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{ SUMMARY )

Purpose &
Contents

Final objective of the this research is to devise service life prediction software

package for the concrete structure exposed to a marine environment and sub-objectives

are as fol lowed:

= Chloride ion penetration modeling based on hardened cement pore model: FEM based
convection-diffusion model which has numerical stability

» (rack propagation model caused by rust expansion: determine the time of concrete
crack during rust progress in reinforcement model caused by rust expansion

= Development of software package for predicting service life of concrete structure
exposed to a marine environment: prediction of anti-corrosive effect and
optimization application condition using electrochemical treatment

Modeling of penetration progress of deleterious elements (chloride, moisture,

temperature), modeling of corrosion process regarding concentration of deleterious

elements and modeling concrete crack propagation resulted from rust expansion which

were key accomplishment of the software package development for service life

prediction. In addition, maintenance method for reinforced concrete structure was

established by using them for defining service life where electrochemical treatment

application model provided quantitative guideline for optimum maintenance work period

and condition.

Results

Following key R & D achievements and accomplishment at each unit level was performed
and completed during the term of R & D:
= Software package of service life prediction of concrete structure
- Modeling of chloride ion penetration based on pore model of hardened cement
- Modeling of crack propagation program resulted from rust expansion
- Maintenance effect prediction program based on electrochemical treatment
= Deriving input variables for pore model from in-lab testing
- Validation data set of durability enhancement effect where combined cement was
used
= Deriving environmental variables from meteorological observation data
- distribution function in sort of variables using actual data
Quantitative R & D achievements were fulfilled 100% by publishing 6 SCI(E) papers, 11
presentations in academic symposium, and 4 S/W registration during 3 years of R & D
term. The objectives set were: SCI(E) paper- 6, academic presentation- 6,and S/W
register- 5.

Expected
Contribution

The S/W package developed within this research is applicable to practical use for

prediction of chloride induced deterioration (marine, deicer) of concrete structures
(port, bridge, road) and assessment on service life of the structures. Corrosion
initiation and time of crack caused by chloride attack is also predictable, and precise
diagnosis on durability of the structure is possible accordingly.

Developed program can provide optimized condition of electrochemical treatment for
reduction or/and inhibition of corrosion, therefore improvement of service life of RC
structure and benefits on cost efficiency are expected. As a result, application of the
developed program would give people higher reliability on SOC.

Ultimately, commercialization of the program is expected by establishing system and
specifications through co-operation with IS0 (International Organization for
Standardization) or related expert institutes (Rilem ETC, ACl outreach committee). If
data base is updated by continuous field application, prediction would be more
accurate, then economic profit will be created as it is more compatible in market.

Keywords

corrosion of prediction of Electrochemical

durability programming . .
steel service life treatment
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(2) Interparticle diffusion: ™ &
olAxE F& A ¥a)E T3 WEHAAE Fe= AF
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Interface diffusion into bulk Diffusion to the pore neck

Desorption process
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(3.13)

Cr = G
o a_gq
0%, 9 2 3.12, 3132 2] 3.119 ddetd, v 22> dEFE 5SS 19s 94
it nd 2S5 A5 5
dcC C &>
f b f
_ — 3.14
< +k(q a_m) S G4

9 A ARt WE FAYE ey S WA (Implicit
(dt, dx)& ©]-&3}]

method) & AH&38HITE 22|31 zlo)e} AJ7tel] el 242
chewt ol EasAC

2 =0, Az, A2z, --mAz(i=1,2, -, m+1) (3.15)

;nt1) (3.16)

t=0, At, A2t, - nAt(j=1,2, -

A71A, 4,50 Al ek AZrel W step indiceolth. WS o] &3ste] Aglel Alzte] ot
AHEF = the 2ol 28 4 St
dQC} 1 i+1 i+1 i+ 1
Distance : —-= 5 [Cﬂl—QCy +Q7_1] (3.17)
dx (Ax) ’ ’
dc, 1 , ,
A S R P S S 3.18
Time: —= |G C] G19
A A @ Azre] AEFHEHE Au) A 3140 thdskd, g5 22 Jeo IEIAF
o gk BEARE As 95 F A
= O+ | O = =n [ 207 ) (3.19)
a=pg,
9 Ao AT oy e o] xddEH
o = kAt (3.20)
D At G
T (A |
st ol AR B 27 21 (=002 Agsta 4 3.17, 3.18% CulAl GE
get Jow mdstd ohe 2o

A1 gksto], 2] 3.14¢ tdste] v Akl




Gil=q,— o=+ cf—20 4+ ¢ (3.22)

Gt 9o Ae B8 Tekol, 4 3.19¢] talatel, ol A7t stepol wel 4w 7

& ! nAsdnol s dY dol 4 =
T £ G2 714 (ocal
equilibrium) &2 7}g-& o] 27132 Fostth. FA&A kgdS FAsH7] fs AzE
2 Agle] gk At 72

k 2
At < F(Ag;) (3.23)
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= Yt} o] 8st Ae&e 65% GGBSSF 10% SFAAE wAEgow 5
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AN, dw/dh: TEATF5EE (moisture storage capacity) (kg/m?) h: A& Eo| o},

B Ao M= FRolFo tst FrAr EdEMN ) Statistical permeability model®l] 7]4F
sto] ol gk FEXEEE ol &3] A W FF7]e figt ol TEE FEEAQ WO
2 Aol ol w4A8A U Fiols A o] w2 FALE vl s v

<19 3.1.4>8} o] ¥ HAvh

Moistire flow
o Tagmel. —==Z0Z0 @ GlEssersssasisiegiiiiagnis
* Vapour

A
-
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w
~
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n
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=
E.
=8
=
=}
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=
B
8
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=
Qo
[oN
o
=2
e}
o
N
==
Ol
1A
>
|.|-|

¥olxF9 HZ (Hagen—Poiseuille * law) ol &3hd, FAQ vadHA4 W S04 A2
z0® wE FAZES e dE% o= s ]

ArelM e SAUE W Fiols WAYUSTS Fobx A& 3 94

Statistical permeability modelel &3] golstlom, Ao st FFAT= o

/i] 5
2ol AAskgiet,
p?l) o e
k= f r,rdA,dA, (3.29)
87277 0 0

AZIA, nt = AAAF (Pas) r,r TA2QA
7] dA,,dA; T, el dlEekE A vlojth 2o oA AT AdE ve AE

A3} gro] gelH
n=mexp(— 1.94— 4.8( T/ T)+6.74( T,/ T)*) (3.30)

o714, 5,0 0.001792 (kgs) 7;: 273.16 (K)o|t}. &

L

)

= (Capillary condensation)®l] 3@%3sl= X3td F
= A

XL oFEsng, FA4H
Kelvin' s lawel 938 Hdol 5 7ls o715 t= 23 o] d4sic}

20/M, 1
"e™ T, RT nh

(3.31)

oA71A, r: YAAZ (Critical radius) (m) C &5 (2.15) v £ ZHAE (N/m)olH,
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ol 2Ed oEste LS A, ths AE A Zo] xdHh
y=T7.5796 10 2 —1.45x 10" Y(7—273)— 2.4 <10 "(T—273) (3.32)

Tl AAARNA #5737 Exe] s A4e 5 o,

Py [ 7 ’
k= 87277 (/0 rwf(r)dr) (3.33)

ANA, 1, 57 &

=
- o 1

nfol AR oA wiax F= 7| afFrt. olE S fleA Adud Fheh W ¥
W WIS ST TR FAkste], ¥R EE E4E A&k, § FAs 2l
= 49 F Uk

ZAYE W F&Y 523 (water sorption) 2719 F57Ids T3 = Wl HE
&3 &2 (vapour adsorption) ¥} BA# &5F& ST 53], =& HUlsE 27A
= lﬂ I3EE ARt AHe TE EAS S50 g8 2R HY, EE s A
T+ TFE TS tTﬂoﬂ o] ARAT. ols F 7HA @GS FAFFAE A FAl
AR, FAYES] ol = AA 3% (degree of saturation) 9} S8 hfaF
= AAstA @ ]Q]r 2o AdE 7 O7HA HE TEEHE, WA & dxd 584 &
A ES AF 97]elA Eoles FF7ld ds 3=l 23 E Al we dAA
73 olst F=ol i 100% x5t FHE 1 ol A7 F=ol A FEAQ £3} A
HE At ojgst i FRARAEL AA F=0] 100%°l 77k E3P el o] & w7hA]
A &g ZIgES A BAY A E2 (Capillary active material) o] A% Zg}A~E 3}
e aRAALG ] B0l ofyr] wEe 95% ©]A 100% viwke] dEje] ¥ 35 e
th o]2lgk AElE Super—hygroscopic regionolzl &tn, ZAE F2AY F HY x3}
T AEE dvjstth vbd S7AEE Axe A 2IYE Ul Hd 3% dHERH A
A Gl o] astdA 97 Frg 22 AHE dske B33 E e 239y

(water desorption process)olzt A& sty 18y @A SRy ] B
=02 <& o]xgdA (hysteresis)©] WA o] st AAAQA HAHS
5 <% 3.1.5>¥ o] AEc,
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Relative humidity

<I# 3.1.5> ZAE W 8 F2 9 2ol fig ojgdA

SERIEE I S A 9 oleldy g 2
Sz70e] o FARAL Agen 2AUE U 58 F2 Bgel tha A Tare
ARz JAANTE $5 REe] wet b A3 o] Ehd & gtk

r-\.'
‘Sgota.‘ T ‘51' R f dﬂ =¢mr’crc{l T EXP{Bm ;}cro'r:l]-l_ ﬁ”m acro[]' - expl:BmacmTH (3'34)

A7NA, §: mAB $He] st
dv: A g5l st AAF

—_L
A -
EAR S5 A 23 35ES Lstel A 23es vhad gl xddEh

r(8
“.=5+5;..=5+f ( “)du=5{1—m5] (335)

A7IM, Vi WA ¥ Fy S/Vv gF@ g F
A F 7FA Agel & AA Z2AYE FxE U dgdQl
Z e (drying cycle) ol o2+ v 23 o] %3

5

- ;
8oy = 85 =81 f [ ,[/,)dt,-: S5, +8(Ins, —InS,) (3.36)
S )

otal
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AZNM, 1 TABE W =9 A 23PdEoIY, o= o BR A I M
T X3 dHE guidth pvA R 2 g el Al FH Y (wetting cycle) 2 W
ste = AHY E3tee v A9 gol xdEn
o r_:l'\- I
f';;"n*ﬂu =‘5‘r—5.':|'f = .5;.‘;‘ . IT? }ﬂrb: ,_‘}‘C-I—ST___IHSI_ (3.37)

A7IA, S ¢ FAYE W F=2 HA EsPHolH, ol Fe FRAA M T
Ao wE U guidtth of T A4 Aol Bl £370e] dF FHARPo A
ST (5,2 nas, 44 T Aedw g A3 2,
‘5;.5-!2:' :“-I:’;'+“5‘:n|'f+"5‘ad (3.33)
4714, 5,5 A7 A3l 54 AdGE o 3 vel dFow Gt B AL
st F7& Bradley 2l& AR&sto] th&3 o] vt
t, = 3.85—1.89In(—Inh) (3.39)
AZIA, 0 TS AE] B Yol B A 27 A (m)ol™, 359 BjEdE 2
ol sl vhe A3 #Zo] A&t 5,5 2
Togo |

Sua =1, - (3.40)
ANA, 1yt BT REE W R W&ol 99%e] AP FF Aslolth 9 4
3.34-3.37% ol &sto] Wl griEzde] Wit FAYE Y i X3t D FE dRF
= A4 st
tee ZAAE U FRIE F 5370 g% F4A ()R o FE 3 AUEE
oA pRolEE Auete, BAIT $3o] ol AATT ool el slgEch wat
%719 olF "WAYFLE AFAl &4 (Knudsen diffusion) ol sigst™, 537171 Hf
7t o5 Anth A& A TR gasl Ak olF weste] Ty Wl gl diF
ko o A3 o] Feojd)

ko= DO (Mu) 41

1+ N\ RT (3.41)
AZNA, Dy &7 s £5719 GabAIT oln, & AFA = 21.6E—6 m2/sS 2 &
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(3.45)

G, , Clco,t) =0

Boundary condition: C(0,t)

(3.46)

0,z>0

Initial condition: C(z,0)

(3.47)
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(3.48)
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FIYE FHo A9 A
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(3.50)
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(lowtide)

hmin + hmax
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FE ZAYE “HZJM <k, %

tlo o
e
N
4
0%
X
b
U
N,
o
=
X
1o
o
il
s
1o
2,
A
2,

¥=4H3 (Anode half-cell reaction): Fe—Fe*t +2¢ (3.54)
=58 (Cathode half-cell reaction): O,+2H,0+4e —40H (3.55)
wok, 4 3549 gol, FFWe] Yo} A 3559 o] 1] AshkEuro] olojupu,
ZAYE f o= Qg %ELE]EQ] T Ao shAl et ol FUHHoR FAYE
T35 ) Sakstol e} We g do] thesl 2o FHel wg wANUY
F*" +20H — Fe(OH), (3.56)
4Fe(OH), +2H,0+ O,—4Fe(OH), (3.57)
2Fe(OH);—2H,0+ Fe, O, « H,O (3.58)
A71A, Fe,Op « H,O: red rustolw, o] ¢ Fujro of 4ufje] BF5 shof, F4E9
Aol Ayt ZAYE AdS 7HS A, SAHE o4d BHHS dovy, A5
owyE SEwslel hE #o W eAAs AN RAAAL ANHEN, 2 &
9 F Aol Awe) 5EE AR

A
oM el A9 wat HoAAXA HH, A= 3 E=3E

o7, FAARFE FLAIH. oo gt do® <I¥ 3.1.9>9 Evans tho]o| 13
et St 971, d25H E58t2 & AR A (Ecorr) 2ol wel, A
ZAYE AWS SHste % 55 A AFREHS vy 2o BFLHE 5 5 9l
ot

gy = 1, A, =10, A, (3.59)
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4
5 /— Cathodic polarization curve
Eceil
¥ R RSP o=
Anodic polarization
4 I8 curve

[
L

Current

<71% 3.1.9> AIHA9 &= 2 5= HEgol ot Evans tholo] 13

Ao A7} wAE T 2

j=——— (3.60)

o371A, it AFUE (A/em?), ¢0 A9 (volts), rm ZIAHYE 243 (ohm—cm), n: A

b
r
Ir
2
il
e}
m

s} wlalstel, seldlo]l WA (Faraday’ s law)ol ojeh 4
AEADE (Fe(OH),) e ALEAARE SAANG, o] 2o AnEs Ardn
o} wlalate], g 23 go] AIAWANY A% S5 (SA-UR) g BAAD 5 3
=

J=—— (3.61)

o7]1A, J: sl Arsrge] e AFEF (mol/m®s), 2 ATEWAA L AF
ol thet &9 o] =, B #Hde] 4 (96,486.7 C/mol).

9] A 3.619 Flux W& 97|25 ATFUOR Ao §9S oulahn], A w9
A 0z (32 g/moD7F &=olA Z&BlE W 4 mole FAtstol2 (OH) & HAAH. o]
4708 @9 o] & (2)E dmlstH, 9 4 3.60° Wy Al th #Zo] vERd 5 gt

ot

fr Mo

J., =—8:291x10" %, (3.62)

SFelA] WARE FAEel LY B4 B FFANY A o3 MEEEE G
= =] 7
T

A A E = A




i
— % 465610 T 3.63
Tjor = — = 4656 <1077, (3.63)

AZNA, jppt FFoIA WAEE FabsbEe] AAFE (kg/m’s). T, 9 2 3.57% ol b
29kel F71AQ HES O 2 red rustE HAAIZIH, o= 4 mole] FAksEE (359.38 g) 3
22 1 mol (32 g/mol) 9 Hkg-of 23] 4 molell 3lE3sl= Fe(OH) 35 WAL o]& 9
o] ¥ ST T2 WHoR oHd gFAA ] FIF At AMES FEste] oay 2

e
o] ¥ 4 it
32 .
= =—4.144 <1 3.64

o =" 350,38 Jrer 0 (3.64)
ol VIEFE AZbe] mE HITH FI5U £ AbAFo] FAZA @ AAE
Heke oy, AAl SAYE ] oA & A AbAol9], %, 2%, 9%
AR #AE 7HA I Sk weba] 2 AFA s FFelA e FAARFE 25 Fald
2 Fx9 BAEAA7]7] 998 Dynamic corrosion modelS W23 #Zo] =933t o]+ 7]
E 1A AA AFYUE (eorr = 1 g A/em?)E E3 &3 2, o] =28 A 237
E FxE 5 d A% dolHE &3t njA

O

g 371+ 29 (Cady and Weyers) &4,
ZAYE U 95, 2%, 9 ZIAYE A4S T HFEE o5 Zo] yEd Qi

3006 015
ipyy = 0926 X exp 7.98+0.7771X1n(1.69Q)——T—0.000116RC+2.24t 02151 (3.65)

MgE maeE SARY F Qaole wao wAy wARA, T

R, =exp[8.03—0.549 <In(1+1.69C)] (3.66)
olg T FAUE Wl &, F5, 9= ARtel mE HFsEe s dzlolo] A
FARTE P2 ew, sefde] WHs AEsd ved g F4 AYE

106845

=] . =5536x10""i 3.67
rust 89.845 err 9.536 0 24 ( )
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Zb A2 20C 9+ TPdEHE AAsty, delesie wE FAAREEE S A9
FEo sty Frtste FAE WERITH o= Y& AvtY ARl E HE F4
dE U FAAFE 5743 C.Alonso et al [2000]2] A7Az}e} w523t H3FS How,
ARk ey vl A RS ARE YERIY AstE sE9 FAARTS] AHa S 3
% (0.1 ~ 0.5 % by cement mass)ol tialirE= A3 F7tets FAS HP oL, ok
1.0 % by cement mass °|’d =5 Ueld Al dF2AEe] 548 S7HES YERAIT
T3, BN ARFUER dEA o 0.1 ~ 0.2 pA/em®el dFse AAFI}E =
S AME FHON] 1.3 ~ 3.29%% YEROr], ol BS81109] A LA 0.4%9)
oF 3~8ul] o]Fe] kel sidE . webx 7|EY dA3E RNk Vo E FAUIA AR S
H7tstal ol FAYE UFaHe] V| Eo R £ Al Sl Slo] HagrtE AdE
= 95 F Uss drET
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ol =Rt of T wx (high tide) ol 7H7ke WD—-1 (29 A3A 2 8 dx) &} 1t
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2tz AAstglon, vugdor A dis BARS W (A5 A]) AdH

ZAHE Y A2 BAE (corrosion rate) S APtk 1 Ay} ) o
TH S AxT|0] =EFF A e BAAE 55 EokyS o 5 %loeH, B
H47 vlw Al v S A3E R o] ] =
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th 53], A2EEeAA ¢ 5 mm FIHA SRS FAse, 1 o)y Aol
& e o BAYE TREC ARTA AA A AT 97)E0]
20 AR wEe 49 FEE ol nAdoRte ov g,
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A R F=AE AAst 4
7bsto] A E W dsfio]2] Azt W& #
A2 e W Frkete], HA o By

T
—
=2

B
5

FFF Ui oJlFE (mol/m3), J: o]/ (mol/s - m?), z:

SIS (m%s), @ AA7] HAA (Volts)., ZATE YF o]&E5 7+ @714 A+

m
o] o]%x& Ha =A %7 (Charge neutrality) S wEn a4 A &=
o] )

ole Hat,

I=FY 2, (3.81)
i=1
vVI=0 (3.82)
o714, I AFLE (A/m?). 4 3.79-3.81% T3 #7174 3 wZddeel o] o] 259
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G _ [D( l cp)c} DV C, (3.83)
o= VDl Ry 1+ v(DvQ) :
(I/P+Y,2D~vC
F i=1
—= VP =— (3.84)

4 (zi)QDiV C

1

RT n
=1

9 4 3.83& 2AYE o] A A/F Aolo] wet ol 2E o|Fo] AFHM, 93]
Dt GRAA AolFE FIAN

A AdojF ARl vt 2aYE U A
A st Aol o3 FAYE I FNA ARFEE FEXe a3 22 2xd &gk 34
215 wE
2 2
v2¢:%+%:0 (3.85)

AZVA I =/0x, I =0p/dy. TAYNE & d
UEE 7hete, BAHE A ol2EEE the <IH 3.1.17>¥ Zoh AMIESS A W
= = ZE (KD, HEF (Na’), Z& (Ca’), FA7
(OH), 94 (CIN) ooz 7pgsisitt. 1itel, &4k, vkavle ol2s 52 visdte
L a5 § 57 sl vel 2aE e W I S0

-— I
K—\ —(OH
i csNT
Steel
-—0OH- \
Na™ K~
Concrete
_|_

<71% 3.1.17> ECR &% & Z3AYE ¥ U o]olF

o
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ECR 9} Al ZAHE 3 o] QREL 9%o]A FoFi A Aol st 123
WS ARUEE 2aE g AN 0ew g $IWsoR dosn, ARF
o] FA3to] (OH) S WA AI7IT}
2H,0+ O, +4¢” =40H" (3.86)
)
= - 3.87
JOH F ( )

Faraday W&o whe} AZZolo el AAZAL 7 dRrdeet 35w Falkstol
e AFA BAAS e A, el o] 5o el 4 3.879 ol&fke
Oo] #r}. oF AR7ISY AH A SAYUE UF o]52 3 U> Ak Aol vl & shA
FAle sl o] EY A FAHAIGe oJEsith ey A3 WMo R PholR o]
sl diet EabAg APgH S g A A gon, T2 IVEAE F3l dojxl o=
AbEEO ZItE, ECR EEsAS 9t 7] 9@ AAZRAC digt 7} o]l&59 MFeES v
Ho] & 3.1¢l HA|sHSIT.

3 3.1> ERC 3|49 %7] 9 AAxA

Property Potassium Sodium Chloride Hydroxyl Calcium

C. (mol/m®) at anode 5 5 10 25.2 12.6

C;; (mol/m®) at t= 0 100 900 380 620 0

z; (=) 1 1 -1 -1 2

D, (X107 m?%/s) 0.39 0.27 1.02 5.28 0.16
Electrochemical treatment® X a3e AHFUE Q17FAI 7t St 3 3

S Hrlkslrl 98 9 4 3.83& AW Jo= ¥ 3
FEM &l =918ttt <29 3.1.17>3 o] 7HA+
(@10 mm) & Fel AXA7IIL, & D] FFAE 913
7AW R g s Hrheksich

off
o

o
L
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% 010 Effective porosity E % 010 E
E 9.0% 8 g 8
3 g 3 g
0.005 = 0.005 =
0.05 0.05
0 0 0 0
0.001  0.01 0.1 1 10 100 1000 0.001  0.01 0.1 1 10 100 1000
Pore diameter ( m) Pore diameter ( m)
025 0.020 0.25 0.020
30%PFA 10% SF
0.20 Total porosity 0.20 Total porosity
> 18.9% 0.015 > > 18.1% 0.015
B = = 170 =
3 2 I3 I3
& 0.15 & & 0.15 &
3 0. 1<) S 0. 15}
3 Effective porosit 3 g Effective porosity 'E
2 POy 0,010 8 2 12.1% 0.010 8
g 11.6% ) ﬁ . 5
2010 £ 2010 £
g 2 g 2
Q Q
3 £ 3 2
0.005 = 0.005 =
0.05 0.05
0 0 0 0
0.001  0.01 0.1 1 10 100 1000 0.001  0.01 0.1 1 10 100 1000
Pore diameter ( m) Pore diameter ( m)
(b) 56 ¥4
025 0.020 025 0.020
OPC 65% GGBS
020 0.20
2 0.015 » 2 0.015
. g . g . g Total porosity . g
= Total porosity = = : =
gois g 015 14 g
s 0.010 8 s 0.010 E
.‘—5‘ Effecti . E 'ﬁ Effective porosity E
—3' 0.10 ective porosity =) .; 0.10 ) £
£ 8.7% g ] 9.2% 3
3 g 3 g
0.005 = 0.005 =
0.05 0.05
0 0 0 0
0.001  0.01 0.1 1 10 100 1000 0.001  0.01 0.1 1 10 100 1000
Pore diameter ( m) Pore diameter ( m)
025 0.020 0.25 0.020
30%PFA 10% SF
020 0.20
> 0.015 » 0.015 »
g 015 Total porosity g g 015 g
S 141% e &7 Total porosity e
2 0010 2w 0.010 E
% 0.10 Effective porosity E % 0.10 Effective porosity E
E 86% g E 8.6% 5
© 0.005 = o 0.005 =
0.05 0.05
0 0 0 0
0.001 0.1 0.1 1 10 100 1000 0.001  0.01 0.1 1 10 100 1000

Pore diameter ( m)

Pore diameter ( m)

_58_



(C) 90 ¥4

025 0.020 0.25 0.020
OPC 65% GGBS
020 0.20
2 0.015 » 2 0.015
S0 g £ 0s g
& ' %‘ g‘ ' Total porosity %
; Total porosity 0.010 ‘E' = 11.8% 0.010 g
< o
=010 93% £ =010 S g
g Effective porosity g g sgfne/cnve porosity %
© 5 7% 0.005 = © o 0.005 =
0.05 0.05
0 0 0 0
0.001  0.01 0.1 1 10 100 1000 0.001  0.01 0.1 1 10 100 1000
Pore diameter ( m) Pore diameter ( m)
025 0.020 0.25 0.020
30%PFA 10% SF
020 0.20
2 0.015 2 0.015
¢ ¢ ¢ ¢
30,15 g 8‘0‘15 g
g Total porosity 0.010 = g 0.010 =
"3 11.1% g "g Total porosity E
= 010 g = 0.10 9.9% E
§ Effective porosity 5 £ Effective porosity 5
3 67% 0005 & S 6% 0.005 =
0.05 0.05
0 0 0 0
0.001  0.01 0.1 1 10 100 1000 0.001  0.01 0.1 1 10 100 1000
Pore diameter ( m) Pore diameter ( m)
(d) 180¢ ¥4
025 0.020 0.25 0.020
OPC 65% GGBS
020 0.20
> 0.015 » 0.015 »
¢ ¢ ¢ ¢
gﬂO‘lS g 8‘0‘15 g
s 0.010 E 2 0.010 E
§ 53 g Total porosity g
g 010 Total porosity E 5 010 9% uE.w
§ 74% g § Effective porosity g
O e : y @]
Effective porosity  0.005 — 6.3% 0.005 =~
0.05 6% 0.05
0 0 0 0
0.001  0.01 0.1 1 10 100 1000 0.001  0.01 0.1 1 10 100 1000
Pore diameter ( m) Pore diameter ( m)
025 0.020 025 0.020
30%PFA 10% SF
0.20 0.20
2 0.015 » 2 0.015 »
2 | 2 2 | 2
gols g g0ls 2
2 0.010 E 2 0.010
= I = =
é 0.10 ;"S‘j porosity : é 0.10 go;jl porosity 2
8 Effective porosity g 8 o Effective porosity E
6.0% 0.005 = 5.9% 0.005 =
0.05 0.05
0 0 0 0
0.001  0.01 0.1 1 10 100 1000 0.001  0.01 0.1 1 10 100 1000
Pore diameter ( m) Pore diameter ( m)
S 31 B.ax
<I¥ 3.2.4> 74 AR 77e] B 5 LEE
A= : o =1L 2~ O > T
A7IA, A F5F (Total porosity) = 12+ 20| Hol 4&EH7HA] 4dd AefelA ] +34
L2 O o = O = 31 1L o bERe >~ 0
TEES 9u|ste], FaF=E (Effective porosity) S FHuitH oA HAE7FA] FL20]
=l TILE O o = O =531l 12 O > = 2~ 0
olgdt= AlFNA S FFEES usth. o7|A, fFERISES AW U dEEH TS
o L= = =] 2~ 0 o)o o
(Ink—bottle) &] 4= A F=ENA Add Folth. B Aol il & dd=FS FA
= 2~ = s O = J 120 = O ey e A
717kl wE FEpdde] s d ¥5E 9 fFa¥aEY #aE 2ied, 4 357
= = = o L = < = = =
T peak? FH B A7) I oE e UEEH ol M ¥ F3hEd HY ol
= 31 =L S5 B3 T LS A= KR
g2 e vholas @ MR FIE B RIS £ gee 2L ey




g2 ZA7F gRE0 S A AME WEA ZA Ale] AW ¥ 54& Frtst
7] &l REEE AR vAlFr2E FA T AEY FHie oF 8 Wo] 1-2 em A%
o] AewA e REEE AHE gHet ZEv ASAE Ex3% F (mounting), ¥
wrh v Weo #EEE ghE Avk(polishing) 3ttt <29 3.2.5>. 1 ¥, S Ak Az}
(Backscattered electron; BSE) 7le< 7F& FAF Az @v]% (Scanning electron
microscope; SEM)& o] &3te], dAe ¢4xn & AlES AF AW ¥ & 71544
15-20kv® fAetaL T4 FHo|AES] FEo] 7HeE WS 24 & F AdF-o] AR
< ST, SAE 2T AHE HEZ XS] oA 2

o
=5 AL AFDE 500 wi& FEjelA] oF
30 Zeld= grspion, g Wdte] wE PAE Aole Fikw 9 vgshE

Al AV EFE S = A= HolEZE A o7]AM, FRe 30 2}l 3
e zhwiehd ekl 24 AWorRE e y5ES At

Epoxy resmn

SEMHV-2000kv WD 1497 mm
SEMMAG: 500 x Det: BSE
View field: 433.4 pm

SEM HV: 20,00 kv VEGAW TESCAN
SEM MAG: 500 x i H
View field 4334 pm  Dateimidsy). 09/16/14 Performance in nmmn

= BT

(c) ¥igt ¥ o) BSE ©]u]X]
<1¥ 3.2.5> AAg AH, AL SEM 7]7] 2 wjg ¥ BSE o|n]A]

_55_



[H 3X] =

(1) ZAL ojO|x|

- SEM £ FHZ S3
RETIES TR

- BXfet HO|AE Afojo] FA T
£S5 9% UK EM(edge

A ZM,

AlHo

o
=

detection) 9|

oln|x| gt

H BA

2. Gradient image

(2) 0|O|X] Opening

- BAL O[ofX[of CH3{ &2
2 JYo]aAY oA
e o|Fl olojX| =&

- Olof CHol =XK<t
T2EX] B HATH(bridge)Of

ST
CHt disc rolling E02|F X2

Ho|AE 7t

bridge

3. Positive binary image from 2 4. Opening image by disc rolling

(3) Eroding, Reconstruction
- O[O|X| Wi HO|AE ofF HAES

O et X|HE 2|3t Eroding

XFOA
=

- Reference O|0|X|(Opening O|O0|X|)0j|
CHsll  SxfddES S AlZle

Reconstruction 12|15 &

5. Eroding image by disc rolling 6. Reconstruction image from 3

(4) X§ O|O[X| Opening
- Reconstruction & SlEF =AY LH

B DIML=0| CHSE Hole filling

7. Hole filling 8. Opening again

G) =M MY
- 2 J20|AAH Y O|O|X|of CHsH

M ™ EEAOAM 22 Opeing 0|0
X|E O|zlI%t

- O|Zlzt = =XHof Yot HA
HigS ©H T2 FEOM XL

10. Aggregate segmented

_56_



(6) &% o|ojx|

- #2 JY0|AAE OnX| W &
=, Fe=i=ael FES A =7

o tH Y 2%

- 2ME Ml dojAAHY O]
Oix|of s MHE ZIEs H

83t =M, &=, HO|AE0

CHSH A%l O|O|X| Bt

11. Ternary image for the Aggregate(grey), pore(white) and paste(black)

3500
(7) O|O|X| EEXz| =
- EX|9} A|ME B|O|AE Zt| Of
) N = 2500
O|X| segmenting O|F Otsu’s =
= N _ Z 2000}
method2 0|238}0], HO|AE O] =
- = 1%
O|X|of CHSH B30 %oy 20| =300
AAY Y EE 1000
- 2t Dol YUAZS =8 500
of, EME R HO|AEQ] 0
3 o[RS} A A 0 50 100 150 200 250

Grev level

12. Grey scale histogram and segmented value for the pores

@ AHeRRH SSE =5
- 2MA A HolAE  Zte

segmenting 0|% I{|O|AE O|O|X]

—_
SSE ME

- & 8 strippingE Sl SXHAH2
EEH 2 120 um0j| LSt
_S_Ql-_E_E 74X

SLAYE U ¥5ZFE AES O
#9 " (Computed tomography; Ct) S g3ttt A& 1-

:
39 AFFOR AHE Ho|XAES Aste]l TR P

micron/pixel) o] sl E=o]=

ux, 29 ol %]

_57_
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3}¥ (Linear Polarization Resistance method),

B3

H (Mass loss) o] AFE-% St 2

(6]

A

H (Galvanic current method), ¥+d9l =79 (Half—cell potential measurement), E}FZ

24 (Tafel curve method),



b ZAxlY A5 =74 (Galvanic current method)

Az Be FEel A/HoR AAUAL BF AS FH9 olesnel mat AIRE

nolm o] 2BEIL ¥ Fho| FAo] WAL AL WAT 5 Urk. 0T TAE A2

B e Agetd maeee] WHe Aoy Aucdels wo A4S ZHekel A

2o BA A oRE BB S Ytk B AT Heby WAE $3R0R st
o2 st <1 3.2.13>,

-~ ElEbE Of+

1M NaOH

() Ag BEA% (d A1d 54 A

<™ 3.2.13> vk AF 53 H BAE 9 53 AR

(h) wrd$] =49 (Half—cell potential measurement)

ZAYE o Aol Aol dAErH A mdels o] WA 53 &0 A
Hr O Ale]l® ARTE ST A S5 A AdiMe £l 2 H2Y 74
AFE Lobof shxvt dzo] FAE el Aslse] A =1y 551 Aoz 527
el 4 AFE SAS7= v o diel dbHor FAYE WF dTS Q19
Ao wEAA AAdS ddsta, ofd wHANE Ze d=(ol: Ag/AgCl, Cu/CuSO) = <
Agk § FAYE gl ASAAH. olu WA d=3 FAYE R I Abe] A
o ZAYUE UF F=E T8 227 HY, st AR dAEo] whde] A= A

J_:'L
Atolel A7 Fal it <29 3.2.14>. o] AL A= Open Circuit Potential (OCP) o] 2}
1% EEH, o]F Fal (4, gdEFoE F2] il JEE #dd ¢ gk 2 AT
/12] OCP+ Copper Sulfate Electrode(CSE)Z =4 %oy #HJ% Standard Calomel
Elecrtrode (SCE) ol tjst gto= :E7]sk3iv
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ZF B3 (guye #3
Mo copper/copper sulfate electrode)
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of Fdg dajd o ddFE #A T H
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TAZY <17 3.2.15>. olu] A=3Ee] M-S FHAsEsH] fleke] M A= 7He] AgE A
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A 2~

AE AFstAF (Gapp, a) &b 3+ AA 2 2] 2508 o] &8kl AA AMsH S (la) &
T8 icet a9 wAEY xF e FAAF WE Zt(corr) S, vE S H21A 9 (Ecorr)
s YERE. <29 3.2.16>

Zapp,a =1 L 3.X)
B2 Aes FAAFE A o AFRE = Al Be 2O FAoA dMiA o R E8u =
#el 26, 52 mVE ARESHA] ol wf SAntth el A= Tafel F49 FaE==40lA
Ba SFRIIZMONA By S do] A 3.XE& o] &3] Tafel constant BE T-5to] AF&-3}
STt

/8(1/31)
B=—— 3.X
2.3(8,+5,) (3-X)

POTENTIAL, E{V vx. Eupc)

LOG CURRENT DENSITY (mA/m?)

(a) Ao =Z & 3%l Tafel curve
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POTENTIAL, E {V vy, Eope)
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LOG CURRENT(mA)

(b) ZA@e WES B3 FAAY - A7 BA

OVERPOTENTIAL, E {mV vx. Eope)

LOG CURRENT (mA)
(©) Atstd7 &4 fst y= W3
<719 3.2.16> Tafel curve 4]
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OVERPOTENTIAL, sfmV]

APPLIED CURRENT, i, [mA]

<1¥ 3.2.17> LPR curve 4

Ae B
= Ai,,, i

(3.X)

corr

o714 Rpe EFATF (kR - cm?), JE= Q1718 AY V), Jl= #A
A S

-
e 783 REAFORRE FAARF 9 A

B
Il ==— .
corr Rp (3 X)
Icorr (3 X)
lcorr A :

AZIA Icorre FAAF[T(1A), BE Stern—Geary & (¥ 2o AL
26mV), icorrt FAAFUL(zA/cm?), Ax WHEHZ % < UEerdt Tkl
FUE7F AT defdle] 2 (Faraday's law) & o] &3fo] §-24 dfFol wp&

AAF d
WA FASE AT AN 5 vk

CR M/I:CO’V'T t (3 X)
- pzF '

o714 CR(corrosion rate)< 24 % (gm/year), M< A (55.85g/mol), t= A7+
(s), o A WL (7.85g/cm?), z& BAY WA o]F4(=2) 181 Fi dejdo] A5
(96,500C/mol) o]t}
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2
o gHMYES S5

_72_



:

\
— T

() AF A7F W SHMAE AW ZA A

<198 3.2.20> H2o] wE ZI¢E S$H/MEE A3 AR

Fol wEW olF PuEo] FHH|(FB) YA AEFFS 2@ £ AN
A A Fe] Y] (WA 2 #AL furwh Fdol YT 5 $AS 7}
%3 Hof FHEE AR (H57]) #ho] Astrel BAYE VY A, A2 ww £
2 A% B 5 TR AsE WPANHLAN). ol HY 2= AE B2 ¥
Ao o)gt A WA Uojuhw, Fibe] whel mAE o W2e] ¥4 AEE Wit
& 5 ol AE Wl vherstel, 7 ikl e AFPNS 47w A gt 4B

_73_



b F4 WA A A

FAUE W AT HebE F49He duid AR 59 A%e og <19 3.2209 2
oo gubd A5 239 Aok AN 2 A% glol FAs Fkske Fao] BT 3
T R4 AN APo wHE F o

rH

i)

27 271 (FFF HA, Control) & Aoz Ayt AF7F Alzke] Aol upe} x &2 o
2 WghE HolAnt 54 AHeA FASA Ttk A= dErh 53] 209 ol %= ZAnbd
AF7F S7Ftl oy 409 o] thA] Zraste] bRl ghe Hols AL ZAYER Qs
AT e Fsu Futo] kg ow FAH yFAAo] Fstd Aow wAdHT. xFE
9] AEE AY FE 1209 ol 7HA Ao dnbe dRF SAH S FallA e EdEA
okttt e 7o A9 Aldwttk @&k 97 & WA NaCl &9o JAs AHE9] 4
9 A3 27wt A2 27t HASt A 409 o] Fofl= BT HId ghs yERdTh b
A (Wet), 29 FA 8d AFx(Wet/Dry-1), 54 FA 54 1= (Wet/Dry—2)2 2% 217}
70, 40, 509 Aol Aty AR 4% S #S5HAAT A A BF 4em JES
oF & TR AlEo] AREHATE AR & F5E NaCl &4 JAAG e wep 724
o] A ALGEIY FxE) Hu F3E Aoz gudth £ Wet/Dry—1%

5k 2107 Hol EIZE  H
% dEsA olFojMof
S Wet/Dry—2 Z7do] 718 o z+

[€)
oluk AN E Tl 24d 4 dAwet 22 1 Al @ T

_(,3‘
Wet/Dry—22] A]#H
4]

320 B ¢

>

)

b= }‘E
v
I
1>
o
i3

M

aj

A=)

i

1o 19

falA

T,

Hm

o

v
e B

>,

P~

lg oz

lo ¢

o —o—C-1 9 —o—-W-1

b -2 —aW-2

8 —o—-C-3 g —0—W-3

avg. —ave.
2 2

::- 6 < E 6

2 :
5 E
8 2

|||
i

140
Time (day) Time (day)
= S
(a) ¥F =7 (b) &4 A
10 10
g ——WDI1-1 st —o—WD2-1
—t—WD1-2 ——WD2-2
&+ —o—-WD1-3 &+ —o—-WD2-3
—avg. : —avg.

Chavame current (mA)
Chavame current (mA)

B0 100 120 140 0 20 40 60 B0 100 120 140

Time (day) Time (day)

() 2 A 8d Ax (d) 5 A 5d A=




ﬂm‘_NeJ_/l =~ =
olp WMA%Wﬂ
- R
;s oo S ol
wlAr,._ ‘_Iryl M,.F‘I_Z ,DJmh_/ Oﬂ,.rﬂ.m ﬂ ]
_oﬂfﬂmo 7uo”nA_lmﬂ%]ﬂn ﬂﬂuu_. ﬂ1J17_/! X d o=
- H ﬂﬁv@.mﬁilﬁﬂ %]ﬂuﬂﬂﬂﬂﬂu]] J X N R
Ltdl i~ 191 RO o JMQ.@_HTWAJZ; o W < s
QIMMﬂm Eeu_;n_mooﬁu_t]ﬂuT wn D % odﬂﬂﬁﬂu1ﬂo
=T il m_;funw PUT BT AR bR R ST U
o o TR R HLH_}%.% DEE g E R
o . ﬁAﬂqn@ > I 7Lﬂﬂu]]6 roop ~ QPLJZH_l
Enp Beh o™ SRTCER oz
: @Egma%bmqgm RO i pemE LT
Iq.ﬁ__ = o o | r < ) ) > =5 — 5]
e a4 m%o;ﬁ%o%%ﬁiEmm mﬂ%ﬁ%ofﬁ% oxﬂ&%ﬂ
ﬂwmw w WLﬁJKLﬂLWMoHoWJE@uE o8 5ﬁﬂ_olﬁozﬂoT ATﬂuﬂﬂhdﬂE
S %%%%Ol;lﬁmﬂﬁﬂ bﬂﬂmﬂ%ﬁo Q%@&@%
A T R CC %o N B R o
ﬂﬂ O#Bﬂme_@u]ﬂl,muﬁﬁo HTdﬂma mﬂME_ULo#aA,mﬂﬁ]ﬂ ﬂLuwuﬂLeTMﬂw@
s I L@i%ol_ﬁ E%% o n X %%ﬂﬂnyﬁ
= il NIl o S X 3 v o =~ D J B
B R %;LLE%_\M a_daofrﬂog RPN )
FaN o = T " R e w e B R o @ﬂlm%i
GEIN T >ﬂmm_vmuﬂv_ﬂanHMﬂM0uT uE M]ULHZI_NE eron%
Nf — H 2\@omﬂ1xn_m4n;]o1_64_] Edu.x_.x T R S M
o mm1eamwofﬁoao o W R A ek
(6\2 o .FOJE]IHEHT‘MOLJ%_I oTo‘uer.EHVIME_zT ]O#EOL&I
« B 3wmﬁ_zm__;Ho_L = 0 o BT o o@amcur.%
w7 audiﬂooh]:_@p%ﬁu_zf QHJHMMVWM %@i%%ﬂ
{yur) JuaLns SnEAR 1 < Ge ™ E# nN/H S o OT o MT oT 1_7|L d_ﬂ _ m KH - o oF Oﬁ ;Lmo ﬂJ MN
Voo Lm%aou%a;_fﬁoi % ) zww%ogo TR
ra ﬁs_o%%&oﬂﬁ:i L _uaﬂmzuhl_rﬂuw T uwwwﬂgmh
s s B Bz CLE LR b e
_ | Iy _au#ioo}m X mﬂoal - o =
= Daﬁm_ﬂ71io 7u_;]d|ﬂ]ﬂ51ux1 e .
T BEw oo Ao T LR 2 Vg X LB
w émxﬂofﬂogﬂﬂwmwﬂmqoxﬂ o %zo_awm@
oF ﬁoezr_ztﬁoéoﬂoﬂﬂ%um;ﬂ@VﬁEMoo»ﬁudr. Lﬁumo&l7%
>N o M N oo, B ~ N o PR Boar 7 F —
s ﬁ@%MﬂAev%lt%ﬁvW%%?%xﬂW%ﬂ%%ﬁa
- ME,%TME@@LM_MMﬂ% q_ogozoawm@@qu&a%
2z wm4%%@aﬂaﬂ%&@m~mwﬁ%}zﬂﬂagwﬂ
= T 0 0 J —_— ~ &
ﬂﬂg@ﬂ%%%%%mzv 7mqm@om;@ofw1%
X NWE R BT @%mﬂ%ﬂ o RS & )
» X M e 22 m e B o ™ Mﬂadﬂﬁoﬁo "o X
Z,MHO\‘.»AI‘J&I__O A,.#WL__A?]_PIQ@_.EMD
W o R T B o &
uLﬂ]]Lt
O)Aow

kA

=
S5 ©

1 7}

A
Ao

al

O]

- 75 -




Patentinl vs CSE (mV)

Potential ve CSE (mV)

L0

156 4

3 CRE (mV)

200

—o—W1
—ir—"W2
—-W3
—avg

150

—o=Cl 5
—4—C2 £
—o-C3 230 4
—avg:
+ 500
120 150 L]
(1]
—o—WD1-1
——WDI1-2
—o-WD1-3
| —ave
=
E
e
1
L&
=
=
E
o 30 &0 S0 120 150 o

Tme (day)

(c) 2¢ A 8

o.00

Patential ws CSE (mV)

-1000.00

2 Az

60 o 120

-730.00

—o—Wet
——WetDry 1
—O—Wet/Dry 2
0 30 60 a0 120
Time (day)

N

(e) 24

B A

El
<719 3.2.22> vbde =4 A

"

150

_76_



bof Absheiubel @ 9 A

°©

G

=
T

El= 00

)=

<5
UEebdch 1 9
£ <koll A

7] =4

HES

8

Au
A

=
=

} el

[e]

AF 7 <9 3.2.23>¢] YERSIT
=3

A
=

]

A
a

=]
n
S H

o 0.5 (&) Aol €]

w}

o

_]

S
s

3L
5

]

&

€}

A $AHEA 2 FashEy 60 9 o

Al
0

ojiy
00
RO
)
K

N
Njo

o

Heldes JA =

L
=

ay

ol

e

o}

—_

-

o

N
Njo

B

njJ

o)
N
Mo

o
ﬁo
!

g

A1 7] (depassivation) &

-

R

of <l1¢]
w2 7] u)

—_L

REE I
1o olmlE R4 A A

S

=
=

A, 2
E}o

(Ohm"s law)

9

]

pas
=

Az g 3

o ¥

i
= 0.1~0.2 g A/cm?e

.

;OL

&

0|
e

I

9]

=
1

]

=
SR

]

A
&

)=
=< 5

o

T

A ZAA =

=]
=

3t 3 pxA/em? 29

S

whz 7]

al
L=

A 9k

=

=

ol 0.1 p#A/ecm? A

7b &
AF7F Ao SAHA &k 1 99

Al
2

=]
T

L —
L.

gt 70 4 o] 5o

[e)

=

w2

o
T

Fof

5|

= x4

22!

i

il

Hr

Mo

ojth. F-a Al AN 29

_77_

T

°
pal

=, o]y
I8 ar




tearr (uAlem?)

1gorr (pAtom?)

20,00 +

08 o

0.6

icorr

a3
-o-C3

-avg

(a)

9‘0 120
Tane (day)
E = Z

a0 _J‘Zj

icorr

150

-avg

=0 WDI-
—=WDI-.
=0—-WD1-.

3

030

130

icorr

150

icorr
1
—o-W1
——W2
L W3
avg
_esq /,
%
g 04+
Time (day)
(b) ¢+ A
icorr
1
—o—WD2-1
—— W2
05T | —=-wp23
——avg
sy
%
£
150
Time (day)
(d) 5¢ #A 59 d=x

0.30

020

1corr (pAfem?)

—o—Wet

—2—WeatDry 1

—0—WetDry 2

_78_



Rp (kQ)

Rp (kQ)

Rp

——C1

Tune (day}

(a) %= =14

Rp

150

Rp

1900
1400
g ——Wl
1300
—er=W2
w0 £
e W3
1100 ave
1000
oM +
g 500 £
s ot
150
Tune (day}
(b) ¢k A
Rp
3
—o—-WD2-1
——WD2-2
a
=3
o
o

0 30 60 % 120
Time (day)

(d) 54 HA 54 Ax

Rp

700.00
500.00 1

500.00 1

Rp (k)

200.00

100.00

0.00

400,00 |

300.00 4

——WetDry 1
——WetDry 2

_79_



)
=

o] A% Q%

I E A

E==A
-

(2) #4 Asel 9

AL/

B

AYE AR =

A
L

Q23

=

T

Hgol wh

=T}

Mo

140

100

——icorr=0.1pAlem?
—O—icorr=1.0pA/cm?
—=—icorr=2.0pAcm?2

—+—Plain

80

60
Distance from steel surface (pm)

40

o

<% 3.2.26> HLOZHE Zo]

AHE 7 s}

T

RN

60 xm)el

ok
ol

(

o

L o]}\l-

ol of

<1¥ 3.2.26>004 Aol FEH AWME F3HA|

A o A
7 mlE
54 (Plain) 7 v

HH

olm

P

tol

S

A

i

!

=

~
B
o

0

)
o
oju

2

=
T

Heleld w2 355s HER

5
%
PHoe 372

Ao=Z 20 gm Y

]

A
&

il L ERA S

of thair 27

<18 3.2.27>3 o] 74
T 0, 0.1, 1.0, 2.0 gA/cm?e] tj

[e)

HE o

[¢]

A<
e

)
=

3 A3 A5

&

SFA
o

98.24, 99.97, 98.46, 99.02% % A+

=
T

KR
=
PN
I

B2

ol

0

ol
%0
ol
H

o]

_80_




50

45 - BSpum 27 pm

=45 um  © 63 pm

35 4 Rl

30

25 ~

20 ~

Farosity (%)

154

0.0 0.1 1.0
Corrosion current density (icorr, pA/cm?)

<1 32.27> 2oz RE oY 33 vl

A W
[V )
wn
(=}

Fitting curve
Plain

S
W

icorr=0.1 A/em?

N
(=}

N

(=}

W

W
1%
W

54.18*exp(-0.28*x)+3.83*exp(0.01*x) 54.60%exp(-0.08*x)+11.41%*exp(0.0003*x)

w

S
w2
S

[\ ]
(=}

Porosity (%)

—_ = )

(=) w O W W
Porosity (%)

— — [\*) (3]

o nw o a3 n

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Distance from steel surface ( m) Distance from steel surface ( m)

W

S
W
S

N
[y

N

[y

icorr=1.0 A/cm? icorr=2.0 Alem?

w A
w o
WA
w o

41.73*exp(-0.03*x)+3.46*exp(0.008%x)

(%3

(=}
w2
(=}

32.3%exp(-0.02%x)+1.84%*exp(0.01%x)

N
W

1393

(=}
1393
(=}

Porosity (%)
w S O b4

Porosity (%)
w S o

(=}
(=}

0 20 40 60 80 100 120 140 20 40 60 80 100 120 140
Distance from steel surface ( m) Distance from steel surface ( m)

<Y 3.2.28> HAAF Qb mbE AT Zold IF Wake AR AE B4 D )

(=}

(W Ao FHAE




e
o=
=
EE@JLMM NS
loﬂ.ﬂ_ﬂw_%ai_; ﬂﬁ_ﬂAq
Wﬂ_rn_n_LuwT BT,_ﬂl Mﬁ To)
M m 11 Nlo by = e <
A o= Moo N = m LR
lafulg ﬂo%J% = o
omﬂﬁﬂﬂ i ~§o§mﬁ7g
TERLE ® W R A s
Mﬂg@ﬂ grﬁmoﬂuq T %QW@
<k MT TS s relTs
RS FIoaE STi3TiI:
EM ﬂm R Eﬂ.ﬂﬁeq_,oo ,I;AD a ,ﬂlqo
ﬂpuﬂmo_-z mg o m_;mMﬁo W}Eé.ﬁrﬁaobﬂk
ﬂmﬁommm gﬁ%_% ﬂu&%@ '
T2y Ew i%%z% <oﬁw_aﬁ5m@

0 o f
ﬂovwﬂé ﬂﬁﬂwi miwwmquaw&@
&%%m; mt}fwfhﬂu mwar.arﬂ_zﬂpg_
Y 7o_aﬁ _ _ li__ﬂ

_ il ﬁoia
bgiil fiin M
}ﬂﬂoevi uryuﬂﬂu%ﬂ T 3 T o= % S A A
o mﬁ@ﬂu ﬂﬂﬂ@;u Jcﬂu%mmﬁxgm
ﬂoomﬂﬁzo%ﬂﬁ_.ﬂﬁma me@\ J_MW,_}

dl.iﬁog%ﬁlaguy OPENWQ o
g]t#NﬁUﬁOHTOTgo_Zﬁ 1M7ALWOT7UO€
ﬁ_;%uﬂoulizﬁ 0 EBT ~9N orll,mM_nﬁ
TEE LA o wl zyg%ya%
1_._Ay0 Jumo H;l \IDI HT of ;ﬁ EE " o~ 00— Tor J_I It _YL
o X B e o - o zoﬂwOmL:
=K Eﬂ_Lu;L ﬂm%ﬁuﬂoaa Wo] LEEHTMK ,

_#oaﬂ@_%ﬂ1ﬂﬁl %%%ﬂo_ﬁﬂﬂ
_z*ﬂﬂoﬂﬂI J_.NO,H._.MV ) © ;mﬁoumoﬂm_i,;w‘ﬂco_

%%@1%&1%3%% ﬁma;ﬂo]ﬁ

X ,ﬂlO\W,IULﬁOO 0 = dm,ll Iy OU_._
aﬂMﬁZMEﬂI Eiﬂﬁiﬁl ﬂ_v‘mul,m.,._‘l.._éibf%
ﬂ%m;&ﬂ&gﬂ;]ro@ p mﬂwmﬁlﬂﬂl

WS ™ = ) o q; = G o q ©
JLoMﬂldl_,olyldao 7A1 .@oﬂzbuwﬁ‘.ﬂl, -
éﬁ%<mmm¢£i%ﬂan%ﬂ%3éﬂ %5 S -

\%EEUH ‘Io‘ul uA!O.mW‘Iwm_l R —wl
ggﬂqu%;a@i?wm4@m (o) wwons -
Moo T = ¥ I @L zo T 1S puoq wn
?i%%EW omaﬂwﬂ wIxe

= B o N
ﬂw17r11_od|
%%Pé

LOOE

Mass loss (%)
- 82 -

<19
. > =]
Té} 714_];1{1% .

ass 1oss)

o w=




oy
W

oI
il
hin

Ho
il

i

ZAES] A

Z

43

7

ol wheh e g

7

-
T

h91u7t

slo] Hr}. wepA

O -
= £

—_L
=

A fch A 24 vk adge] wel, = 2

S

2l

9

o)
=

i

AGAE 4.0,

.z:!

HJ

o T
40?._
obﬂo
. T0o
O,m
K
- K
S ®
S\I
T
2,N_|
©
< T+
MoN
ey
Mo
Py
I o
&
T T
o B
S
~
o8
BRI
~ 0
N
o) T
_
X
E—Hﬂa
ﬁﬁa
B
o O
2J|_I
g5
< N
< N-
* .
o B
o R
—
S
o ~
-
o O
S o

o|J
Ny

Mﬂ
i

o

X

10.0 #A/cm?9]

RIS

FZHE o

=3 A E

sl

171 %

A&

SEEs

2 7}

= 7H=H, ol

A% Aug
Az ogRE Aust o

M2 Hset

g Al el mMigE 97] €]

il

Hsheha

]

o ghe B A A

ke
T

ojm® 7 9]

0PC6 pAlem* — OPC 8 pAiem? — OPC 10 pA/em? ‘

| —opcs avens

300

= = L=] [l
=1 e =

0T ERW

|2t (Days)

<% 3.2.30> {17}

)

<19 3.2.30>¢]

Hurk AgE ghol (+)

=

740 4k

e

H
=2

o
N

N

op

avE Pl E¢7) o

==A
) .

) 5tof

Tdo] A

I

of

Eo

)

—_
fie)

10 pAfem? o B2 A9

& Hole

/\O]—

a

&
i

o
T

o] WAFE A

_88_



o

5% gobart.

]

Ao

A E Y9

==
= o wol ZAYEY]

(+) WFor FolAH

e

=
=

(€]

il

o] 45X ¢

=
=

[¢]

il

ks
R

R=RREBY

HojA= s 9n

.

T= 10.0 gA/cm’®E

ki

AYE FxE9 2 49

AHE 2

TR

)
1!

=1
=

kit

b

3.2.31>°l YEeERfA T

o7
ot ol&

PSS
=

Mg Wl A £EE G

1%

o

l

ol

reh,

et

o e A=

700
)
!
K

sty

—GGBS 10 pAlem?
—SF 10 pAlem?®

——OPC 10 pA/em®

PFA 10 pA'em®

0T BRW

100

AlZt (Days)

<18 3.2.31> AdAQ E7HE A~

—_—

_84_



=
=

15

S
fay

e

stel o

S

= o ® 1-2 A/em®9)

100 mA/cm? ©]

o

F

el 7

tol 2a8E f H29

°©

AYE FxE9 dr]gke

-1 =
T T

e

3.2.3 Electrochemical treatment %€ Wy =&

Z713F A7}

HH

AZE 1-2 A/cm?

= =
-

3L 744

[

o
A} | .

W)

w3

o}

17}

12 ol% BAS % AN At

1, 3 A/m2%9

Aol A4

e
1l
L

R

&

o A

Folou, QI7F & glo] 28

A=

I

=
Elod A&
= U

°©

s

le)
o)

.
5

30, 3000, 15000 mA/m?

=

;|

o
o]
=

AFE A7}

=
T

—Z
o5

L

AF A7F 717 28

L —

Electrochemical treatment

a4
A ol A

S}

=d]
=
btk

7F AR Qe 9
Electrochemical treatment
AR, QA7 717

2 9l7}s

7} olF 79 § thAl 149 A7b AHOE

144

3551

9
—~
fi%e)

0

—

0

Ptk

°©

A8

[e)

=

2N (Ca(OH) )

(1) ICCP (Impressed Current Cathodic Protection)

;.OT

beleh e ol

S

1 cm %°] 8 cm9 EZS wWH

7
9

B 24413 H el

i
=

stgov], WE

o

ZF
Al

o7 AAS A

Sk
H

A

-

I

Sl RLEEr= uf
Al

I3

.

el

A|m

,..mo

-
o

{Jz

[e)
g5

ZAYE A

Ke3
T

rgo] ghE ol

[¢)
[e]

skt <29 3.2.X>.

S

Al

A A A7)

o

o
N

—

0

+

o
HH
i

o

sttt F7F=
a4E U A

a XRD % SEM #A4S A

a7 9

o

B

A
i

JvNO

=

=L
R

Eis

|

o
1l

sto] ICCPZ

A5

=
=

pHE

e
T

sol a3t
— 85 —

&

29 ALz 3} (re—alkalization) & &<




DC power
supply

Tltin iun
Mo

h

btee

Mortarf
1M NaOH

(c) Ho|~E = E (d) ICCP A%

<19 3.2.X> ICCP Al Az 34 9 2w

(2) ECE (Electrochemical Chloride Extraction)

ECE A8& 10x10x10 cm® AAH4E Aoz Agetlet. Q17F B4 Ayl o5t 4
Aol FEE FRley] g Algol7] wiite] wig @alel wigkpel] AlME A din] 2
EE 5%9 AUHEFS WUkekAlth olB o R o] dRd AHds ddFe 1A
3} AAh o] A Ah o] BF 1A R uia spAsh AlEe FdoEy
Bl 2 cm "ol el AZE AAANA dAH FAE 7 cmE FAGRCH g HowRt
AR7E B8 AES & 1S BF oFAE Exste] dR/E aAdsigivh ICCP AlH %
TU3HA 24A3F A o]F EAIMEH] 0.39 Fo|AE wiFgE wF ANl =X
<a® 3.2.X>. Ho|AE wjFo] A E& F 2% 25£1C, AUlEE 10£2% 271 Sl
F2F5 AHelA 58U F9F FBs AASIAT ECE Al - wigh Al 94 o2
A7Ver7] wimel b B2 delA S A A A2 FAE ks Al

< L R I I

_86_



(a) ECE A9 Az

(d) oll&ZA =
<1¥ 3.2X>ECE A#H Az 773

DC Power
Supply .

ol

Titanium mesh

Electrolyte




(3) Electrochemical treatment & 27w kA

A8 A5+ W= Electrochemical treatment & ECES] A% Ao =2 W AF/FE
SeEUH, I Ao HE AMEFY AWE #EY AL ‘ﬂﬁrﬂ e FARAEEE 7hA
stth= A A7t QU o]l & AWets TMERE Fo] S52% i Hol wep - Al
o] Ca®"e] wE7t FolAal, AIRE *3‘41-4 TFabksl ol 23 Ajtste] FAtstAES I
wo] AF-E] npEg o] 7”\3}‘:}‘: o AW ity e HT AWR- g wkgo
2 Qe 4 7kAE BAske] A 35 dlo HAEYEA AWE dds WA TE
o] Tk QAN oA 7FA] A ghst Alof] thsiA ¥ 047“ vk itk AR HA A 23
TEs fdAeE 89 a9 = 3 a9 B oot AR QU ol FAAES At A
SE w9 et v AA A= olstr FAAET} %‘iﬁi A g A 21 HA
et Aow faE™M, o]F EFat7] & & A= ECE AFE Q7Est Aldef s
FAAEE S50, FAAE a7 42 dF 895 gux sglvh

ECE7} ¢t2% T Z3E AJHY —"%%%‘E %2 & 18 ASTM C234¢ w=f ot 4
& (Pull out test)= AAIsIATE 17 ZAYE M-S FHAislshr] &) AlA

=
N N
ol
_,d

f
ol
ol
@
» |0 x
o q

o
=
L2 3k W] Zdol7F 20 cm®l FSHA R
1.

| 2] D 13 A5 Sl wAsisit. &
29 ol F X em®E AU S 7 £ QUEF o] X em stel X cm W =
ZH%oH, A 9 AR Q7F VIR wt 2EHY FAS BAS] fEl CFAE Exst

Aok <" 3.2.X>.

A A Aoy Bt |k A5oh FetEs shdre] AdEds Rasglt o) F
Tir7E B3l Foll WAk an Apdel F=<l Titanium meshs AAS F Ao FHEA
(Power supply) 9} sttt Alde] 7F AFZ2 1, 3 A/m*olH, A7k 7|3k F 28
A= sholal, 289 A&EQA7kel 149 7F 7 /A 149 QUbehe B4R RFsdth A
T Q7PF ehEE Al A A 24470 ool I AlRVIE Fell she ¥ WMAE 7

[e]
7} =R <Y 3.2.X>.

_88_



t}. Electrochemical treatment 4@ 7%

(D A7 A7kl w

F BN

et

<ad 3.2X>¢9 #Zth v

o
=t

o}

R

j=2 e ]
2

ki3

107 Hol 28
Ak <718 3.2.X

S

=
-

ZFol 7k

Stk 25 mm °]/ge] zlofelA

FRA oW 25 mm o] dofolM oF 1%2] 37

2 A

A Al 2%9] Aol

=

[e)
3

(a)>9)

-

ECE A& <77F 1

|
R

M

—

o

B

HH
W

gol el )

°F 60% = T

FEEL
50%7oln o]

&

]

(e}

£

7|

O
=

T

=t

]l s

= 7=

150% ¢k

_89_



Chlonde concentration (%, wt by binder)

Chloride concentration (%, wt by binder)

BEE (kM)

—
=

st
b2

—
=

5 15
O 995 CU1A/MYT T‘; . 29 CV1A/mYCH
4 B g
U994 CUSA/MYT 2 3 B 28 CYSA/mMYCH
z 3
3 =
ool
g
2 =
Ll
i 2 15
=
a
1 s 1
= 05
]
0 0
0 10 20 30 40 50 0 10 20 30 40 50
Depth (mm) Depth (mm)
(@) 2% Cl- 5%, =7+ (b) 2% Cl— &%, XstFAtshd 589
12
505 CUIA/MET “:‘Z 10 T 50 CV1A/MYCH
£
- son CUSA/MYT S 505 CYSA/MYCH
2 8
g &
=
_?' 6
4 =
g 4
:
[
2 E 2
A=
[
0 0
0 10 20 30 40 50 0 10 20 30 40 50
Depth (mm) Depth (mm)
(c) 5% Cl- &%, THF (b) 5% Cl— s, X3}FAtstd 589
<I¥ 3.2X> HI7F 94 o] ¢ QU AR ¥ A TR UE g9 a2

w
P s—

e
g fererieroniporcibli b R o

1
1

B (mm)

(a) 1 A/m2, 28Y

A%E vehdla o
BO TR . . ; s —
E‘ =
= .4
(]
@ 30
20
10
B 0 1 2 3 4 5 B 7 g

i H 2 {mm)

(b) 3 A/m2, 28

_90_



s
~ O S —
R > o pagrLe =
— dﬂlldﬂ ZulﬂL. 7M,_HT2WL.oﬂl
5 5w o T K g BN DA
S 35 © TN T 2
?  SETAE X T oma Lt d
: S5 o = W — TN 5
] a/ﬂ#oTwEmﬂ T B % 0 No -5
o e RT IO TR I
S N N N aﬁﬂijfrm
o QMo N oA © TS u g
o _Laxboﬁjxl%__ﬂo:%a E:o_quﬂAmMm
A . = T ' o Nm
> MMﬁlﬂo_ﬁcq,bTLl E_M < -
° orn_Lulwa._]];b%%ﬂ7LQEP T
5 B ﬂzdléwo %lﬂ?sMﬂ%ﬂo
2 B 1 KO X <
X < ~ ®ONm o o - 2 0 B P o)) < N GE
' Cr e AT Mo & & -
I Tomr o L T og
= 5 = nu_uLlUlO@ o o W N ™
TR T _b_alﬂﬁﬁhﬂfr%kﬁ
= ke ledLbl BT LD ETEE
co wﬂ%zﬁameﬂ@_ﬁ PooLoHﬂ_,L%
I mﬂoﬁo\ o oo ' o ﬂavwﬁﬁab B
h mﬂm%i_;nM%ﬂ%ﬁﬁo_m@%u
- - W
= MMﬁoﬁuwﬁ7mﬂﬂﬂ%H} T %R
[Nye Alﬂﬂoﬂu Wﬂ_ol }‘WIE‘DI_/_._ﬁ_E‘mﬂNEN/
v o une_u;b,_t _zﬁﬂoﬁe N =3 ov B X B
o Do E T o =S e <k
= o = R L T o7 % B
= R R N T OEK 9 B o o O
. L FENTd s P RGN 2,
- R oE74A.x_.L|o ~ e D s N
e o o= N _aLutaw7ﬁa oxloZ_
o ﬂﬂ%o.@%ﬂm w © pE ISR
_ ﬁszwaLﬂ;ﬂa_HL.E#E;;Q'@nglLu
K M/m E&oﬂmp%ﬂq_/ mﬁ]]aNe_uk_]/
: LS T sLs ok I
i = o = T mo W X —
N oo £ L T S o~ w = O v
: y,wﬂﬂﬁlgquxﬂaﬂog@
A REDETTELuET S
S ) Pede2k®s .
— = 4ﬂoE_EV§ © g e
- 7 o e WT o o g W .zo.x_.
z %m«&%%%% TG 5oy
p #ﬂoiﬁﬂﬁzﬂ_dﬂ%w o o= P
T B e ST e -
a4 S omos L E mEEE o wm
S @ ) il 1 oﬁ_ﬂﬁuﬂwL Haﬁoﬂm.#wﬂlﬂo Ma9 %
%méwgaﬂo@mﬂﬁc]ﬂuawﬁuhﬂﬂ*o._tm
7ooﬂﬁﬂiﬂnoLoTo_a_Xﬁ%oaTE%zﬂm
T Jo B 2w o o
_,oZ'oLEqm

- 91 -




3.2.4 7]

o]
Alr

pu—

,.mo
&

—_
1o

i

W

s
N
H

J_ﬂo
B

—_
"o

W E AN

715k
1S
-

=

=

A3t AA dlo]E

=

R

Al Zbe] wh

AT, A

o
=

pit nucleation

1o

A
a

=]
H

Ql pH A

—_L
L

0

)

—

14

[

oI
=

SHTE. AL

k)

b

[s]

18

S
)

EIMEE

0

5}

boll upe

°

72

=
T

(Time series model) ol 97+

s},

°

= A
=Y

A

178
AZIA B, o2 3k Al
AAE

o
Y

m
T

—
file)

ﬁo
B

o
3

)

olt}. whebq o

i

A

2 uhe] dojrk=

neural

(Artificial

Ehe

[e)
—

dE T2 Al 93k v
AR model) =
stol A FsiA] 7]

(Autoregressive model:

—~
file)

Mo

oju

TH

i

<l

)
o

¢

ol

ofo

X

Gl
il

X
o

°]-&

S
=

network)

5

Qo
\

o

1}

o
A

o] =
(3.X)
(3.X)
(3.X)

o 7

=

Q7%

=

bar ot

=
T

24 o
s

=

ATelM = A7 3]

FAAI D]l HA X

7k
o
= 7H

af

A

S

A Al e 2xfolH,

Al Zbel

H

L

R

B

T

-

S
L

1
A% 3
.

9

&
N=a7] 9

el
=

Var(yt,l)

2, 2 Ao

Yt e
—_ 92 —

Yi

A e

Q1Y —1 +a2yt—2+"‘+a1)yt—p+et

AYA
Q-

Yy
g ~ N(0,06%), Ee,)=0, Var(y,)

o A VEaASe] Al gt HvE 1014

Al el dAIgle]l H3 o)Al

3} ol

[e)

-

°
pal

e random walk7} vk T blE A7) gho]l dAAL kel =2

T

s

olv]

T

olv, ok
5

°

F

-

JE1PN

o, W= 1o ZPAAAAY, 1 o)l A WA AlAIE]

A, A B 7 ol AAD AR (y)7F A7IAR ] I
AZIA, ooy, AZIEEAITFOIH, Mol -1 < a <1 oH, ¢

A7IM, A} ¢

4y

dol Hu7h ==

o= 2




X1

o f(a)
Input x; — . wy — > f —— Output

X2
S gy
—_— f ——
F — et E—
f —_—— — F 4
O f .
I e
¥ ¥ — F
—
Input layer Hidden layer Output layer
(Initial Pattern)

<18 324.1> 3| £8% oy

Aagd o5 U T shuE, AdFAAY ¥ (Artificial Neural Network) = o] &3k, 53+
g @ (A FEA AR O sl e @ =9 e EAE, v sEE SE 4 Al
A F5 3UIRAHeE Fow olF Fal vAdE dAs TleshA stk olE 9F wdd
Hefol that MdAQ RAEE <TI¥ 3.2.4.1>5 Fudch ZF A7 H s4 %} dolEHE
53k, olE Inpute @ A4, %7] Outputel Wil dlolg 5 Inputel s|dsts
AZPR SO o ARl sidele dks Flem, Layer F£E Y¥sta, REESG
(Training)& &3l H2 WAZ FHste #tol dsiA 7w AAds S5 o5 F3,
e AREel Hid &3S A58 5 3lon, RHe Input #Oo® #87bsdHA skl

T3k, MatlabellA A €975 3 Open channel?! www.thingspeak.comollA] &2 227+ 3t

A HolH (29, 255)F ol§std, Y A4S 217 InputddAtel #8383t

=
(Autoregressive model) % <lFAIAY
network) 71M& AR&3Sto], 54 dfict A9 (Ockway Bay)2l %9 #41& HAAlsqlth ¥

_93_


http://www.thingspeak.com

A, A71B 71 mE S AEste], oF dd (319) % &l 9l ulolEl F oF 3del st 7]
e S on, <9 3.2.4.2>° F 7HA] A9-E UHESIT @5 doly e A9 st
Foll 2-3W10o% s WatE Bylom, Huf oF 50 cm? WE Fo yEha, dAsh
AFe wolA Rokth 0% AFHoE ATUEAE A A8 A 82y F oY
28] AprE Fol FAAAS AEAS =ou, AAl k) vl Al ARl Aojd s
Hote FEHlE YERSITE o= Z9AR €] ‘ﬂﬂﬁ‘rh 719 Fotd RdWYH o R oS58}
d=m, olF 378 i veFst JAtES sAlel aeld Edo] FQsioh Iy
olgfst 2ol A FuWL input data’} ZQ3hH, iﬂf{ A& FHstr] witel A
|2Q1 SHeolq Ao stk
Measured and Forecasted Tidal Depths
Tidal Depth
70
measured
60 forecasted
50
€
L 40
e
a
)
S 30
©
i)
|_
20
10
0
0.5 1 1.5 2 2.5 3 3.5 4 4.5
Time (minutes) 104

<1 3.2.4.2> A7 Es A& ARrel e 29 HlolE e o= (C-3 @

e 2 Aol old RS ety MRS FHE 5%3}71 s ATAAEE
dugFe AEote], the <I¥ 3.2.4.3>3 o] ©lolH A& AAST Ao HY
d& =°17] 918l input¥ output AIZHe] WHEA &S F WSdHo]lH 9l outputihe
HAAZ}E st 77U Ao ®E <™ 3.2.4.3(a)>2F #o] hidden layer I+E 50
o7 AAE A, time delay WFE3|S4E 3oz UEYA FAERS F=3gT) o]yl
BHlE A5 outputtte] HASE ] AlEdol S WHRAoR HAdstgion, oF o
of et A5 A5FT AolE U 19 <I¥ 3.2.4.3(0)>8F Ho] HAasAZ
om, <9 3.2.4.4>° AZ dolg e A5 e AuATE e

_94_



(@)

Original Targets

Network Predictions

Expected Cuputs

'l il

= = =
(wo) yydop [epiy,

1000 1200

300

400

: (a)

<19 3.2.4.3> %

0.97234

1‘2

Fit

40

Data

0.88*Target +0.52

Output

=

mwa p

') S
(@] N

0)01PaId

10

o
=
w
on
O)
g
S
N’
D
e
5y
5
o
)
v
—
=
—

(C-4 @ ")

<I¥ 3.2.4.4> JA¥AA

_95_



—

o], 29 Holg 9 ©

9 <9 3.2.4.4>° YERY

d

by sy, 27

ko]

<71¥ 3.2.4.5>8 o] YEpiY. 1 Ay 5% 27H4] A

3o, thg

B
o

et usd
\ -
RO

[Emillo, 2009]¢] &
o)

d =3
AT 85% ©l

s
@7

’

s

olo

a3 o

el

€]

step function 3

S O
=

sttt

&

S|
Y

1} 47 ol

9|

Fof, o743

S

17be] Mgk e el

o
R8s

u
g &
= U
[m] Y ]
5
[
= g 8 ] ¥ @ 2 A
T (24} Anprumy aane ey
=

Feb.3,2017 Feb.4.2017

Feb.2,2017

B i
B\ -

(a) &% (b)

<I¥ 3.2.4.5> %

(C—4 @ =)

_96_



Aol E Web 719 W74 A BEle] @43tE 9l 7] Y (1 APdE) AfolE
T doly 3 dngEe A 96N 2l g2% FIE o A
of BAAZ 3t FelxAS wds GUI 7|8k AZE ]9 inputollX outputel a3k
T AAE v <T¥ 3.2.4.6>¢ YERATE olE 7] T EAJAE inputl® A
st &4l & (Life 365, Ducom) @t @8] s34 S AN 97|27 (5% 2 =99
S 1 REg VINe® e AXESooln, <I¥ 3.2.4.6>F Zo] At @& X
AWstE AA dolHst nudd # glow, FIE o 23 FEM 7|4k sfA S o] &3}
Pz e FIYE o $ENEE & 5 St

(2184 29 Input 1% #] [F-2314 22 Input 98 %)

waiEmaE : o
O | sy 5 R =¥ 8

Ee By EEE R e

EXEERE-ERTIES R EIE-E R T

(2934 output B4 [F21314 output 874 ]
<19 3.2.4.6> BARAAE vt U4 dllA 2E §) AelE 5 HAF (C-3
@ =

_97_



A HEFAQD FHEQ FANE TEE T oS Y AXES Y HxE
gAgstlon, AR REQl AWE AHshAS] ¥=aRd VR Aol HFE ZE I FA
Zof e ZIYE f497n ZF W Electrochemical treatment 7]HF B¢ &3 o=
N7 =] = = — = [e) =] S = =
g g tfete] AF AAyE R o 53] F9S T =F AHWEE
= O = = = == 5 o =) =] = o)
AFES A9 T S a9E gdks A3E FaE gRsdloew, 714 35 doly &
o = = [} =
B oo wae B9S 23 xpdE nmulo] stz 4SS A5t
O ARAA7Ex [TH]
sty anlizl o Agut
ez e Eiopt Py
€TB) HE NI E 2mx | oK | sEwd | 2w | 7B s
b 7l | sy | HE
TR Jluh | 2AKHe S S
e zawel 3 Y| zzew o | P | o2
A (32 Tlu dao| )
12 1235 =Z=03 7Y o i ol )
at b o, | Y e | ==
Yl oma e ogo | C | BT | == | 0
ES gy
MosAlEls | sk o
® oo oy 100 | FHxlet | (ClolE | 2
. = Hlm HA)
=232|E 7= A FAE| w2 2
= 2oy IV |F2|E ZYEmOL = = 44
s a g SR 2 L
o= S8 & = e ol ERE | 2Rl | £2 | =ZEom | Sw:__ 44
zeg)of V| sorintom | oo | P | smxet | s=
iml
Hazxe| o 4 7= s
Electrochemical O siszm TE - o (ol 2
mat s oo = i) A
A freatmert DItz | MBS 2 = )
57|53} ofs ==y
A Hazxe| R B |
o meoeo | FIT || s | FERT
= 0% ol&+ o =
frl=] =2
SSIA B EQ| AL il LE
EEABIES| | 2
Ol o ox | - | mEel | EoeE |
AAEE S |, anes =T -= [=1=12Y) HIA)
o _ _c|&r 8T s s = A~
T %Ii‘l;o::'i.21 5§ﬂ+ FZES EEAHES] A 7|1=
SET =S @ upuza |29 g | smm | s |
= me/sec
=2t i H|
ofst
== 2
O ot ssll 5
7|dk = C|o|E
o BRIE | ook TR
INWIES ! SU= Ax| - = !
L e g o 4 dolls wmel | clole axe | TH s | Wetd
FB| Cly oo o 1252088 EEES £ ===
ZioIx} M = Al Ele3
Neural network
®| Commmiz 0% 100 | 213z | ©olE | 2
=" o4t 73 A
=2 5
A 20 | ewslr 117
SW: 4

_98_



P IE
SHAIAT — EH ZA=H}EH
ECCe Ciepdat X MItK|E 25X SR | = oooH
¢ J|1= e
) ] MEsa0l we Eté'i’%' ) =x7} E=
Electrochemical KjodRI2| AkS = N HAD
treatmentol] 2
AS HEFR| Filsh J|= kg
o | @ B s |z || JF ) SR
Electrochemi 2 He 9t s == H|D HA)
cal treatrment
7|gh 28 Ha S giT
— MNE=olc = T T
o ol = P IOl T ) 5
0 O
=2 ) Electrochemical ® A2012 Ol 095 olAt ==mjel HA)
o treatrmentol]  ch2 olE
2| 40|
A o oler @l xf ) . = golzn} | ==
= VE == <9 ® Z[X| Bedtrocherrical LA - 1 =
| 2 = ray (Sl
e 7| treatment = =& 1B5P6 = o
Al=
A =27
Z39|E 7 o slASIEE mo|lAdnt gl-j‘lllﬁl_; . = H A
x==2o| L4 L7 olE 5| dEN FE 095 o4t H|D
0d o= A7 [BF AZE0] 7Y R
=5 ATE =18 B AZEg0] MNEot 2T
Sgh SEE = ® GUZ|EE ~=ES sEF B - = ==
5 = =3 o=
o] |7 x|} =
S EQ| | Al 71E
e — s =24 4 . Zx{n} =Ny
AL A5 2! O SAMHsIE DeEt = =<
LAl == S5t AIHES A} [Rl=[ e -= Hlm
x| B BE log aonie y -
T, ol = = gz
= ABES] ) B5 TS BRI I} =] Do|zn} =
R I = T=TTEES EFMHIES| LN = (cllolEd
oo ol @ =EE= LA - B
== : ZZl 2IXt FHel e =t = KAl
ES =T
Neural network?[2h | @ 4 .| =elmt | (Hlole
7AEE o | ©) Unified 2@ == =Y iml KA
JER=EE LT s =
T2 Clset 2| G5 el oy XMEs INES b
SFEQIXL A eIk ARIM = B4 M= L7 AR N tilolg] (cllol&]
= @ sy molzs 0% ol Hlm HA)

A

_99_




Eglo]] 7]

v

(

—_
o

b 717kl

°©

AR o R Y7ds A

No

iy

‘.mo

N
X

st

=
[¢)

71 B

=
T

1o

A oH

A k2] 74A) 9

o

=

E]

H

Fod, 2= AANAM R

[<]

3

nlo

R

2Ll

ak

Ao
il
i

2

ol
Kio

b OII24L

110y
<+

il

g

=
[=]

oL

t

I

q|

g

e =

240

Z3clEQ

o 2E X HHl FEM DI
s3

=
e

S

A
A

2
S

ol B0
o

o

—=
s

RO

=l

o e 2

ol
o

W
R
il

Al
=

=2
=]

-

ol

-

H

U

F

TEVR
58

b o pxg9

S
el

-2

&

AAgo e

X
=
=

=]

=
[=]

NN=ET

Unified 2

=
e

S
s}
[

=
j—

off

AAEO

=
=

==

teldl2 Oidl 50% Ol

el

248A3Y (Neural network) 212
1

- Electrochemical treatment2l
JlE =X

-U=2=g o

ol
KIr

&0
3+

o

2
[=]

b

3
=

H Cterst Sol

0l

K

c

2380 i
st HE0

9]

o M2
— Electrochemical treatment

R0
~
ot

o)

o

S

- Electrochemical treatment2l

oJ
0H
Kl

[wz]
=]

T+

=
[=]

b OIAL

3

2]
=

0

i)

™~
o
]

S}
an

ok

2F
(=]

telgl s X
pS[p!

=X

29

o

tel

1
)

=Xl

ol
o
K
n
Bl

oJ

O
K]

I

Rr
<

JHA

prn
=]

IR

=l

&y Dl
- 100 -

=]
==




=
a1
0
2
4
=
nE
0x
K
1o
et
oj0
=
Job

71E9] S H ZAYUE FE2EY UTTHE A5 dsteE el dist 2AA AHS

Fask ¥ F2E AE BA B F A dist AFFQl IS vbgshA oot 4

g BAS dustA AdsA] XSt 2 ATNA AEsE AZEols F2ES oof

g WA JIAFE zEsklon, olF ol&ste] 7= BAFUE A8 e W HA

B A7) Aol mE 53 a5 Fxlo] Zlsstth oldst A4 ARE &&sto] =4

xsh 71% (ISO TC 71 2 #d HAE 3% @A (Rilem ETC, ACI outreach
7

committee) & 3 L3t 2 AL317) 7Hes Ao o dE

#2372 (BH=hH
TC71 =ot=kA sAHg

2|k Jim Cagley 7HAL: Greg Zeisler Z|=0]H™ AM7]= ol 7]|Z=HEXA

DR oo oty
Iso SOTCESE 7|US 2 =8 20 Y
NS oMol 7iEe Hotehn #av|s (acl
S| 7IEE FEoHH HIA AlE
=oh=d=sE=d AC| Outreach Committee

| S|k James Wight

P Bl e

|'J-.

SHEQIT (AZE90] 7He)
| 2 o8 AXF= ACI Quireach
;I;; E-:T}g|ﬂ ool C Alonco Committee member24] & FHH O

: ob7| g 2lgl:c. CHEE CHZEE Ol AjZhe HEO 2 7|
HIA| = ol st A 7| 22l Rilem0] 0|7 9 M7|&0l52 S50 7|
Ao 288 7|ges 2 Aty Zerds 0|0 A
MEM s2sssadrez=rls

o 4TSt 0|20 & + 2Us

A Ex -l A =y AR oF 856% A T B W A vlE2 Azt e
=

_}:
2.4z AFH, =22 A5 Ak oF 509 D (=), 8% IE=(F=)E LAY
= dFoltt. oY d FA= dorE A&Hd AYeld, Fx=9 AL A g W A
shkAlell e aEHQl Herdd oS % AAE JEe] et 2 Al vt
el = Elaci &
Ade Fal N A Eo] A8AS S ogoltt
Tk H AF AAFAPE F5 %l et RC F2E Ul FA7IHe] =Y o V)
=4 A&l g F2e HEZF FEete] dA AAAR Qo] wE &8s e
ALh o5 2 AelA Jidsks X Ede Y] AU (FaE W #4444 45 9 AT
g JFAT @ERE e A9 H5) e VIRteR VE 720 W des d s,
Heads A58k, 72 Wordd S Uy ER 9l ol mhE A ESo] o] ARgA
FEA 712 et

ZAYE Fx=9 A4 s AdEY, ofF AR g, A5 72 deAE 2A

- 101 -



#H %i HJRHE ZHJEJ"_Q/] =

S

<]

0 T
I N
PR EEERY S NI,
W T oH D % B OW W AR =
oo o ﬂo'xo oy %o dl.ﬁ rallcS S oo
:.L _,i Eﬁ Eo Ju Jl _ZT.C JI = ‘m_ﬁ — Cl) Eo m ............................
Mo B o E o) b W ! e
3 3o X - - R o e D | 5 T mam
Jﬂﬂﬂiﬂowﬁbﬁ_i >n_Al1__/|.nA_|ro | 2 b !
:Tﬂmakﬂiiﬁ N BB | = » |
BEE T Sar . wE N ) - "
R T - 2 T T T2 TN N L
@),o_iri%ﬂga zﬂﬂﬂﬂo, |9 N o |
@ﬂl”ﬂnllmﬂ & <_Hmuﬂ_o|ﬁﬂﬂﬁdr1_ T Ko ot b |
m X u = ol NJo < .= ~alkny | Bl 7 ™ o H P !
1A Njo P S = ojn Y of ) vl om0 0 o W 57 e i b ol !
g T B R 2 T TR WS - ™ T =0 2l F o el |
N - m o §Ab CRCE i N || 2 O nl |54 B
o m XM s g m L= T A P D | B e HE| [ =51 |
o TE = o S omr i o:q E_ % | #o =i =) B i) = m@m Lo "
=R E - N | | | O =5 | |©W | w3 | BF (o)
5 WM g mrm T W Cas | 22 - wm | (W o O | |
O T oy < = F ° L BF 7o = EEd el . |
TP Rl 2N A z5| | =8| | 53| |5 e | | S| | “
FRa by 2§ R I EENRET I AN "
=P DB Gm W oo | Alg | | D o |22 | « = | WS |
o, M S .9 % ey | 4P| | wz| | B ©sl | Pw| | D& | |
W oo o pe o I - BN b e ~ 30 S | |0E ™ < 70 el || "
T o & Fol g5 N | (B | R |E 2% | o | |G| “ “
o . m T | = . i = ™ ot R Fil = B TR I ' _
i m R i 3 v B 2 o Tl ) 5 Zr o s ol = el “
. - s B 2O |k Glzr ||l i Es o || |
A T P ™ o . M ! Ol H IF v Rl I ) 22011 e “
~ - 2 < o W 7o ™ e ) o) ™ B ' Hx._ fir H 5 o|_x._g olaF == | ' = |
N i~ — 5 . | - J Ko il el o - = U EoE | 1 | ™ !
o N R g o B T o oF W o N o 7l sl gz | OH o | LB “
B D BT Tiow® Ly Yo whi | |Baxf | 39| | 9% 1N
M.mﬂ.uu_voﬁﬂlﬁﬁo#aﬂ U]ﬂﬂr.ﬁﬂ_m_glorﬂw*o#a m _/_\.|/\/\J\f~.\|./\ %o . w m E_ m
BCOW e TN T = o PR “ T W 3 A4
7c.:ﬂn/» Jlﬂ,l,wrw_\l,ml L.O,DIZO ' 0] i i !
5 = T X ° = = B 07 = | L oo 6D !
W Ton = o= g o X 9 . = = 2N xD = [ W “
RN Ko {4 T W T B G RN | NR = ull K 5l | ] = i
oo T oo B oy B = il = i El N =
T T d7w¢§@7ﬂﬂmﬁ M © = | 3 u i 0 wlo 50 |
N N — = o o i < = i i i
Eﬂﬂwbﬂoﬂ%oﬂﬂom%%%W%ﬂﬂ EO ) ) i 5 R -
R i oy B W) % T = 0 o N “ = |
im!i:;:é,%wj s O & U U ¢ Al
_zolj_gﬂiw@iﬂ%% * v W Gm,a ~)
O_ ﬂ_v ﬂrL o =TT ; C :
© s T ! n”H_O i
.............................. l |

- 102 -

<dgl 52> =2




— Test—bed &§ AE

g g AT EYO o AFA] FRE 8] HAA FRE U AE W HASs dAE ST
Algoltt, AA7HA] test—bed &5 &l AlgHzAS} (AN st AZE o 4
& W Az)set Aol Agel dE o7k o) Folgom Al A thedt 2t
A& B=A (A
)\X o‘];,—r__/\ O 3] qqi o_]
0] TALTA FEET CewA TzaEaae
A olx AT E A AFU 1 18h olorel sl Blo] o
7 ol =
- o PAY % Grole FEY
o] Ao mE A FxEo " » OF HF dely gxn 9 =&
a8 a9 Hs Z0 wg A H
A » A HolH(ol F& &, F4 » T AT EAE &8 IE
AF Ws Ssk A Zeod | 59
a2 2
. =m(Alsls = s
A L A w7k 27 144
A% 2.0m® 7+4) ’
) ] = w7 2704 3XAHEGEA 1.0m* 7t
g8 » OIS E wW), 174 5AA )
| A 2= 2 7+A 1
]13 (TJQ— 20m Al *1) . /g_% 17H/\ BX] - (—}F—ﬁg 2 Omz
o HERSAE] TE), 1A 2% 242
A4 1.0m* 4) s
- A =3}t AF

AA =] WA A e WA Bl et A T Thoj=eRle] RAE Qe Al
By AT g A Eo ALste] AT A wEbd 2 AT E FAlEE ISO
SC79] A& Atstion, F24 F7t 9 Hdo] ojst xF3tE stz sioy, HEH o
2 =4 B9 Aol gxHH, R EYs F3l Y AZEo e A7 AT W2
A% A8 wekS vk-EstaAl skoh AQF EFQl ISO SC7 “Assessment prevention and
repair for corrosion of steel in concrete structure” & Z3IHE Y AL HF219 gt =H
A9 By B 3 d8 AE7HAE HE ok vk AR UES o <I¥ 5.3>%
Fage

- 103 -



[ Corrosion mechanism ]

= State-of-art
Corrosion mechanism
Source of corrosive agents
Influencing factors
Inhibitive measures
Determination of threshold values

'I'
Technical report (TR)

[ Corrosion assessment ]

Measurement techniques

Determination of corrosion risk

[ Test methods ]

Corrosion prevention

]

Concrete mix modification
External treatment

Corrosion repair

Decision-making for repair
Repair techniques

= Measurement
Corrosion rate of steel in concrete
Monitoring the corrosion risk

= Repair
Electrochemical treatment
Parching with non-corrosive mortar
Crack healing and pore impregnation

V

International standard

Y
Technical specification (TS), or
IS in SC1 or SC7
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