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1) A11~a~'i\lofi'1::wh\lAmi1:wyhrm\ln"'nii"ftit~ (Corrosion Potential, ECOff) t\loL"amft~~;ich 
o~"t.\IoA8\1on~IiHltl'1::fI::L1Lnt"fl15n1'1Aniil..HhA;\lL'luui (half-Cell Potential) 

1.3 

n 1'1A mn1~fldfil:: A1it\l [1\1 n 1'1 Lii" ftib-l'll8\1 L" a n Lft~ a4 fi\l,"tla41 n t '"En fil1'1tfil '1 \I fti1 \I fiI 8,"n~ IJl Lft~a4L"; n 

t" fI...t11u U.fI::n1'11ifldll" ftOtl n1'1Lii ~ ftit~t \loA 8\1on;91 Lft~a4L"an &11f116 n1'1 L -i\l n1'1Lii ~ ftita41111f1151l1\1 

l-wYhI1l1tm1::u.ftl-wih 6 !TnPi t~flSiU~a41n1fi1f18lulf.lfta48C1'\IoFl8\1on~91;ii8f1f1:: 0, 1, 3 u.~:: 5 ~\I 
,"qiln11~81~1il::u.91mh\l1il1n ftI11,"~~\lL;l8\1~1n Qn~1n~t \Io11l1W;::fI::L1a1 u.a:: R1"itl15 n "'l9111~ ft£ltl 

U.\Io1t\ta4 n1'1Lii" ftita4'l1£l\lL"a mft~~t \Iofil 8\1onili\ t tfl5 n1'1'l18.:1Anm-W~1A~\lL'l1aa u.a::ttfl6 'YI1{11-W~1 LFI Sit\10 
.. 1 !'t .... til 'I ., ., ., d' do .. 

n1'1f191U1~1n1F1 fl8 '1~ L\IoFl1\1oFl £1 \Ion 191 Lft1~L",mI11f1 L91n1'1A1tl'1~Fl11~L'lI~'lI\Io,"\Iollf.11F11\1oFl 8\1on1" 

Lft~~L"antttll\Ion11Rn'Y-1u.~::1::fI::L1~1t \Ion11Rn'Y-1 

tlll~ 1 tlll,"1 
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l t1l4 ~fl11Unl4ii11n1 'l<U11"inlt1u.a::n1'l\!'l CU::?1E1~U.Tf~ tfil'll1 R;1I1fi1E1l4n~&1 LR~~Ll'Ian ~lii'ufil11~ 
LHfll'I1f11i11n011Ln&1 Rii~tl4Ll'Ia n LR~~tin iU~1ilfil11~ U.~I1U. 'l11 Ll'IilEll4RI11yt LR~,fl461ElI1L~tlFht11'~1m t1l4 

\i1l41l4~1nti;!f.JL~~1:tFi'l11 H;;I1~EICI'tl4RI111::RI1U.1M aEl~fI::Lt't 911 01'lrl1l'1l4M;l4'tll4Fhri El d;111tl4U.jj a::\l 

1i1::'lh::nElU1tI 611f1I1U,h::~1cum.,nl4n1'l<U11"i'n1:t1 u.a::\!1cu::?1E1~ U.Tf~tfil.,11 R;111~ L~EI~RI11yt L ;lEl111i11n 

Rii~ ~l1t11'Iutl1::~1cutl4n1'riElRi1I1il~ctFh~1nn11tfil'"n1'riElRi1Itl'l~ 

n11';1i1Il41LfiI~Ell1il EI LYiElt i &111111 RElUl'I1 Fh 0'&1'l1n1'lLn Maii.~'lIth1L l'I an La~~t l4fi1Ell4n~M 911 Li1l4n1'l 

&1'l1Ii1RElU &l1!J1DfI M RElUu.uu l~"'h ct1!Ja1~1'l('lUElnLiiEll4 L11f1'l1U ~1I1l'1,r1'l1E11101'lLn MRii.~6i1!J01'l1MFh 
.., .... fa ~.. 'loY I I t I tI .J tI t
EI&1'l1n1'llnMRl4~!lElI1Ll'Ictn!ll1~n1'H'lI111l4Eltl1l1U.yt'll'lct1!J l4&1111 '::LflF1L~EI 'l::~1CU fiI.F1.1993 Mfl 

(Broomfield JP., et al.1993) tM!J.,t1,'tlLfiI~Ell1ilEl~ii!J~t'll'El1'i)u.tll1&11~1Dn1'Ltll4 3iHn11AEliHn1'l 

Ffnm,";hfil~I1LTfcta (half-cell potential) 1an1'l1Mfl1fi111~;1l4f11l4'l1E1l1fi1E1l4n~&1 (Concrete Resistivity) 

u.a::1ai11~~A1A11Hi1tlil1tlt'wa11.ijft (Polaridzation Resistance) 

t~fJO~~~!f1RL"ai1La~~t14AaMiiil~::il Passivation Aim t1i1\JO~L"ai1Lm~~1i1i11'LnRRit~t~!J Passive 
d .. cI.. fa .. d'.J _"'I'" '" '" .. ~ t .. .. !l ..

L.ayer flLfilctElUfI~1Ll'Ictmft'l~l4'l11fJlJEll1nl401'LnMRl4~!lElI1Ll'Ictm"1~ Mfl Passive L.ayer ~LRCI!J'111ytEltl L&1 
'I cI.. !!"t. "!!"t .. .. cI.. it ..J" .... !!"t .., cI 
Ll4ft1111::f1~Fl11~LlJl4&1111\1"fh1LlJl40"~Tf1"!lUI1F1E1l4n1&1f1~ PH Elt/l4'l1111 12 ('Ill 13 filEll401&1'i)i'lLlJl41R~fI 

il'1CUR~,jijilEl-:lriw.l'Iamm~1il1n011LnMRiUlM1~011~Tf1iiL;lElI11i11nn1·H~EI~ aI11yt!lEl-:lfilEll4n~&11il1nRii.~ 
fa 'I f '" .... fa ~.. ..J 'I I t1'" , ... '" fa ..

L l'I ctn Ll4 LFl1-:1 a'l1-:1F1 Ell4n1&1Lft'~Ll'I anl4l4~~ctn1tflU"114 Ll'I 'Y~1~1n 1~1CUFictEl L'lMtl1L'1 nILl'I ctmft'~ 

t&1 !JL~EIFI ctEll.,r;iEi EI Ell4,fWil:!i~d1W.i11tl111!Jtl4!1E1-:1tfil1-:1R;1-:1fi1E1l4n~ &1 Lm~Ll'Ianu.ct::L~EI!i;ui1lt1i5-:1~h!lElI1 
L l'I a ma~~t l4tA~1CU~1n"EI (Threshold concentration) ~111i1::fht,; Passive layer ~ilEll1ril4n1'nnMaii~!lElI1 
Ll'IamR;~gnfhtn!J (Depassivation) u.ct::filctEll.,r;iEiElEll4Ii1::fhct1!JY4a~~LfilaElUa1!1ElI1L l'I ama;~~11L t1l4 

... ., •• tlel CI _,...... ., cI I 0 ... ddt' 

ft1Ll'I6l!fl1 L l'ILnM Rl4~!ll4flL l'Ict m R1~ LMl'I1n ~ftI11ytU.1MctEl~flLl'I~1:: R~ &1 Elnl"HnMal4~ n ct11F1E1~l41U.ct:: 

EI ElnilLIill4L "!Jl1yt EI n1.,LnM ftii~liI::d-:l ~ ctt l'I'1fi1111 ft;111fi1 Ell4n~ &1 LR:;~Ll'Ian,fl4ilFl11 ~a1~11C1tl4n11 t 11'111l4 

ctM ctl1u.ct::El1~n11til11l4,rEl!Jctl1 
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1) ~1m'llWhU'b~t.lft~AEl~n~61 
2) 'YI"i1!.1Ufi::i;~ittt1t~m"i'" ft~AEl~ni61 (t61mQ,"1::'YI"i1!.1~~11i11mill"lCUtnR'YI::lH) 

3) ~1!.11"'ft~AEl~ni611J1"t1il61 ltl~ UAHl!1!.1~AHElh~~,"ul~m"il'\:m1"inEli"l 
t.Y ..(::,,:1 ~ cll"~ tI" 1" cI.J tt, ..4) ftIl1,"m"i n1'l1~ t"nu~ulillil!.l'YI liI"iU "i~1n1AHEl "ililmn'YI~1iI ln~ 1iJ1n~1'Y1::lH ~1n"iEl!.lUH::IiI~ 

..., ~..::. d ClIo 

2.2 Mann'''1LnIU{''loItlehU"anLS'U. 

'lJU"l~n1"iLl'Iit8"ll41'Y111'11,;\41'rJElI'ILt'Jfiti (Electrolytic Cell) 1~m·n;;liIftil~lil~!Iu"l~n1"il;;liItlij;;i!.l1'Y111'1 
...1.!\1 ... ...... I ~ d .... cI:!j!'l .. .. !is .. ..(.OJ1n"1-LA~ 'YI~A"l1~~I'I!.I1nt'JUnEl~L~ElI'l1il1nL1'IHnLft1~'YI"'I'IEltlt~AEl~n161~n11\1'l1Ln!.lElLHn611El~tJl'lliI::'YI1 

t'til;; 61 n11L1'Iiiml41'lJEll'ln"i::uft 1 ';;h..r1'l1::UU!I ElI'I AEl~ni61Lfti~L1'1"n 

t ~1::UU'lIEll'lm1L1'Iiiml41'Y111'11,;\41Li1~1an1"i~il!.l~ttYri~~I'IIiI::&iEll'liiA"l1~l<D1tlilnl'ln H In!lEll'ln11riiii n'El~ 
ft11111tlB5U1SlM1f1!1i.J1~rr;I'~'lIBI'IL!ra Rl,;\41LfliiutiI'lEJElf1 1 iLiI" 2 !filiiJAEI Lt'Jfii;{ii'lin1iln (Galvanic 

..... I 1 .. ( ) I cI ... ... tI....... ... t ., .. 
!'t_I!:'I dcell) UH::Lt'JHHElLHA 'YI1 H61 Electrolytic Cell 1iI!.I'YIlt'JHH Ln"1lA~L~ElLnlil {]n1!.11LA~IiI::'YI1 1'ILnlil 

n"i::uftl,;\41 1~'lIn1::;ht'JH LnlLHA I 'YI1lH&lLi1~l t'JH Rl,;\41LA ii~&iElI'I~h~n"i::uftl,";hIil1nIl18~Eln L<D11tI~1'I 
IiI::Ln61tlijni!.l1LAii uH::1il1n'ltl~ 2.1 UftIilI'lU"'WJi4m1ln61tlijiii!.l1n11cl18IEl~EiLHA611El~t~Lt'JH tiriH"l1 

.. r clI ... .. I ~ tI...... 1-'.".:! ... ( "" .. )OJ ... .. !is 
~n 6IEl'YI H1'I~'YILn61n11n6ln'iEl~LU~'lJU"l~n1"i'YILnIil1il1n {]n1E11 n"1LA~ m11UUH::LnElElLHA611El~ 

.. J..... . '" . l ..'.".:!'" I cI~ d .. cI I
10 611i11n n11 LA HEl~ 'YI'lJElI'I ElLH A61 1El~"'1~H El61"l~1 ,,"1'Y1 El ~1l1 !.I~El n UH::m1LA HEl ~'YI!I ElI'I El El El~'YI El ~ 

... ~ • t ...¥ .t!:'1 cI.. t.Y"" ., ... 'i'" 1OJ

1118t~t618~ft1"ift::ft1E1Lu~611\41 618U~1AIiI,"ll!j1~~LUWn~fJ~ nn~UH::1iI::flElI'IL'lI1 L~Hll'lnft n'lJEll'lm1 

ri61 n'El~Lij~ftl'l~&iElI'IW1iI1"inl1HEli1l411111'11,;\41t ~1::UU!lElI'I L t'Jfttiri HiI"niln t ~1::UU;{1iI::tl1::nElUltl~1t1 
#11';\41 21fillil L~ElW1iI11n11n11Liililtliiiii!.l1LAiilliltI~#1 anode !IE1I'1IH1'I:: A 1iI::Lii6ltliiiiifJ1E1E1nBLlilj~ 
';11'1"1~Li1W:1HUU'lILftfJaLHAM1El~ (e -) nH1t1Lij~lElElEl~ (AM) E1tfl,"fl11H::H1fJ~l'ILiilil'~,"i'El~ri~ 

.. ( -)... !is ltl d ... I "". l...l!:'l ... ltl"" ~ ~ILft~ElUft::ElLHAM1El~ e l'IU'lILntl IiI::LAfiB~l1U1~611~1 ""111BtlIl1fJ~Bn tll'I'lI1 cathode Lu~ 

#11';\41~i'uBLaAM1El~L~tlntlii;;i!.l1;{·htlijiiifJ1~Rnj~ 
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Silt ::ao;"::&i. ::_:: 
:~~;" ~~1, ~i~R~n g 

::~: 

:e"::: 
- .-_ ........ -


MOOfo:. Roo.&1lcn ~~Roo.Adkn 

~l ~~l 
,..~,..... + n,,( so. + nO!- ..... B 

0....... _til 0 tI 0 DO d ~ Go tI Go c::t.o d e
JtIr1 
d 

2. 1 ~::UU!lEh1L!fHHnHu11,"n; m~Ln61 !In~fl1 Oxidation r1!11 anode LLH::m~Ln61 !In~fl1 Reduction r1!11 

cathode 

nTlL~m..tfJ\I!I£)\lff17~::tnfJ A u~:: B t(;lfJff~1,"1£)£)£l\4 (Salt bridge) !1\1ilff17~::~1fJ£hRntml~~ U77~£)d 
u~::~::Ln (;I\Jlj n~fJ1 n17 ri1 fJ t£)"a L R n (;17£)"7::"11\1t ~,,::,f\l ff£)\lt1Ut/ £)~,"ff17~:: ~1 fJn Ffr11\1n17LfI g £)" t1 

!I£) \I a LR n9t7£)"~::LfI g £)"t1~1 nl'l1~Yl1t1Ln (;I\Jlj n~fJ1£)£)ntlL(;Il"(Anode)1\Js\ll'll~Yl1t1Ln (;I\Jlj n~f.J1~ 
~.:,( ).4t clJt .:~ , .4 t ~ ....(;Inti" cathods LJ.I£) ~,,: A f1u'llL"ff17~:~1fJ A L7J.1C'1nn7£)" L"£)\I~1n ~,,: A ijCYLC'lflm~fl9t7£)"n~1fJ 
~ , (n+) il .. .1...... cI...k, .. ~ cI t cI :: , ._1.':1

LlJ"L£)£)£)"U'ln A £)~ "ff17~:~1fJ L!lfJ"ffJ.ln17uDn7f.J1f1Ln(;l!l"L(;I(;I\lffJ.ln17f1 1 "!lCU:f1!1'lL...... 1 

cathode ill£)£)£)" (Bn+) £)~'"ff17~:~1fJ B ~:~nttfl\J7'lJ.lnUaLRfl9t7£)"t1Lflg£)"t1J.11~1n:'l1~Yl1 anode 

u~:n~1f.JLij"£):9t£)J.lLn1:M(;I£)dt1t~": B ~"n7:,r\ll£)£)£)"u'ln (Bn+) t"ff17~:~1fJ B ~(;I~\I ffJ.ln17 

\Jnn~fl1~d;(;I~"L~fJ"1~i\lffJ.ln17~ 2 

(1) 

(2) 

2-3 



a::Y41"lElElEl" (Salt bridge) fi11'1"1~-rn'l*1m~a),l~~th::"'hl1ElElEl"\nnu.~::lElElEl"~ul"U.91~::A~\lLtI~~ 
t~Fhl~ LitEl\l),l1~1nT~1'I:: A t!cydhJEh~API~El"u.~::n~1mtl"lElElEl" (An+) ElEln),l1Eldt"a1~~::~1f1 A fi1t~ 
lElElEl" (An+) t"a1~~::~1f1ihhLtI"U1nL~),I~" t"!Icu::~lElElEl" (Bn+)t"a1~~::~1f1 B ~nH1tJ~1),1 
"UEh;API~El"~#11YHh cathode ~A1LtI"~Uu.~::n~1f1LtI~::PlEl),lLm::~61"uT~1'I:: B a\lr.l~fi1tl'lLElElEl"U1n 
(Bn+) t"a1~~::~1f1 B ~61~\lu.~::Ll'I~EllElElEl"tJ1n (Bn+) "Elfln'h~~El~rl."a1~~::~1f1 B r.I~iiFiElfi1t~tJ~:1il~'Y15 
1"a1~~::~1f1 B Ltl14aUl'I~El~A1LtI"tJ1n~61~\I i\lJ"L.;lElt~Lii6lm~a),l~~fi a1~~::~1f1TtJ~iaL~f1),1A~Elh~ 
(KCI) ~El~'"a:Y41"lElElEl" (Salt bridge) ~:Lii6lm~u.Plni1~:a\ltl'lLElElEl"~U (cr) ~\lltJ't"a1~~:~1f1 A ~\I 
LtI\Wii-m~mElElEl"tJ1m';;),I~"t"!Icu:Liim,,"lElElEl"tJ1n (Bn+) t "a1~~::~1f1 B ~nLtl1.tJ~"fi1t l'ILElElEl"U1n 

~61~\I a:yj1"lElElEl"ii'il:fi11'1"1~a\llElElEl"u1n (k') ~\I),I1t"a1~~::~1f1 B fi1t~~tJ~),I1culElElEl"u1nt" 
~ ~ .. .. • ID 1 Dt ::. ..I D 1.. I 

a1~~:~1f1 A u.~: B a),l~~f1n"r.I~nAElu~),I1CU ElElEl"~'Y1D "a1~~:~1f1'Y1\1aEl\l~:A\I'Y1 yj~1~CU1 6111~1n 

• I - D" ..I D .¥::..¥ ~ ..I. I ...... ~.¥ 
u!ln~m'Y1Ln6l!l"'Y1\1l'1),161"a1),11~(lu.f1nElEln),l1LU\4FI~\lu!ln~m6l\l" 

· .. ~..¥..I ::. .. l' .. 1..1 ::. .. 1 I .. • I .. D ..1),ILn6lm~n6ln~El"!I"'Y1!11 Cathode u.~:n~: ),I),IEl:PlEl),la:a),lEl~'Y1 !I1 Cathode n~: ),ILn6lu!ln~mm~ 

"PlniEl" 

n1~161A1A11),1~1\1linm~Y11~1ntJ~ii~fI11~Y11t "in'l*cu:linm~Y11A~\lLtf~~ (half-cell Potentials) 

limil~Y11A~\lLtf~ tftaJ a1),11'U1~~'il:161 A1hii1!1#11~Y11L~m i\l~"1'I1mt1LEl1A~\lLtf~~91 1\1 tI it61 ),I1~ El 

,,"t~Lt1"1\1'il~ ~ ~!IEl\l linm~Y11~li~Fh u.PI n~1\1 ""~"Eld "Utfit6l!l El\lA~\I L tf ~H~\h),l1 ~ El ri"~\I Lt1" 

lin lli~Y11!1El\l L tf ~ ~"~11itn ~l'I\hflt "nTl161 A 1Lt1"T 1 ~ Iii ,r\ld1'l1mhlinlli~Y11 A~\IL tf ~ tftllT6I'H~" 
),11 PI 'll1"ltJLtJi!lULfiflU"UA~\lLtf~~tlit61t6ltlit6l1'lit\l T6IfI\h 1 tJ~ ElLt1"Ltf~ tft~Y11~ "UA~\lLtf~tftllT6I'lL~" 
),I1P1'll1"FhAnm~;q1!1El\lLtf~H~1611~~:Lij"Anm~;q1),11P1'll1"A~\lLtf~H~" Amil~;q1Ll'I~1dil~~~El 
n1~ri6lniEl"~#11~Y11 anode L~El~n'l:u.ftl~Y11'il1n/11f1"ElnA'lu1\1~~ T6IfltJ'ln~linm~Y11A~\lLtf~~~: 
U.A~\It "J\Hi£J~iJij iiie, Oxidation ~~Lii ~~'n£J:P1£JJj!i£J~Tin;:Lii ~n,;u.P1niii1iJ ~£Jeel;nP1;£J\4u.~:1£1 £1£1\4 

.. ~ t ..I • ~ ~..J~..I ~.¥ • ~ .... 1U1n ElEln ),I1yj~El),ln" 61f1f1~ ~n'l::'Y1U!lEl\lA1!1El\l F1 nfI Lnn1A'l\lLtf~ ~'il:!I"El~nUA11),1L!I),I!I"!IEl\l El El El"U1n 
..I .. ::'1..J~ ..J • - ~::.. ~ ~..J~..I ~ ~t"ft1~~:~ ~1f1f1),1!11 nn1 u.tJEl~u.~:~CUIJ),I!lEl\l ft1~ ~:~1 fI 61il""Fl1!1Elil F1 nfl L n"n1F1'l\lLtf~ ~),I1 PI~!P"LU" 

., .. .. ..I.. ~ ~ ..I.., 1" .. I ..I ~ ""I I

n1'l161A11),1L!I),1!1"!IEl\l ft1'l~: ~1f1'Y1~CUIJ),I),I1PI'l!P" U.~:",11'1~U A1'Y1161 61~::),IA1'Y1Lu"~U),I1nn11!J\I~: 

tL~L;;"a\lU."1r,.t~!IEl\lT~1'I::Li;61n1~U'llLRflDL;nPl'lEl"u.ft::a\lr.l~91Eln1'l"61niB"1JB\lT~l'I:: 

~ .. 1..J~ ..I.. T ~- ~..I.. .. '..J~ ..I.. ..
a~~PI L1'I1\1'il'l n"n11l1f1"Bn~1nIl1yj'Y1 1 U.'Y1"611f1 1~PI~LPlB'l'Y1~A11~Pl1"'Y11"Ln"n1'Y1~Fl11~~:LBfl6IU\l 

~\llaJil n~:u.al~Y11~1 nIl1f1"B n~1"L'li1~1 t "1\1~'lLt1"L~B"lnB\lftIl11:~Lifln'h (Open-circuit 
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, ... 1•.1.':1 el, 1" T "0 .. <:"I' ... ~ ••I.':I ,t 1•.1.':1 eldPotential) A1U'HIIiIl4 fl",1'YlEl1l4 1iI~1n 1~liIa-IL,"E1'Hul4A1!1E10AmlLfl"'1!1E10U,"~::!l1 fl",1'Yla-lA11a-1 

u,"n6i10"W'~::'t'd10tJ~nim anodic u~::tJ~nimcathodic (Brown,T.L.and LeMay,H.E.,Jr.,1988) 

~1ni1mhotrn17cu::it';o~t1il 2.1 n1 AJ.lJ.lPit~t11~Th tlWt'li1o L Ul4L't'I~n u!ltl4A1'l~::~1fJ~illElElEll4!1E10. . 
L't'I ~n U~::Ei nt11~~1 LUl4AO n::Au!ltl4A1'l ~::~1fJ~oilftOFl1E1E1E1l4~::~1fJmj~::t ~FhFfmi1~~1F1~0 LtI~~.. 
J.l1"'S1l4R1't'1iutJ~iiifJ1 Oxidation tlElOL't'I~nEl1l41i -0.44 Ti~j;f u~::FhRnm~~1F1~OLtI~~ a-I1~'fll4 
thl1'rutJ~iiim Oxidation !lEloAon::A£hl41i -0.76 T1~j;f (Fontana, M.G.,1986) Ffnm~~1!1E10Aon::A 

~::~Fi1LUl4~UJ.l1n n11L't'I~n L "'1::11Ul41 t 14J.1m'l~'l!LAfJEiL~FlIR'lEll4 

!lElOAO n::AilJ.l1n n11L't'I~ n u~::n1tJ ~1fJi1l4U1n!lElOt 1~j;fil L6IEliiln1'L~E1J.161E1L'li1"u#11~Th AO n::A Fh 

!lEloFfnm~~1£hl41i -0.32 t1~j;f u~::n1tJ~1fJi1l4U1n!lElOt 1~j;filL6IEliL~E1J.16iEIL'li1"mf1 cathodeFh 

Ffnm~~1ri1l41i +0.32 t1~j;f 6Iolfl4#11~~1Aon::A~::LUl4#1 anode u~::t11~~1!1E1oL't'I~n~::LUl4t1 
"'.., d .. .. ..11"' .1...... ~.:Y. ..1..1 :; l-.I!:'! cathode UA6IOt 't'IL't'Il411 n1'l LA ~ E1l4!1E10 E1L~n 61'lEll4'Yl 1iI~1 null n'lfJ1E1E1 ntJLliltll4~::LFI ~ E1l4'Yl~1n!l1 ",,,,1 

Aon::A (anode) d1l410~'l1~~1111fJl4E1nItJfiot11~Th!lEloL't'I~n (cathode) ~OA1l4'Yl10"Un1'l't'l~!lElO 
n'l::ual~,h~ol~~'l1nI1tJ1nltJfiot1~u 6IOlfl4AO n::A~oLtll411~uu~::L't'I~nLtll411u1n't'liElnth11i'h 
EiL~nlR'lEll4LA~E1l4~~1nt1~ilFfnm~~1~1n111tJfio#1Ffnm~~100n11AltJli11A~"LtI~~~i'uEiL~n,"'E1l4 
(cathode) il.rn61~~1UOn11F1~OLtitHim't'laLftnlR'lEl," (anode) 

n1' Lii 61 AilJ.l !I E10 L't'I~ n LAiJ.lt l4F1 E1l4n~IRLtll4n'l::u1l4n1'l'Yl101~~1 LFliltJ'l::nElui1!1tJijiii!l1UEI t l4~ FI 

(Anodic Reaction) u~::tJijiiiS1UFltti~FI (Cathodic Reaction) n'l::u1l4n1'Lii6lAilJ.lL~J.I~1nn1,il 
Fl11J.1il4L;;fJO"E1~~::';1t ~E1::61E1J.1!1E10L't'I~ n O'l! LAfJiiL~Fl6I'E1l4n ~1mtll41ElElEll4 (Fe

2+) 6IOAJ.lm'l~ (3) 
........ "'!II t ........ ·t~ ..
n Electrolyte 'lElU'L't'I~mA'J.lL'!InU'L1CUl4Lul4UEI l4Ii1U~::EIL~Fl6I'E1l4l4'Yl1 't'ILn61~::~1fJEltll4A1'~::~1fJ 

~ ~_.I!:'! tel.. ....If:. ell'" ~.. .. 1" t .. ~ ~_.I!:'! ;
FlnfJ ~",,,,1 l4!1CU::'YlU'L1CUL't'I~ m~'J.I'Yl J.IJ.I m'U6In6l1!1E10EIL~ Fl6I'E1l4U~:: E1E1E1l4U'L1CUl4l4~::J.I FI n!l ~",,,,1611 

n11~"';1~,r1iiLtI\4LLFiti:i~ Eiati1flli6l~.,tJ~ 4 UftIilOa~n,::ujWli'Lii~ftil~tJEI~L~Gfmn~t~Ei\4n~91 ;~.. 
.. .. el .. ... el t ..l .. ~ ~ ..I!:'! el d ell· I .... ~ !II ~ • l .. '!:'!l tI'Yl

d 
2.2 E1L~n6l'E1l4'YlLn6l!ll4'YlUEI l461!lOJ.lFln!l ~n"'1'YlUO~::LFI~E1l4'Yl u6l1J.1L't'I~mA'J.I!lOLul4611l41 n",1 

Ufl::LFlgo,"itltJfiouiL1tuitilA'mrt~~1~1n'h~oLtI,"UFItOtlUfl::';1tJniiiF.l1nuJ1 (H
2
0) Ufl::E1 EI nftLfiI," 

..1 ... .¥"!II 1 ~.. (_).k ~ ..I ~ t.. d..l
{ ) 'YlEltlU'L1CUl4Ln6lLlJl4 nFl'E1ntJ~E1E1E1l4 OH !ll4610AJ.ln1''Yl 4 U~::'t'I~0~1nl4l4~::Ln61 m'LFI~E1l4'YlO2 

11 £I nh::,1~~1i~Lii61fl4,f~111!1tl4Ufl::111!1l4£1nL't'I~nLAiJ.l L11't'1i'Yn,::uAI11!1tl4L't'I~nLA~J.lLYl4n1'l 

LFI~E1l4~!lEloiiL~n6l'E1l4~OLFI ~E1l4~~1nUEIt l4611tJguFi tti61 t l4!1cu::~n,::uAI11fJl4E1m't'lG mA~J.lLtll4n1' 

LFI~E1l4~!lElO (Fe2+) U~:: COHO) d1l4A1'l~::fl1!1tl4!1E10110 {Pore SOlution)!lElOFlEll4n~61'E1U'L't'IGmA;J.I 
tlil!ltJ,::,~uFiEl {OH-)~::LFI~E1l4~~1n:1UFI to 611tJ dUElt l4Ii1U~::tJ'::'U1n (Fe

2+) 'l::LFI~E1l4~~1nUEIt l41i11tJg 

~ tI..I d..l 1 t· t.J ' .. !II it ~ ..I." ~ UFI tfl6I 610] 'Yl 2.3 n1'LFI~E1l4'Yl!lElO E1E1E1l4 61fJ~1l4A1'~::~1!1 l4t1E10110!lElOFlEll4n'61Lul4 ~'l!l'Yl~1F1ty 

!lElom'Lii 61 m,,,iii n-lEll4 A1'~::~1F.1t l4!1E10110 H1l4t 't'I qjLtll4A1'~::~1F.I!lOO Alkali U~:: Calcium Hydroxide 

L tJ;!IU L 't'IilOl4L tll4A1'~::~1!1 Electrolyte ';1t~Lii61 n1'FI'U10~'l!lOO"~il11itnLtI~ ~u~::Lii 61 m,ri61 n-lEll4 
.k ( ) , .. t~.J • .¥ ~ .. t "' t .....!ll4 Bentur et aI., 1997 U6ICI1l41 ~l4tJEl0110l4U't'I0't'l'O FI'OA'10111!1 l4!1E10FlEll4n'61'YlUUl4l4U~:: 
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-" '1 0 "'1" d 1 l' '1-" 0"'1" "'~.'I"tJ El\l11\11l1 tJ L~Ln 1111I~ 3-1'" ElL~El\l nTl 'YI ~lIEl\l ElEl El~~1~~1'l ~::~1tJ L~tJ El\l11\1~::Ln 1111I~ 111 tJ1 nll~t1\1r11 L'YI 

m"lLii 111 m"lrl111 n ~El~,r1 ~\I~~'YI ~ 111 m"lrl111 n~El~ 

(3) 

(4) 


(5) 


2~1nn1"lLFI~El~~lIEl\l Fe + LL~:: OH- ~1nLLElI~I1ILL~::LLFlIfiI1l11l13-1fhitJ II1I!l~ oH-~1nLLFlIfiI1lLFI~El~~hJ 
"l13-1911rltJ Fe

2
+ LL~::fhtJ~ii~!l1LnI1lLtJ~ Fe(OH)2 (ferrous hydroxide) i\lA3-In1"l~ 5 ~\lA13-11"ltlfh 

t.Iljn~mrltJ 02 9lEl1~LL~::LnI1lLtJ~Ait3-lL'YI~n Fe20 3 "H20 (hydrate ferric oxide) 'YI~El red-brown rust 

LL~:: Fe30 4 (black magnetite) ~\lLnl1l~1n Fe30 4 "H20 (Green hydrate magnetite) i\lA3-Im"l~ 6, 7 LL~:: 

(6) 


(7) 


(8) 


~\lr.I ~(;1.ti'cu';Ait3-1 Ln 111'~~1 nt.l~ n~m!JEl\ln1"lri'111 n~El~FiElAit3-l1~Jt.lLLtJtJ911\11 ilt.l~3-I1(;1"l3-l1 n n11L 'YI~n 

nEl~Lnl1lt.l~n~!l1 4 5\1 6 Lfh (Nielsen., A, 1985) i\l4t.1i12.4 fhtt1LnI1lLL"l\liM1!lt~LL~::FlEl~n~(;1Lnl1l 
n1"l LL(;1 n"11L~!I'Y11 !l1~ ~El n~1ndt~d1~!J-E1\1 IFI"l\lA.,1\1F1 El~n~(;1 LA~3-IL 'YI ~ntJ1\1~ 111 L'YI~ n LA~3-I il 
I~fl..,,,1 9151 ~ 51 Ma~ CJ ~ Pi EI n 1'~i'\J LL~~!J El~IFI ~\I Ai'1~~~n1"'1n1,j1~t1El)J LL'i/)Jt ~gn Pi'El~ lIn)J1SIFI~~ A~1~ 
E11~Ln 111 m"l1tJ"i1~ 
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lone~·-,,..-c:wrenI___-+==;...,{F 

F~ I 
FtO I 
Fe,O.. I 
F~03 I 
Fc{OB)" 1 

Fc{OB)J I 
Fc{OB~.3H20 I 

I I I I I I I 
o 2 3 4 5 -6 7 

1i11n11St't:aosrili1\1&i''U.itt&i'£I6u1Sii\1n':U'l'U.n1,nriI n1£1'U.!I£I\1 L't1 ;ma1»-1!1\1trils-k'lltlui'lm,nriI n1E1'U.!I£I\1 

.. - -.¥ 1!"'I .. -.¥,.. .. .r '-'''' ..'t .I .. 
L,.,anut'»-Ifi1»-11,mnriI!I'U.L£I<I riI L'U.O"':i»-ltl151 ua:Lnril!l'U.Lril5I t't£lrilL'la1 L 'U.U'L 'ltllrt»-lFl'l1»-1t1'U.U51 r11,.,':iU L,., t't n 

.. .I !It .. ~ !It .I, ,.. .. d.. .I 't ..­
Lfi'»-Irt£lVL'U.FI£I'U.n'51'U.'U. 1iI:£IVL'U.fiIl1'l::rt L»-ILnrilfi'U.»-IL'U.£I<11i11n»-l Passivation film rt£lV rilS':i£lUL"'t'tmfi'»-I 

~'U.FI£I'U.n~51!1\1LnrilIil1ntlljn;S11!lLriI':it'U. (Hydration) ':i::",11<1\1'U.iiL»-I'U.lJinu.J'1 ut't::~,",lhdtFl£l'U.n~fliln1' 
~1/il'U.1r;'i<l FI£I'U.n~PlIiI::ilFl'l1»-1LU'U.~1\1lf<lilFi1 PH tl':i::»-I1tll 13 !1<1fi1»-11,atl'lsU£I<ln'U.n1'Lnrilfiit»-l!J£I<I 

L,.,;mfi;»-Ill (Bentur et al.,1997) L ,l£l<l1il1n ~'U.fiIl1'l::!J£I\1n1'Lu'U.~1\1lf<lL,.,;nlil::hlfi1»-11'Cl 

Lnriltlljn;S1£1::t'U.~n11 ,r'U.Am,.,;nlil::1~u5lni'lLu'U.1£1£I£I'U.,h~,;tllj n;fl1n1'Ln5lsit»-ll~fi1»-11':iClLnrili'U. 

11 £181\11':i"511»-ItFl':i\1Si'1\1F1£1'U.n~51LS;»-IL,.,;ntrils-k'llt.1lfwrn£lg1.'U.fiIl1Y4U'l51 a£l »-lit o 1 iii a»-lifinUfi1':iLFlil 

n':iril "'~O ~ 'U.fiIl1Y4 R\1U'lril aO»-litilFl'l1»-1LftS\1ROn1':iLnril fiit»-lLtI'U.tFl'oJfii'1<1it£ldu;L 'ltlltf1t1~<lrt::Lt't iii:: 

LnrileJt't n':i::rtULitEWil1n FI t'tO1.,lJiit~FI'l1»-1Li»-li'U.IiI::Lu'U.i'l,h t't1SfiIl1Y4F1'l1»-1LfJ'U.~1<1!J£loJFI£I'U.n;51,h~ ';A1 

PH arilt'toJilA1iosn'h , 3 ~<lLu'U.L"'lIleJt't';1~';Li<ln1':iLnrilsit»-llIL1'li'U. 1i11mtft't~i'l,"1rt1<1hH~1UUU 
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Short-Circuited Electrolytic Cell r;l\ljtlfi 2.5 u.Aj;!\l~\lnT':i1l1~'IIE1\llElElElutuA1'l~::~1v'l::l'rh\lLtlfHt&l1\.b 

l-woW1Tj;! vil A::'W1UL n REI L UU&l1 LSElJln1l1,z1 ~tbtJi'n171 A11J1 AJI ~ ~fi'llEl\l LtI ~ ti&l11111-WoW1t l1il A11 JI 

L~ ~ tJ"Jl1~ t un"lril'lJEhU~~ nLtl1~;faI1E1tllUAaUn~f1lliIv;fAauniflfh~\t'1;f L tJuaEl &l1,h"1I1l-woWI'll E111 

· t t ... · ... ..I.. " ~ .. dl- ' 1" · ..1EI E1E1U'l::l111\l u.E1 UliIu.~::u.A Ci f1tJ\l'YI1l1U1'Y1Ll1J1E1UA::Yi1U ~l1 LElElElU~1J11·H1LA ~£lwn uJl1 j;!"l::l111\l A"l\l 

Ltltu:i a1l1i'1JtutYi"l\lLSn 1'lJ£l\l tA1\lRi'1\l (Pore Structure) 'II£l\lLYiRM (paste) iiR1"lfl::fl1!lEIdJ11VtU~\l 
.. d'.rt .;. ... " ~ ... ·1 "" .. ..11'" t ':"l~'" ..tYi"l\lL~n 1Wi1::£l; ~UftJ11'W£lJlfl11i11!1ft1"l~::~1!11il::LuUfl1U1 £I£I£IULl1LA~£IU'YI 1iI\l1!1 iii !I'YI1 U L UAEIltn"lfl 

m'HA ~£llt;f!l£l\ll£lElEllt~nA1uf1J1til'1!1aEl&l1111'Y11\l1-woW1'lJEI\l paste r;l\lltl~ 2.5 u.RIiI\lO\laEl&l11111-WoW1 

'lJ E1\l ft::Yi1UihsElJI r;I £lLiiEl\lnlt"l::l111\lft1"l~::~1!1~l'Iu.'YIlttil'1 !I~un'mi';1lt'YI1ltn1::u.Rl-woW1t U1\l1il"l( R )ih 
l1,z1YilUlt&l1~1nj;!m"l1l1f1'lJEI\llElElEllt"l::l111\lA~\llTJ~d'u.fI::tl1!1f11i1 A1'lJEll'ln"l::u.ftl-WoW1'lJElI'I m"llnlil A~JItlil tJ 

LU;tlmntl1Jn1JaElM1lhl-WoW1r;ll'lltlYi 2.6 n"l1-WllfutYi~1hir;l\lJtlil 2.7 ltil'E1B1J1!1ol'ln1"lflj;!fll'I!lElI'I 

l~'~ ....... .. ....... '" ... ~_I~ ..I
.., '_.I~ '" 
n1::u.ft 11111n1"lLnlilftltJl LltElI'l1il1nu."ll'llilltLl1111J1A11J1u.f1nPnl'lnlt"l::l1111'1 A"l\lLTJflfI!lElI'IFTn!l Ll1111"ftJl~fI!I 

equilibrium potential 'lJEl1'I11l.1.F1tGliIu.fI::u.E1t ltlil (Ec-Ea) LUltn11,i1111u."l\lr;lltl-WoW111J1Ii11uYiI1 electrode 

u.~::A11J1';1lt'YI1lt'lJElI'I&l1'"hl-WoW1!1£l\lAElltn;f1li1::flfI fll'I (West. J.M.• 1 986) 

(9) 


T~~Yi 11a LLa:: 11e LUtL Overpotentials !Jal'lt11w'W101~fk l11e IilA1LUtLtl1nla~a. R LUtLFl11~i1tL 
'YI1U!lEI\l aEi &l11111-WYhu.fI:: ICOI'T LUltm::u.ftl-woW1'lJEI\ln1"lLn iii ft~Jlu."liI;1'I ~l'In1::u.Rl-WoW1'lJElI'I m"lLn iii ft~JI 
i1A1~1n11~\lA1F111J1';1lt'YI1ltlil::LYhn1Jl!Ilt6 r;l\lJtlil 2.6 u.~:]t.Itf 2.7 

A 

~- .. ::~. 

Ar.rod~ Cathode 
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I B 
Ec~·~-------r------.. 

,---~....-/---IJIIII----------1 
t:' -E'"-<: • 

liI1nlllfl2.7 LLff(;"1ii4'l4li1,lww1LiifJ\JLfi1!184Ll1ftmff;~ifLil~ffM (Wwst; J.M.; 1 Qat) i'll~Thif~ffl11'l:: 
1II,~ri~!1~ (Polarized electrode)LLff(;1~L\J~~\.In,cUi1~f11~f11~1~w1t(;1!!\.Ini1t.,ro1~£i\'IL\J~ 'reaction 

resistance' (Elsener,B., Muller.S ••1QQO) a1111ndBi11i11~i1ilA11~i1~f11~a(;1a-3li11n R, L\J~ R2 

fi1LL'\1i~1~W1li1::ilfi11.'t(;1iB!!'N tWI'JCII::Lii!!'lri~fi1 Overpotential LLft::n'::LLffl~W1'lJB\1n1'L;;(;1ffii.~nlil:: 

Li;A~1~,hi1J ~nlil1n,f~1~1wl~BBniLliI~t~AB~n1I11ilfi1iB!!n'hA11~iB\1n1,t~n1"h\.Iij;;;!!1 
..U: t ,..1 .., I - ..I..... ..I...... "'!!'I t '"!!'I" .t '...I~ •f1'lJ1LLA 6(;1 L1J~h1B~~'lJflfI'11Jn~'l1'lJ1~nn1Q::Ln(;1ffI11'l::fI~~CIIftnltCII::f1'lJ(;1LL!!\1n~LLI.'t::L1J~ff1Ll1P1f11 11 

n1::LLffl,"w1'lJB\1n1'L;;(;1ffii.~ilfi11.'t(;11.'t\1 (Fontana., M.G., 1986, Uhig, H.H., 1911 and West. 

J.M.,1Q86) 
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2.5 U.UU1iJ1Rih.'ln1"iUfBII fifIl1'WtlB\1f1BUn"iIJlLfif"ili L MRn 

Tutti..k.• 1980 1iLd\U1LL~IF111~Fit;lIt;lflnT'S~1~th1j'llLL1J1JLL,,~ilf1a1~rrl"ili\l1~'llEh,Ifl1\l df1\lFla~nit;l 

~ilFlI1~b~anT'SLnt;ldit~tlEl\lL"~ni\lltl;i 2.8 LLdt;l\l1';L~~Ci\l'l:i1J'llEl\lm'lLnt;ldibutJww\lni~ri1JLI~1~\l 
1~!l1\l1::f1::L181L~~LL1m"t{md;~til::i\lhhnt;l dit~LL~::d'1F1'U)11t;l1ElEl El~";ElLiit;lFlTfl1JLU'k~~ £i1""1 

.. !!I I 1.' .. .... d.. 9 ~ ~I' d!'1 .... .,1<> .. .. • 'I .. 
FlEl~n'lIRLL~::llJUI1~ 1Jtil~CI\lL",mLd'l~LL8:L~ ElL"ftntf'llLnfl!l~n ft~1J1\l '''lJEl\ln~"UIL"8md'l~~:"1 L" 
Liit;lfU111::'llEl\ln1'lLLWiL~~i~fW~::'l::i1J'llEl\lm'lLnt;ldit~~::ti1lU~1LYi~f~1...m1R'l1~'lIt;lL~1 

~ThlW1o!4d------------------ ~-----~---------------~ 

SeMc~ 1I« L .,-' ,."'" 
/~c <til'

I cc. <If' ",fI' 
c LY 

TIme 

DIR,1n1'lLn t;l Rit~'llEl\lL"t{nLd;~f"Elgn1JRIl11::'ll El\ln1'lLL wi'll EN flful1'li~\lLtJ~i1'il~f1"ina\l Uftn '::"1J 

It;lflIR1\ln1JEl1~m1'i\l1~'llEl\ltfl'l\lRi'1\lflEl"niIRLd~ ~L"~ntt;lflLL,,~ilf11::f1:L1ft1 L~El'l:i1Jfl11~LftflnEl\l 
n11Ln t;ldit~@\lf~til~il"ft n1::"1J~ El r;, a\l'll El\lL"t{md:;~";ElLtJ"L"'t',;El1~n1'1'i\l1"tlEl\ltfl"N di1\l ft t;l 
: .:.. ............... ~ .!'.I tid ,,, .... t ... .,I.. ,.9 d 
1R1ft\l"~n'l:"UI\l'l::t;l1JlnqlR t;l\l~"Ln~1J'l:l "2.8 LLdt;l\l "L"~CI\l fl'l\ld'l1\l"~El1~n1' 1l\l1""f111~1~ 

, , .J ..: ... !'II .J .,I ,.... ..... , .,I .. 
m1Lw11:111::f1::Llft1111\lL1~IR*lJ~1I1\lLlt'11"fI11~1nnI1LLt'I:flIR11n11Lnt;ld~~'J::t'lt;lt'l\l ~dIl11::"~n11 

LLwi ~1nJtlLL1J1J~1 t'lEl\l El ti1J1f11~111::f1::1f~tlEl\lFI El~nilRiiL;i~f~ut'l::Ei'1R'l1alU',t,.;iO~L~~a;\'llEl\l fl El~ni IR 
.. I: .J .. '.9 .¥ 
~Fl11R1~::1lIf1f1t;lLIt'1101~n11 Lll\'l1~fI11~1~'ll~ 

Tuutti. k. (1982) 1~\l;~auajiJi.L\jiJ~;~a~1!Tft1;;i'1Jli;u1f1a1~fI'11'!T~1u!Ja~tA"J~'H1~FIauniJlLa~~ 

L"t{ni\'lltli1 2.9 n1'Lnt;ldit~'~'::i1Jtf\'lett;li1f1El~i'1J1iiEl\'lilFlI1~a~Yi~tin1J''SElflUIRni11i1'll11n£]1,; 

L{;~~'<I!l1'<1L 1 t'l1'llO'<ln11LftEl~dIl1w'll1::nEl1J1'llilf1 2 !l1'1'1 Aa!l1'<1 L1t'11L~~ i~LLft::!lI'1'1L181n11LLwitt;l f1i1 

flI1~fJ11'~!l1\lL1t'11L~~i~LtJ~!l1\'1L181tt;lfl'll1::~1NiliEl\'ln1'l1';Liit;lLL"1n~~'llEl\lR1't'I::81f1LirI1'llCi\'lel1 
.... " " " .. .., ," d.J '!'II .J d .... ..,

tlO\lL"t'lnLd,~u8:m'::'t~L"Lnt;lnTmt;ln'El~ L~!lN::"1l1\lL1t'11n1'lUW1LlJ~1l1\lL1t'11"d~aUm1'lWIiliA~1 

Lfi~f~~\lLtJ~!lI\'1 L 1 t'l1'llfl\'l n1'l!la ~LL'I'.I~~\'In 81 !I~1LtJ~LnN,j~11R'll1~th"i'1JnT'l!lfl ~ LL'I'.I~Ut'l::J'll 
..¥ • 1-".9·I" 1.9 .. t... .. ,.,I •LL1J1Jtil1t'1a\'l~d1~1'lCl~1 mlllJ'l::L~~EJ1~n1'l ll\'l1~"L"t'lflElC/'llEl\'l fl1\l d11\'1d::W1~flEl~n'llR ~dIl11:: 

ft\'lLL1t;lia~iI'h1';Lnt;ldit~L\1~J'llU1J1J~1t'1fl\'ln1'lLftEl~dIl1wilYiIU~1tt;lfl Cady and Weyers (Cady,P.D. 

and Weyers R.E.•1983) n1'lUf11n~~!IEl\'lflt'lElhliiilfif1fiw8fh'';L"t{md~~LiiIiUlit~~\lLtJ~d1L'''t"anii 
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~ ,,"'.. .¥.,Io::' .,I 0 • ~ :; 0 .,

LulU\J f)".i t tllUltlEI\I'W14 'tHnrh1V1 ~ (;I 'mn (;I n1'HLM nVl fI (;I fI f)14UM n£l E1mntu14tf14 1 LLfI:an(;l".iBfJUM n".i11 • 
VI fl1~ 1 u141111a.11i1~n14Lt114F111JUft~Vl1m.f\lVla.l~L~El'ltn14n1".ifi1141~tJl~n1ilft\l114~El\lTFlioai1o~ 
LVI~E1E1~H1V1i'1J1tl'\l114&1£1111 

~----------------------~.~~~.------------~ 

co,Cf 

l:..ifr Time or TiJm. befOre Repair ~ 
.-----------------------~-----.--.-----~ 

Cady. P.O.• and Weyers R.E. (1 983) hl'"1LA14E1U1JlJ~1f1£1\1n".i::1J114n1".iLa£la.lAIl1'Wt~~FlflEIhM'H1V1i'lJ 

i14a114tFl·HAo5'1\1F1E114nip!LA~a.lLVI~n~j:j~::I!J::~a.lfI£l14nip!Vl141 2 it1 (50a.lR)-~1nl\Jft 2.10 LtJ142UUlJlJ 

• • d:!l. - 0." 1" I J ..I • In1~fi11 flElI1 n1~UlJ\lUl!Jn'YITJ~ Lfi1141J(h1~::I!J::L1f11 n1~Ln~A14a.1a.1 3 ~::I!J:: ~un TJ1\1".i::I!J::L1f11'Y1Ln~n1".iU'W".i 

(Diffusion Phase) 'Il1\1~::I!J::L1fnn1".iLn~A\ta.l (Corrosion Phase) UfI::'Il1\1".i::I!J::L1f111JEI\ln1~LREIJ.jAIl1'W 
( Deterioration Phase) H111i'lJ'Il111~::~::L1f11n1~u'W;d114gnrht'l14~l-HLtJ14'1l1\1L1f11~fI fI£)1~.n£)£)£)14 
uf1~riu~diUAiiJ.l"ui~=tI:1fJ.ltJB\lABuiii"~14A"Bl.,i(J~'u'::~tiL'bj\l1t(J~fh1';L~~L;;j;jaii.;.jlJ\4a1t1(J\I 
Ll1;mA~a.I ~\lU'mil'll1<IL1f111J£I\ln1~u'W;d1'U.A1a.11~C1~~::1111ifi11nuP!' Ack's second Low (Crank. 

J.1 g56) H111'rlJ'Il1\1':J::S::L1f11~ 2 LU'U.'Il111':J::S::L1f11L~a.lu':Jn1JEJ\ln1'n;;"Aia.l~'U.n,::tt\lL~a.lL;;"·n)S 
UP! no5'11UfI::'Il1\1'::I!J:: L1f11~ 3 LU'U.'Il1\1'::I!J::L1f11 m'LaEla.lAIl1'W1J£)\I tfl~\I Ao5'1\11 14~::ilJ~L;;61fl11a.1LftI!J1111!J 
itt14,bn::s:a1t",d'iDohn1'nlsa.lUtl'l..tfl1tfff1tt -Hn ill"'U.UffI11'W,hnil ti~itLnBl1-Hfi~11CU11SI!1 

... ... d ...... ::.. .I"'.!l'" .. ..... ::. 
UBI n'111JS\I'::I!J::'1a.1FI EI'U.n~BI'YIa.I fl1 PI\I UBI 2.5L1.1 EJ~L'U'U.fI 1JEI\lFl11a.1fI n1JEh'l"::I!J::'1~fIEI'U.n".iPl'YI\111a.l61 
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0 
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ti el. .j t 1"'.3 ~ S.J t ., .. el ..D ..J n 2.' 0 LL'U'U"1f1fHIn'l:'U1"m'lLtUu.Ufi11'W MflFlflfI 'lftn1"'l'Un"n1" FI'l\la'l1\1F1f1"n'lPlLa'lI-lL"fln'YII-I'l:f1: 

~I-IFlfI"n~PI""1 2 d'1 (50 1-11-1.) 

Bazant l&l"RI"1LL'U'U\i1f1EHlfl1\1~ An ~ -FI tUPlF11aPl{ t "n1'l"1FhtlEl\ltl1\1'l:e:L1f11~fi1t "FlEI"n~PlLa~J.I 
L" ~nLn ft n1'l LLPI n-l11 LMeFi flEl1'l6iLLfI'ln!1J.1 ~1"'l:e:lfJ.ltlEl\lFlEl"n~Pl1tI,,"ii\l~1t1E1\1L" ~mht "LnM ailJ.l 

'U"'~'"l1"tlEI\llU111:n1'lLnMailJ.l (Bazant, Z.P.,1979) LL'U'U\i1f1E1\1dLU",rl1\1'l:e:L1f11~fi1t"FlEI"ri~~ 
LnMn1'lLLPln-l11 (time to cracking) LUww\lni"tlEI\lElPl'l1n1'lLnMailJ.l 'l:e:lfJ.lFlEl"n~PI 'l:e:~;'\ltlEI\I 

L"nnLftiJ.lLLft:,!WftJ.l,jifl1\1nfttlfh1F1D"nifiLtI" tJ.ll!Jftft~M"~" DfI'l1ft1"n1'ltl!l1!1.11 (Poisson's ratio) 

LLfI:aJ.ltl"l:AfI~n1"l"M 911 lh"i''Un1"l1LFI"l1:';Fl11J.1btlEI \I r;\1LL,htMet.,rflq~ntlEl\l Bazant's Lu"aJ.ln1"l~ 
uaM\lii"'Pl1Uth!lB""hinB"'FlB"niPl "l:S:lfJ.lFlB"niPl !I"1M!lB"'L"~maiJ.l"l:s:"1"'L"~maiJ.lUfI:BPI"l1 

n1"lLnMaitJ.l~\lLU"r;\1u'.h~lhA'lIt"n1"l,,1t11\1"l:e:L1f11i1,ht "LnM"lEleUPln-l11 (Time to cracking)tlEI\I 

'U"~".!1"tlEI\I!lmJfltlEI\ltI~MtJ1"l:".h\ltfl,,:n'U\r1 (Pourbaix, M.,1976)li"RI"1F111J.1ftJ.l""O 

"l:".11 \I IimilY4~1Ltlie'U Lfie'll n'U Ur.I\U11'WtlEI\lftIl11:'UiL1WFl11J.1LU"n"lM UfI:~1\1 (pH) ~\ltl"L;;"ii\l 
!l1~ifilFt11~Lftiifi'i11~!iEJ~LltEJf[~1~"1ilnfti.u"Yhnl"!iEJ~RnfilY4Y11u~:Fi1 pH Li.~:~1nJtlii 2. i i 

uftM\lii\lur.I\U11'W'WEI{u'U{ntlEl\lL"~n ~\lgnu,j\luenElElnLU" 3 a1l11: REI 'UiL1Wft1"ilLnMaitJ.l 'UiL1W 

.J..I - tI- -- ~ .. -.J..I1 I - - - el _.r t .. el ..n1"fIn1"lLn PI !In"l!l1 n'Uft1"l fI:fl1!1"EI!lUfI:'U"lL1Wn1"fI J.I Ln PI a"J.I ft"J.lflLnPltl"1l1!1 PI ft1l11:flJ.I 

ft1l1'W LU"n"lPl"1n Ur.I\U11'W":L;;"LU"tlEI\lii UFI'U a1l1'WFl11J.1LU"~1\1,,:rr"utI"lUfI:,ht ,,'UiL1wi\l n~11 

2-12 

http:DfI'l1ft1"n1'ltl!l1!1.11


..... 1 .I... .. ..J .t:. .. .t:. ~I "" ... ,.(.. iJ' it a
Lnt;ltnUUl1n "'1HU::"U'H1tlHJn 2 tt1"""~::3-ItI""nt'l3-lnEl"1El~'f1l'l~::3-Ifl113-1L "t;l1\13-11nEl~ "U1L1fl1 2 

..J ..¥ '1 tI "'1' .. tI '" '" '" "'.¥ 1..J cI ~..J.I tI '" tt1"L~t'l1""::El~ "aIl11:; 1n" 3-13-1 !ln1t11LnWIl"LLt'l:: "tt1"" 3 ~::LU"tt1"" 11F1~1na"~ 

(Immunity) LdEi\l~1n1"th14iiilair''WFl113-1Lu"jj1\1~ilLati!liil1'W~\l3-I1n~\lLu"a1L~~fi11";L~~n1~Lii~ 
Hil3-1 inf14LLUW11'W'W E1iLLU;n~\ILU"')5n1''U''; fJ3-I-nE1Jj ft~14.!1W11fJ1ifl113-1 L-n111iltl ijiii!l1n11 Lii 91 ait3-1 

LLft:i~l'ri1LUWrEl';1V114t;l~M 2 iElth~i'u1;rnuLLuW11'Wii 

:u 

,~ 

1.$ 

l.~ 

HI 

~.6;,. 

rJ ~.,

ji 
'!:>:... 

4.' 

4.6 

-l.~ 

ImmUWly
-1 .... 

-1.$ ~1---I---l----II----1---lI_--l---lI__ 

-, ~ } 

2.7 

n1"lLii9lHil3-l'fJEI<lLl'IHnL~3-litil<lEltit,",",E114n;"1~H13-11"lOfl191n1"l,,,1ii"L"14iEl<l"lEllil14n11f1E114n1""::Lii91 
~ .( !i .I I .t....d L" ..J _.I.. ,~ "'- ..n1"l L£1 El~1 ElTJ<I £1<1" H13-11"lOU <It! o\lnTn", E13-1 HIl1'W!lEI<I fI"l<l H"l1<1Ltl14 a143-1"3-I"l£I El9l1<1 L U14, 91 1"U1!1 E1<1L ~ ft n 

La; 3-1 'lElfJi'TlLLlln LLEln~ q91 aEl14E1E1 n3-l1 L u14i14 1 lh~i'u114m'lfi1141fJEl1~m'll!T<I114LFI'l<l a i'1 <I 1'1 E114n1 II 
- - ~.. ...t- d.,. Ad -1 .. • 1!if ., ... _ d

La"l3-lL~ ft n" Ln 91 H143-11414F11"l"":" E1<1m~14911 Ci n1"ltlEl3-lLL!l3-I~"lElm'l"1 ~ LFI'l<l H'l1<11'1 El14n'l" La"l3-1 L~ ft n 

n alJA14g H1l1'W1!T<l11411il1113-1thn;i i1<1tS1LU14iI,,:1ilE1<11!TL"F1ilFl1 a,,91 HEl1JLL1J1J1JJfi1ft1Elih~i'ul!Tth:Lil14 

F1113-1HIl1'Wn1'lLn91 Hm,'fJEI<lLl'IH nL~3-ILLft:1fr9lFi1El"'l1m'lLn91Hm,!lEI<lLl'IHn 
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2.7.1 

'YIRnm'll14l114nT'nnflaib-l!lElIlL'YIHnLa;J-I114fUl14n;fI i\lill61n~11J-11LLtr1a1J-11'lnil~::fI'l1~amJL~El'"\1~,:t 
16ltflfJ"'1Lm15m'ldJ-l11ftt14m'lfl'l1~u'l::L~14aJl1,"m'lLiiflaitJ-l!lEl\lL'YIama;J-I114LfI'l\lai'1\1f1El14n;flLa;J-I 
L'YIan n'l&L~sL'YIama;J-Ignrifln;s14n'iJ::Liifln1'l1'Y1a!Js\ln1::LLa 1-wfhsd,r1L14f1s14n1f1 (m'lu,Y4;n"l::'il1f.1 

!JEl\lloElEl14) 'l::'YI11\11J;L1nn11LLElt14f;1 LLa::11LLFItllf;lLf;ltI~ Anil-ww1!JEl\l n1'lLiif;laitJ-lLiif;l~14Lf;lfJ'lEl1J 1L'YIH n 

La;J-li\llt/ii 2.1 2 LLaf;l\l'h1L~14ii\lLL141Lft14!lEl\lAnil-wyhilif;ld114ri14'iJ1nibFlEl14n;flii\lL'YIama;J-ILLfI::'1n 1 

~ f;liI ~An il-wW1a1~1'ln1f;1Fh161 611fJ15 m'l!lEl\lAnil-WW1F1~\lL!JatHi\l~Rn,;cu::LU14LLCJ14iiLft14#14f111~\1\1 
fi11f;1"1:f;lfJlft~1!lEl\lAnEIl-W;b1J14CbFlEl14n; flil1f;1 ~1161'"1~1fh'YI14f;l~f;I flru14LLCJ14i1~\I'il::LLaf;l\ll~Li114~1!lEl\l 
Anil-ww1i1~f;I,11\111J14tFl'l\lai'1\1 fl11~Lu141tl1Iil!lEl\ln1'lLiif;lait~1';,"~1'lcu1~1n~1Anil-wyhil1f;1~11611J14 
.. .. t .., '" Cit. I I 0. ~ dt 0 A "J!'I ..ICJ 1fI El14n'lfl FI'l\l a'l1\1 m'YI1n~Fl1Lu14f11J~1nn11u,af;l\l111J'lL1CU1414~::~ Eln1 an~::Ln f;I a14~~1nn ~ f;I 

(Elsener. B.et al.1990 and BroNI1e .R.D.et al.1983) 

ltlil2.12 LfI~El,,~aLLH::f!t1n'lnid1'Y111JLlnf;laa\J.nfJ15n1"lAnmY4w1A~"L!U,ft fl1J-1J-11f1"l)114 ASTM C876 
tf;lf.ln1"l1f;1~1AnmY4i1i1~118"Fl814n1f1 

t1 io1•• .... d. u"\1 '" 1rJn1'lnf;laEl1Jfl1~~1f1'll114 ASTM C-876 f;I\ll n 2.12 LFI'lEl\l~OU,fI::q n'lCU 'l::nEl1Jf;l1fJ 

Cpper-Copper Sulfate ~m'lL~El~pjEla1f.11-wri1Jt1tni~Lflaiil~Fl11~1il114n114pjEll-wW1aR1JU'l::nnOJl1?1 \1\1 

LLft::l14tti14t10\l half-cell ~ LLn\lfi0\1LL6I\I LL!O tl'14R1'lft:fti!iJi1nULtloiiftL ,"Milo tl'\I,ftii1...Ei~iil'LU\l,L!Jfta 

a1\1a\lI;h'Yl'r1Jn1'l1f;1AnEll-w;b1JEl\lL'YI;nLa;~ilil\lElC/'14f1a14n;fI n1'l1f;1~11Ja\lAnm-WW1~14Eldri1J!Jitf;l1JEl\l 
.I ,.,j.. • 1.1..1 U • .Y. !!'I-I_'!:'I ioI • • 1'" ..s.... ,.f IFI'l\lL!Jflatl\l~CJaflElm'lL amw. a\lfl1!lEl\lt'lnfJ Lnn1nEl114f11 PI LLa::n1'Y1'l1Jn1'lL'DEl~flEl!lEl\l'l::1J1J Half-Cell 
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fi116i1~f.m1'lL~m.jj;j E1i1U~LUWU1n'llEHIt1~,;iil6lEli1"'91li1nunm" ;nu~il-lu~::ani1U'llB-lt1~,;iiL(;l Biii 

LUU~'Ut ';L~ElI-l91~ j;j an'U Cpper-Copper Sulfate t1~n~ ll'l E1i~tt1i:jFl111-1 ~::la fltil u~::'I.h::",,5111~ \1~ 
LY4 fl\1'n EI A1" i''Ut it'huA1!J 0\1 An tilwY11~ilFh ~11-11fl '1 n1'l1~Rfl tilWY1i'llEl~L" ~flLff;1-It UFI oun~ I1Ifi1hi 
ttil!lt t1 Copper-copper sulfate half-cell LfiEll-lj;j E1~ibFl E1un~r;IL;4E1t"'Ln iii O1'll" ~'llEl\1n'l:aLl.'{lwY11F1'l'U 

1\1Iil,t~!lti Porous Plug un::wEl~J1iiL;j!lniui1!1a1"'t::~1fl detergent lUU~EII;11\hlwY11 

.., 4 Q COli CII , A .. 1:1 d d 1# Q ~ I1. 1Cl1"1m"nma'lJnn~aUI-IUa~\111E1L~FlI'l'E1ULUL"anlil::lFl ~E1U"1il1m "ama'lJ.l u!J\1 half-cell l~'l1::11 

i1u'lIn1!1'llEl\1t1nniiL~E1;ilm·n~E1J.1j;jaI11!JtU1.:11il'l1WY11 Fhii~huli1i11nhn';ilL6IEI{ua~.:It';L ;;u';hu 'l.:l IIlU 

"iElFTntilwY111i1::ilFhLuu~'U (ASTM G3) tun1'1~Fh half-cell potential LUUn1'l1~FTntilwY11uuu open 

circuit potential L~'1::LtJU01,1~FhFTntilwY11111f1tr;iLiElul'lliilJJilm,1~Fi1'llEl.:ln,::ualw'htU1.:11il'l (ASTM 

G 1 5) Fi1'lla.:lu1.:1iulwY11"iaFTntilwY11iiE:hulr;i~lh'lla.:lFlElWl~I'lIil::ilFi1Luun'UJ.l1n~ua11-11'lClaD'U1!11i';h 
L"it n LaiJ.liia.:lt UFiElun;(;Is.:Iil ihnFl6I1au,hULn uanJ.l1n~.:IilFl11I-1LtJul'lllr;ig.:liiL"anLaiJ.l IiI::SOLtJuaitJ.l 

j;jal'lllian tU011E:huFi1AntilwY11ua~.:It';L;;uii.:lFl11J.1\hlil::LtJU'llElOm'Ln~aiil-l'llElOL"itma;J.I~E1f1'U 
~1u"tLoii1f1ti Copper-copper sulfate reference cell (Van Oaveer, J.R.,1975) o~iohnjI1J.1Fhii~flio.:l"'l 
LtJul'll1'l1J.1J.11(;1111U ASTM C876 un::'1e01'1~Fi1AntilwY11'inJJa1J.111C1'1l11-11'l1'l::'ln(;l1t1n'UFiElUn;I'lUn:: 

". ~ ..I.. .. • ..I.¥ _ 
L"nm""J.I"J.I epoxy LFinaUEI~"'nUR1 

'1 OL(;I;!lJ.101'" I'l aEl'Ufi11~L~!IJh"u~&i1 U"tiO'llElO~ ~t,;il i nvw:atJUI'l1'1.:1IIiI!Ii:j,::f1::lh.:lt';L " J.l1::aJ.l 

P11J.1 i n\tw::'llEl.:lIFI,.:I ai'1o un::i1lili!liifi1 t "'Lii~ Fl11I-1eJ~'nn1~ LrJU~~iiri1"U~ti1 il1::!I::lh.:lJ.l1n L nul'll 
... .... 1 t ... 0 't ... ..JV .1 I

"'E101'L(;I'f1l-1'llElJjn J.lL"J.l1::aJ.lL~f10'nEla1,,''Um'u'::LJ.lUFl1 U'llw::"n1'101"UIiI'::!I:: "10'lla.:lL"nn 
~ '" .¥..I.. • 't .... • toY I t -= ":.¥..l 't -= .¥.... I·
L",'J.lL~J.I'nU"nlil::"1 L "J.lFl1 nlil1f1 U01,",1'1IilL'nJ.l'llULnULun1' t;11'11il'nUR1F1E1Un1(;1'llEl\1 a::'n1U ~!I"1 

· t Y'loY I .. • ..... I ..I." ..P11I-1J.11P1'11U ASTM C 876 UU::U1 "Ln'::!1::"1\1 1.20 3-1. Cl1F111J.1LL(;1nP11.:1'llEl\1U'\1~U'::11110~~"E1l1.nn 

nuilFi1Lnun11 150 iinat1an t,,'1iEl11'::!I::1;'.:I1fu'lti E1fh.:lh~(;I1J.1ilFhuu::'Il1~U1 iiri1"U~t.., 
I .. I .1 .... t .. I 1..:4 .. -=..... .1 - •'::!I::111.:1F11'1iI::J.lFl1u,::J.l1WFI,\1"UO'llElO 1.20 J.I. a1J.11'CI "Fl1F111J.1U1 L'llElClElt;11",'Un1'u'::LJ.lUFl1m, 

Ln~am..~ri'\1&i1LitWl1'E1dun::'ll!l1f1aan1'l1 (Clernena, G.G., Jackson. D.R. et aI., 1992) 

Fhiifl8J.1i''U1i..1nm,,,~atl'UA8F1E1Un;(;I r;iE10iiFl11J.1iUEI!h\JLw8\J'naii..r:fi1t,;n,r:ual1'4,h1"RFI''U1\J1il' 
!Ii ..1..5 .... t ..... I .. ..... ':!t. ~...I~" .... .1..1 .1' I ..I.. ..LuUL"Ii1R n"n1F1'l1 Um'1(;1F11un::CI10111~Fl1I'1n!lL11,"1FI'OL'lfnaJ.ln11LunflUUun.:l LJ.I FI\1"~1fIL1ft1(;I ElO 

ti1P11J.1J.11(;1'l1U ASTM C 876 riElUn1'''~ftEl1JFlElUn;(;Ir;iEl\1ilFl11J.1L\JflniuLW!I\1'nElUft::t~'llt\l::m' 

,,~L'tEl'UFi1ii1(;11(;11J.iFl11L'lI~f1Uu'lIftOJ.l1nn11 + 20 ilaat1a,; 111!1tU 5 '1U1ti (ASTM C 876) ti1"1n 

Fi1ii1~liiiFl11J.1Lanfl1lJJLwfI\J'nEl E111i1LUUL~11t11n,tualwY11111rJtU101il1LnIiIn11"UL"iiR"1\J"1E1 

Fl11 J.I;1U" 1 U'll E1~n1::ua1WY11111f1t U 101il,il J.l1 mnu a1"i'u1un1diillJJFl11'1l1 J.l1t7l'n1J'1 e n1''ll EI \I 

FTntilwY11F1~O\'lfnfl \dEl~w"JJilitl7l'fi1n1,,,~aEl'UEldI11rJuanrJ1-a1 7 ii-a 28° c'1gm,ti1t';01'''(;IftElU 

gnr;ia\JiiFl11J.1ti1L~E1iiElt';fi1611J.1J.111M'11'AASTM C 876 ft1"i'uti1~Fi1u'\Jiul1'4;h 
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.,. .... ... !"f...Jl'!I d ..
2.7.2 n11'lLfl11~"'B8IU''Bih1ffnfJL,","1f11\1LtfiUI

'" 

m11LfI'n:"";VlJaf;l1~~1f;1111~ ASTM C-876 1'i1Rnm~ihfl~I1L'lJfH~~Eh~lrKff1~11'nh~11ti'h~ri1J 
";EllJft5~ 1Lt1~,.fi~1n1FlftEll~611~flEI~n~f;IFl11~iintlElI1FlTfl1JL~t~t~flEI~n~f;1 a1~1Iijl'l1m~Uf;lnUft:: 

, .t. .. col !'I :;; "!'I.t .1" cl... .. .. aI 
"q6lftEl~!B.a!1~FlB~mf;l'YlElg l~ffll1ffnl1LL161 ftEl~Ll:I6I L~ !IUl1n11111::J'I1~ ff1l:1'11BIJ fI Ln !I1n1JnTnn 61 ff~~'Yl 

lrK'il1nn1~th11'i1E1tl1I1LtJ~~::1J1JrK1fJirim'Flnmmhfl~I1L'lJatiff1~1'OUff6lI1t';Lii~lrK 2 U~1ml1 MEl 1. ~ 
am:;nI::LtJ~'-I~~LflWI~11~\1I1'1'.1E1I1Rnm'riYhL,;,n~ftEl6l,fI1Lfl~ 2. LtJ~161E1::un'~tlElI1Fl11~rlff::ff~'I'.IElI1 
Flnm~Y11 t~tlnI::i\1mri~n1~'1fJI11~fhFlnm~ih~lrK'il1nn11a111Ii1rKElI1~::~1,;i6lLIiI~t~m1tti:11~Y11 
8111DI1 (Reference electrode) 

'-I ftnffti~lilil1nm1a1111i11l1 LEl1 a.l1 ffltJi61fi1LtJ ~LL'-I~~Uf~#~Fl11a.l 0I1t1E1I1Rn m'riY11f" ff11n ~ofi11r;i[61 fJ 

• '''''1'' '" ".1 ..J.r coI.t. ""1"·~1 LEI1 Fl1'Yl 611i11n n11ftf;l ffEl1J L~Uf;Ia:,61a.l1 a1111 ftl11J~U1J a~f;I1a.l~1" 111011WlJEll1ff~'Yl 'Yl11"a.l6lft 61'Yl1 n11 

.." ... I .... "" I 1" ". , ". d 1" tJ'Yl6lffEl1J n1"11JA1U'HI6I~'YlEl1~ 611i11n half-cell L~ft:'61'1'.1E1l1m1'Yl6lffEl1JL"'Yl1LFl1£h1"a.l1fJ 11J~U ft~Uft:: 

Lb\U.i~I\tA'l11-10"fldho11A11a.l"1I1F1IlEiL\"ri\tI6ItJttfA1'l1E1I1U1I1i~~1611rKiI1jtlll 2.13 LtJ\ti1E1~111'l1VI1 
col ~ .t. ""...... ~ ••I.":I .... ::. ~ .... 1..1.":1

U'-I~ftLrt~tf~Fl11a.l0l1fta.lflnfJLnn1L'Yl1n~ftEl6lFl11a.lfJ11'YlI1LI01~611a.la.l1"'11~ ASTM C-876 U11161~ nn1 

";BFInm-WY11t W1l'ift::'61~161fh11ii'1.W1l'io:t11GtlBI1La"'#M11a.l\fG1Jlfl1,ilI'i1,hGriw.n", 1 00 ilftol1ft,; 
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)).t; d!;Ol _I.!'..I d .1 ~ .1..1 ~...... d ( ., )n111lilnl1'11J.161J.l1LtlfllUu14n'l1nLl.'114nJ.l m"hJ1ULufUJlh'l1 Ltl1J.11611]114YH)(;I best-fit straight line 1iI1 n 

l(;l()::u,n1J.1Fl11J.1 ~ ff::ffJ.lU1J.111t1L(;I fin 1'1114(;1F! 1~ £i1141itlElI1 Ff'ntllvHhil F! 1LU14;Elfl~::~I1LtJ14Fh~1";Fl11J.1 
u-u.14E114ui ail Frl1J.1LU14HUJ.l1 n(d1ufl::ft1J.11,oltf~::~ Lth~fii1!1E1l1n1'Ln MftitiJ~'::~U~1111"14 (Elsener, B., 

et ai, 1990) lil1n..rl1ff()1115m1lil::ffEl61FlHElI10UJ.l1F11]114 ASTM C B76 ff1J.1110illil::lll14n11'.h::Lil14rJ~1i 

Pi EI L U '1415 nTUft11 ti1 L fltl U,fl::LU14Lf1FlitFlil U,ff 61 11 F111 J.I U,F1 nfi1I1n14t1ElI1Rntll'V4;h (potential difference 

technique) a1'11fui5m1Lftl1i1LH1'Ilil::UI1#t";Ll;MI1Fl11J.1LU141tJlfit14m1LnPlffitJ.l 

J.l1F11]114 ASTM C-8761";LU14U,141f1111114m1nPl ffElUPll1d 1Ja1'11i'un1cllI11'V4;hel1I1BI1LU14 Copper­
... 3 

copper sulfate reference electrode (;111'14 

.:. ci1Rntll v4'hilFl1Ltl14u1nJ.l1nn'h - 200 il~~b~t1 ilFl11J.1LU141tl1i\1I1~L'I1;nlil::1JJLn PlffitJ.l 

.:. ci1Rmilv4ihilFl1LU14HUJ.l1nn'h -350 il~iih~t1 ilF111J.1LU141tlli\'JI1i1L'11~nlil::LnF1ffitJ.l 

.:. Fl11J.11JJu,-u.14E114't14n11Ln(;lffitJ.lL~ElFl1U"I1Pi'14E1titWlhl1 -200 011 -350 ilfliihfl'; 

.. .. ..I, 1..1 ... a 1'1'" !'I f'I.t'.:. nTltI 'l::LJ.l14ffIl1Y4FlEl14n'lF1nEltjIl1!J 14nIilPlLnU J.I PlElt/L14ffIl1Y4LlJ!Jn!J14 

<. LtI;!JuLnflUn11nF1niEl14!1ElI1FlEl14n;F1~EldIl1f114ElnnUFl11J.1f14i1ilFl11J.1utI'l«14\'JI1'11;EltI;J.l1~ 
!I .I. !'I cO

ElEl ntlL1iI14nJ.lElt/ L14FlEl14n1Pl 

1iI1 nonElFl11~!i'1\1U'I4LU14!i'()U'14::'"1n111::1\1{J B\I n14114!1tu::"rlPl ff()ULY4"::11LU14a\l~~hA'lIfiBFl11J.1i1'14fl114!1E111 
.. ~ ~d '·11J'·'" .. .0 tid 1"" d ..,..., "'-'1'·FlB14n'lF1Ufl::BElntlL1il14flJ.lBt/n1 'I1LnPlBF1'1n1"nnPlff14J.1Ufl::l fI 2.14 uffPl\l 'I1L'I1'14O\lFl11J.1ff~Y414DfI J.lPl 

':;,11~ion1'An61w'hA~\lL'tJaftntJ10ni'1{;lFhFi1i~""1U",..n,:uL'l'lw;hn1'Ln{;lait~ t{;l610n''l1{;lfOh 

Fl11~1114"'14tY4fl1ht1 (Feliu, S., Gonzalaz, J.A., and Andrade, C, 1996) ff1J.11'lOEl5u1!J1111F11Fl11J.1 

"'1U"14n'::ual~Yhii1'Ln{;lftitJ.lilFii,",E1!1ri'h 0.1 J..Wcm2 1";fjiiii,tui11L"niiLai~'lahn{;lftit~l.IIiainFi1 

J.l1nn'"h 1 J..1AIcm21';fj1il1'tu111L"nmff;J.l1il::iltBn1FHnPlffit~\1I1J.11nPi'\lltlil 2.14 n11U11tltl1::~nF1'J 
~114J1EWn1ili1~f£lU~U11R1~J41ili'.!114 ASTM C-876 

2-1"1 
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luii 2. 14 LU~fJ1.JLfifJ1.Jfil113-1a3-l1i14ri"~:,,·h.:Jfil113-1"141LL,","!ltHJn~:LLa1Y1;hn1·nn61ait3-1(icorr)ritJRnmYl'hfil~.:J 
LtlHH 

.. .. ~ ~ ..J!:I ..I.. I ~ ( ).3 ~.. .r..l.. .. 
1fm1"l!lEh1f1mJLnn1fl~fl11~Uj;!nj;l1\1n14 potential difference technique ~1""lUU"lL1tl.1~14fl lLnV1a14~ 
.r ..I..::' .. .. ~ ~~I!:I ..I .. I I ~ ~ ~ .r1.... .. 
~14flU "lL1 tl.I1414~::ua VI \1 "L"14tN fl11 ~~1 VI Lml\1!1 EJ\1f1 mJ L nn1fl~ fl1 Uj;! n j;!1\1n14U\1 LlJ14~143114!I£J\1U~\UJ ~ 

ul14i14fl'l1 ~ g\1!J£J\1 ~n til~~1H1WrU M1 U'i~ i'14l~~1~ il in~W::L\J;.uH14l14fl113.1 g~ ( equipotential 
I ~ ::. ,~ ..I ~ tltl 1.... ,...r.. ..

contour) "l::t1::"1\1!1£J\1L~ml14fl11~~\1!1£J\1f11U"l\1V114flLlJ14J VlUaVl\1"L "1411U"lL 1W14~fl11~ ~1V1 L£JtI\1 

U\1 ~\1u1\1f1.f\1114fl1\1tliiilli M1!1£J\1U"l\1i14l~;h~1V1M11M'Ltl~e14utl~\1~1mn14ltl i\1~14i1~\1i~uaVl\11,;­
.. .... ~.r..l.. .J ~ 1..J!:I tl..l tl I ....r.... .. .r ..I 
L"14n1"lLnVla14~~::LlJ14~14fl~1 Ln14U,\1V114 nn1L ~t114U ~\1~1nn11 100 ~~~ 1~fl~::j;!£J\1~~14fl 

~1nn'h 5 j;!1'1\1L~j;!' i\1~1415n1"l!l£J\1 potential diff~rence technique L\J14~I9£J~i'uri'14rVlI9,t11tl"l14 
n1"l~\1tl';-L{;145\1u~L1w;hnVlait~~\1ilfl11~,"1L~£J5£J~1nn'hn1"l1JLflflitfiLii\1i1 L~!I (Elsener, B., 

Dawson, J.L., et al.,1990) 

n1'£h14M1RnJl~~1114al111::~L";mn(;lait~£J~1\1ilL,,~~~~ua1~1'C1,"~1'tl.I11~~1nfl£Jun~j;!~::~£J\1il 
fl11~iU£J~1\1L'"t1\1~£Ju~::gtJi£J\1ilfl11~Li1t~U~::t1£J~i'U1501,tJ\11UL~£JfI£Junij;!ilfl11~iutJJL'"t1\1~£J 
.3 ~ 1..¥'1 ~ I ~ ~ ~ .3 ~ .¥.. 'tl ..I .. I ~ ~ ..J.!I ..I 
~1"'U tJ LUn1'1(;1 fl1U\1LlJU~\1~1f1 'lI U£Jn~1nU~"~1t1£J\1f1 '::n£JUfl~n'::flUj;!£J!lU1(;1!1£J\1f1 m.l Lnn1fl 

I '1"'&.1' ~ "tl- &.1', al' .. 1'" ., a 1"'B CIa Q£J1Ufl1 (;I VI\1UU£J\1f1 '::n£JUVI\1n~11~\1 ~a1~1'C1fl~:: "fl1fl~n(;l£J\1Ufl~'\1j;!1~al11~n1'LnVlau~ VI 

(Elsener, B., Dawson, J.L., et aI., 1990) 
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.... el .. "'( .).:. L'YImnLA':iJ.l'YILFlIU)UPl1V galvanized 

1"n1'~ ~1':i11V fh FlnmYH~1Fl1':iil n1':i'YIPl ADm~ J.lLM J.I~l1vn1'~'YIPI ADU Carbonation Ufi::t1;J.l1 ru FI fi D h M 
1DDD"t"FlD"n~PI ~\'I~fi~1~1ij1nn1':i'YIPlADUFl1"lAlt1Ltlwli'~aJmt";!TPlL'ilWI!ID\'IFhFlnm'W~1~ft1"l11ij1P1fh1~ 
el ."' ...... el_.. el. .to .. 1 !!i ... el
'YI U A PI \'I L't'I L'YI" CI \'I U "l L'1 CU 'YI Ln 61 A"J.I tI CU:: 'YI 'YI1 n 1 ':i 'YI6I AD U L 1 t'!1 ""Ufi:: L\'I D" 'll A111." ~ \'I U 1 PI RDJ.I 'YI 

el 
Ltl RV"UtI fi\'l 

2.8 

10n1"ltlEHIAnm'Wih"~\1L!fR OLtl"10n1"lilUAPI\'It";L";"0\'1 fl11J.1Ltl"lt116to\lu;L 1cuilL 'YIa n~::Ln 6t aitJ.l1" 

1l1\'1L1fi1~14~fhn1"l16tfh ~1nil1~iln1"l~6lJ1VJ.l1U~1~14 alt11~11'Y1R\l'il1n~L'YIanLii6ln1':i\1'l1Latlfl11J.1 
~1""'114n1"lLiiPlanJ.l(DepaSsiVation)UR::BIII'11n1'1LnPlAnJ.l'.l::~14B~n\lBBni1L~14~in;,tlliii~!l1~i1 
UflLr:; 6t UR::S\'If14DV nUfl11J.1 &1114..,114..,1\l1'W'ft1t1 D\l fI D"n; III ~1t1fh1iJ1VR D n1':iU ."i'llD\l0DD14~ilD V 

,1'11til"FlD"n~6I"l::'YI11\lU1L1CU#1UDL "6tUn::#1uFI LOPl "Dn'il1nd'Fl11J.1&1114 'YI1" 'YI1\l1'W~1'llD\lflD"n;91S\l 
f14DvnlJib'llEHIt.,,'NllD\l11\lLan 1~\lLtl14LfI"l\l a'f1\lLan 1'llD\lL." Aiut'!:t11J.11CU fl11J.1ifwlID\lFlD14n16t 

i\l~14t1"l:ttl'l1\iil1~'.I1n n1"l'YI6t aDlJUfi::ft1"l1~~1V1Cin1"lAnm'W'ft1F1~\lL !fRftL tl14n1"216t Fh Fl11J.1 &11 " ..,1" 

..,1\l1 'W,"1'llD\lfl £I 14n;1II A1 Fl11J.1i114..,1141'W,"1 il'YI141fJ L tl14\JnU1 fI rl'll E1\l1a~'llD\lfl11J.1 i114..,114 (tDJ.I';) 

RElFl11J.1t111 (Millard, S.G., et. aI., 1989) tPltl~ i1\l1'Y11\l1'W,"1Ltl"Fl11J.1i114"'114 R tltl\l~14~ FiD A 

Ufi:fl11J.1t111Ltl" l ~\lilfl11J.1iJ.lli"dnUA1F111J.1i114'Y1114 p i\liJ.ln1"l~ 10 

L
R=P­ (10) 

A 

~i91'.!i\lo,6ni'..,51d£JlJni1151 A1F1'11J.1i1\1oil';l1'~£J\lA £J \Ion;III S\llaJiln1,i51Ti1Ltl\lo~1911.!114 URil L'YI AitA 

;h!Tu~1t1"l::alJfl11J.1ft1L;'.I i\lUa6l\lLM1."il14 (Millard, S.G. and et al., 1989) 

.r ....r!li ..... .I .. l.:y'" !Ii .t; 1..J.!I ( ) '" 10>0 • .r
~1n,"14,!1148E1\l'YIfinn1"l14Lu14115"'14t1J.1 tln14Lu14':i::lJlJ8E1\l 4 81 11...1 Wenner. F •• 191 5 !J\I 61'.161"'1'll14 

Ltl'l4J.l1111"l,!114ft1'Y11lJ1tlt"n1"l1P1A1f111J.1i114"'114'llDdl14 (ASTM G-57. 2002) t6ttlil&t1U'YI14\1!lEl\l 

f11~1;ft 4 i1~:f.i:\11ufi1n14LiI\4':\J\Jfl1'L!1fJ~~an,"fl1"1"w1nuil1tiatRa\l,n~9'1 t~fjtt1' (cream) 

Ltl",dEli1\l11'W,"1 (Millard, S.G.• Ghassemi, M.H.• and Bungey, J.H., 1990) ~1nltlfl 2.15 il'YIRnn1"l 

• ...to 1....!1 .01 I ~..... 1..11 ., 1....!1 .to 1....!1 .01. L .to
..,1\1114F1D !l1 11...1"'E1~111!114E1n~::L1!IElJ.lIIIElnUU'YIR\l'" 'YIn"l::Ufl 11...1UR::!l1 11... 1"'E1~111!1 14 2 !l1~:: 

L9E1J.1 RElnU LFI~E1dIElfh14A1U"l\li141 'W,"1 (hfin~L91Eli) i\l~14A1F111J.1i114'Y1114'Y11\l1'W'ft1!lD\lFlEl14n1(;1 

1....... 
 .01 
a1J.11"lClUfl6t\l 6t6t\lflJ.ln11'Y1 11 (Millard. S.G.• Wenner.E,A., et. aI., 1990) 

21tsV 
p= (11 ) 

I 
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'il1nfl~m11~ 1116i~1'i11n Wenner 111E11.l'ifl~~Pl1l1'\4'lJEh'l1fllilLU'\4UtJtJ (semi-infinite) U~::~FHUfl~,r&1, ..I, 11 

L~~£J'\4n'\4 6il'l~'\4F111~ft~";'\4d'~ti~1 'iI::,;,tin1111i1F11F111~1'i1'\4't11'\416iFl1~ \In 6i£JI'IL~ £I ti~~Pl31'\4~ 
i£J~tHU'\4~Lftel'l"£Juit::'ln ;A1'11Ell'ln11 L ~el'lLtJ'\4~'n!iOft~~;j31'\4'11 EJI'I Wenner' s i\J::~,11.1 UFl11~UP! n Pi'I'I 

1 ::Wl11'1 Fi 1F111 ~ i 1'\4't11 '\4~16i'il1 n n 11A1 '\41W U~::Fl1 Fl11 ~ i 1'\4 't11'\4 ~U-n'il ~I'I 'II £11'11'fl ~ (Millard, S.G., 

Ghassemi, M.H.• and Bungey, J.H., 1990) 

d'!I 1"'. I l.b 1...1!!1 od
tJ'\4"14l1'\41il1nn1'~"m:.1 Millard, 5.G., et at,1990. IiIU'\4::'\411::tI::~11'11::~11"tl1 n",,1't1fl1~1':i(1 

~11tlt'll'l.6i£J81U~~1::fl~il Fl1tl'l::~1W 50 il~ ii~ 1iI'l tI'\411i1F111~n11I'1U~::Fl11~antlENi'\4d114tFl'l" ai11'1 

Fi1'$~::ilfJpJ;fttEJ8 4 Ln1!JEJf'::8::"1~i11~~; ~EJn~1ni!,::e::~1 n!JEJ1Jii4~1i41~Fl1'lUJ8n11 2 L n1!1EJ~ 
I ::'1...1!!1'" I I ::. '" 1'" I '" od • 1'" od'l::S::~11'1t1£J'I1t11 nn1 L~£Jtl1411i1P111'1 1L~fl1'\4'\4'\4as ~L"tI<J1Ul Fl1F111~1iI1'\4't11'\4't1F11141CU IiI'il1n aam1'l't1 

• 1."" -l- ' u"" od.. I.'... t"'·,"'.:r:11 nliJ:: 11F11~1mn'\4 lJ liJliJ!J£J'\4 1't1~aHm'l::'t1tJlilan1'Fl1'\41CUFl1F111~1iI1'\4't11'\4Ualill'l ~1.11'\4 6I1J6ILliJ'\4 

LtI14I14('\4ib~1J11'1ilu ~Yht iFl11~i114't11'\4t1£JI'IFI£J'\4n;liIu~::L11 ;nLa~~ilFl1 ~1 n"h Fl1~U';liJ~I'I ~"LU'\4 

L1a'\41!1mt1A~i,.d1'IiIePl'l'IntJFl1F111~i1'\4't11'\4 ft111i'tJil1iiP.l6'\4~j3A~n'Z't1tJ"m11;mfl1~ l'l1'\4F111~nn 
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--

., .. .. .Y.... .....l g 1t1 • 't ~..J t .,
!! [111':: tJ::'l ~AEl \4on"J til 'on ~ fill!! \401 til Ltt\40 C.J 1 \40 I.!! \UJ mnnJEh'lLl'I n m ~ 'Hoi fI t! 'l!L tt tJ IiI::fI1 l'I 'lI \40 tt 'l \40 A'11 ~ , 111 

i'tlf;,il1~tilnl1 

LflAitAittt11tilri1A'l1~i1\40fl1\40~hiilil,h~\40Lij\4015n1' Linear polarization (BroomfieldJ.,1 966) tlilrl 

'ttf[Yftl (probe) Lij\4o~t1n,CJ!~ih~1m~El~ IAEl ntlLA~Ell1il El t Yfn1ht111i1 ~Wl'l1J~ LLn::A'l1~I\40i~oWflG~Eld 
t6lfJiatlLLH::1~A1A11~i1\4Y11\40tl£JI1AEJ\40n~"~1rl16n1i Linear polarization r.I~n'::fltlI\l1f1n1,rIilFh 

A'l1 ~ i1 \40fl1\40!!Ell1AEl \4on ~ til "l::l'I1111ll'l am~~~ LLn::tti1 LLl'I ,"I1~ probe ,)111tl\40~ ')1'1 El\40n~ fI illhi~LLIA 11 'tlil 

lC.JflLLYfil'l;Eljjii~,.tlflA,)1~tlilfJltli!ltlLiifJtln1"l1Ii1ri1A,)1~1I11\40fl1\40tlil!llt1 4 probe LLn:: 1 probe n1' 

oWSU\4011GnT'l!!Ell1 single-probe LLn::11i1''';ima\40ElLL\40::il11i11'111~ 2.1 LLalill1fil1A,)1~«~oW\406'f1Ell1A,)1~ 
i1\40fl1\40AEl\40n;liIntlA,)1~LafJI1WEll1n1''Hnlilait~ (Feliu,S.,Gonzalez, lA,and Andrade, G.,1 996) 

... 
A11~1iI1\40fl1\40 

(k!l'cm) 

>100 811 200 1a.hiililait~ ; AEl\40n~liI~a/nYfLL";I1. 
50 fill 100 alll'1m"lLn6lait~1ii1 

10 fill 50 A11~Ll'I~1::a~'t\40n1'Liililait~Ul1I.~ElI.l'I;m~~nlilniEl\40 
< 50 A11~i1\40fl1\401Iia1~1'flA1tl.,~elll"l1nT'lLii6lait~1M 

..I 
fI~1 : Feliu, S. et aI., 1996. 

... d d '!IItJ d I"" tJ I tJ elli \4oEl n mw"\4011 Bungey ~1iI L" LL\40,)fl111 (lI1A11~ LLIII n 111111 n\401'JBI11'JElti n"l::"11111'1111-1 1111\40fl1\401'JElI1 AEl\40m III LLn:: 

A,)1~Lal!ll1!!Ell1n1'Lii iii ait~ L~m"nma~~UqjLaI!lA,)1~i1\40fl1\40n1'Ln61 ait~ r;il11111"l1\1~ 2.2 

... 
A'l1~Pl1\40fl1\40 

(k!l·cm) 
: 

> 20 1111 .. 
10 (Ill 20 


50 fill 10 


<5 


..I 

fI~1 : Bungey, J.H.. 1989. 
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L" ~n La; 3-1 ijCULftfJ Fl113-1 r;l1,"m,"nTldi t;I ait3-1 Fl113-1 r;l1,"m 'Wl! El \I Fl El,"n; t;I~::il Fl113-1 i3-lft'"t5'flU D,"11n11 

Ln t;I a\43-1hi~n-;h n1"ilt;1fohi1fJ15n11 half -cell potential 

a"nJtt;lfJ8El m"1j;1 fh Fl11J.1;11,"" 1WnEi\I Fl E1,"n;;lLiI,"n11ij;lLf1I~fJJ.liElJ.lHL;iJ.lL~J.lL~E1ttl't,"m",h::Li4,". . 
fil11J.1LtJ'"1tJlitlElI'I"::&;lU n1"nn j;I ait3-l~ilfil113-1 Uf1I n;i11'1 n," ~I'ILtJ,"m""t1LEl1tJ,,::tfJ'tf"il~li"1nn1"th'n" 
~!l15n1'lRnJL'rii41Ft~I'ILtlffftJ.l1tti Fi1Ft113.1i1,""1W~~I'I;fl~i\l1nn1·Hh'1i\1Rnlli'rii41ulileR"$1n1'LnR 

CIt _ t ~ ., CII _ '" a del .......... .,..., . 

a,"3-I E111i11i1::3-I fl1 '" 1 m"E111'1 E11'1 (11'1 fl113-1 f1I 1'""1,"tlElI'I fI£J,"n"i,""J.I fl113-1 a3-l1'l'"ti nun1',) U1'l"in"i::1iI1 fJ'II E11'1 

lEl£JEI,"ltJt"fJ,t1f1£J,"n~f1I1l1f1tr;lm"in'::,h'll£JI'IAnm";ht"fI'£JU 1 i1U£Jt,"f1IUH::i1Uf1Itflf1l f1IEI,"n;f1I~il 
fI 113-1 r;l1,""1,"L ;iJ.llwiI::,h t ~tJi3-l1 tlltlElI'It 'W"il'ltiENrh1'1t ,"L'W aiil1ij1,"1'"ftf1lHI'I ~I'IUHt ~fI £J,"n ~f1I ilf1l11J.1;;U 

U","D1~il1,tft~1"?JEl~FlD"ni"~~L;iJ.lI," 

f(1 f(t(! 

ReSS1i·~t-/. kohm . an 

ltJ~ 2.16 LtJ;fJUl;;flUf1I11J.1","1U","n"i::ual,,;hn1"iLnf1la\4J.1 (icoo) UH::Fi1f111J.1i1WYl1,"'IIEll'lif,"~1," 
fI£J,"n;f1I 

2-22 

http:U","D1~il1,tft~1"?JEl~FlD"ni"~~L;iJ.lI
http:fil11J.1L
http:iJ.lL~J.lL


nTllhLihm1,Rn171&:.1 Hn'::'YIUn1'Ln &;l aib~1'1Eh1L1'I an La~J.ll"~rBr,,~u.jBiFlB"n;1Il La~J.IL1'Ian~l!1WI" 
rfl,\lai'1\11"an1" ft\lLL1&;l tfB J.I'YI::LH a11'1i'u~t1n,cJLLH::ion1''YI&;lHB\Ii\ld 

3.1 utln.,ar
'I 

1. LfI~El\l'YI61 aElUA1f111J.1..t1\1Anii1:,Hhfl~\lLL!lR~ (Half-cell potential test) 

2. DC Power Supply 0-60 Vdc a1J.11,,,t1i'uLL1'Ift\li1~m'::LLal,,r 
cleO eO I13. Volt meter 'YIJ.1Fl11J.1H::LfJfJ&;l "f.I1" mV 

cI.. .. 1 · 4. Amp meter 'YIJ.1Fl11J.1R::LBtl61 "f.I1" J..1A 
5. LFl~B\l1&;lFhAnmliyh 
6. LFl~El\l'YIf;laElun1'L1'Iitmlt1'Y11\11lift1 
7. a1t1161LfcyqptU~ila1'H::R1t1i1lt11lift1 

cl .. 
8. LfI'El\l&:.laJ.lflB"n'lIl 

1 I.., t.l CII 

9. LLUU1'IRElLL'YI\l1Il1Bf.I1\1""flEl"n'lIl 1'1"161 40 x 40 x 10 L!I"fiLJ.lIIl' 
d d' eO )

1O. LFl'B\lliIflB"n111l (Vibrator 

11. LFl~El\l!t\l,r11'11i'n a1~1'mh"A11"rR::Lfltl61 0.01 ni'J.I 

1 2. ~tJn1Wa11'1i'u,r6ln; 

13. a.:Ja11'1i'uLL'lIi10~1\1 1'1"161 1200 x 1500 L!I"jjL~IIl' 

14. ~tJn,Wa11'1i'U&:.Ia~a1'R::R1t1 

1 5. ~tJn'W161A1n1,~ui11'10\lflO"n;1Il 

16. LLu""R1afinla 

1 7. L'YI\J'W"a1!Jlli 
18. Ln;!J\lL1'Ian 

19. q.:JilEl!J1\1 
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3.2 

3.2.1 

1d6l a,,,i'lJn1'1Fimi'1 ~ a n '1::f1lJn1'1Ln61 d"J.l!lfNL"~n LdiJ.l tu IF! '111 d;111 F! Elun~6I El dtudn1'Wal1 LL161 ~El J.l 

f1::un.h:: n E1lJ6i1tJ 

1) 

\luiLJ.lUr;ltl~f6lLLaUr;l tl1::Lnfl~ 1 lJ~li'll \lUiLJ.lU6I1fHY ~1n61 (J.l"1ttU) ;11i1ElI1Fh.h::nmJfl1I1LF!i16111 
.I 

6I1'11111 3.1 

Oxides CaO MgO ~O 

20 5 3 60 1.10 1.50 2.40 2 

2.1) N,anN,.U1U 

;1u\l14tiEltJ (Crushed limestone) !lU161 3/8 d1 (550) 

2.2) N,l1nNI1=L811f1 

.. ­3) LMI1mS1N 


L";n~'lL~tJlJLLft:a"~niElErEltJ !l14'61LftU~1ul3u!Jnft111 9 ilft~LJ.l6l'1 LLft::12 ila~LJ.lIil' FlCUdJ.llJii!lEl" 

til.... .I 

L",m 61"6I1""f1 3.2 
.d ..... .. .. 

fl11'11f1 3.2 F1WdJ.lUfI!lElI1L"anUf1J.l 

Diameter Cross Section Area Yield Strength Ultimate Strength 

(mm) (mm
2 

) (ksc) (ksc) 

RB9 28.30 2400 3900 

DB12 113.10 3000 4900 

4) S1111:a111 
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A1'la::fnVr!lL~m"FlflEln'l~ (Sodium chloride,NaCL) ~Fl11a.!L-a'a.!-a'ui'£)va:: 0, 1, 3. u.a:: 5 !I£)\) 

li'1"1l'n!ha.!\ul 

1) 


fhl'l'r'H11U1i!Jift;i1il1Litun"'Hl£)nu.\J\JD91"l1th"~aa.!t1£)l1jiil£lun:;91~fhLfI1i'\Ju.'NDfiilFI£)Un:;91~£)1~ 28 1U 

2 ~ cl

240 nn.l!la.! litIl911"l111" 3.3 

Compressive Strength 
Slump Water 

Aggregates 
Cement Sand Water Cement 

(kse) 3/8" 
(em) Ratio 

240 450 992 750 180 3-5 0.40 

~ _ " ..... " ....... 1 •• __ ........
0'.

3.3 n',Lf1,8a.1Ii11188'4f18\\n,1i11 

3.3.2 n1'Ulitli 

\11 a1UeI fta.!tda 11 t u~tJ n"l r;J eI fta.! FI £)un 191 'W'£) a.! ill ft1,a:: n1VI !lL6i Va.! iii a £) i1"l6i (Sodium 

chIOrlde.NaCL) ~1iI11a.!L-a'a.!-a'Wr£)!Ja: 0, 1. 3, u.a: 5 t1£)'I1.J'1""nftLa.!UPI 111n1'elfta.!t';ni1nutllettl' 

L1a1t Un1'lelfta.! 3-5 u1f1 "ftl1~1n,fu~<I1d.J'1ftl11tJ~ fta.!t';L-a'1nuanlil.f'l1'W'£)a.!taiiu 111n1"lelfta.!~un·h 
ft1\lelftNL-a'1n\llfii1M .rolu;i 3.1 
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1) "1''Ul'IaoLf,\J\J1talJ 

~1F1E1'U,nitflL'YI'h'U.'U'U'YI~E1i1mh\'lfi'U,F1E1'U,ni91!l'U,191 40 x 40 x 10 L'ff'U,s,h3-l91, u.~:an'Ul1l'U,~N'YIIJ~tJn&i 
LtI'U,L1~1 12 t1L3-I\'l A\'l'1t1ii 3.2 u.a::'1t1ii 3.3.. .. 
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Intrt';ection Point 

I 
-.-- .-. .. - .-- - ...... _. 

2-DB l1mm. 

0.40 11. 
0.0511.0.05 11.1-1-4-----r-1------,-1---+1--11 

6.1011. 0.1011. 0.1011. 

0.1011. 

0.40 ~ 0.20~. C¥.. 
0.10 lJ. 

2) m""j" 

nl"nJJ.I Pl1 £) d1\1'HJ Fl114F1 £)14n~ J;lU~::FI £)14n~ J;I'H.h1~\1 n~::\J£) n L~ £) n n 1~tJJ.I Pl1 £) ~1\16i'1 fill1~::fI::L1 ~1 28. . 

3.4 

n1~L~\1 n1~Li; J;I ailJ.l!l£)\1 L 1'I;n L~J.It14~14F1 £)14n~J;I Li1£)\1~1nam" Fl11J.1LtJ14~~\1 n1~L;; J;I ailJ.l!l£)\1 L 1'1;n La~J.I 
J;l1J.1 tl~~J.ltf1ii!l£)\1tFl~\1a';1\1a\1U1J;1 tf£)J.lYI::L~jl~::fI::L1~114114 ~\1t14n1~i~flFI ~\1ifi6i'~1Lil14n1~L~\1 n1~L;; J;I 

ailJ.l!l £)\1 L1'1;n La~J.l6i'1f11~;h n~::uaJ;l~\1tJ;l fla1\1a\1~1 n\1114iifl~tl114J.11 
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3.4.2 

n1~ Pi ~ ~\la1 Ell vHh L~B L ~Ba,t;iB m::LLa1\Hhi"J1Ym nULLn\l't1B\l LL~\lLLH::i'lHUnULVI ~n La; a,t-ri Bd'tUi'lB~1\l 
.¥ d 

'WUI"lBUn1j;} 

n1~d\ln1~Ln~a'"a,t'llB\lLVI ~ma, a,t1~Eln1~~1E11"'w1m::LLa[;1~\lB El1\la~1Laa,tmtlu~::EI::L 'lH1 60 1U ~'l EI 

f'1'l1a,t;i1\l~mrt",Yh 61'l't1~ i\lJtlfl 3.4 LLH::Jtlfl 3.5 
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m'jI'l'j1l\1,UltJU.,."l T U3-Im'jLn ~ait3-ltJ0\1 L't'l ~ tl La~ 3-1 T~mJh m'j1~ ~1 "113-1~1\1 ~nm-nVh~0 d't\-I,~10 ~1\1 
'Yl~ a0tJ~T0Tow ~ L3-I0{"0\-1,tl~(;ll\l1 mtJ1 ~0 El LtJ1 Ll.tl ~tJ ~W1l11 U.~::"0\-1,tl ~(;l ~\lL1iLI'I~0\1 W0 (;l 'j1l\1atltJ 

LI.\-I,1Tu3-Im'jLn~ait3-l'll0\1L't'l~t1La~3-I Half Cell Potential Test (;l13-13-/1(;l'j]1\-1, ASTM C 876 

d 

3.5.1 n1''U''~lJa.lIif1~atnil11J 

a1'j~::~1El"03-1LtJr]'fi~L-n(;l (Copper Sulfate) L\-I,m'jL(;l~El3-la1'j~::~1m.tWY.\ tll'lf\lL\-I,tl1'jCJa3-la1'j ~:~1 eJ 

r;i8\1'111 m'jUfWhi'51 'j fi::~1 fJ~ 3-I~';lfi el'U~'iI::,.t151'j ~::'n fJ1tJttit\-I,m'j'Yl ~58tJ r;l\lltlti 3.6 

3.5.2 

'"1 ~1eJd1\1lf\-l,1'I0\-1,tl~l'lf\-l,l\I1 tl m 'j1.,., tl'j::u.a1-nvh'l111'1113-15::eJ1 "~1eJ rl1 \I r;l11'.Jtt1 LI.~:'I11 L,. ~eJ \I 't'l 3-11 fJ~ 
~1LL't'l'l-L\I~1.:J j tJ\-I,LI.~\-I,lf\-l,~r;itl\l f11'j'l11f11'j1~ ~mn-nvh I'I~.:JL T:I~~ T~l'.Jn1't'l\-l,~ ~1 LI.'t'l'l-L\I ~'j\J~~~~LI.~:: 
tJ~L1tJ.I(;l 'j.:J tl ~1 \I'll [I\J L't'l ~ tl La~ 3-I~~m'jL~0 3-I~eJ tltJm::u.51-nvh 

tl1'j~'j1l\ia[ltJ LI. WJT U3-Itl1'jLfl ~ait3-l'll [1\1 L't'l ~ma~ 3-I'll [1\1 ~1[1 ~1.:Ji\-l,1'I [I\-I,tl ~(;l 'j1 ~tt11."'l'i'1L1.~\-I,If\-l,1."'~ 3-1 

L;ltlt,.,,,t1~3-ILi11tJJ11ElL\-I,~1t1 rl1\1lf\-l,l'IeJ\-I,tl~(;l ,.t1er111it,,'t'l\-l,1~tJ"t13-111'1'l3-1l1L;leJueJ\I tl\-l,m'j'j:L't'lEl'lleJ.:J"t1 

li11 tl LL~W'f\-l,LLiiI:;itJ'Yl "atltJl1Wn t11111f111li1atltJ~1"113-1 ~1\1 ~nm-nih r;ll\-1,tJ\-I,'lI tl\l ~1tl el\1 '111 tl111~ fill 

"113-19i1\1~tlm-nvh l\i\-l,,.1tJ 60 1\-1, r;l\l':itlti 3.8 lij1tlm'jIfl'j1lija[ltJ~11'1113-19i1\1~tlm-nyh 1f113-13-11(;l'j~TU 
I 

~ 

_ Q eIo g c::..... 
~ 

d 

tl1'j'Yl~aatJ ASTM C 876 a13-11'jrlu.tJO'j::~tJ'lla0t11'jLn~5\-1,3-I'lI[lOl't'lHt1La'j3-l~O(;l1'j10'Yl 3.4 

• ."';."'i••••lul••.,............., 1.",•••••"", 
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Inn\l~ 3.4 FI'J13i1'i1\1Rmi1yj"'1F1~\lL'l'Jaiu.a::u.mT'lt3im':lLnlill:f"3itltl\lLVI~mai3i ASTM C 876 

Half-cell Potential 

(mV) 
Percentage chance of active corrosion 

>-350 90% 

-200 to -350 50 010 

>-200 10% 

I-
* 

I ~ 

t ; .. 
QO 

• 


S~Co~ca·af'\ 
to ~kt«:emm 
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~1n~ ft n"~'YI1i1 ftBYfihfil'l1 J.I~1~ An m~li1A~~L'11ft atlB~LLr.h'~""A B""n~ iii Lft1J.1L1'1 ftnTlitlil A o""n~1iIA1\1" J.I 
cO d il !ii"!"J ., t . d., , '" _I" .. .,I I

LLft::Ao""n"1Ii1'Y1Ofl ""ft111Yhl\l LL11i1 ft oJ.l'YI::Lft LuW'J::tJ::L 1ft1 50 1"" iii tm1 A1'Y11iii LIiIJ.l1LlJ'UJU L 'YI!1UnUA1 

, ., ~_I!:l '" .. ., d t .. .d 1 ' 
A11J.1Ii11\lAntlLl1'n1A'NL"lIftftJ.l11i1"1l1," ASTM C 876 P\\l1il1"11\l'YI 4.1 LLft:: IiI!lJ.lL\lo"" 1I11oUL!lIiI!lo\lLL~"" 

~""A o""n~1iILft;J.I L 1'1 ft n Q nti1fto\l'M0 flL ""aIl1'Wa\l LL1iii tfoJ.l'YI::Lftl.r Qn n 11'1""1iIt ..,ill.h""u ftJ.l!lo \l'll;J.l1 CU Aft 0 

hlili'mJft:: 0, 1, 3 LLft:: 5 !lonr11'1~nfiLJ.I""siIil1J.11hiu i1orj1\lLLtJ""~""Ao""n~IiILft;J.lL1'IftnLLtl\l 
oomtJ"" 2 ~1iI Fio ~IiILL"1nn11'1""liIt"'L ~\ln1"1LnlilaitJ.l.r1tl16n1"1tum::LLftl~Y11~"1::iuLL"1\li"" 6 h'YI9i 

LLft::~ 1iI~ aO\l n 11'1""iiit 1'ILJ.I' un "1::LLa1~Y11 ~11'1;U16n1"111il fit, A11J.1 ~1\lAn m~Yh n11'1""Pl t ..,11il A1U;L1CU 

~Pl iPlllo\lL1'1 ft n L a~J.ILLft::U;L 1 CU Pl"1\l n ft1\l!lo\l L 1'1 ft n L MJ.I~\lLtJ""L1'1 ft n L a;J.lno""Liimr1""i\lu ft n 1"1"Pl ftoui\l 
..I d 

1i11"11\l'YI 4.2 LLft::1iI1"11\l" 4.5 

Half-cell Potential 
Percentage chance of active corrosion 

(mv) 

>-350 90% 

-200 to -350 50% 

>-200 10% 

4-1 
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----------------
Fh'llEh1inmw\41Fl4~L!1tUl~U~L1cu~~i~nu'llEl~Ll1HnLff~~ 

hiilnl"u;~n1'LnMffit~M1en':LLfflW~1 

Condition 
7 14 21 28 35 42 49 

Control -569 -608 -593 -538 -498 -457 

1% CI -647 -636 -613 -601 -611 -481 

3% CI -707 -642 -656 -521 -587 -550 

5%CI -772 -656 -663 -548 -649 -474 

Condition 
7 14 21 28 35 42 49 

Control -594 -620 -606 -526 -497 -465 

1% CI -662 -632 -613 -604 -624 -499 

3% CI -712 -655 -469 -545 -597 -552 

5% CI -772 -669.4 -673 -558 -651 -482 

Condition 
1:e:nal (1'") 

7 17 21 25 41 48 52 

Control -357 -535 -469 -550 -689 -669 

1% CI -1037 -1089 -1056 -892 -1034 -1038 

3% CI -1095 -945 -872 -740 -811 -694 

5% C( -968 -1168 -1110 -868 -787 -757 
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Condition 
7 17 21 25 41 48 52 

Control -444 -540 -496 -536 -688 -659 

1% CI -915 -1085 -999 -870 -1026 -1084 

3% CI -1094 -928 -831 -757 -811 -700 

5% CI -960 -1161 -1110 -875 -818 -713 

f ,.., ~ _1_':1'" ... 10K....... ... d'l~ 

~1m.l a n 1'~'YI MlUlU Fl1F111 ~fl1>3 F1 nfl ~11111 FI'>3 L11a atl 0>3 LU.I14Vf\4F1 014n,fl LA'~ LVI a ntlO>3 FI 014n, fl'YI !l 

n,:ufllY4Y11ua:1~'tl'm::uA1Y41hL~>3n1'LnM flil~tlO>3 LVI R n LAi~'l14ud14~14F1014n;fl Fl1u.,~ua::Fl014n; fl 
...... 1"'~..J ..I.. • .., ... .. 
'YI~Flao 'ML1J14n114r.1A~'YI'OtJa:: 1, 3, ua: 5 ;11~a1MU'YI01~tl0>3F1E114n'fl 7, 17, 21, 25, 41. 48 

ua:: 52 114 j;t1~th&ltJ tj;tf.lti1n1'1j;tFi1ffn!flY4Yhif~1uVl14>3L"fl1n'"'\'lnFlf>3~tJ;L1w~Mij;tn14tJEI>3LVInn 
LA;~ua::ui L1Wfl':i>3na1>3t1Eh1LVI n nLfl;~ vm'hA'milY4Y11F1~>3 L11 a R"l ni10fi1>3~161 Fh1.rilfhPi61 au ~>3 
~1nn"h =350 mV if':l:fI::L1a1L~~I<lupj 17 114 "lni18fi1>3ilu141hr~t,",nF1'Y11>3Liifl1n14UA"\1t';Li1wh 

.. .... I ~... at .... .. 'll" g .. ., .. ..I.., .1'" 
LVlanLA'~~Fl11~141~::L1J14'Y1~::~ 8n1F1LnMA14~~>30>3 90 L 8'Ltl14fl 81>38>31i11nfl1':i1>3'Y1 4.1 fl>31lJ'YI 4.1 
.. ..I d.. ..I ,,0K... d':.r t ., '''' :'!1..1.1':1 1 I
O-ll3tl'YI 4.4 L~8W'il1'W1'Y1'::rI::L1a1n11\1~tlENUU14W14t18<1F1814n1fl'YILW~tll4U141 14~tl8>3F11F1nfl ~11111 ~ 

.., 'I'll d .. .. 10K.. .. .. ..I I 1-1-":1.....,

U'll 'r.ll4L fl1~";i::fl::L1a1ua::L~8W'il1'W10>3Ur.ll4W14F1014n':1flLA'~LVlan'YIL':i>3n1':iLnMA14~M1fln'::uA 11111 

.. t ... .... ,.." I ok ...... "'1 '1" , ... 1-1.1':1 d
~Ul41 l4~n1'nnMAl4~U<ln11fl18fl1<1Ur.l14W14F1E114n'flL"'~Ll'Ian'YI ~ ML'<lM1fln'::Ufl 11111 L148<J~1~1n 

L l'IR n LA;~ifL;>3tA'1fln'::UA1Y4Y11U'lILftflfiLRFI fl':i8~1nni1 ua::'l14n':iWtlEI<lU;L 1 W ,huVl14<1~'hn1'1MFh 
Fl11 ~ &11 <I A' n eUfl n &11<J n14~~ 61 IiMUa::fl':i<Jn a1<1t1E1<1LVI Rn L";~t ,;Fi1F111~ &11<JAn mn efLFi fl<J n14ua:il

" ..I .....,
U141tl4~'YI"8MFla8<1n14 

., • • ...,.,.: .. I. c:fCIIII., ell. 

61114'YI114U<J Fl1 Fl11~fl1<J ffn fl~::fl1 Fl11~l'I141!1£l<JFIEll4n'fl W14r.11!18<1 FI E114n, 61 ~Fl11~61114'YI114U<J ~r.I ~'YI1 

t,;Fi1F111~pj1<1A'nefl '>3~M1f14ilFi1~1 U;L1wibtMfl'E1U L l'I RnLA;~ifLn 61 Ait~'iI::ilFl11~pj1l4'Y1114U<J~: il 
I" ...., ...J. .... t t b. l:....,.l..red..... ~ .. 

r.la n '::'YIUflElFl1 Fl11~fl1<1F1nfl'YI'YI1n1'1MFl1 14!1W::1414 A1 LVI'l'YI<ll'l~MM<I'YI naTl~114~r.Ia 61 an1'fl Mn14~1iI 
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n 1 Fh An6t"';)1 n,.,~Lf' ~ail2-lIA~::n':i::lAa1"';)1n1':iLn liIail2-l'!JEh'll.L~lt~ltFUJltni 6iI Lf!~ 2-l Ll'I Hn 
d_ t ClIo ..., _ d Q 

n':itUl~Fl191':i\l'U':iLltU~~Pl~nlt'!JS\lLl'I ~mf!'l2-l 

12-l''ll'n':i::uHl~,"1L~"n1':iLnlij Hit2-l'fHNL't'IflmH~2-l~B1~ 17 1\4 
~ J ~ OJ B J £ :oJ .e J 

fI':i"n 1 fI':i"" 2 fI':i"" 3 fI':i"" 4 fI':i"" 5 
Condition 

mV /lA mV /lA mV flA mV /lA mV /lA 

Control -403 252 -402 254 -401 254 -400 256 -398 257 

1% CI -467 326 -466 325 -465 326 -464 326 -463 327 

3% CI -515 404 -514 406 -514 407 -513 408 -512 409 

5% CI -511 355 -506 354 -501 351 -499 352 -496 352 

tfmrt~,"1t1B\ln1':iLiiIijHit2-l n':i::LLH1~,"1t1B\ln1':iLiiIijHit2-l 
Condition 

(mV) (flA) 

Control -403 -402 -401 -400 -398 252 254 254 256 257 

1% CI -467 -466 -465 464 -463 326 325 326 326 327 

3% CI -515 -514 -514 -513 -512 404 406 407 408 409 
-5% CI -511 -506 -501 -499 -496 350 350 351 352 352 

.l ..... n~~ .... 1"'~""·.r.... ...91111\11l1 fI Ultlnfl n2 fl1F1ne 1n11Ln~alt2-llAfI::n1::LLa 1n11LnliIf!lt2-l!lS"IAUltWltflSltn191Ui':i2-lL't'Ifi n 
- - ...... -I· - - - .• - - . - . - _ - -. - - ... - .. .a

n 1 W11i1 fl1911\1'U''H1tU9I1\1nH1\1!UNlL't'IH nu.'f12-l 

12-l''ll'n':i::LLH1~YhL~\ln1':idilijftit~tlB\lL't'Iflmft;~~En~ 17 1\4 
~ OJ ~ Cl E Cl E J B J

fI':i\lfl 1 fI':i\lfl 2 fI':i"" 3 fI':i\l" 4 fI':i\l" 5 
Condition 

mV /lA mV J1A mV flA mV /lA mV /lA 

Control -394 253 -392 256 -392 257 -391 258 -390 260 

1% CI -459 315 -458 317 -458 318 -457 319 -456 321 

3% CI -549 402 -549 404 -549 405 -548 405 -548 407 

5% CI -540 380 -540 383 -540 383 -539 384 -537 385 

tfmrt~,"1t1B" n1':iLnlijftit2-l n':i::uft1~,"1t1B"n1':iLn61 H'it2-l 
Condition 

(mV) (J1A) 

Control -394 -393 -392 -391 -390 254 256 257 258 260 

1% CI -460 -459 -458 -457 -456 316 317 318 319 321 

3% CI -550 -549 -549 -548 -548 402 404 405 405 407 

5% CI -541 -540 -540 -539 -537 380 383 383 384 385 



Condition 
mY mY mY mY JiA mY JiA 

Control -317 213 -314 213 -312 213 -310 214 -308 214 

1% CI -447 306 -447 305 -446 304 -445 305 -444 306 

3% CI -425 281 -423 283 -422 283 -421 285 -419 286 

5% CI -538356 -538 355 -537 355 -536 356 -535 358 

Control -315 -312 -311 -310 -310 213 213 213 214 214 

1% CI -447 -447 -446 -445 -444 304 305 304 305 306 

3% CI -425 -423 -422 -421 -419 281 283 283 285 286 

5% CI -538 -538 -537 -536 -535 356 355 355 356 358 

;gel ;gel Eel ;gJ 
fl':i\1fJ 1 fl':i\1fJ 2 fl'''fJ 3 fl'''fJ 4 


Condition 

mY mY mY mY mV JiA 


Control -333 217 -328 211 -326 211 -322 210 -319 210 

1% CI ::.448 306 ::.447 308 ::.446 308 ::.445 310 "'444 311 

3% CI -446 288 -443 290 -442 291 -440 292 -438 294 

5% CI -543 380 -541 383 -540 385 -539 386 -539 388 

A'mi'l-W;)''lJEHIOTnnR fl,"~ n':i::u.fll-W~'!If)"n1':iLii Rfl,"~ 
Condition 

(mY) (JiA) 

Control -333 -328 -326 -322 -321 210 210 211 211 216 

1% CI -448 -447 -446 -445 -444 306 308 308 310 311 

3% CI -446 -443 -442 -440 -438 288 290 291 292 294 

5% CI -543 -541 -540 -539 -539 380 383 385 386 388 



liJ EJ liJ EJ B J",-0" 1 ",-0" 2 ",-0" 3 ",-0" 4 
Condition "'"'' 5 

mV mV mV J.l.A mV mV 

Control -377 295 -374 295 -373 296 -371 296 -370 297 

1% Cl -364 235 -361 237 -361 238 -361 239 -359 241 

3% CI -403 295 -401 297 -400 298 -399 299 -398 301 

5% CI -460 447 -459 449 -459 450 -457 451 -457 453 

Condition 
limn.,Hh!l(]"n"LnfilRitIJ 

(mV) 

Control -377 -374 -373 -371 -370 295 295 296 296 297 

1% CI -364 -361 -361 -361 -359 235 237 238 239 241 

3% CI -403 -401 -400 -399 -398 295 297 298 299 301 

5% CI -460 -459 -459 -457 -457 447 449 450 451 453 

d .... - ·1· , _ - - ~ - ,- " .. - A 

n,CU11it"1P1'''U'L1CU lII"l\Im.n\ltlEl\lL"'~mff':iU 

.tJ EJ .tJ ECI E J 
"'N" 5"':i"" 1 "1-0" 3 "':i"" 4"'"'' 2Condition 

mV mV mV mV mV 

Control -427 321 -426 322 -426 324 -425 324 -424 325 

1% CI -358 217 -356 224 -354 227 -352 230 -350 234 

3% CI -414 275 -414 278 -414 279 -413 282 -411 285 

5% CI -506 502 -504 504 -503 505 -501 506 -498 507 

linm~~'!I(]"n1"LnfilRitlJ n'::LLR1~~'!I(]-on" Ln fil RitIJ 
Condition 

(mV) (J.l.A) 

Control -427 -426 -426 -425 -424 321 322 324 324 325 

1% CI -358 -356 -354 -352 -350 217 224 227 230 234 

3% CI -414 -41 4 -41 4 -41 3 -411 275 278 279 282 285 

5% CI -506 -504 -503 -501 -498 502 504 505 506 507 



t;tT'n1l1l1 f1~\nn-A n 7 I'llA'milftyh nT'Hn 61 aii.JHl.f'I:n,:ua1ft,yh n1, I.n 61 aii.JI-nil03UU~~~f1E1~n~ t;tl.a1 JI L't1 an 

n, cU161l'i1t;t'03\J'1. 'lW~61ttililri~-nEl031.'t1a ma~JI 

eJ eJ tOIl eJ £ J 
Fl'I1f1 1 fil711f1 2 Fl'HfI 3 Fl711f1 4 fil711f1 5 

Condition 
mV mV mV mV mV 

Control -455 248 -444 250 -433 251 -442 252 -441 253 

1% CI -404 212 -403 214 -402 215 -401 216 -400 218 

3% CI -430 210 -429 211 -429 212 -428 213 -427 214 

5% CI -455 234 -455 236 -454 237 -454 238 -454 240 

Mmil'riyh2J EN n17Lii 61 ftib-l 
Condition 

(mV) 

Control -455 -444 -433 -442 -441 248 250 251 252 253 

1% CI -404 -403 -402 -401 -400 212 214 215 216 218 

3% CI -430 -429 -429 -428 -427 210 211 212 213 214 

5%CI -455 -455 -454 -454 -454 234 236 237 238 240 

t;t11'U11fUI~1n~ n8 FhA'milft;:hn11Liililftih .. uft::n1::ualftihn11Lii6laitJl!lEll1ud~if~fila~nit;tLaiuLl1an 
niW1MFh t;t103\J1Lleu t;t103na'\'I-nen't1ft riLii1J1 

SCI BJ SCI .eJ e CI
fiI'l1f1 1 fil111f1 2 fiI'03f1 3 Fl111f1 4 fiI'l1f1 5 

Condition 
mV mV mV mV mV 

Control -463 249 -462 251 -461 252 -460 252 -459 253 

1% CI -402 213 -401 214 -400 215 -400 216 -399 217 

3% CI -433 221 -431 223 -430 222 -429 223 -428 224 

5% CI -487 248 -477 250 -476 251 -476 252 -475 254 

Mnm'ri,h2JENnTnn6lftilu n1:LLftl'rii'h2JEll1n"Lnlilftilu 
Condition 

(mV) (JlA) 

Control -463 -462 -461 -460 -459 249 251 252 252 253 

1% CI -402 -401 -400 -400 -399 213 214 215 216 217 

3% CJ -433 -431 -430 -429 -428 221 223 222 223 224 

5% CI -487 -477 -476 -476 -475 248 250 251 252 254 



[;I1"j1~J11Iu.IU1nfi n9 rhAmi1~,hnT'nn,,~it~LLfl:n'::LL~1~yhn1,di,,~it~1HI~lLl:julurl€lun'[;IL~~IU'l1~n 
m cU1P1Fh,,'HU'L101~PliPlnwlJa~L't'Iamff'~ 

1~'-Dn'::LLaloW,"'L,\1 nT'lL;; PI aii.~'lIEJ~L't'Iama'~~EJ1~ 48 1\.10 
£ J ~ J E J ::, J E J 

A'l1l1 1 A,\1l1 2 A,\1l1 3 A,\1l1 4 A'l1l1 5 
Condition 

mV IlA mV IlA mV IlA mV IlA mV IlA 

Control -298 315 -291 317 -281 318 -277 319 -276 320 

1% CI -336 260 -334 262 -333 263 -332 264 -331 265 

3% CI -432 306 -430 309 -430 309 -429 311 -428 312 

5% CI -520 394 -519 396 -518 397 -516 398 -515 400 

Condition An61oWyh'llEl\1n1'Liij1ai't~ (mV) n'::LLaloWYh'llEJl1n1'Liij1aii.~ (IlA) 

Control -298 -291 -281 -277 -276 315 317 318 319 320 

1% CI -336 -334 -333 -332 -331 260 262 263 264 265 

3% CI -432 -430 -430 -429 -428 306 309 309 311 312 

5% CI -520 -519 -518 -516 -515 394 396 397 398 400 

R1'111J11A~Wln;\n1 0 ~hAmi1oW'hn1,Liij1ai1~LLft::n'::LLaloW,"1n1'Lnj1aii.H'lIol1LLduiuAoun'RLaiH 
.. d_' 0 G Q

L't'Iftn n'0I1j1A1R'"tnL101"''IInft1'11'l10"L't'Iftma'H 

l~'-Dn'l::LLaloW,hL;\1 n1'lLiij1ai't~'lIEJI1L..,ftmai~~EJ'~ 48 1\.10 
E :oJ E J EJ E CJ E J 

A'l\1l1 1 A'l\1l1 2 A'l\1l1 3 A'l\1l1 4 A';h111 5 
Condition 

mV J.1}\ mV IlA mV J.1}\ mV IlA mV IlA 

Control -413 336 -412 338 -411 339 -410 340 -410 .341 

1% CI 330 244 =329 246 =328 247 =327 248 328 249 

3% CI -458 320 -458 321 -457 322 -456 324 -456 325 

5% CI -528 379 -528 382 527 383 -526 384 -526 385 

An61oWYh'llEJ'IIn1'lLnj1ai't~ n"1:: LLaloWlh'llEJI1 n1'lLn j1 ai't~ 
Condition 

(mV) (IlA) 

Control -413 -412 -411 -410 -410 336 338 339 340 341 

1% CI -330 -329 -328 -327 -328 244 246 247 248 249 

3%CI -458 -458 -457 -456 -456 320 321 322 324 325 

5% CI -528 -528 -527 -526 -526 379 382 383 384 385 



[;I1'l1\1111fUJ~1n~ n11 fhMnfi1:rlYhm'lLnIilRitJ.lua:n'l:uahHhm'lLnvll:'fibJ'II8\1U~~~~FlCI~n~[;ILa~J.I 
• a*" I fa .., .., til Q

L,.,a n n'l N1iiiFl1 [;I'l\lU'l L 1 N ~IiI[;11i1 n~'II()\IL,.,anLR'lJ.l 

1~'tfn'l:ualrHhd\1n1'n~liIa~~lIth1L"'~ma~~~£I1fl 48 ill 
£ J :e J B J :e J t J 

Fl'l\1f1 1 Fl'l\lfl 2 Fl'l\lfl 3 Fl'l\lfl 4 Fl'l\lfl 5 
Condition 

mV f.IA mV f.IA mV f.IA mV f.IA mV f.IA 

Control -231 231 -231 231 -231 232 -231 232 -231 233 

1% CI -190 190 -190 191 -190 191 -190 191 -190 191 

3% CI -261 261 -261 262 -260 261 -260 261 -260 262 

5% CI -185 184 -185 185 -184 185 -184 186 -184 186 

Rnm,.ihll£l\ln1'lLfililait~ n'l:ual,.ihll£l\ln1'lLfililait~ 
Condition 

(mY) ()LA) 

Control -231 -231 -231 -231 -231 231 231 232 232 233 

1% CI -190 -190 -190 190 -190 190 191 191 191 191 

3% CI -261 -261 -260 -260 -260 261 262 262 262 262 

5% CI -185 -185 -184 -184 -184 184 185 185 186 186 

Jl1'l1\1111F1eJ~1nii n12 FhRmil"~1nl'nnIilRitJ.lUa::n1:u.RhHlhm'lLnIilRitJ.l'll£h'ludwl~Flf)~n;JlLR;J.I 

L,.,;n n; dIr~!iii JI'lI'lU~L1NJli\lniii IIinJ IIL,.,;nu"iJ.l 


l~'tln'l:ual"l'hd\1n1'Lfililait~lI£hn"'~ma;~~£I1fl 48 ill 
E CJ E J E J II J £ J 

Fl'l\1f1 1 Fl'l\lfl 2 Fl'l\lfl 3 Fl'l\lfl 4 Fl'l\lfl 5 
Condition 

mV )LA mV f.IA mV .f.IA mV f.IA mV f.IA 

Control -223 223 -222 223 -222 223 -222 224 -222 224 

1% CI -191 191 -190 191 -190 191 -190 192 -190 192 

3% CI -230 230 -230 230 -229 230 -229 230 -229 230 

5% CI -204 204 -204 204 -203 205 -203 205 -202 206 

Rnm"~111£1\1n1'Liililait~ n'l:Ual,"~111£1<1n1'lLfililait~ 
Condition 

(mV) (f.lA) 

Control -223 -222 -222 -222 -222 223 223 223 224 224 

1% CI -191 -190 -190 -190 -190 191 191 191 192 192 

3%CI -230 -230 -229 -229 -229 230 230 230 230 231 

5% CI -204 -204 -203 -203 -202 204 204 205 205 206 
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