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1. INTRODVCTION

   Under  uniform  environment,  corrosion  of  steel  in conerete  may  undergo

microcell  actions.  For  members  subjecting  to nonuniform  environment,  some

                                                            (cathode).
g.`.e.e.i,S,.a.re.,i,n,,a,e,tZ.'ge.,,S.t,at.e.(,"n:lflie.).,C.OM.P.g.'.i,",gu`O.,:l･].e.,Oi3?2ef.Th,.,f...,
concrete  cover  has  to  provide  two  simultaneous  roles  for  corrosion

protection.  The  obstruction  of  the  .ingress  of  anodic  activators  such  as

chloride  is the  first  important  role.  The  second  one  is to  resist  the

penetration  of  oxygenv  whieh  is an  essential  substanee  for  cathode

reaetions  of  both mieroeell  and  maerocell  corrosion.

   The  research  aims  to clarify  the effect  of  cover  thickness  and  water  to

cement  ratio  (WIC) of  conerete  on  both  macrocell  and  microcell
      - t
corrosion.  In  the  investigation  of  macro-

cell  actionst  anode  (mild steel  in  NaCl
contaminated  concrete)  was  seperated  from

cathode  (stainless steel  in  plain  con-

crete).  One  steel  bar  was  embeddedi  in

prism  specimens  in  order  to  investigate
the  progress  of  ･microcell  eorrosiont  i.e.
from  passive  to aetive  states.

so30cc304e3o

l
l

ce=

op't=-
201]  x  3S  rmBarethld  Steel

2. EXPERIMENTAL  PROCEDURES

2.1  PREPARATION  OF  SPECIMENS

   Two types  ef  concrete  specimens  were

shown  in  Fig.  1. The  first  type  was  L-

shape  specimens  and  the  second  one  was

prism  specimens.  The  long  legs,  of  L-

shape  specimenspnd  prisms  were  made  ot

plain  concrete.  The  short  legs  of  L-shape

speeimens  weremade  of  1.76%  NaCl,  by

eement  weight  or  3.2% by  mixing  water,

contaminated  conerete.  Prisms  and  the
short  legs  were  embedded  with  mild
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steel  rods.  The  long  legs  had  one  stainless  steel  sheet.

    All  concrete  were  made  from  ordinary  portland  cement,  crushed  stone

with  10 mm  maximum  size,  river  sand  and  tap  water.  The  mix  proportions  and

strength  properties  of  conerete  are  presented  in tables  1 and  2. The

parameters  are  given  in tables  3 and  4. Reinforcing  steel  bars  were  ¢ 13
bare  mild  steel.  The  stainless  steel  sheets  used  in  the IJ-shape specimens

and  other  three  additional  galvanie  ceUs  were  type  SUS304.

 Table  1 }{ix proportions  and  eoncrete  properties  Table  3 Parameters  of  long

         of  L-shape  specimen  leg  of  L-shape  specimen
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Table  2 t4ix praportions  and  concrete

        properties  Df  prism  specimen
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Table  4 Parameters of

        prism  specimen
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2.2  TESTING  M]lTHODS

(1) Galvanic  cells  and  exposure  conditions

    The  four galvanic  eells  are  shown  in Fig. 2. The first  three  cells  were

always  immersed  in  3.1% NaCl  solution.  The  fourth  eell  and  the  prism
specimens  were  sujeeted  to repeated  cyeles  of  1 day  webting  in  650 C, 3.IZ
NaCl  solution  and  1 day  drying  under  room  environment.  

-

                                              l Selutien:  6SOC, 3.lt NaCl
                                              

t suinless  Sbeel  190 x  SeO rm
                                              

tt
 E)Tt)sed  ILrea: ¢3S x  3B rm

       oelll  aell  rl  oell  lll Cell  lv

'v

.

',

=

t
+.

T =

--
.sac-- e

.sN

                                , iday  wetting  ldeDf  drving

      -  All  Tirn2s IrTtrersion#  -  Wetting#and  ltrying  Clycles

             Fig.  2 Galvanie  cells  and  exposure  eonditions

(2) Measurement and  observation

    For  galvanic  cells  I to III, the galvanie  eurrent  was  taken  once  a  day.
The  current  of  cell  IV was  measured  twice  a  day, i.e. 2 hrs  after  changing

the exposure  conditions  and  at  the end  of  those  exposure  conditions.  During

8,h,e,,3.0.2[.d.ag.:..e,x2zg.u.r.e,,t.e,g,t,,o,f.:,he,,p,r,;g,m,37.pe,c,i,m,e,ns.,.,,th,e,.p,r.o,g,r.e,ss.,;g
split  and  the corrosion  sttuations  of  embedded  mild  steels  were  examined.
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3. RESULTS  AND  DISCUSSION

3.1 GALVANIC  CURRENT-TIME RELANONSHIP

    Fig. 3 and  4 show  the  current-time  relationships  obtained  from  galvanic
cells  I and  !:, respectively.  The  anodic  current  (Ia) states  bhat  stainless

steel  plates  immersed  directly  in  3.IZ NaCl  solution  were  always  cathode  of

mUd  steel  rods  exposed  either  to 3.IZ NaCl  solution  or  to 1.76% NaCl

contaminated  conerete.  The  rnagnitude  of  galvanie  current  was  rnuch  higher in

the  former  than in the latter.
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   Fig. 3 Current-time  relationship  Fig.  4 Current-time  relationship

           of  galvanic  cellI  of  galvanic  cell  II

    The  eathodic  eurrent  (Ic) of  galvanic  cell  III,  shown  in  Fig.  5,
indicates  that  stainless  steel  embedded  in  plain  eoncrete  was  always  anode

of  mild  steel  immersed  directly  in  65 OC,
 3.1% NaCl  solution.  Comparing

with  the results  of  eells  I and  II, the  polarity reversal  was  not  caused  by

;Pg,.p.r.e.sgn,cs.,o,f,.e2:i3'.d,e,.Zo,gg･,.Th,e,.r2",:g.s.a,i..:2aS:"P,r,e,S".i.t,e.g.,i,"8M.,`2:
rather  depened  on  WIC  ratio  ef  concrete  over  stainless  steel  and  it was

absolutely  independent  of  size  of  stainless  steel.  As  shown  in  the  figure,

the current  increased  as  WIC  ratio  decreased.

      (a) E£ fect of  W!C  ratio  (b) Effect  of  size  of  stainless  steel
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     Fig.  5 Current-time  relationship  of

    The  cathodie  current  presented  in Fig.

polarity  reversal  in  the  beginning  of  the
IV. After  time  had  elapsed,  the anodic

mild  steel  had  changed  from  eathode  to

Lawrenee  [2] also  found  eurrent  reversals
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embedded  in sound  and  eracked  cylinders.
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    Fig.  6 The  typical  current-time  relationship  of  galvanic cell  IV

   The relatienships  between  WfC  ratio,  eover  thickness,  of  concrete  over

stainless  steel,  and  magnitude  of  eathodic  current  are  presented  in Fig. 7.
As to the results  of  eell  III,  the  current  magnitude  increased  with

decreasing  in  WIC.  The  current  was  rather  independent  ef  eover  thiekness.

    (a) Effect  of  W!C ratie  (b) Effect  of  cever  thickness
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Fig. 7 The  relationship  between  WIC  ratio,  cover  thickness,  and  magnitude

       of  cathodic  current  during  the  polarity  reversal  period  of  cell  IV

3.2 EFFECT  OF W!C,  COVER,  AND  SrZE  OF STAINLESS  STEEL  ON  IRON  DISSOLUTION
    OF ANODE  STEEL
   The  anodic  current  relates  to the  iron  dissolution of  steel  embedded  in
NaCl  contaminated  concrete.  The  degree  of  the  dissolution can  be indicated
by the area  under  current-time  curve.  The  relationships  between  WIC,  size

of  stainless  steel,  cover  thickness  and  the  degree  of  dissolution  are

presented  in Fig.  8.

   Fig.  8a  and  8b  indicate  that,  for  a  given  eover  thickness  and  size  of

stainless  steel,  there  was  a  tendeney  that  the  dissolution  degree
decreased  with  decreasing  in  WIC. The  tendency  was  more  pronounced  in the
specimens  with  smaller  size  of  stainless  steel.  This  is due  to  the  fact

:ohwaetrOli21geinoSeirffw"fScfoc"onrcarteet'eg$?ioCohmip':ril'nMgPOF:-tgftntsbfOw'itOhXYsgaeninrdeidc"aCtteiisO"th'aitS,
exeept  for O.70 WIC,  the degree  of  dissolutien  increased  as  size  of  eathode

increased.  Fig.  8c  shows  that  for  the same  WIC  and  size  of  stainless

steel,  cover  thiekness  has  less  ef £ eet  on  the  dissolution.  The  effect  of
eover  thiekness  on  oxygen  diffusion  during  wetting  and  drying  cycles  is
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Fig. 9 The  effect  of  WIC ratio  and  cove,r  thickness  on  corrosion  of  prisrns

3.4 THE  MECHANISM  OF  MACROCELL  CORROSION
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magnitude  of  cathodic  current  of  galvanic  eell  III,  shewn  in Fig. 5b,
depended  on  WIC,  i.e. current  increased  as  WIC  decreased.  Under  full

immersion,  oxygen  diffusion  rate  decreases  as  WIC  decrease.  The  65 OC

elevated  temperature  should  faeUitate  oxygen  to reaeh  mild  steel  easier
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than  to  reaeh  ernbedded  electrodes.  Given  the  higher  oxygen  coneentration

around  mild  steel  in  the  solution  as  a  reference  level,  the  degree  of  the

differential  oxygen  eoncentrations  between  mild  steel  and  ernbedded

stainless  steel  sheuld  increase  as  WIC  decreases.  Therefere,  it is

reasonable  to conclude  that  the  polarity  reversal  in the study  was  due  to
the  difference  in  oxygen  coneentrations  and  the  rnagnitude  of  cathodie

eurrent  was  dependent  of  the  degree  of  the difference.

    The  cause  of  the  polarity  reversal  obtained  in the beginning  of  cell

IV, as  shown  in Fig. 6 and  7, may  also  be  described  in the  sarne  line  if the

higher  oxygen  around  embedded  mild  steel  is set  as  a  reference  leveL
However,  mild  steel  was  also  under  microcell  actions  by  the  presence  of

1.76Z  NaCl  in  eoncrete.  The  oxygen  around  mild  steel  in  eoncrete  was

rapidly  depleted  resulting  in the  reversal  of  oxygen  concentration,  thus

the  reversal  of  current,  i.e. from  cathodic  to anodie  current.

(2) The  iron  dissolution  of  steel  in conerete

    In spite  of  the  same  conditions  of  stainless  steel  and  environment,  the

anodic  current  of  mild  steel  imrnersed  in  3.1% NaCl  solution  was  rnuch  higher

than  that  of  mild  steel  embedded  in  1.76% NaCl  contaminated  concrete  (Fig.
3 and  4). Fig.  8a and  8b  indicate  that  the  effect  of  cathode  size  can  not

be  detected  in  specimens  with  O.70  W!C  concrete  over  cathode.  These  were

certainly  due  to  the  restriction  of  iron  dissolution  in  concrete.

,,.;h,e.,r,eS.gr,i';igj,on,,flf,.i,r,on..d,isi,o,iu,t,i,o,n..c,a,n,,b.e,,r.es,u..i.te,d7)f,r.om,.t,w,o,g:c.t,o,.r.sfi

zg.,xte,e,i-,c.o.n.c.r.eg3scte.r.f,a.c,e･,.S.e,co.nd.i.yt.gbe.c.a,us,e.t,hhe,rba.tleko,f,lm.ettia,1.gy,ss,o.1.U-.
dissolution  may  be  limited  by  the  confinement  of  surrounding  eoncrete.

4. Conelusions

(1) Both  PllC and  cover  thiekness  have  effeets  on  the  progress  of  rnicrocell

corrosion  (Fig. 9).
(2) Under  maerocell  aetions  and  wetting  & drying  environment,  Wle  of

concrete  over  eathode  steel  has  more  effect  on  anode  dissolution  than  cover

thickness  has  (Fig. 8).
(3) The polarity  reversal  was  observed  in the experiments  (Fig. 5 and  7).
The  results  strongly  suggest  that  oxygen  concentration  should  play  a  major

role  on  rnacrocell  eorrosion.  In  other  words,  the  oxygen  rieh  steel  will

become  cathode  of  the  cell  regardless  of  hew  much  ehloride  eontent  is.
(4) A  limitation  of  iron  dissolution  of  steel  in concrete  was  found.  The
effeet  of  WIC  ratio  on  iron  dissolution  was  more  pronounced  in  group  of

specimens  with  smaller  cathode  size.  For  O.70  WIC,  the  effect  of  eathede

size  ean  not  be seen  (Fig. 8a  and  8b).
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