on  t h e  c o r r o s i o n  r a t e  o f  r e i n f o r c e m e n t  embedded i n  
c o n c r e t e  which i s  n o t  exposed t o  e x t e r n a l  c h l o r i d e .  S i m i l a r l y ,  
t h e r e  i s  a n e e d  f o r  a d d i t i o n a l  work t o  e v a l u a t e  t h e  e f f e c t s  of 
t h e  ca lc ium n i t r a t e  a l o n e  a s  w e l l  a s  i n  c o m b i n a t i o n  w i t h  o t h e r  
compounds which a r e  commonly p r e s e n t  i n  non-chlor ide a c c e l e r a t i n g  
admixtures  on t h e  c o r r o s i o n  r a t e  of  r e b a r s  i n  c o n c r e t e  exposed t o  
e x t e r n a l  c h l o r i d e s .  

DISCUSSION 

The c h e m i c a l  r e a c t i o n s  involved  i n  e l e c t r o l y t i c  c o r r o s i o n  of 
r e i n f o r c i n g  b a r s  i n  c o n c r e t e ,  an e x p l a n a t i o n  o f  t h e  d i f f e r e n c e s  
b e t w e e n  m i c r o  and  macro c o r r o s i o n  c e l l s  and d e t a i l s  concern ing  
t e s t  s p e c i m e n s  and  t e s t i n g  p r o c e d u r e  a r e  p r e s e n t e d  i n  t h e  
A p p e n d i x .  T a b l e s  and  g r a p h s  l i s t i n g  t h e  a c q u i r e d  d a t a  a r e  
l i k e w i s e  i n c l u d e d  i n  t h e  Append ix .  The g e o m e t r y  o f  t h e  t e s t  
specimens used i n  t h i s  s tudy  i s  shown i n  F ig .  1. 

A t e s t  method which can be modif ied t o  e v a l u a t e  t h e  c o r r o s i o n  
p o t e n t i a l  of a chemica l  admixtures  has  been r e p o r t e d  by Spellman 
and  S t r a t f u l l  (1). T h i s  method r e l i e s  on t h e  a s s e s s m e n t  o f  
c o r r o s i o n  a c t i v i t y  by measurement of t h e  e l e c t r i c a l  p o t e n t i a l  of 
a r e i n f o r c i n g  ba r  embedded i n  c o n c r e t e  c o n t a i n i n g  t h e  c h e m i c a l  
a d m i x t u r e .  These measurements a r e  t y p i c a l l y  made wi th  r e f e r e n c e  
t o  e i t h e r  a s a t u r a t e d  calomel  h a l f  c e l l  (SCE) o r  a c o p p e r - c o p p e r  
s u l f a t e  h a l f  c e l l  ( C S E ) .  A C 1  222 and  ASTM C876 s u g g e s t  t h a t  
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a c t i v e  c o r r o s i o n  i s  l i k e l y  f o r  measu red  CSE p o t e n t i a l s  more  
n e g a t i v e  t h a n  -0 .35  v o l t s .  Th i s  same v a l u e  has  been f r e q u e n t l y  
u s e d  a s  a t h r e s h o l d  v a l u e  i n  s t u d i e s  o f  t h e  i n f l u e n c e  o f  
admixtures  on c o r r o s i o n  of  r e b a r .  

However, u n p u b l i s h e d  d a t a  f rom o n g o i n g  c o r r o s i o n  s t u d i e s  
c o n d u c t e d  by Wiss, Janney E l s t n e r  A s s o c i a t e s ,  I n c .  (WJE)  f o r  t h e  
F e d e r a l  Highway A d m i n i s t r a t i o n  (FHWA) h a v e  shown t h a t  a c t i v e  
c o r r o s i o n  c e l l s  may be a s s o c i a t e d  wi th  CSE p o t e n t i a l s  a s  h igh  a s  
-0.25 v o l t s ;  s e e  F ig .  2 .  The t e s t  method u s e d  t o  d e v e l o p  t h e  
r e l a t i o n s h i p  shown i n  F ig .  2 i s  an a c c e l e r a t e d  t e s t  s e t u p  which 
s i m u l a t e s  f i e l d  exposure  of r e i n f o r c e d  c o n c r e t e .  T h i s  was t h e  
same t e s t  method a s  t h e  one used i n  t h e  s t u d y  p r e s e n t e d  i n  t h i s  
pape r .  

Continuous Pondine 

The development of  t h e  c o r r o s i o n  c u r r e n t s  i n  t h e  s p e c i m e n s  
c o n t a i n i n g  c a l c i u m  c h l o r i d e  w h i l e  ponded c o n t i n u o u s l y  wi th  t a p  
water  i s  i n t e r e s t i n g .  A s  can be seen  from t h e  d a t a  i n  T a b l e  3 ,  
t h e  c o r r o s i o n  a c t i v i t y  was q u i t e  h i g h  f o r  t h e  f i r s t  6 - 8 weeks, 
a f t e r  which t i m e  i t  subs ided  conds ide rab ly .  This  phenomenon may 
h a v e  r e s u l t e d  b e c a u s e  t h e  p o n d i n g  w a t e r  which  e n t e r e d  t h e  
c o n c r e t e  from t h e  t o p  s u r f a c e  could  mig ra t e  through t h e  s p e c i m e n  
and  e s c a p e  a s  v a p o r  f r o m  t h e  b o t t o m  s u r f a c e  t h e r e b y  caus ing  a 
d i s t u r b a n c e  of t h e  presumably o r i g i n a l l y  uniform d i s t r i b u t i o n  o f  
t h e  water -so luble  c h l o r i d e  i o n .  The r e s u l t s  of a c i d - s o l u b l e  and 
wa te r - so lub le  c h l o r i d e  c o n t e n t  a n a l y s e s  t h r o u g h o u t  t h e  d e p t h  o f  
o n e  o f  t h e  ca lc ium c h l o r i d e  c o n t a i n i n g  s l a b s  a r e  l i s t e d  i n  Table  
4 and p resen ted  i n  g r a p h i c a l  form i n  F ig .  3 .  The c h l o r i d e  d a t a  
i n d i c a t e  t h a t  t h e  water -so luble  c h l o r i d e  i o n  c o n c e n t r a t i o n  i n  t h e  
c o n c r e t e  a t  t h e  b o t t o m  l a y e r  of  s t e e l  had become 50 p e r c e n t  
h i g h e r  t h a n  a t  t h e  t o p  l a y e r  of r e i n f o r c i n g .  Cons ider ing  t h e s e  
d a t a  and t h e  d i s c u s s i o n  of  e l e c t r o l y t i c  c o r r o s i o n  p r e s e n t e d  i n  
t h e  A p p e n d i x ,  t h e r e  a p p e a r  t o  b e  two p r i m a r y  r e a s o n s  f o r  t h e  
subs idence  i n  t h e  c o r r o s i o n  a c t i v i t y  i n  t h e  s l a b s  c o n t a i n i n g  
c a l c i u m  c h l o r i d e :  (1) The t e n d e n c y  of  m o i s t u r e  t o  move down 
th rough  t h e  specimens causes  a r e d u c t i o n  i n  t h e  a v a i l a b l e  oxygen  
a t  t h e  bot tom ( c a t h o d i c )  l a y e r  of s t e e l  (oxygen s t a r v a t i o n ) ;  ( 2 )  
The d isp lacement  of  wa te r - so lub le  c h l o r i d e  i o n  towards  t h e  bottom 
l a y e r  o f  b a r s  p u t s  t h e s e  b a r s  i n  a more c o r r o s i v e  environment 
t h a n  t h e  t o p  b a r s .  The t o p  b a r s  a r e ,  h o w e v e r ,  p r e v e n t e d  f rom 
becoming c a t h o d i c  because  p r a c t i c a l l y  no oxygen i s  a v a i l a b l e ,  and 
because ,  a c c o r d i n g  t o  Le C h a t e l i e r ' s  p r i n c i p l e ,  t h e  c a t h o d i c  
r e a c t i o n s  which  p r o d u c e  water  w i l l  be r e s i s t e d  by t h e  abundant 
p re sence  of  moi s tu re  i n  t h e  t o p ,  s a t u r a t e d  c o n c r e t e .  

A t  t h e  t i m e  o f  t e r m i n a t i o n  o f  t h i s  p o r t i o n  o f  t h e  t e s t  
p r o g r a m ,  one  s l a b  f rom e a c h  o f  t h e  f o u r  t e s t  c o n d i t i o n s  was 
d e s t r o y e d  and t h e  r e i n f o r c i n g  b a r s  were examined f o r  c o r r o s i o n  
p r o d u c t s .  A l l  b a r s  embedded i n  t h e  p l a i n  c o n c r e t e  a n d  t h e  
c o n c r e t e  c o n t a i n i n g  t h e  t w o  d o s a g e  r a t e s  o f  n o n - c h l o r i d e  
a c c e l e r a t o r  were  f r e e  o f  c o r r o s i o n  p r o d u c t s .  T h e  t o p  b a r s  
embedded i n  t h e  c o n c r e t e  c o n t a i n i n g  ca lc ium c h l o r i d e  e x h i b i t e d  
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c o n s i d e r a b l e  p i t t i n g  but  no broad a r e a s  of c o r r o s i o n .  The bottom 
b a r s  con ta ined  o n l y  a few p i t s .  

Cyc l i c  Ponding 

The c o r r o s i o n  c u r r e n t  d a t a  i n  Table  5 i n d i c a t e  t h a t  t h e  p l a i n  
c o n c r e t e  and t h e  c o n c r e t e  c o n t a i n i n g  25 oz/cwt o f  cemen t  o f  t h e  
n o n - c h l o r i d e  a c c e l e r a t o r  show s i m i l a r  c o r r o s i o n  a c t i v i t y  when 
exposed t o  c y c l i c  ponding wi th  a 15% NaC1 s o l u t i o n .  Cons iderably  
l e s s  c o r r o s i o n  t o o k  p l a c e  i n  t h e  s l a b  c o n t a i n i n g  4 0  oz/cwt of 
cement of t h e  NCA. The amount of  i r o n  which p a s s e s  i n t o  s o l u t i o n  
( c o r r o d e s )  a t  t h e  anode  i s  p r o p o r t i o n a l  t o  t h e  amount of charge  
which passes  through t h e  r e s i s t o r .  S ince  c u r r e n t  i s  d e f i n e d  a s  
t h e  amount o f  c h a r g e  which passes  through a g iven  conductor  per  
u n i t  t i m e ,  t h e  a r e a s  under  t h e  cu rves  i n  F ig .  4 a r e  p r o p o r t i o n a l  
t o  t h e  amount o f  c o r r o s i o n  p roduc t s  which have been produced i n  
t h e  s l a b s  by t h e  macro c e l l .  From t h e  graphs  i t  appea r s  t h a t  t h e  
s l a b  c o n t a i n i n g  t h e  h i g h e r  dosage r a t e  of NCA showed a r e d u c t i o n  
i n  c o r r o s i o n  a c t i v i t y  by about  75 p e r c e n t  compared wi th  t h e  o t h e r  
two s y s t e m s .  It i s  s p e c u l a t e d  t h a t  t h i s  r e d u c t i o n  i n  c o r r o s i o n  
a c t i v i t y  c o u l d  b e  t h e  r e s u l t  o f  t h e  p r e s e n c e  o f  p r o p r i e t a r y  
c h e m i c a l ( s )  i n  t h e  N C A .  The d a t a  p re sen ted  i n  F ig .  5 r e s u l t e d  
from c y c l i c  t e s t i n g  o f  s l a b s  c o n t a i n i n g  c a l c i u m  n i t r i t e  a s  a 
c o r r o s i o n  i n h i b i t o r ,  a s  p a r t  o f  t h e  p r e v i o u s l y  mentioned t e s t  
program f o r  FHWA. Although t h e  measured c o r r o s i o n  c u r r e n t s  a r e  
s u b s t a n t i a l l y  h i g h e r  i n  t h i s  c a s e ,  p r e s u m a b l y  b e c a u s e  c y c l i c  
ponding was s t a r t e d  immediately a f t e r  c o m p l e t i o n  o f  t h e  25 day  
d r y i n g  p e r i o d ,  t h e  tendency of t h e  ca lc ium n i t r i t e  t o  reduce t h e  
r a t e  of  macroce l l  c o r r o s i o n  du r ing  t h e  t e s t  pe r iod  i s  e v i d e n t .  

Upon t e r m i n a t i o n  o f  t h e  c y c l i c  p o n d i n g  t e s t  t h e  t h r e e  
specimens were broken and t h e  b a r s  were examined .  I n  a l l  t h r e e  
c a s e s  t h e  b o t t o m  b a r s  were f r e e  of c o r r o s i o n .  By c o n t r a s t ,  t h e  
t o p  b a r s  i n  a l l  s l a b s  e x h i b i t e d  c o r r o s i o n .  The  a m o u n t  o f  
c o r r o s i o n  p r o d u c t  on t h e  b a r s  f rom t h e  p l a i n  c o n c r e t e  and t h e  
c o n c r e t e  wi th  25 oz/cwt of t h e  non-chlor ide a c c e l e r a t o r  con ta ined  
s i m i l a r  amoun t s  o f  c o r r o s i o n  p r o d u c t s  when examined v i s u a l l y .  
However, t h e  b a r s  from t h e  s l a b  w i t h  t h e  h i g h e r  d o s a g e  r a t e  o f  
t h e  non-chlor ide  a c c e l e r a t o r  e x h i b i t e d  on ly  about  a f o u r t h  of t h e  
c o r r o s i o n  p r o d u c t s  a s  d i d  t h e  a f o r e m e n t i o n e d  s l a b s .  T h e s e  
o b s e r v a t i o n s  o f  a c t u a l  c o r r o s i o n  product  fo rma t ion  c o r r e l a t e  w e l l  
w i th  t h e  measurements of macroce l l  c o r r o s i o n  c u r r e n t s .  
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APPENDIX 

E l e c t r o l y t i c  Cor ros ion  of R e i n f o r c i n g  S t e e l  i n  Concre te  

Corros ion  of  r e i n f o r c i n g  s t ee l  i n  non-carbonated c o n c r e t e  can 
o c c u r  i n  t h e  p r e s e n c e  o f  o x y g e n ,  m o i s t u r e  a n d  h a l i d e  i o n  
( t y p i c a l l y  c h l o r i d e  i o n ) .  T h i s  fo rm o f  c o r r o s i o n  i s  t e r m e d  
" e l e c t r o l y t i c  c o r r o s i o n "  because i t  r e q u i r e s  t h e  p r e s e n c e  o f  an  
e l e c t r o l y t e .  The c o r r o s i o n  c u r r e n t  p a s s e s  t h r o u g h  t h e  
e l e c t r o l y t e  from anod ic  t o  c a t h o d i c  r e g i o n s  of  t h e  r e in fo rcemen t .  
The i r o n  p a s s e s  i n t o  s o l u t i o n  ( c o r r o d e s )  a t  t h e  anode and t h e  
e l e c t r o n s  r e l e a s e d  d u r i n g  t h e  conve r s ion  of f r e e  i r o n  t o  f e r r o u s  
i o n s  a r e  c o n s u m e d  a t  t h e  c a t h o d e .  The n e t  c h e m i c a l  r e d o x  
r e a c t i o n s  which t a k e  p l a c e  can  be summarized as f o l l o w s :  

+t 
Anode ( o x i d a t i o n )  : 2Fe - >  2Fe + 4e- 

2 F e t +  t 4 0 H -  - >  2 F e ( O H ) 2  
(1) 

( 2 )  

- 
2H20 + O + 4e - >  4 0 H -  2 C a t h o d e  ( r e d u c t i o n ) :  

( 3 )  

I n  t h e  a b s e n c e  o f  c h l o r i d e  ( o r  o t h e r  . h a l i d e )  i o n ,  t h e  h igh  
a l k a l i n i t y  o f  t h e  c o n c r e t e  p o r e  s o l u t i o n  c a u s e s  t h e  a b o v e  
r e a c t i o n s  t o  r e a c h  an e q u i l i b r i u m ;  t h e  r e i n f o r c i n g  s t e e l  becomes 
" p a s s i v a t e d " .  However ,  when c h l o r i d e  i o n s  a r e  i n t r o d u c e d  i n  
s u f f i c i e n t  a m o u n t s ,  t h e  e q u i l i b r i u m  i s  d i s t u r b e d  and t h e  
r e in fo rcemen t  c o r r o d e s  a t  t h e  a n o d e .  The d r i v i n g  f o r c e  i n  t h e  
e l e c t r o l y t i c  c o r r o s i o n  c e l l  i s  t h e  d i f f e r e n c e  i n  nonpo la r i zed  
p o t e n t i a l s  between t h e  anode and t h e  ca thode .  

It i s  c h a r a c t e r i s t i c  of e l e c t r o l y t i c  c o r r o s i o n  t h a t  oxygen i s  
r e q u i r e d  f o r  t h e  c h e m i c a l  r e a c t i o n s  a t  t h e  c a t h o d e  o n l y ,  I n  
f a c t ,  t h e  r a t e  o f  c o r r o s i o n  i s  o f t e n  d e t e r m i n e d  by  t h e  
a v a i l a b i l i t y  of oxygen t o  t h e  ca thode .  Th i s  i s  why e l e c t r o l y t i c  
c o r r o s i o n  d o e s  n o t  t a k e  p l a c e  i n  r e i n f o r c e d  c o n c r e t e  s t r u c t u r e s  
which a r e  f u l l y  submerged i n  s e a  water .  

M i c r o c e l l  Versus Macroce l l  Cor ros ion  Cel ls  

The main d i f f e r e n c e  between m i c r o c e l l  and macroce l l  c o r r o s i o n  
i s  i l l u s t r a t e d  i n  F i g .  6. I n  m i c r o c e l l  ( o r  p i t t i n g )  c o r r o s i o n ,  
t h e  a n o d e  i s  i m m e d i a t e l y  a d j a c e n t  t o  t h e  c a t h o d e .  I n  a 
m a c r o c e l l ,  t h e  a n o d e  and  t h e  c a t h o d e  a r e  s e p a r a t e d  by some 
d i s t a n c e .  The anode/cathode p a i r  i n  a macroce l l  can occur  on one 
a n d  t h e  same r e b a r  o r  a s  i s  o f t e n  t h e  case i n  pa rk ing  decks o r  
b r i d g e  decks ,  one l a y e r  of r e in fo rcemen t  becomes anod ic  wh i l e  t h e  
o t h e r  l a y e r  becomes c a t h o d i c .  In t h e  macroce l l  shown i n  F ig .  7 ,  
c h l o r i d e  and moi s tu re  e n t e r  t h e  c o n c r e t e  from t h e  t o p  s u r f a c e  and 
p r o m o t e  c o r r o s i o n  of  t h e  t o p  l a y e r  of r e in fo rcemen t .  The bottom 
l a y e r  of r e i n f o r c e m e n t ,  b e i n g  d r i e r  and t h e r e f o r e  h a v i n g  more 
a c c e s s  t o  o x y g e n ,  a c t s  a s  t h e  ca thode ,  s u p p o r t i n g  c o r r o s i o n  a t  
t h e  t o p  l a y e r  anode. 

Full document details: ACI SP-102-87

http://www.avadocuments.com/doc/aci-sp-102-87
http://www.avadocuments.com/doc/aci-sp-102-87


A C 1  SP-102 ô 7  H l  Obb2949 0002810 L m 
~ 

~ 

Corrosion, Concrete, and Chlorides 41 
~~~ 

~~ 

T e s t  Specimens 

An i s o m e t r i c  s k e t c h  of t h e  t e s t  specimens used i n  t h i s  s t u d y  
i s  shown i n  F i g .  1. The specimens were 1 2  i n .  by 12  i n .  by 7 i n .  
i n  d i m e n s i o n s .  Two l a y e r s  o f  # 4  r e i n f o r c i n g  b a r s  w e r e  
i n c o r p o r a t e d  i n  each specimen, bo th  wi th  1 i n .  c lear  cove r .  The 
b o t t o m  l a y e r  c o n s i s t e d  o f  f o u r  b a r s ,  w h i l e  t h e  t o p  l a y e r  
c o n t a i n e d  t w o  b a r s .  A l l  r e b a r s  w i t h i n  e a c h  l a y e r  were 
e l e c t r i c a l l y  connected.  The two l a y e r s  of b a r s  were e l e c t r i c a l l y  
connected v i a  a r e s i s t o r .  

Four p a i r s  of t e s t  s l a b s  were f a b r i c a t e d .  T h e s e  p a i r s  o f  
s l a b s  r e p r e s e n t e d  t h e  f o l l o w i n g  f o u r  c o n d i t i o n s :  

1. C o n t r o l  s l a b s .  No a c c e l e r a t i n g  admix tu res  
2. 
3, Non C h l o r i d e  A c c e l e r a t o r  @ 25 oz/cwt o f  cement 
4 .  Non C h l o r i d e  A c c e l e r a t o r  @ 40 oz/cwt of cement 

Anhydrous C a C 1 2  @ 1 . 8  p e r c e n t  by weight of cement 

The main p r o p e r t i e s  of t h e  non-chlor ide a c c e l e r a t o r  u s e d  i n  
t h i s  s t u d y  a r e  g i v e n  i n  T a b l e  1. A l l  c o n c r e t e  was b a t c h e d  
a c c o r d i n g  t o  t h e  mix d e s i g n  g i v e n  i n  T a b l e  2. Eau C l a i r e  s a n d  
a n d  g r a v e l  was u s e d  s i n c e  t h i s  i s  a c h l o r i d e - f r e e  a g g r e g a t e  
s o u r c e .  

The e n d s  o f  t h e  b a r s  were  g i v e n  a t h i c k  epoxy  c o a t .  The 
epoxy l e f t  11 i n .  of b a r  uncoa ted ,  so t h a t  t h e  o u t e r  0 . 5  i n ,  o f  
t h e  b a r  embedded i n  c o n c r e t e  was c o a t e d ,  The s l a b s  were c a s t  
u p s i d e  down t o  e l i m i n a t e  t o p  s u r f a c e  v a r i a t i o n s  due t o  f i n i s h i n g  
and were cu red  f o r  t h r e e  days i n  p l a s t i c  bags fo l lowed  by 25 days 
of a i r - d r y i n g  i n  t h e  l a b o r a t o r y .  

D u r i n g  t h e  p e r i o d  of a i r - d r y i n g  t h e  s l a b s  were i n s t r u m e n t e d .  
P l e x i g l a s s  d i k e s ,  1 i n .  h i g h ,  were mounted on t h e  t o p  s u r f a c e  of 
t h e  s l a b .  The s i d e s  o f  t h e  s l a b s  were g i v e n  two c o a t s  o f  a 
commercially a v a i l a b l e  two-component epoxy c o n c r e t e  s e a l e r .  The 
b a r s  w i t h i n  e a c h  o f  t h e  t w o  l a y e r s  o f  r e i n f o r c e m e n t  were  
e l e c t r i c a l l y  connected and t h e  two l a y e r s  of b a r s  were c o n n e c t e d  
v i a  a known r e s i s t o r .  A l l  e x p o s e d  s u r f a c e s  o f  t h e  b a r s  were 
s u b s e q u e n t l y  c o a t e d  wi th  epoxy. 

T e s t i n g  P rocedure  

T e s t i n g  of t h e  s l a b s  began a t  t h e  a g e  o f  28 d a y s .  I n i t i a l  
measurements of t h e  c o r r o s i o n  c u r r e n t  were t a k e n  by measuring t h e  
v o l t a g e  d rop  ove r  t h e  r e s i s t o r .  A l t h o u g h  t h i s  was n o t  made a 
p a r t  o f  t h i s  s t u d y ,  t h e  t e s t  s e t u p  a l s o  p e r m i t s  measurement of 
t h e  f o l l o w i n g  pa rame te r s :  
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Ins t an t -Of f  P o t e n t i a l :  Measu red  b e t w e e n  t h e  two l a y e r s  of 
b a r s  1 6  m i l l i s e c o n d s  a f t e r  b r e a k i n g  
c o n t a c t . T h i s  i s  c l o s e  t o  t h e  t r u e  
non-polar ized p o t e n t i a l  d i f f e r e n c e ,  

Half-Cel l  Readings:  C o p p e r - c o p p e r  s u l f a t e  h a l f - c e l l  
m e a s u r e m e n t s  c a n  b e  made o v e r  t h e  
t o p  b a r  s. 

Concrete  R e s i s t a n c e :  The e l e c t r i c  r e s i s t a n c e  b e t w e e n  t h e  
two l a y e r s  o f  b a r s  c a n  be measured 
w i t h  an ohmmeter. 

The t o p  s u r f a c e s  o f  t h e  s l a b s  were s u b s e q u e n t l y  ponded wi th  
t a p  water  and s t o r e d  u n d e r  a c a n o p y  a t  90-110 O F .  C o r r o s i o n  
r e a d i n g s  were s u b s e q u e n t l y  t a k e n  a t  r e g u l a r  i n t e r v a l s .  A f t e r  35 
weeks  o f  c o n t i n u o u s  p o n d i n g ,  o n e  s l a b  e a c h  f r o m  t h e  p a i r s  
c o n t a i n i n g  N C A  a n d  t h e  p a i r  c o n t a i n i n g  c a l c i u m  c h l o r i d e  were 
exposed t o  c y c l i c  ponding wi th  a 15% s o l u t i o n  o f  NaC1 i n  w a t e r .  
T h e  c y c l e s  c o n s i s t e d  o f  4 d a y s  o f  p o n d i n g  a t  l a b o r a t o r y  
t e m p e r a t u r e  and 3 days of d r y i n g  under a h e a t e d  canopy. 

The r e s u l t s  of a l l  c o r r o s i o n  r e a d i n g s  a r e  p r e s e n t e d  i n  Tab les  
3 and 4 .  The r e s u l t s  of t h e  c y c l i c  ponding t e s t s  a r e  p r e s e n t e d  
g r a p h i c a l l y  i n  F ig .  4 .  
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TABLE 1--MAIN PROPERTIES OF THE NON-CHLORIDE ACCELERATOR 

ASTM C494 Classification 

Major Constituents 

Range in Dosage Rate 

TABLE 2--CONCRETE MIX 

Cement 

Aggregat e 

Slump 

Water-Cement Ratio 

Compressive Strength 

Type C - Accelerating Admixture 

Type E - Water Reducing and 
Accelerating Admixture 

Calcium Nitrate, Ca(NO3I2 

Proprietary Modifiers 
~~~~~~ 

10-40 oz per 100 l b s  of Cement 

0.65-2.60 e per 100 kg of Cement 

PROPORTIONS AND TEST DATA 

432 lb/yd3 (4.6 bags/yd3) 

257 kg/m3 

Eau Claire Sand and Gravel 
(Chloride-free) 

+ 3 - 1 in. 

75 f25  mm 

0.46-0.51 

5000 p s i  @ 28 days 

35 MPa @ 28 days 
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TABLE 3--CORROSION CURRENTS DURING CONTINUOUS PONDING 

Jeeks of 
Zontinuou: 
?onding 

O 
2 
4 
6 
9 

11 
1 3  
1 9  
24 
64 

-6 Cor ros ion  Cur ren t  (10 Amperes) 

Plain (no 
a c c e l e r a t o r )  

O 
1 
O 
O 
O 
O 
O 
O 
O 
O 

~ ~- 

1.8% CaC12 

2 
295 
220 

70 
1 9  
18  
10 

4 
6 
4 

* 
25 oz/cwt 

O 
O 
O 
O 
O 
O 
O 
O 
O 
O 

10 oz/cwt 

O 
O 
O 
1 
O 
O 
O 
O 
O 
O 

* 
Dosage r a t e  of non-chlor ide a c c e l e r a t o r ,  p e r  100 l b s  of cement 

TABLE 4--CHLORIDE ANALYSIS TEST RESULTS FOR 
SLAB CONTAINING CALCIUM CHLORIDE 

Sampling Depth from 
Top Sur€ace ,  i n .  

o - 1/2  

1 /2  - 1 1/2 

1 1 /2  - 2 1 /2  

2 1 /2  - 3 1/2 

3 1 /2  - 4 1 /2  

4 1 /2  - 5 1 /2  

5 1/2 - 6 1/2 

6 1/2 - 7 

Cl-, Percen t  by Weight of Concrete  

Acid S o l u b l e  

O. 075 

0.097 

O. 115 

o. 112 

O .  103 

O. 105 

O.  IO9 

O. 1 1 7  

Water S o l u b l e  

0.033 

O. 043 

0 , 0 5 4  

0.058 

. 0.060 

O. 060 

O. 065 

o. o91 
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TABLE 5--CORROSION CURRENTS DURING CONTINUOUS PONDING 

* 

Weeks of 
Cyc l i c  
Ponding 

O 
3 
6 
8 

11 
1 3  
1 6  
20 
23 
26 
29 
32 
35 

-6 Corrosion Current (10  Amperes) 

Plain (no 
accelerator) 

O 
O 
O 

100 
120 
130 
130 
130 
130 
1 O0 

80 
80 
80 

* 
25 oz/cwt 

O 
O 

50 
110 
120 
120 
120 
130 
120 
120 
110 
110 
100 

* 
40 oz/cwt 

O 
O 
O 
O 
3 

24 
22 
35 
33 
27 
28 
28 
42 

Dosage rate of non-chloride accelerator, per 100 l b s  of cement 

ION 

Fig. l--Geometry of the test specimens 
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