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ABSTRACT 

Corros ion o f  marine br idge subs t ruc ture  us ing  concrete w i t h  epoxy-coated 
r e i n f o r c i n g  s t e e l  has been observed i n  F l o r i d a  Keys br idges .  The mechanism o f  coa t ing  
disbondment has been i n v e s t i g a t e d  by exposing r e g u l a r  p roduc t i on  epoxy-coated rebars 
t o  l i q u i d  s o l u t i o n s  o f  ca lc ium hydroxide, sodium ch lo r i de ,  and ca lc ium hydrox ide w i t h  
sodium c h l o r i d e .  Test  exposures were conducted w i t h  f r e e l y  co r rod ing  specimens and 
a l so  under p o t e n t i o s t a t i c  c o n t r o l  w i t h  ca thod ic  and anodic p o l a r i z a t i o n .  The ca lc ium 
hydrox ide-only  s o l u t i o n s  produced no adverse e f f e c t s  a t  any o f  t h e  exposure 
cond i t i ons .  The sodium c h l o r i d e  t e s t s  produced s i g n i f i c a n t  disbondment a t  t h e  open 
c i r c u i t  p o t e n t i a l  and under ca thod ic  p o l a r i z a t i o n .  The mixed ca lc ium hydroxide-sodium 
c h l o r i d e  s o l u t i o n s  caused disbondment and co r ros ion  under anodic p o l a r i z a t i o n  t h a t  
reproduce much o f  t h e  co r ros ion  morphology observed i n  t h e  f i e l d .  It i s  t e n t a t i v e l y  
proposed t h a t  co r ros ion  i n  t h e  f i e l d  takes p lace  a t  t h e  anode o f  macrocel ls  which 
r e s u l t  from t h e  geometr ica l  and environmental c o n f i g u r a t i o n  o f  t h e  subs t ruc ture .  The 
co r ros ion  i s  aggravated by rebar  f a b r i c a t i o n  and p o s s i b l y  by weather ing o f  t h e  rebar  
p r i o r  t o  cons t ruc t ion .  
Kevwords: epoxy, coa t ing ,  cor ros ion ,  disbondment , delaminat ion,  concrete,  ch lo r i de ,  
ca lc ium hydroxide, br idges,  macrocel ls,  cathodic ,  p o l a r i z a t i o n .  

INTRODUCTION 

Severe co r ros ion  damage has been observed i n  t h e  subs t ruc ture  o f  b r idges  i n  the  
Th is  d e t e r i o r a t i o n  was unexpected s ince  t h e  r e i n f o r c i n g  s t e e l  was 
and the subst ructures af fected were o n l y  s i x  t o  n i n e  years old  a t  

F l o r i d a  Keys''.'' 
epoxy-coated ( 3 . 4 , : )  
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the time corrosion was first observed. The damage, illustrated in Figure 1, affects 
approximately 1/3 of the bents in three major bridges in the area (Seven Mile Bridge, 
Long Key Bridge and the Niles Channel Bridge). The locations affected had an average 
of 2 inches (50 mm) of concrete cover over the rebar. Both fabricated and straight 
rebars show corrosion, typically in the region extending from 2 to 6 feet (0.6 to 1.8 
m) above the high water line. Advanced stages of damage involve severe pitting 
(Figure 2), and accumulation of corrosion products between the epoxy and remaining 
metal as well as corrosion products in direct contact with the concrete. A chloride- 
rich liquid (pH typically 5.5) is observed frequently in freshly exposed rebar between 
the epoxy and the steel, even when the surrounding concrete was relatively dry (see 
Figure 3). Soundings under these conditions reveal extensive delamination o f  the 
concrete, which can be easily removed with a hammer. In the areas of severe corrosion, 
the coating was completely disbonded from the rest of the bar. Examination by a major 
epoxy powder supplier did not reveal any abnormal product characteristics. 

In less severe cases of deterioration the coating could still be easily separated 
from the steel. The metal underneath appeared dull and slightly darkened. Oisbondment 
of this type has been observed in portions of the substructure above the regions o f  
greatest damage, as well as in the substructure of other south, central and west 
Florida bridges using epoxy coated rebar, with 7 to 11 years o f  service. 

Oisbondment of the epoxy coating is a likely precursor to the development o f  
corrosion. Since corrosion was initially observed in fabricated rebar"', the effects 
of bending on corrosion performance were investigated first. Recent research",*' 
showed that bending epoxy-coated rebar to diameters used in common construction 
practice causes significant delamination of the coating, and that corrosion initiation 
is facilitated as a result. However, since severe damage has been observed also in 
straight bars, other mechanisms of corrosion initiation must have been present and 
need to be identified. 

Factors that may initiate and propagate corrosion of straight coated rebar include 
weathering and damage produced by shipping and handling at the construction yard, the 
chemical environment of the rebar once in concrete, and galvanic coupling with other 
portions of the rebar or adjoining rebars. Electrochemical effects such as cathodic 
disbondmentC6' may be important under those circumstances. Some of these factors were 
addressed in this investigation by exposing epoxy-coated rebar specimens to various 
liquid chemistries. The test solutions chosen were 3.5% NaC1, saturated Ca(OH),, and 
saturated Ca(OH), with 3.5% NaC1. These were intended as a first approach to 
investigate, respectively, the effects of weathering in a marine environment, behavior 
in uncontamined concrete, and corrosion in chloride-containing concrete. In addition 
to freely corroding conditions, specimens were tested under potentiostatic control 
at potentials ranging from -1000 mV to +lo0 mV vs the Saturated Calomel Electrode 
(SCE). The exposures at the lower potentials were conducted to establish 
susceptibility to cathodic disbondment at potentials including those near the freely 
corroding values in chloride solutions ( which are on the order of -650 mV vs SCE). 
Exposures at the higher potentials were aimed to investigate the situation where 
anodic portions of a bar are galvanically coupled to large cathodic regions elsewhere 
in the structure. 

EXPERIMENTAL PROCEDURE 

Epoxy coated rebar, size #10 (nominal diameter 1.25 inch (31 mm)) was obtained 
from a single heat of a regular production run by a major supplier of the Florida 
Department of Transportation (FOOT). The material adhered to the current FDOT 
specifications (based on AASHTO designation M284-66 / D3963-82). The fusion-bonded 
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epoxy coa t ing  ma te r ia l  was a bisphenol  -amine product  w ide l y  used f o r  r e i n f o r c i n g  
s tee l  coa t i ng  i n  t h e  U.S. The coa t ing  had a t y p i c a l  th ickness  o f  0.15 mm. Surface 
c o n d i t i o n  was r a t e d  A, which i s  t h e  h ighes t  score i n  t h e  5 -po in t  r a t i n g  sca le  used 
by t h e  FDOT. Th is  corresponds t o  absence o f  sur face damage de tec tab le  by naked-eye 
observat ion.  

The bar  was c u t  i n t o  30 cm long specimens. The ends o f  each specimen were covered 
w i t h  epoxy f i e l d - p a t c h i n g  compound. One o f  t h e  ends was cas t  i n  a s h o r t  c y l i n d r i c a l  
p l u g  of epoxyde meta l lograph ic  mounting compound. The o the r  end was d r i l l e d  and tapped 
f o r  e l e c t r i c a l  connect ion.  The specimens were exposed t o  t h e  t e s t  s o l u t i o n s  e i t h e r  
i n  t h e  as-received sur face  c o n d i t i o n  o r  a f t e r  i n t e n t i o n a l  sur face  damage. The l a t t e r  
cons is ted  o f  exposing small amounts o f  bare metal by means o f  a sharp f i l e .  F i ve  
markings nomina l l y  1 nun wide, 4 mm l ong  were in t roduced a t  r e g u l a r  i n t e r v a l s  on one 
s ide  o f  t h e  specimen by f i l i n g  on t h e  t o p  o f  deformat ion r i b s .  F i ve  a d d i t i o n a l  
markings, 1 mm by 6 mm, were in t roduced on t h e  o the r  s ide  (see F igure  4) .  A l l  markings 
were i n  the  p o r t i o n  o f  t h e  b a r  which was i n  contac t  with t h e  t e s t  l i qu id .  The amount 
o f  metal  i n t e n t i o n a l l y  exposed was approximately 0.25 % o f  t h e  t o t a l  area o f  specimen 
i n  contac t  w i t h  t h e  l i q u i d .  

Three types o f  water-based t e s t  s o l u t i o n s  were used, as d e t a i l e d  i n  Table I .  The 
t e s t s  were conducted i n  rec tangu la r  tanks w i t h  40 l i t e r s  o f  so lu t i on ,  i n  which t h e  
specimens were submerged v e r t i , c a l l y  (see F igure  4) .  For each t e s t  s o l u t i o n ,  p a i r s  
o f  specimens i n  up t o  f o u r  d i f f e r e n t  p o l a r i z a t i o n  cond i t i ons  were t e s t e d  together .  
The nominal exposure d u r a t i o n  was 30 days. Fresh s o l u t i o n  was used a t  t h e  beginning 
o f  each t e s t .  A d d i t i o n a l l y ,  i n  one o f  t h e  t e s t s  ( S o l u t i o n  11, specimens w i t h  
i n t e n t i o n a l  sur face  damage) t h e  1 i q u i d  was renewed weekly. The s o l u t i o n  temperature 
was 21 ( + l ) O C .  

Specimens were p o l a r i z e d  a t  p rese lec ted  p o t e n t i a l s  by means o f  i n d i v i d u a l  
p o t e n t i o s t a t i c  c o n t r o l  c i r c u i t s .  A l l  c i r c u i t s  i n  each tank  shared a common s t a i n l e s s  
s t e e l  s t r i p  counter  e lec t rode,  which r a n  f l a t  across t h e  lower  per imeter  o f  t h e  tank. 
To avo id  problems such as e lec t rode  t i p  c logging,  an a c t i v a t e d  t i t a n i u m  re fe rence 
e lec t rode  was used as a master re fe rence f o r  a l l  t h e  c i r c u i t s  i n  any g iven tank. 
P o t e n t i a l  s e t t i n g s  and p e r i o d i c  minor adjustments were made us ing  an SCE momentarily 
i n  contac t  w i t h  t h e  t e s t  so lu t i ons .  The arrangement p rov ided r e l i a b l e  opera t ion  
throughout t h e  t e s t  sequence. 

The e l e c t r i c a l  c u r r e n t  demand o f  po ten t i os ta ted  specimens and t h e  open c i r c u i t  
p o t e n t i a l  o f  f r e e l y  cor rod ing  specimens were monitored du r ing  t h e  t e s t  per iod.  
Electrochemical  impedance spectroscopy ( E I S )  measurements o f  se lec ted  specimens 
exposed t o  open c i r c u i t  cond i t i ons  were obta ined i n  a separate t e s t  c e l l  w i t h  t h e  
same l i q u i d  chemist ry  as i n  t h e  t e s t  tank.  The counter  e lec t rode  cons is ted  o f  t w i n  
g raph i te  rods p laced along t h e  f u l l  l e n g t h  on each s ide  o f  t h e  specimen. The re fe rence 
e lec t rode was p laced 6 mm apar t  f rom the  middle o f  t h e  specimen f r o n t .  

A t  t h e  end o f  t h e  exposure t h e  specimens were removed from t h e  t e s t  so lu t i on ,  
l i g h t l y  r i n s e d  w i t h  d i s t i l l e d  water and b l o t - d r i e d  w i t h  a paper towe l .  A sharp k n i f e  
was used t o  remove t h e  coa t ing  from areas where disbondment had occurred. A pH micro-  
e lec t rode  was used t o  measure t h e  pH o f  l i q u i d  t h a t  was present  a t  some corroded o r  
disbonded reg ions.  Disbonded o r  damaged areas were measured by t r a c i n g  on a 
t ransparent  p l a s t i c  sheet r o l l e d  on t h e  specimen, and l a t e r  p l a c i n g  t h e  u n r o l l e d  sheet 
on graph paper. 



RESULTS 

A summary of the tests conducted and their exposure parameters is given in Table 
11. Highlights of results for each test environment ar,e given below. All electrode 
potentials in the following text are versus SCE. The amount of disbondment observed 
in each case, expressed as a fraction of the area of bar in contact with the liquid, 
is presented graphically in Figure 5. Integrated current demand for potentiostated 
specimens is presented in Figure 6. 

Solution Type I ,  Saturated Calcium Hydroxide. 

Exposure to this environment at all test conditions caused no visible corrosion 
and virtually no disbondment. The appearance of the coating was essentially the same 
in both the submerged and above-water portions of the test specimens. The exposed 
metal in the intentionally damaged portions was bright. The potential of the open 
circuit specimens was in the passive region. Limited EIS testing conducted on the 
material exposed to open circuit conditions revealed that the magnitude of the 
electrochemical impedance at low frequency (-0.001 Hz) was in the megohm range for 
both as-received and intentionally damaged specimens. Additional characterization of 
the high-frequency impedance response is in progress. 

Solution Type 11, Sodium Chloride. 

Specimens exposed at -1000 mV in the as-received condition and at -750 mV with 
surface distress showed significant disbondment. In the as-received material the 
coating could be easily lifted around minute surface imperfections, usually located 
at the outer region of deformation ribs. These imperfections appeared to be the result 
of contact between bars during shipping or during handling. The disbonded regions were 
roughly circular around th-erfections, with radii as large as 10 mm. The metal 
underneath was b r i w  no visible deposits or corrosion products. The material 
with surface dispress showed essentially the same resulting morphology, extending 
mainly from the 

Under open circwjt conditions, both the specimens with as-received and those with 
intentionally damagTd surfaces developed about the same average corrosion potentials 
(--645 mV). In the ap-received material orange rust spots appeared at minor surface 
imperfections. The codting was disbonded typically for a distance of 3 mm around these 
imperfections. In the intentionally damaged specimens orange corrosion products 
developed on about two'thirds of the exposed metal spots, while the rest remained 
bright through the t e s t h  ever, disbondment was observed around both the bright and 
rusty exposed metal to a tqical distance of 3mm. The metal underneath the disbonded 
coating in all cases remained bright. No conspicuous accumulation of liquid was 
observed between the coating and the metal. The EIS behavior of the as-received 
specimens after about one month of exposure is exemplified in Figure 7. Also shown 
are the impedance spectra of a specimen with intentionally damaged surface early i n  
and near the end of the one month test. 

At -500 mV corrosion product crests were conspicuous at minor imperfections in 
the as-received material and at the exposed metal on the intentionally distressed 
specimens. There was considerable metal loss underneath the corrosion product crests. 
The loss was in the form of corrosion pits. These resembled short drilled craters in 
the as-received material, and were broader or elliptical in the intentionally 
distressed material, following the shape of the initial damage. No coating disbondment 
could be discerned immediately surrounding the perimeter of the pits. The pits were 
filled with a dark, pasty corrosion product. Some liquid was present at the pits and 
some o f  the  disbonded areas, but in too small an amount to characterize. 

ntentionally damaged regions. 7 \ 
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Only the as-received specimens were tested in this environment at a higher 
potential (t100 mV). Large orange corrosion product accumulations developed at minor 
surface imperfections. Significant metal loss, in the form of sharp, circular craters 
was present below. The pits were filled with dark, powdery corrosion products and no 
free liquid. As in the -500 mV tests, no significant coating disbondment was observed 
around the pits. 

Solution Type 111, Sodium Chloride with Calcium Hydroxide. 

The specimens with and without intentional surface damage, exposed to -750 mV 
and -1000 mV respectively showed no corrosion products. Virtually no disbondment was 
observed in the as-received material; a small amount of disbondment took place at the 
intentionally damaged specimens. There was no fluid accumulation at crevices and all 
the metal surfaces examined were bright. 

Open circuit potentials for both the as-received and the intentionally distressed 
specimens were close to -625 mV. The as-received material showed no external corrosion 
products, but a few small blisters were observed at minor surface imperfections, near 
the top of deformation ribs where mechanical contact with hard surfaces may have 
occurred earlier. There was disbondment, about lmm around the center of those 
blisters. The metal underneath was bright. The specimens with filed spots showed a 
minor amount of corrosion products on about one-third of those spots; the remainder 
showed bright metal. Disbondment was observed for about 1 nun around all the filed 
spots, regardless of whether corrosion products where present or not. The metal 
underneath the disbonded coating was bright. The EIS behavior in this environment is 
still under characterization. 

Specimens exposed at -500 mV showed external corrosion products in the form of 
red-black crests growing outside coating imperfections (either preexisting or 
intentionally made, but much more conspicuous in the latter case). Only about three 
quarters of the intentionally damaged regions showed corrosion; the exposed metal 
remained bright on the rest. There was significant disbondment of the coating at the 
imperfections (typically 3 mm around). The metal underneath was usually dark near the 
initial opening and bright further in. The disbonded regions contained a clear liquid 
with a pH between 4 and 5. At the corroded zones some visible metal dissolution had 
taken place in the form of small pits, typically a fraction of a mm deep. 

At -400 mV (intentionally damaged coating only tested ) conspicuous external 
corrosion products were seen at all the damaged spots and also at some preexisting, 
small holidays. The corrosion crests resembled red and black tubercles. Underneath 
the coating imperfection circular corrosion pits, as large as 6 m in diameter were 
present (see Figure 8). The pits were filled with pasty, black corrosion products. 
Around the pits and at the smaller imperfections disbondment took place to a distance 
o f  3 to 10 nun. The underlying metal was dark near the imperfection and bright further 
away. Clear liquid with a pH between 4 and 5 was present in the disbonded region and 
1 iquid-fil led blisters had formed at places. 

The only specimens exposed at +lo0 mV were in the as-received surface condition. 
The corrosion morphology closely resembled that described in the previous paragraph, 
but the number of corroded regions, pit size and extent of disbondment was smaller. 
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DISCUSSION 
Cathodical ly Polarized Specimens 

The results showed that Solution Type I 1  (3.5% NaC1) produced disbondment mainly 
under cathodic polarization, while Solution Type 1 1 1  (sodium chloride plus calcium 
hydroxide) caused conspicuous delamination only at anodic potentials. The calcium 
hydroxide-only Solution Type I did not cause observable delamination in any of the 
test conditions. 

The disbondment observed in the tests with Solution Type I 1  had the typical 
characteristics observed in cathodic disbondment p h e n ~ m e n a ' ~ ~ ~ ~ ~ * ~ ' .  Cathodic 
disbondment is generally thought to result from the alkalinity generated at the 
cathodic site by reactions such as oxygen reduction. The hydroxyl ions may affect the 
integrity of the polymer coating where it joins the metal, by saponification or other 
adverse interactions'lO~"', thus permitting the separation from the substrate. Another 
possible mechanism is the reduction at the surface of the steel of the oxides to which 
the coating is Epoxies such as the coating used here tend to be highly 
resistant to alkaline deteri~ration"~~'", so the latter mechanism appears to be more 
likely. Cathodic disbondment necessitates the presence of a suitable cation at the 
coating-metal interface to maintain charge balan~e'~.'~'. A1 kal ine metal ions such as 
Na, present in solution Type I, fulfill that role in chloride so1utions'6.16'. At 
present there is not enough information on the proprietary coating used in t h i s  
application to indicate whether ionic transport to the disbondment front takes place 
laterally or through the coating. 

Cathodic disbondment is not promoted by calcium  ion^'^,'^.'^,^^'; this is consistent 
with the absence of delamination in Solution Type I (calcium hydroxide only) since 
currents were cathodic (or of very small magnitude) over the entire potential range 
tested. The absence of extensive disbondment at low potentials in Solution Type I11  
cannot be easily explained since the same amount of sodium and chloride was present 
there as in Type I 1  Solution. The calcium ions appear then to have played an active 
role in reducing disbondment at low potentials. In the hardened concrete environment 
the situation may be different because the pore water solution appears to be richer 
in sodium and potassium ions, and lower in calcium ions"9820', than the Solution Type 
I 1 1  used in the present experiments. 

Freely Corroding Conditions 

The exposed steel surface in Solution Type I was passive in the entire range of 
potentials tested, so that no corrosion product accumulation was observed. This was 
consistent under open circuit potential conditions by the large magnitude of the 
electrochemical impedance observed. 

The specimens exposed to Solution Type I1 under open circuit conditions showed 
corrosion products only at some of the exposed metal spots. This indicated that some 
of the spots were acting as macrocathodes while anodic reactions were concentrated 
on those spots showing corrosion product accumulation. Because of the high electrolyte 
conductivity the potential drop between macroelectrodes is not expected to have been 
excessive. This is in agreement with the observation that the degree of disbondment 
was about the same in all intentional damage areas whether corrosion products were 
present or not. The electrochemical impedance behavior was.largely as expected from 
similar systems"". All specimens showed depressed semicircular impedance diagrams. 
These can be interpreted as resulting from the coupling of the impedance of an 
activation-limited metal dissolution process with that of a cathodic reaction (oxygen 
reduction). The high-frequency limit of the impedance, which is indicative of the 
effective solution resistance was an order of magnitude higher for the as-received 
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mate r ia l  than f o r  t h e  specimens w i t h  i n t e n t i o n a l  sur face  damage. That agrees w e l l  w i t h  
t h e  v i r t u a l l y  unblemishe$ appearance o f  t h e  as rece ived ma te r ia l ,  compared w i t h  t h e  
presence o f  about 1/3 cm o f  bare metal i n  t h e  specimens w i t h  sur face  d i s t r e s s .  The 
same app l ies  t o  t h e  low frequency l i m i t  o f  t h e  impedance magnitude, where the  
d i s t ressed  m a t e r i a l  shows a considerably  lower  value. The apparent p o l a r i z a t i o n  
res is tance i n  F igu re  7 6 near t h e  end o f  t h e  one-month exposure was -1 kohm. Using 
a t y p i c a l  convers ion constant  va lue B=26 mV'z13zz) t h i s  corresponds t o  a co r ros ion  
cu r ren t  o f  26 uA. The nominal, averaged co r ros ion  c u r r e n t  dens i t y ,  based on the  
i n i t i a l  amount o f  bare metal  i n  contac t  w i t h  t h e  l i q u i d ,  was then on t h e  order  o f  80 
uA/cm2. That va lue  approaches t h e  t y p i c a l  1 i m i t i n g  c u r r e n t  d e n s i t y  f o r  oxygen 
reduc t i on  a t  an extended f l a t  e lec t rode  i n  s t i l l ,  n a t u r a l l y  aerated water'23'. Th is  
i s  on l y  an order-of-magnitude comparison, s ince  t h e  system geometry here i s  
complicated, t h e r e  i s  s i g n i f i c a n t  frequency d ispers ion ,  and t h e  measurements showed 
t h a t  t h e  apparent p o l a r i z a t i o n  res i s tance  decreased w i t h  i nc reas ing  exposure t ime.  
The change i n  impedance behavior w i t h  t ime may have r e s u l t e d  f rom a d d i t i o n a l  cathodic  
surface be ing  made a v a i l a b l e  by disbondment, o r  from t h e  accumulation o f  
e l e c t r o n i c a l l y  conduct ive co r ros ion  products  i n  con tac t  w i t h  t h e  metal  surface'21'. 
Those two phenomena cou ld  account, separa te ly  o r  together ,  f o r  t h e  frequency 
d i spe rs ion  mani fested i n  t h e  appearance o f  depressed semicircles'21'z4). Keeping i n  
mind t h e  l i m i t e d  amount o f  a v a i l a b l e  data, t h e  r e s u l t s  never the less suggest t h a t  
oxygen reduc t i on  a t  t h e  areas o f  coa t i ng  damage can account f o r  t h e  est imated r a t e s  
o f  cor ros ion .  Thus, oxygen d i f f u s i o n  through t h e  coa t ing  was n o t  necessa r i l y  a major 
c o n t r i b u t o r  t o  t h e  ca thod ic  r e a c t i o n  i n  t h i s  p a r t i c u l a r  case. 

The admittances o f  t h e  Faradaic processes and i n t e r f a c i a l  capaci tances present  
were r e l a t i v e l y  high, even f o r  t h e  specimens i n  t h e  as-received cond i t i on .  Assuming 
a t y p i c a l  coa t i ng  th ickness  o f  0.15 mm, and a d i e l e c t r i c  constant  o f  about 3, t h e  
coat ing  capaci tance i n  t h e  specimens used i s  on t h e  order  o f  1 nF. The corresponding 
impedance magnitude a t  10 KHz i s  over 10 Kohm, w h i l e  t h e  impedance measured a t  t h a t  
frequency was always a t  l e a s t  an order  o f  magnitude lower.  Because o f  t h a t ,  the  
p resen t l y  a v a i l a b l e  h i g h  frequency da ta  cannot be used t o  s tudy t h e  e v o l u t i o n  o f  t h e  
coa t ing  capaci tance as a f u n c t i o n  o f  exposure t ime i n  t h e  specimens exposed i n  
So lu t i on  Type 11. 

Anodic Behavior 

The a n o d i c a l l y  p o l a r i z e d  specimens i n  So lu t i on  Type I 1  showed cons iderab le  p i t t i n g  
but  l i t t l e  o r  no delaminat ion adjacent t o  t h e  p i t s .  Th is  i s  i n  agreement w i t h  the  
behavior observed i n  o the r  systems where anodic exposure t o  NaCl s o l u t i o n s  was 
i n v e s t i  gated'6.7.8,18). 

The anodic behavior i n  So lu t i on  Type 111 i s  o f  i n t e r e s t  because bo th  extens ive 
p i t t i n g  and delaminat ion took  place, and the  co r ros ion  morphology s t r i k i n g l y  resembled 
t h a t  observed i n  t h e  f i e l d .  The accumulation a t  t h e  p i t s  and b l i s t e r s  o f  l i q u i d  w i t h  
pH between 4 and 5, when t h e  pH o f  t h e  b u l k  s o l u t i o n  was 12.5, had t o  be t h e  r e s u l t  
from an e f f i c i e n t  process o f  l o c a l  a c i d i f i c a t i o n .  A l i k e l y  mechanism i s  t h e  hyd ro l ys i s  
o f  f e r rous  ions, which are  created by t h e  i r o n  d i s s o l u t i o n  r e a c t i o n  a t  t h e  l o c a l  
anode. Th is  process i n  c h l o r i d e  s o l u t i o n s  can generate l o c a l  pH values i n  t h e  4-5 
range as observed i n  occluded ce11s'9~238z5).  The specimens examined here showed 
darkening, i n d i c a t i v e  o f  l o c a l  metal d i s s o l u t i o n ,  underneath t h e  disbonded coa t ing  
next  t o  t h e  p i t s  o r  a t  b l i s t e r e d  areas. 

The co r ros ion  morphology i n  t h e  anod ica l l y  p o l a r i z e d  specimens i n  S o l u t i o n  Type 
111 may then be i n t e r p r e t e d  by t h e  f o l l o w i n g  t e n t a t i v e  mechanism: Metal  l oss ,  d r i v e n  
by t h e  e x t e r n a l l y  impressed cu r ren t ,  i s  assumed t o  begin f i r s t  a t  a c o a t i n g  damage 
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spot .  Cor ros ion  cont inues there,  sometimes forming a p i t .  Because o f  t h e  presence o f  
t h e  ca l c ium hydroxide, co r ros ion  a t  t h e  i n i t i a l  p o i n t  may become a r res ted  o r  proceed 
more s l o w l y  than i n  t h e  sodium c h l o r i d e - o n l y  so lu t ions .  Anodic a c t i o n  extends however 
i n t o  t h e  t i g h t e r  edge surrounding t h e  spot. There t h e  accumulation o f  f e r rous  ions 
promotes more e f f i c i e n t l y  bo th  t h e  bu i ldup o f  c h l o r i d e  ions  and a c i d i f i c a t i o n  by 
h y d r o l y s i ~ ‘ ~ ~ ’ .  These cond i t i ons  i n i t i a t e  a se l f -p ropagat ing  c r e v i c e  between the 
c o a t i n g  and t h e  meta l .  The process cont inues w i t h  t h e  zone a t  t h e  edge o f  t h e  c rev ice  
be ing  always t h e  more a c t i v e  w h i l e  the  th i cken ing  t r a i l i n g  gap i s  in f luenced by the 
p a r t i a l l y  p a s s i v a t i n g  b u l k  e l e c t r o l y t e  chemistry.  The disbondment would then be the 
r e s u l t  o f  metal  d i s s o l u t i o n  underneath t h e  coat ing  ( anodic undercut t ing ‘6 ’ ) .  

The mechanism proposed above i s  cons is ten t  w i t h  the  observat ion t h a t  a t  -500 mV, 
anodic c u r r e n t s  i n  t h e  NaCl s o l u t i o n  were over an order  o f  magnitude g rea te r  than i n  
t h e  NaC1-Ca(OH), s o l u t i o n  (see F igure  6). Other mat ters  r e q u i r e  explanat ion,  such as 
t h e  presence o f  t h e  zone o f  b r i g h t  metal disbondment observed sometimes ahead o f  the 
da rk  metal  c rev i ce .  Condi t ions i n  t h a t  zone can be compl icated by t h e  many f a c t o r s  
p resent  i n  an occluded c e l l ;  f o r  example, t h e  p o t e n t i a l  deep i n t o  t h e  c rev i ce  may 
d i f f e r  by severa l  hundred mV from t h a t  a t  t h e  ,”’ . The t r a n s p o r t  o f  
s o l u t i o n  species through t h e  coa t ing  may be another impor tant  cons idera t ion ,  but  as  
i n d i c a t e d  e a r l i e r ,  t h e r e  i s  n o t  enough in fo rma t ion  a v a i l a b l e  on t h i s  i tem.  The 
c h l o r i d e  p e r m e a b i l i t y  o f  some coat ings  o f  t h i s  type has been repo r ted  t o  be 
unmeasurably  OW'^*^^'. On t h e  o the r  hand, t h e  coat ing  ma te r ia l  used here does absorb 
water,  and i t s  t r a n s p o r t  t o  reg ions  where c h l o r i d e  may have accumulated below the 
c o a t i n g  can be expected t o  take 

. 

Serv i ce  Cond i t ions  

The r e s u l t s  showed t h a t  s i g n i f i c a n t  disbondment can be caused by exposure t o  
c o n d i t i o n s  addressing weather ing and se rv i ce  i n  ch lo r i de -con ta in ing  concrete.  The 
t e s t s  i n  t h e  sodium c h l o r i d e  s o l u t i o n  showed t h a t  a s i zab le  f r a c t i o n  o f  t h e  coat ing  
can loose adherence under o p e n - c i r c u i t  cond i t ions .  This  r e s u l t  m e r i t s  a t t e n t i o n  when 
cons ide r ing  t h a t  reba r  bundles are f requen t l y  sub jec t  t o  weather ing a t  shoreside 
s torage yards  f o r  extended per iods  (months) wh i l e  subject  t o  var ious  degrees o f  
seawater spray. The steep dependence o f  t h e  ex ten t  o f  disbondment w i t h  p o t e n t i a l  
(F igu re  5) suggests t h a t  macrocel l  a c t i o n  (no t  u n l i k e l y  i n  bundles w i t h  trapped 
mois tu re)  c o u l d  severe ly  aggravate l o c a l  disbondment. Fab r i ca t i on  o f  t h e  rebar  i s  
expected t o  s t r o n g l y  increase t h e  1 i kel ihood o f  de ter io ra t ion ‘ ” .  

Once i n  place, r e i n f o r c e d  concrete marine subs t ruc ture  columns develop mois ture 
and c h l o r i d e  accumulat ion pa t te rns  t h a t  can c rea te  very a c t i v e  co r ros ion  
macro cell^(^^^^^). The h igh  environmental humid i ty  and temperature e x i s t i n g  i n  southern 
F l o r i d a  promote low concrete r e s i s t i v i t y w h i c h  i n  t u r n  permi ts  macroscopic i n t e r a c t i o n  
d is tances .  The long, v e r t i c a l  bars commonly used i n  subs t ruc ture  columns prov ide 
lengthwise  e l e c t r o n i c  c o n d u c t i v i t y .  Chance contac t  a t  t i e  w i res  o r  over lapping 
semiconduct ive co r ros ion  products  may b r i n g  o the r  po r t i ons  o f  the  s t r u c t u r e  i n t o  the  
g a l v a n i c  c i r c u i t  as w e l l .  The i n t e n s i t y  o f  t h e  macrocel l  w i l l  be expected t o  be 
g r e a t e r  i f  t h e  e f f e c t i v e  cathode area has been increased by prev ious damage, i n c l u d i n g  
f a b r i c a t i o n  and weather ing as discussed above. 

The behav io r  observed i n  t h e  anod ica l l y  p o l a r i z e d  specimens i n  S o l u t i o n  Type I11 
reproduces most fea tu res  o f  t h e  damage observed i n  t h e  above- t ide area. Th is  suggests 
t h a t  t h e  c o r r o s i o n  seen i n  t h e  a f f e c t e d  s t ruc tu res  may take  p lace  a t  t h e  anodic end 
o f  extended macroce l l s .  I f  t h a t  i s  the  case, t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  suggest 
t h a t  t h e  presence and d i s t r i b u t i o n  o f  coa t ing  imper fec t ions  can be a c r i t i c a l  f a c t o r  
i n  d e c i d i n g  t h e  l ong  term performance o f  t h e  m a t e r i a l .  Cu r ren t l y  used acceptable 



dama e criteria (for example 2% of metal exposed, up to 1/4 inch (6m) long defects, 
etc. Q31)) may be too permissive. Likewise, patching methods for damaged bar using 
liquid curing epoxy may not guarantee enough protection because of the higher 
permeability of the patching material'4'. The distribution of the damage may be 
equally important. Because the extent of anodic polarization increases as a function 
of cathode to anode area ratio, it is quite possible that selecting the rebar with 
the best surface condition for the zone of most severe corrosion in a column may 
result in dangerously localized pitting. 

The investigation presented here represents an initial effort to understand the 
causes of an unexpected materials performance problem. Additional tests and 
observations are in progress to obtain a more accurate view of the mechanisms 
involved. Nevertheless, the experience in the field and the laboratory experiments 
performed to date suggest that particular attention and care may be needed for 
successful, long term performance of epoxy-coated rebar in aggressive substructure 
service. Requirements may include extremely low holiday frequency, and shipping, 
handling and fabrication procedures significantly improving over current practice. 
Strict weathering protection, the specification of maximum rebar element dimensions, 
and possibly verifiable isolation between individual rebar segments may require 
imp1 ementati on. 

CONCLUSIONS 

1. The adherence of the coating remained unaffected by exposure to the saturated 
calcium hydroxide solution over the exposure time and potential range tested. 

2. Delamination with the characteristics of cathodic disbondment was observed after 
exposure to 3.5 % sodium chloride solution at the freely corroding and lower 
potentials. Exposure under anodic polarization resulted in pitting but little 
disbondment. 

3. Exposure to the mixed calcium hydroxide-sodium chloride environment did not result 
in extensive disbondment at cathodic potentials. However, exposure under anodic 
polarization resulted in both pitting and delamination. The corrosion morphology of 
the anodically polarized specimens resembled the damage observed in the field. 

4. The deterioration observed in the field can be interpreted as resulting.from the 
combination of several adverse factors. These include a severe weathering environment 
prior to construction, damage due to handling and fabrication, and the propensity for 
development of corrosion macrocells at the substructure in subtropical marine 
appl i cati ons. 
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Table I 

Liauid Test Solutions 

Type I Water with 10 g/1 Ca(OH), added (pH-12.5) 

Type I 1  Water with 3.5% NaCl a (neutral pH) 

Type IIIWater with 3.5% NaCl and 10 g/1 Ca(OH), added 

Notes: 

a: The water was tap water purified by reverse osmosis to obtain a typical resistivity 
of 20,000 ohm-cm. 

b: Undissolved Ca(OH), was allowed to precipitate to the bottom o f  the test tank. 

(pH-12.5) 
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The table indicates 
combinations tested, 
with intentional sur e. O.C. r e ~ r ~ s e n t s  open circuit tests. 

Sol ut i on nal1 y ~ ~ m a g e d  

I X " X  X Xb x 

I 1 1  X X" X X x Xf x X 

Note: Open circu 
values for each st condition were as f o l l o w s :  

potential s were measured through ut the test ~ u r a ~ ~ o n .  The average 

e: -607 mV 

FIGURE I ~ Gen ral appearance o f  FIGURE - Appearan~e of a # 5  
corrosion in reinforcing bar (horizontal hoop 
epoxy-coated rein portion o f  a idge substructure 



FIGURE 3 - Left: Knife incision on a corroding vertical #8 rebar just after removing 
the concrete cover, showing liquid flowing out of the cut; the surroundinq concrete 
was not wet. Right: The same area after separating 
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b" 8t  

FIGURE 5 - Average percentage of coating that could be 
removed by sliding a knife between the coating and substrate 
after the one-month exposure to the chloride-containing 
environments. The results are given as a function of the 
impressed potential (open circuit condition shown by dashed 
line). Open symbols (0): as-received material. Closed 
symbols (0 ) :  intentional surface damage. The calcium 
hydroxide-only solution resulted in negligible disbondment. 

s 
I 

1000 -500 OC 0 

IMPRESSED POTENTIAL (mv YS S C E i  

FIGURE 6 - Integrated electric charge (one month nominal 
exposure time) as a function of impressed potential for the 
three environments tested. The results are the average from 
duplicate specimens. The open circuit condition is shown by 
the dashed line. Open symbols (0) designate as-received 
material; closed symbols ( 0 )  designate intentional surface 
damage. A and C correspond to anodic and cathodic 
currents respectively. The current in the + 100 mV tests in 
the calcium hydroxide environment (*) was small and its 
polarity fluctuated, the average was cathodic. 
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the sodium chloride solution (Type 11). 
A) Material in the as-received condition, one month of exposure. 
B) Material with intentional surface damage; B1:one week; B2:one month o f  exposure. 

FIGURE 8 - Appearance o f  the surface after removing disbonded coating from a specimen 
exposed to Solution Type 111 (calcium ~ydroxide plus sodium chloride) for one month 
at -400 mV vs  SCE. 




