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MACRO-CELL  CORROSION  AND  ITS TIME  DEPENDENCY  UNDER
           NON--UNIFORM  CHLORIDE  ENVIRONMENT

Ominda NANAYAKKARA'i,  ybshitaka KATO"

                           ABSTRACT
Concrete specimens  with a  diyided steel bar were  cast  having nen-unifbrm  chloride

contents  in a  single  speeimen  representing  a  non-unifbrm  environmental  conditions  of

chloride  ion ingress. Generated macro-cell  corrosion  currents  were  periodically monitored.

It was  observed  that macro-cell  anodic  and  catliodic  reactions  change  their status  towards
the cathodic  and  an(xlic  reactions  respectively,  Transfoimations of  reactions  occur  in a

non-uniform  way  with respect  to the distance and  time and  also it was  assumed  to be
ocorurTed due to the heterogencous properties ofconcrete  which  is described in this paper
Keyvvords: macro-ce11  corTosion, corrosion cmmts,  time dependency, non-unifbrmity

1, INTRODUCTION

    Reinforcement is naturally  protected by the

alkaline medium  of  concrete,  Eyen  in this
condition,  steel is corroded  at the rate  of  less than
O.Ilmilyear [1] which  can  be neglected,  Howeye;
ingress of  Chloride ions (Cl-) ffom surrounding

erivironment  may  exceed  its threshold to destrQy
the passive 1ayer and  start the corrosion.
    Conosion is an  electrochemical  process
mainly  geverned  by the eleetreahemical  potential
difference cruating  basic types of  corrosien

patterns are  as miero-ce11  er  macro-cell  corrosien

[2]. The difrusion rates  of  Cl' ions into concrete
become non-unifomi  as concrete obviously

behaves as a heterogeneous material  and  also due
to the variation  of  surfacx: Cl' contents  along a

member  [3]. Henee, a  comparatively  higher

patential differenco ooeurs  along the stee1 bar
which  can  generate macro-eell  comosion,

    Therefore, this study  conoentrates  al}out the
macro-oell  oorrosion  variation  along  the steel  bar
under  the non`unifbrm  chloride  envirvnment,

Nthough  the corrosion  process occurs  as  a

combinadon  of  anodic  and  cathodic  reactions,  the
effrect of  ariodic locations are  only  important for
analysis  on  rust  production. Heweveq anodic  artd

cethodic  locations are elecdicady  combined  so

that aparticular reaction rate is direotly affected  to
the othet Herice thcre may  be opportunity  to

transform anodic  and  cathodic  locations which  is
also mainly  investigated in this study.

2. METHOD  OF  MACRO-CELL  CORROSION
CURRENT  MEASUREMENT

    A  method  of  using  a  divided steel bar [4] for
the purpose of  measuring  actual  macro-cell

corrosion  current  passing from one  steel element

to the other  was  used  for this study.  wnen  the
corrosion occurs,  the electrons pass fibm anode  to
cathode,  and  therefore an  electronic  curTent  is

produced in the diiection of  cathode  to anode.

ftoviding a divided steel bar where al1 a(ljacent
steel elcments  are connected  by wires fhcilitates to
measure  actual  current  passing lfom elernent  to

element  (as in the Fig. 1). These currents  are  used

to evaluate the curTent absorbed  or cuirent

produoed by each  elernent.  However; when  the
steel elements  are  not  in the same  size,  the current
of  each  element  is futher converted  to the current
derisity which  is more  appropriate to represent  the
corrosion  rates  as shown  in the equatien 1,

           1-" --
           -  .-d>

Fig,1 Measurernent method  of  macro-ceH

         corrosion  eurrent
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-Ii-usi("AIcm2)

(1)

    Where, a is the macro-cell  corTosion  current

density of  steel element  [i]. Ii,i+i, Ii.i,i are corrosion

currents  passing through element  [i] to [i+1] and

[i-ll to [i] respectively  (in uA). Si is surface  area

ofelement  [i] (in cm2).
Notei Anodic or  negative(-)  current  represents  the
locations of  rust  is produced.

3. TEST  PROGRAM$

bar was  plaeed with the cover  thickness of  20mm
ffom the bottom and  additional  steel bar was  used

as the reiniroroement.  Except the bottom of  the
specimen,  all other  area  was  epoxy  coated  so  that
02 and  H20  penetrate only  through the bottom
side.

g
3.1 Materials
(1) Concrete
     Ordinary Portland Cement (OPC) was  used

for the concrete mix  of  WfC  O,55. Maximum  size

of  15 mm  course  aggregate  was  used  keeping sfa
as 45%. To represent  Cl- penetrated concrete

members,  Cl' ions were  deliberately added to

concrete  mlx,

(2) Divided steel bar
    Plain 10mm  diameter diyidecl steel bar is
symmenio  as in the Fig. 2, where  one  side  (side
A) from the symmeuic  1ine consists  2 No'sl5 mm

(IA, 2A), 1 No's 30 mm  (3A). 1 No's 45 mm  (4A),
1 No's 68 mm  (SA) length elements  in the order,
15 mm  or  shortest  elements  were  kept near  tlle
middle  of  the specimen  to obtain  more  accurate

results  assuming  that macro-ce11  corrosion  effect  is
high at the region  of  higher potential difference.
The epoxy  length betwcen two  steel elements  was

3 mm,  but it was  6 mm  only  at the centre  of  the
divided steel bar: Each and  every steel elements
were  connected  together with  lead wires for
making  the steel bar continuous  to fiow maero-cell
corrosion  curTent.  Th etotal resistance  of  the
divided steel bar was  measuied  and  maintained  as

Iess than O.5 st.

Fig ,2 A  view  of the dMded  steel bar

3.2 Preparation ofspecimen

     100xlOOx376 mm  concrete  specimens  were

made  with  two sides named  as side A  and  side B
as shown  in the Fig, 3. Diffbrent sides  were  cast  in
two  consecutive days wnh  dillerent Cl' ion
contents.  Howcveg  specimens  with uniform  Cl'
ion content  were  cast  as  a single  unit  though thcy
were  named  as side  A  and  B  for the clarity. lable
1 represents  the Cl" ion content  variation  of  side  A
and side  B  with  the specimeri  name.  Dividetl steel

"
     Elevation

Fig.3 View of  concrete  specimen

,-Lgggu!i+
Crosssectien

lable 1 Cl' content  variation  in sideAand  B
Chlorideioncontentm

SpecimenNo
SideASideBDifferenceB-A

Ul 2.4 o

U2 4.g o
1 o l.2 1.2
2 o 2,4 2.4
3 O.6 2,4 1,8
4 O,6 4.8 4,2
5 1.2 2.4 1.2
6 2,4 4,8 2.4

     Speeimens with  different Cl- content  were

subject  to cyclic  exposure  conditions  for 28 cycles

while  it is 22 cycles  for spocimens  with  unifbrm

Cl- conterit  . It was  wet  condition of  Relative
Humidity (RH) 90%  and  [[lemperature (T) 600C  for
3 days and  dry condition  of  RH  65%  and  T ISOC
for 4 days, One cycle  was  corresponds  to 7 dq)rs,
data were  taken at the end  of  dry cycle.

4, EXPERIMENTAL  RESUL7T'S

4.t Corrosion current  density variation -

Uniform Cl' oontents
     Measured macro- ¢ ell corrosion currents
were  converted  to the corTosion current  density (in
pAlem2)  along the steel bar. Periodic corrosion

current densities of  specimens  with  uniform  Cl'
content  are presented in the Fig, 4. It represents
the corrosion  current  density against the time
durations also  with chloride  content,  The 1ocaions
of  anodic  reactions  (where rust  produced) are

represented  by negative  corrosion currents  while

cathodic Teaction  represented  by positive currents.
    A  unifbrm  Cl' ion concentration  generates a
unifbrm  electrochcmical  potential along the steel
bar. Therefore it can  be assumod  that, if the Cl ̀ion
conterits  are  unifbrm  throughout  the steel bar; it
may  avoid  the macro-cell  corrosion phenomenon,

-1384-



Japan Concrete Institute 

NII-Electronic Library Service 

JapanConcreteInstitute

s

s

s
s

2Al"gvee.g-ie

 -2-3

2

"g,

gl

o ro   soTi:n@"1oo ]oo

   -3
     o 4e go no  r6o
                Tine(day)

Fig,4 Current density variation -  Uniform Cl'
               oontent

First, in realityi Cl" penetration into concrete  is no
longer unifbrm  due to the heterogencous
properties efconcrete  pore structure. Nthough the
Cl' concentrations  are  unifbrm  along the steel bar
(especidly in experiments),  this research  study

observed  that the maero-eell  eoiTesien  can  be
observed  as presented in Fig. 4,

     Substanoes required for corrosion  process,
oxygen  (02) and  water  (H20) sbould  also reach  to

the steel  bar level to start the coTrosion  process. 02
and  H20  penetration is mainly  geverned by the
profile of  concrete pore structure.  Due to the
availabMty  of  course  aggregates  in conerete,  its

penetration speed  or  else  its penetration arnount is
directly allrected. Therefore, it is clear; although
unifbrm  chloride contents are  avai1able,  oxygen

and  water  amount  may  not  be unifomi  along the
steel bar at a  time and  hence macro-cell  corTosion

may  be genented.
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     Corrosion activity  was  observed  as

negligible  when  the uniform  Cl' content  is
1.2kg/m3; hence current  density variation  is net
shown. Howeveq  when  the Cl' content  is
increased, the macro-cell  ¢ orrosion  activity  is
increased. But, still specimens  with  urtiform  Cl'
contents  have low corrosien  current  densities
compared  to specimens  with diflrerent Cl' contents
as shown  in the Fig.5. Therefore, it may  be
assumecl  that the conuibution  of  Clt ion to produce
an  electroehemical  potential ditference is higher
than the coninbution  of  02 and  H20.

4.2 Comosion current  density variation  -

Non-uniform Cl' contents
    Vatation of  maerv-cell  corrosion along the
steel  bar was  inyestigated using  6 congrete

specimens  as  tabulated in 
'lable

 1, Side A  always
contains  less Cl' content  than side  B of  al1
specimeris.  Corrosion current  density of  low Cl'
content  side  of  al1 specimens  showed  a  negligible

macro £ ell corrosion  activity;  hence those curves
are  not  shown  in the Fig. 5,

     CurTent density curves  in specimen  1 of  Fig.
5 clarify that low Cl ̀enyironment  show  negligible

macro-cell  corrosion effoct  even  though Cl'
content  is non-unifbrm  along  the steel bar, It was
also observed  that, although  a  comparatiyely  high
Cl' envirorment  available  in side  A  (specimen 6),
it does not  show  a higher macro-cell  corrosion

activity  when  the side  A  is combined  with  the side
B  which  is haying a  high Cl' environment  than
side  A. Hence, it is confmned  that macro-cell

corrosion  in diffbrent Cl" environment  mainly

occurs  in high Cl- content  region.  Additionally, it
can  be observed  that most  of  the cases  show

highly active  steel elements  are  either  1B or  2B  or

both together which are  located within  40mm  from
the center  IB and  2B  steel elements  only  shows

the corrosion electricity exceeding  80%  of  total

elecnicity  produced by al1 elements  in a  panicular
specimen.  This mechanism  may  be explained  by
the theory of  electrochemical  potential diffeiunce
where  in this experiment,  a  higher potential
difference occur  in the region  of  different Cl'
content  and  in the high Cl' content  side.

    According to the curTent  dcnsity yariations
of  al1 specimens,  neither  of  elemerits  shows  a

uniform  comosion  process thnughout the
exposure  period though the measurecl

environmenta1  conditiens  were  constant,  Current
variation  of  a particular steel element  is, however,
aceeptable  if it varies  behaving as either  anodic  or

cathodic  throughout the period. But, most  of  the
steel elements  (mainly IB, 2B  and  5B) showl  their
corrosion  process changing  ffom anodic  to

cathodic,  and  cathodic  to anodic  with  the time,

4.3Anodic-cathodictransformation

    The corrosion  process of  any  steel  element

was  not  observed  as  uniform  with  respect  to the
ime. It means  a  steel element  may  transfer ffom
anodic  to cathodic  while  the cathodic  element

transfers to an  anodic  element.  This particular time
dependent behavior of corrosion  process can  be
clearly  observed  in current  density curves  of  Fig,
6 (a) and  (b). Ip Fig. 6(a), element  2B  changes  its
behavior several imes during the exposure  period,
Similar observation  occurs  in the steel element  1B
in the Fig. 6(b). Additionally, it was  noted  that,
although elements  in side  B  behave as  anodic

elements,  their cathodic  connibution  is mainly

taken by another  steel element  in side  B  itself
ratlier than elements  in side  A.

(a)

                  (b)
    Fig.6 Anodic-Cathodic transtormation

4.4 Peak currents  due to anodio-cathodic

transformation

    The anodic  (negative) current  densities are

visible  for a particu!ar time period and  anodic

reactions  transfer to cathodic  reactiens  at a time
due to the above  explained  anodic-cathodic

transformation mechanism  or time dependent
variation  ofcorTosion  process. Howeyeg there is a
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Table2Peakanediccurrentdensityandparticularexposurecycte

Pealcanodiccurrentdensity(-tA/ctn2)((pule)

Specimen IB 2B 3B 5B

1st 2nd 3rd lst 2nd 1st 2nd 1rt 2nd
1O.O-1.2 - . - . - . - . .

2O.O-2.43.8(20). - . . - - . -

3052.46,l( - -2.4(DO.7(ll). -O.7(2tD .

4O,6-4.83.3(1)O.5(D -5.8(1op' - -O.9(SO.8(&

5}.24.84.S(1)1,5(of2.4(2op2.4(2" . - - 1.1(& -

62,44.82.4(l)1,6("4.6(21)6.2(20)-O.8(]O)O.8<ID1.0(3)o.9(D

possibility of  occurrence  this mechanism  again

and  again until the complete  deterioration occurs.

Seyeral anodic-cathodic  transformations ereate

curTertt density peaks of  a  particular stee1 element.

Using the results  of  all specimens  which  are  in the
Fig. 5. the peak curTents were  tabulated for side B
steel elements  as shown  in fable 2. Hbwever; the
element  4B did not  show  any  peak value  (its
current  density was  always smaller  than O.5

pA/cm2  during 28 cycles  for al1 specimens);  4B
element  was  not  included to the 

'lable
 2. The

fable 2 shows  the peak current  density with the
relevant  exposure  cycle (1 cycle= 7 dqys). Smal1
curTent  densities (suialler than O.5 pAlcm2) were

not  taken into consideration,
    Cumt  density beoomes negligible  when

chloride contents  are  small  and  henoe efrective

peaks are rarely  visible, Howeveg  the corTosion
activity  is increased with  considerable  number  of

peaks when  the total chloride cantants are

increased. la that situatien,  it can  also be observed

that these higher numbers  of  peaks  are  shared by
majority of  steel elanents  rather  than one  or  two

elements  anly.  Higher numbers  of  peaks are

interpreted as higher frequency of  anodic-cathodic

transformation. Consldering the peak cuiTent

density of  elements  2B, 3B  and  5B, 1st peak
eurrent  is higher than the second  peak (in 3B, it is
equal) and  in most  cases  2nd peak was  not

observed  for those elements.  Tliis fhct is not

clearly  visible  in element  IB, Tliis result clarif7ied
thag the activity  ef  anodic<athodic  transformation

decreases with  the distance from the region of
highest electrochemical potential dif!;ereilce.
    Fig. 7 shows  the aecumulated  mass  loss rate
variation  against the time (specimen 6). Tlie rate
of  rnst  production is a  similar  repiesentadon  to the
rate  of  steel mass  loss (100itt4fom2i5,ear =

9l4mgtbml!Jear). A  suddm  initiadon of  corrosion

prvcess or  the rust  accumulation  is clearly

obsarved  in steel elements  such  as 1ea2B  due to

the sulden  transfer of  corTosion  status  of  elements
ffom cathodic  to anodic. The  cathodic  or  neutral

period of  mass  loss rate  of  elements  are

represented  by the zero  gradients of  curves  where

the rust  is not produced,

"raNsg9,e:41g,g\oo

      50 100 ISO coO
            fimc (dayt
Fig,7 Aocumulated  mass  loss rate

4.5 Discussion on  anodlc-cathedic

transformation

    Reinforced concrete is not  contaminatod  any
vulnerable  material  tsuch as Cl' or CQ2) just after
the casting,  therefore it is assumed  that steel

corrosion  wi11 not  occur  due to the alkaline

properties of  corK=ete.  However, with  the ime, the
above  mentioned  corTesive  matnrials  may

penetrate into conerete, but it is defrmitely in a non
unifbrm  way  as  experimentally  established  based
on  the heterogeneous prDpenies of  conerete.

:Ilierefore, an  electrochemical  potential diiference
occurs  along the steel bar and  hence the corrosion

process starts as maero-cells  else  local corrosion,

    The eorrosien  process is an  electrvchemical

reaction,  which  is a  combination  of  Cl' ions, 02
and  H20, The  poterttial difference is afirected not
only  by Cl' ions but 02 and  H20 is also
accountable  since  they are  direetly related  with the
corrosion  reections.  It has been experimentally
found that macro-eell  corresion  is visible oven  the
Cl" contents  are imifbrm  along the steel bar.
Thereforc, it would  be an  evidence  to mention  that,
mam-ce11  corrosion  is possible even  with imiform
chloride  contents.
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Fig,8 Possible mechanism  for anodic-cathodic  transformation

     Above  diseussion clarified  how  the
macro £ ell corrosion  initiate even  with unifbrm  Cl'
ions. Discussion is to be directed to clarifY  how
the initiated mapro-cell  anodes  and  cathodes

transformation is occurred.  Different Cl' ion
contents  were  deliberately added  to concrete  for
the purpose of  making  macro £ ells at reasonably

known 1ocations. Iherefore it can  be assumed  that
the potential difflrrence is not  changing  at steel

elements  ffom time to time  (since no  Cl- ions enter
from surrounding)  provided that 02 and  H20
concentrations  are  unifbrm  throughout the steel

bar level. Although additional Cl- ions do not enter

to concrete section,  02 and  H20  frequently enter
but it has a  maximum  penetratien speed  depend on
the propenies of  conerere.  Howeveg  once  the
corrosion  process starts (reim the Fig. 8), the
cathodic  1ocations consume  02 and  H20  in a

higher consumption  rate than anodic  locations.
Therofore wnh  the time, the 02 and  H20
concentration  decreases at cathodic  1ocations ifthe
consuming  speed  is higher than the penetration
speed,  A  1ack of 02 and  H20  ereate  an  additional
potential difference which  is more  1ocal than the
potential difference ereatecl  by Cl' ions. 02 and

H20 fewer areas  are  vulaerable  to become  anodic

regions;  henee the cathodically  activated  areas
may  be transferred to anedically  active  areas  or

neutral  areas  with  the time. This may  fhoilhates to
convert the anodic  areas into cathodic areas.

5. CONCLUSIONS

    Unifbrm Cl- ion oonoentrations  may  not

generate a  potential difference. Howeveg  this
research  found that the macro-cell  corrosion is sti11
visible  everi  with  the unifbrm  Cl- ions.
    if specimens  are  subject  to diflbrent Cl'
cuvirommeng  more  local macro-cell  corrosion can

be clearly  observed  in the region  of  diffbrent Cl'
coneentrations. Also, the macro-cell  corrosion  in
high Cl' region  is more  active  while  the macro-cell
corrosion  in low Cl- region  is negligible  even  the

low Cl- concentration  exceed  its threshold value  or

critical chloride  concentration  for initiation of

steel corresiott  which  can  be taken as  1.2kg/m3 as
JSCE  recommendations.

    In this research,  it was  also found that
initially generated macro-cells  (i.e. anodic  and

cathodic  locations) may  change  their status  with
the time. Hencc it can  be concluded  that
maero-cell  corrosion  is time  dependent where the
maero-cell  anodic  locations may  transfer to
cathodic  locations while  cathodic  locaions
transfers to anodic  locations. The anodic-cathodic

transformation may  be obseryed  periodically. As a
result, the rust  production on  the steel bar surface
is no  longer uniform  in short  term  condhion

(considering 28 week  results  only).
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