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A Study on Analysis Technique for Chloride Penetration
in Cracked Concrete under Combined Deterioration
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ABSTRACT Recently, analysis researches on durability are focused on chloride attack and carbonation due to increased social and
engineering significance. Generally, chloride penetration and carbonation occur simultaneously except for in submerged condition and
chloride behavior in carbonated concrete is evaluated to be different from that in normal concrete. Furthermore, if unavoidable crack
oceurs in conerete, it influences not only single attack but also coupled deterioration more severely. This is a study on analysis technique
with system dynamics for chloride penetration in concrete structures exposed to coupled chloride attack and carbonation through chlo-
ride diffusion, permeation, and carbonation reaction. For the purpose, a modeling for chloride behavior considering diffusion and per-
meation is performed through previous models for early-aged concrete such as MCHHM (multi component hydration heat model) and
MPSFM (micro pore structure formation). Then model for combined deterioration is developed considering changed characteristics such
as pore distribution, saturation and dissociation of bound chloride content under carbonation. The developed model is verified through
comparison with previous experimental data. Additionally, simulation for combined deterioration in cracked concrete is carried out
through utilizing previously developed models for chloride penetration and carbonation in cracked concrete. From the simulated results,
CCTZ (chloride-carbonation transition zone) for evaluating combined deterioration is proposed. It is numerically verified that concrete with
slag has better resistance to combined deterioration than concrete with OPC in sound and cracked concrete.

Keywords : chloride attack, carbonation, crack, combined deterioration, chloride-carbonation transition zone

1. M =

ZIYE YHE IFHE g3t o2 wiye AA
o] RAg oprlgtal 12 A% £x7F gE /3 o2
vigte] wERE wig Fo3k I3} Aotk WAl
e #ilo] FUHHEA AT ES HekE Tl A
B2 A7t AFHL glen v)Ee Bskd FAYE
HellA olFdhe date RURCAN 3t TE, T/ olF,
T BAH T AR Ase LT RdYo

Ze o] o] FojA L U, A A7 FoplME

7F A%
F715Q ex-FEe] WhE B ohue} ojitsterad] A

*Corresponding author E-mail : jjuni@cmme.yonsei.ac.kr
Received January 30, 2007, Accepted March 31, 2007
(©2007 by Korea Concrete Institute

o mpE galshyt HAEA Hed, gasiadide] ¢
2 AZL FFdA E3ld FAYE Y d3tE A
=3 24 F71ag. gArsbHOg A e £l W3,
248 dstEe s ol FE U] HA o,
oloule} dFE o)Fe WY Y ARt FAYE
UEz wa2A AFFE2 e AlgA 2 A A
AAsA HNEES stz Ao A AtelME
Y ZAIE Bote] BS99 dgtE ASS 4
e At 28 oy gloer? Ay AP ofsiA
T 2ggsie] g A7 BEHez APHT Y

ol 7IWelME ARy FAAFE ol &

“

e, ol 3t @ AR B dsE olF Rl
AZE B BN @RHeR Fe) FRF o S
ol g 7ML U7] WEeIn. 22y Ary] A
% 2 Ficke) 283& ol &3 BEs} s B
g gz Asstelol vy, dE A AAE 712

2 37 gonz 1 g Wt e AT dn

359



Ho g AMREE H3stE M ZragEd Ao 5%

T2EY HA%EHe A% ol olfolth H2 o €3
gMo] mlo)az mdye 2T FGETH A WY
7lgez dAsty AT F2 I EAEE 7
ARAF EaES 93E o s den ¢
o] Egdste] izt Aye Fukd Aol

B AN 27A% SAYESY AT, & 3 &Y
2d (MCHHM; multi component hydration heat model), &
% EX 9 fRol% wd (MPSFM; micro pore structure
formation model)yS 7|20 2, EgGslo] =5d A
Eo] 93tz 7% Hrtstion, OPC ¥ SHLE A
&3 g ooz Bgds A4 HNHL
= #ohsan.

2. SErds) #AoMe HEE ol
2.1 22|E BMS A90lMel SN, BN S et

ZAYEY FFE ATH wgl bl wheba ¥}
o}‘ﬂ 9% o) za0 we} xaEs AW @

g@atsl oA W F3Eo] ojatstea e
o wE VA (H,COs® FFeE FFES A, Y
R ‘fﬂﬁ} 2 dEe xshw A dAs En.
5] WR-o] w3t 48 sfelrh Egste] Wil o
e 77 AEA AR o= <l Bl F

Ll ol 2 r1

=7t B E3IE YRS @stEe) F7TERL 1A
SAEA He Aoty B =RidME 27AE SAYE
9 As a3l it 53 5F ¥ 24 (MCHHM)
£ ol&ste] ¥kgl JAdM e FF F=x, TRl 1
Iz FGI}E olFd Wt ndHE FPI=E )
A3 E o)Fd dEiMe 27IAE EIYE AsE 1Y
sl ¥¥ xstd %’%‘oﬂﬁ 7&1—‘?‘ g Q@% a3 dst

2dd tisjr =
AsherAo)l 3 ?}—8—%% **Pﬁ}%g (Ca(OH),)=}<] F
S IHE F98E A4 2dg o]&sAT. oy
I 23} sj4le] 7|Bo] e 27AE EAYE AF &

o q3 dAte 71EY dF AAE Fase A
;5}

4
PN
=
td
ﬂl—l
2
X

Ir
4

3} g =g o)A

o
i
=
1
ok
o,
g
)
o
I
o
oX. r
b
to
offt
>
2 A

=
== =) 5
—|7§ TL‘EL: 3t

ol

BT e, 35 o dheia
(LI 7o) A o3ty T},

Vi=1l-exp(=B;r), 0<Vi(n=]) (D
dV;= B;r exp(—B;r)dInr

o714, B= ¥ F4E& Aske Hedd v
2 Z717F 87 vl B2 XY Aol s

360 | 2232 ESE| =22 M198 H35 (2007)

& BE §/¢(ET/ETFE)Y FFEAN OE FAE 4
Al 2] Aol olg@ct. B dA FF W (o, W
Bt @413 TIHE HA ) R 3 (S Kelvin

cquation® T30, 4 (2) % ()22 AT £ k.
rc — 2YCM 1 (2)
S pRT In(h)
$¢ = v =exp-B ) ©)

0471*1 ME £ BAF
e BUgE, pe 9 45 yc-‘E %7& 2% 3o ¥
A4, rie st F904 9 YA
*P:@} FAoa e =S vebdh 4 (2) € (3)olA
AHERE A 32wk 2 ¥eE 7]E9 A7 o
o] A= o] °‘°1—P") B Ao e dats o
g7 Y3 FRAH HIE IHI}ES :
71&9] A ostd"” estalE EAE Yo F=
& FAAE (0034 N/m)e 32| E W FAstdea
o] glemz A (hydrophilic)o] HA| Fat dE
AYES T4 BAAY (0.072Nm)el ¥ste] 433
wo ke 7IAA ddh o #FAE A (1) % (2) o

T34 Fig. 13 & 2AE 4& + Uk
Fig. 1914 ] &2kl g o ¥gAbsl gor e X
=g a7 98 =28 A4 9A 3F WE (2

399 :1.146 x 10°m, ]L 245} 9 :2.424 % 10° m)— 2]
Ol 2Eshd AR TIEE =Y F 3o, vix
wjgrel 712e] 43 Az} waste Fig. 200 LPEMJ?i
. AAFer gl 234 494F =28 7 U
on ol#F A EAHEN S Wl AA Wt}
7 &g AEFH)HA A &+ AU

22 1st HEol slg|

Zase yro gslERe AR APHo=
Hoate AH FaEold 1A HIEolLeE EF
5.00E-04—
£ - 4.00E01
k-]
S Liquid phase Gas phase
c in non carbonated in non carbonated
2 condition condition 3.008:01 1
‘.é ‘ | . 4}
& | Liquid phase /I Gesphase ___ __
° in carbonated in carbonated G-00E0t
8 condmon condition
@ Sameansy A »
S 4 e R T AE04
b4
e
-10 ‘.9 ¥J 8 -7 -6
sitical pore radius in y v -Log(r)
ted area oritical pore rggus in
{1.146E-9ml non carbonated area
[2.424E-9m]

Fig. 1 Critical pore radius of carbonated and non-carbonated
concrete (W/C 47%)



R — 3. =2gtedstE 126t ¥stE 0|5 2
L= = «WIC47%- carbonated :'E
" o WOk measr nncatora, 0 180 N ge] Bgds 2dge HU Y AR §5E
%u:,, B WIC46.5% measured, carbonated, {Xu, 1990) | D'I lafﬁ' 0§~ % 7911?_ »H}ﬁ ‘i—i L}Lﬁ_ 'SH@‘% 7]§i ?_5]_
5 K 3 gom 4 4elMe 93E IF 2 s 1
S A% wANe Uiy g
n
aC
0.2 u} a, cl+dlv( [)+ch (4)
] ot
0 -
0 02 04 06 08 1 ANNA, a2 DeHEY H&F (4SS JERHI, AHA
expossdfe o el & (potential term)olZal gk FRA div
Fig. 2 (S@?Lgailgg )ln carbonated and non-carbonated area (L) 22 (flux term)yS YepiEd 2 (5)gh 2o] A
’ g gae BAd wesEs dd aw g 3 s
77t 338 9 Eshwg dehde
F 4 g, F ooles 4RI o R T
A&A Bt olF TAS JES UvbARl A= g - +¢SD oC, 5)
selsA srome Aol Yo fels et o o e e
#HAA AR NF ghatsle} Fo] ghEkA GES W o
Ae 288 489 sEvh e ot uie] A A7A, g 13 AE F5 ws)g, O FFE (=1
3} GE-& st 2 AEtEC|RoFE WA Het, Holth. D& AEE A (m'fsec)E WERIT T
E3A] F57 mE Fsk-dFu|o]E (chloro-aluminates) W 2Rysid Jodojre] A3 E sjojmz St o
g Batsle] whE pHel S e AloR A 3 g 2% o %C Hshs 2 (6) B (D 2ol 7129 o
o B ATeNE gkl geldd wAs GEEe 7 A4E Fusel”V xF 449 9% desan.
A sgelmz Axe] EsE flelel g o (-1
- - — 1Ly
stgo] v e Aow s RudsA ATy = expl 8- ©)
Fig. 304 @asle] w38 T $E|% 2 ’
AsE olF Ma=E ez
. carbonaton font
saturation
and reladvely reduced e Sofuration
porosity saturation due to e
exterior condiion | """
Porosiy
s reduced porosity due fo
/ carbonation
40% consumed 10006 consumed
Ce{OH P Ca OH)e
concrete cover depth
. caonation front fotal ch!oride. beha'vior.
chiaride N under single deterioralic
content free A
chioride bound chiodde content \\
\<com:ent {with carbonaton) e
Cover
\ L+ bound chioride content depth
SN {without carbonetion) totsl chioride behavior
¥ under combined
i deterioration
1\
‘ T cover
E depth
] carbonafion front
carbonated area nore carbonated area
Fig. 3 Change in saturation, porosity and chloride content under carbonation
=stodsol L& pYR 2A2|E Lo Hate AT diA I ek AT | 361



h)4 -1

=155

7NN Ty 71F 25 (293K), T 3F Al-oAe] &

E(K), U= 43} oux (KJ/mol) e 7SR, b
JAIFE (0.75)°19 Hl T2 RS 53l =

4 X3= (Sy7t % EﬂEM AHg-€ T},
@A 9] viAlEkgke g, [o— A (sink term)Q2M &
AI1Zb w2 g E = AstE %*% YeERHY Qle=d 2 4
TFAME O, (moll sec)S A (8)F 7o) wdl g,

ntl
Q = Cbound Cbound QCb
VRSV I
‘ (1 —tIM =°

n+1

ch _ Cbound Cbound( Wused
(tn+1 tn)Mc W,

N

initial

0:17 ]}\—1 VVzmnal— §} 7H}\] !
q

AA ot ol gatst vhgol wet AwE FoiE

& I
=¥ (X, FF, 9380, oden
3 B

da (X))
o1

+div J(X,AX)-0(X;) = 0

A7 o= BlEH (specific capacity), X+ A= 2
=8% (T P, Cy Ceoy)s O A4 - 2ka) (sink term)©]

Table 1 Variables of mass-energy conservation

% AR 2, Freundlich isotherm™
& ueiste] mEE AEF, M2 aEolee B
%, 0 & wast 9gdAe] P48 s Ay u
B 228 gEEaeln o (99 Lol YR F

r
to,
&
i
k2
0
S
o

A —5]]/,\3,0] FEEojof sh=d T EHE HA|

7( 1% };] (10)0; L]—F/}‘*“ 2 011;}_.

H 7} AREE &7 Y5 U] BEH FAL
(N Table 13+ 2t} Table 19014 pee B4, Kye 4%
O]EFﬂT, K‘,t *’F%— | olEAF, P

A%, Kie WA
F

g 2

REAC TS|

®)

o]q"
9 —1H
®) A
s Wuse t

=)ol o

g Rd= 73 3 gF sE &)
&y Or *]Z}‘)ﬂ U—}—E— 5]’?0]‘9— :rLJ‘ d, Keoye A4

?SH/‘*OM /\l-%ﬂ -'@VW%H“* =L

Batsl] U F58 W8 2 WS
Mals 7)Ee) MER A7 A A F5o]
AT, Fig. 4ol MPel GokE A % 2F
g5 HNE AT HH ALEE ebdnt,

d5 23T E SYLR HE

41 SEES0) cEE UM 22| E0| YEHE HS

23dsl g4 e FREY g3t e wiE 2
Y == %‘r?é% RAFHor T WS o ¢
9183t AE ARAAE @Y AlHE

2k 350 kg/m % 717k 10821 EAYE FXEEA] 3
?}7}01] EEH0] o, ¥l ol 22mmE HIL
531 I, dE 24 Aol AFH oz ghtsd
o]Zo dtEe FHE Holi UJen, A H3tE

FE 03~035% (EZYE FFUHE BIEHJTE Table
200M e FiAE 3 e 4R e JYEiE e

(10)
™, Table 39AH &

Eg4ds) d4S o BA =24 ¥
AN 27 JERA o
Fig. 54 = 3y

2se v 24 A% Po] =

Variables Capacitry o, Flux J; Sink @
Keal /m’.s]
K l / K 3 _ v 2- QH [
T pe [Keal /K] Ky VT [Keal /5] - Multi component heat of hydration model
- Constant - Constant
of cement
_ N v 2 _ _ 3
o2 S/ 3P [kg/Pan’] (K;+K,) VP [kg/m .s] Opa —0C [.pS¢/0"t Jkg /m .s]
P - Path dependent moisture isotherms - Random geometry of pores and - Water combined due to hydration;
P Knudsen vapor diffusion bulk porosity change effect
(-Dgg V Cey+q,Ca) [mol /ni’.s] Ocy or Q= Qup [mol /1i’s]
Cy oS [mol.l/mol.m3] - Diffusion and capillary suction - Bound chloride ion with Freundlich
- Path dependent chloride ion transport - Consideration for temperature isotherm
and humidity - Consideration for combined deterioration
Deo, V Co [mol/m’s]
¢(1=S) " Keo,+$S [moll/mol.m’] - Entire flux of CO, in gaseous 5
oy .o oo Oco.,, [mol/m .s]
- Equilibrium of gaseous and liquid stat and liquid state .2 . oo
G ﬁ o - Consumption of CO, in unit time
of CO, - Consideration for temperature Constant reaction rate
- Henry's Law and Dalton's Law and humidity - o caction
- Knudsen effect and vapor diffusion

362 | 3F=22a2|EstE =22 M193 M35 (2007)



— : ,
| Geometrical Data J Information on mbiure | le—| Exter;%re + Hydration
v design en‘?oeé) rate
[ 2D-Heat Transfer Analysis 4[ ) mg?;sd
g AR YN o i
1 2D~Moisture Transfer Analysis ] -
« Porosity
Establish [ 2D~Chioride lon Penetration Analysis I Exterior (:rhaltnogﬁde ’?,”;ﬂi}‘;ﬁe
finite “ (ol
element - diffusion and capillary suction
+ Feundlich isotherm
mesh N\ - Free and bound
#l ’7 Convergence check i \ chloride content
and !
[ 2D-Carbonation Analysis [ Chioride behavior in carbonated area
Sotve | dffusion consiceraton for
governing i - solubility and carbonic reaction - modified critical radius of pore
4 i+ changed porosity - modified saturation
b ' - modified bound chioride content in
4) carbonated area
> l Exterior 00z (molf) l * Gonsurned
v | Convergence chack JI CalOH),
-pH
{2 STEP] e | - Solubility of
CalOH); and
CaCOs
Fig. 4 Scheme for analysis of coupled deterioration
Table 2 Mix proportion for coupled deterioration analysis 2 d2sr Jdes & T Uk
W/C Cement Sand Aggregate | Slump
3 - R
(keim) | (kem) | (kem) | (cm) 4.2 NBHlo|ME S8t ZHS 232|E0| Seedst £
50% 352 653 1,173 12
B HoE ped &Y 71He B3t oPC ¥ €Y
Alsld =], §Ak8l ZlolE 28 mmE AE] FAF ghell H] a2 AME FaPE sl BEEs Aledelds
st ept 3A BrARAP. Faelot #2¥e) BPGstel Y Adh 2A AR
ole dirtel A As R sl =2E FEEAAE E YR guste 5 $7t fdleng 71Ee 43
R FEst BomE G4 Ao WS eyl W 2 Fael B2d FAAS % Y ARE olgsel @
ot} Fig. 59 (b)ollAe &4kt IdE F9ole gxo] Batdslo] 3 H3E AT S HARIES vt
st FEo| sgHo] Fastal old wet A A3t Badst] tigh a4 Wy o9 #EFol F&ste
Bl S7HE & F JoH, Fig. S(o)lX e =& 7] HEE ojL9] ot ¥ Ffof FUL Al HEY &
Zh1 10 FeF ©AEE dole SUHE vEI Sioh g &3} AFd e 34 s5k=% Fig 69 &

A¥) b Asele] i), BasEe] ok Hoksh  ofso) Uk 2YRe] ASE U oAkEgA S
250 BAH o)Fo] WAk A FBY] & @ AFE olv] /|Ee] ALE 2

>
ob
P‘l',
2
s
i)

fr ot ot 2

e YR o5 Aoz dyugon ARHo  dwde HYse Fast We 3¥ el 2
Ab ZA Po] B olFe AEF WaE  Wel B AMT Yue /e A7 A%E T2

Table 3 Input variables and conditions for analysis

Exterior R.H. CI” concentration Curing condition CO, concentration (after 28days)
60~80% (6month, period) 0.81 mol/l 28day submerged condition 340 ppm
. 2 decrease factor for time A CO, reaction factor
Exposed period Temp. D (28day) m’/sec (m) for low concentration
10years 18°C 3255x 107" 025 17

=aioislof L& FYS Z32E WL HSE T ofA 71Hol| et o7 | 363



0.5

0O P1measured by Jang (2003)

: ® P2measured by Jang (2003)
0.4 Cz fafb_oriat}o_nw _ | w—Numerical Analysis

0.3 |- “.q e o

Total chloride content{% of Conc.)

0.1 . .
b) chloride
behavior L]
0
0 20 40 60 80 100 120

Concrete depth(mm)
(a) Chloride behavior under coupled deterioration

03 s o
5 ufreechlonde
S 025 & bound chloride
Q
o
. 02} - -~ e
H ST o
= 015 - - o
] a a
‘:‘ L]
3 o1
.g [ ]
= L]
S 005
£ L]
%]

0 L ] .x L .

0 5 10 15 20

concrete cover{mm}
(b) Behavior of free and bound chloride content

ES
T
I

“
i
3

Carbonation depth (mm)
»

-

0 2 4 6 8 10
Exposed period (year)

(c) Carbonation depth with time

Fig. 5 Analysis of coupled deterioration

o] ugA sy,

Tables 4 ¥ 59l& A]%Eﬂﬂ*doﬂ AHEEE e 4 s
A 2 e e, WEE 2 28d A
7NEY AF 7&4%“) o] &3 Zolt}, OPC A E}
Lo S ES X A 2H2} Figs. 7 2 89 TA

- multi component hydration
mode}

bound chioride due Caborelion arcivls
« pore structure formation p| - local equivalent
- moisture transfer model > to hydrates

to diffusion and . carbonic reaction

advective ;
transport with COl)
Combined chloride ion
deterioration in transfer analysis
sound concrete
(Fig. 49
Shared Information Storage
- Crack effect on chloride diffusion”®
Dy D= (QD”“MD ) Derack _ 5009 . 2+ 06 - 0+ 1
Cl (e (:) S cl’o DLl
4
L e 2y T ar
4% = &= g, ¢S(.Qf TVt @
- Crack effect on carbonation "9
g
b e - s(1—9)* KCOZ (pS 95" s D§K o f(98)02
co; “o: Q0L+ ) Q R$S
- temperature and humidity effect
- change in porosity due to carbonation : ¢ — o(R)
- reduced moisture adsorption : S —S(R)

D5 equivdlent diffusivity coefficient of chloride ion in REV
D, o * diffusivity coefficient of chloride fon in crack width

R, : parameter for cracked area, 1
A, : area of REV, w : crack width

* viscosity of pore water

q:ﬁq * equivalent permeation factor of moisture in REV
Dg’bz : equivalent diffusivity coefficient of entire CO; ion in REV

N, + Knudsen factor , D, D basic duffusivity of (0 in liquid and geseous state
fe8)

. intrusion resistance function of CO;

Fig. 6 Scheme for combined deterioration in cracked concrete

Ze AL OPC AYE WY} TIANEE AMES 3
YEqM A AFE ZrP FAGed, AW 43
ANz ol A HHA YAFZ Y. =2 o]
fv e 2o EIHAEE AMET TAHENM =
F&E= gstEFo] OPC AT EHRT For o] m
g gugstEgs I Zukety] dEolth Figs. 7 R

o ¢ UEol, Bgdsle] A9, orC 2AHE H

Table 5 Input variables and conditions for analysis of combined

deterioration
ST B £5E dwEo SEEL : : :
Z}(ﬁ\:}_ _ j- B =HSE OEC B @l Exterior Cl Curing CO,
7t EFAE AMSS FAYERY fEEa dHA R.H. concentration condition | concentration
gjou® HZox= okAjo] g ZAZES AL FA _
S = HEe 2, 65% 0.81 moll 28day 640 ppm
AZee) 7hadl mEl OPC BIES FE o)y w@at submerged
3t AL AT A Yo eatsl s A Temp. D, (28day)m’/sec m. A
© Z7ix] wiEel tlste & xjol= WrtE A &rh 0fC OPC100-37 | 1.3 % 10™" 0.25 7
ksl 7)o 938 wx7F Eon €k Zolrt $30070-37 |0.63 x 10™ 0.40
Table 4 Mix proportion for analysis of combined deterioration
It it wei > Bx%
ems W/B S/a Unit weight (kg/m’) %
(%) (%) W B S G Admixture
Mix. C Slag FA SP AE
OPC100-37 37 45 168 454 - - 767 952 1.0 0.017
S30070-37 37 45 168 318 136 - 762 946 0.8 0.018
364 | =2 32|ESE =28 193 X3Z (2007)



08

E sound : single atwfavékw
k s 0, A0 : siginile attack
(e 0,.2miM e single attack

| O sound : combined

0O  0.4mm: combined

A 0.2mm:combined

0.6 -

04 o -

AN A

02 | P

total chloride content (% of concrete Wt.)

0 20 40 60 80 100 120 140

concrete cover depth (mm)

Fig. 7 Chloride behavior in combined deterioration in cracked
concrete (after 5 years, OPC)

0.8 - - -
[ e————cound : single
0,4mm : single

o 0,200M ¢ single

06 b — = — = o e — O sound : combined
£ 6.4mm : combined

: combined

chloride content(% of concrete wt.)

0 20 40 60 80 100 120 140
concrete cover depth(mm)

Fig. 8 Chioride behavior in combined deterioration in cracked
concrete (after 5 years, slag 30%)

I Sth Fig. 994 & OPC £ E 4
3 FaYEY BFPEE AsE vwst
tEE Batst 2o WA 2 d3Ee) St H
H3 Qe OPC 3 E A, TS AlL3 &
A E] Hste] EFEste] 2 F3E AFo
s Festa 3gS & & AUk

Eitsle E32E R atehikgol oste) Az A
o2 A7 wEo pHol )3+ Hojg o] wayst?,

=
P

08

% © sound (OPC)
| O 0Amm (OPC)
- ==t A 0.2mm (OPC)
—e—sound {SLAG)
~a—0.1mm (SLAG)
a A e 0.2 (SLAG)

0.5 - -k

A A

chioride content (wt. of concrate)
8
T
i

concrete cover depth{mm)

Fig. 9 Comparison of chloride behavior under combined
deterioration with OPC and slag concrete (after 5 years)

SEEEL

o

olg1st watsl Mol P93} tEXR FFEs] e o
B B¥oA wtd Zolel HAFEHC] ASHE
Zole] zpolE HFEst Ho] 99 (chloride-carbonation
transition zone : CCTZ)C. 2 A3l AstE A< H]
W E W AtololM E¥Es 548 otE 4+ 3
o} Bgdael A9, Ao FgEFS ekt o5
WA H22 CCTZ7F S7HE S Ui sigd 3
2ol 7P7ke] °]53HA 7] w&e|th Fig. 1004 e
GZd WE CCTZE ¥ 23, OPC EAEL €
g FAAERT & CCTZE 7KK den, oj#dt
AL gEEo| F/ME4E ¢ FH A Vet

F ZIYUE Y
Fotel =29

Y

1Ay gazee A% 549 oy o B
9 297 uA 25 72 2YYL oz
, 952 4 2 vastg veld 2adst A

HhE 5+ AE A4 Ee ALEic A

2l w2 oft & a2 B

it to

it _:é o
1>
N
g
flo
N
i
o
>
pul
E)i
in
i
o
o
=
Rl

]
Z7kke |48 AsS 2 dEsa dEE ¢
(o]

2)

s .

3) MEE aA Ee 2xd nE dstE w5 i
2 F7189 % Hslel] o W A3EF W
3} 5ol digte) F7HH A77F IFEHE v
3 & B e SIYE FEEY AL F
7244l g8 ASE U YHeE 45T + 9
S ZoR di3dd

60

—Concrete with OPC
w = mConcrete with Slag

50 b oI

40

30 -

ccTZ(mm)

20

10 b - -

o 0.05 0.4 0.15 0.2 .25

crack width (mm)

Fig. 10 Relationship with crack width and CCTZ

& PR 23| E el datE AT oA Jifof thEt o7 | 365



10.

11.

12.

2 % AHAZE WP WE AFA,
stk dubHo s JAE F2E9 =
38 A%l dUTAYEAN Y ASE ATH v=
ofyel Bdste Axlox 2 4% vAA B
w2 gitkst A aelste, 53dste =28

CFE, AAE, oMY, WaF, camsda nEe

LI, 3,

i
ret

1aE

. Ishida, T. and Maekawa, K., “Modeling of Durability Per-

formance of Cementitious Materials and Structures Based
on Thermo-hygro Physics”, Rilem Proceeding PRO 29, Life
Prediction and Aging Management of Concrete Structures,
2003, pp.39~49.

. Jang, S.Y, Modeling of Chloride Transport and Carbonation

in Concrete and Prediction of Service Life of Concrete
Structures Considering Corrosion of Steel Reinforcement,
Ph. D. Dissertation, Dept. of Civil Engineering, Seoul National
University, Korea, 2003.

M

AP ES F3tE AF AP B3 A, TATET
3 =54, 154, 33, 2003, pp.400~408.

&3, BAE, HaT, WA, “ESAE AR A

5 23gE WTEHS 3T d3tE A A7
Rl B3 A7, YRVEETI] =77, 258, 1A%, 2005,
pp-213~223.

W «gdg zle EaYE] E3)
E 3t g Bendr gt Ess] =174, 219, 6-A
3, 2001, pp.915~924.

. &8, B, WaEF, 2R dEs e &

A ES HIE IF 4, FESTS =74, 21
A, 6-A%, 2001, pp.925~936.

. BALAREG, “ar s - MEERTE (M- A

RAER-WETER-", 207 )-FF 475 -, 5899, 2001.

. SHZAYESE], FAYUE FEAEA WY, 14

AEE 2004,

. CEB, Durable Concrete Structures-Design Guide, 2nd Edi-

tion, Thomas Telford, London, 1992.

Minoru Obi and Fumio Taguchi, “Investigation of the Chlo-
ride Ion Amount of Seashore Concrete Structures Dete-
riorated by Frost Damage”, CONSEC-04, Seoul, Korea,
2004, pp.409~416.

Q3 ol A, oW, Bl Bt EFEAA F
hole @] BY AT, EAESE =8, 177
235, 2005, pp-179~189.

o], &4, «FAstet A E S TAYEY H
qd3l 2, e =77, 158 63, 2003,
pp.902~912.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

“FEE T 2714
25)3)3=24, 243, 5-

AAE, $3H, AIF, ole T,
Fag e itgl diA», tist
A3, 2004, pp.1011~1022.
Ha-Won Song, Seung-Jun Kwon, Keun-Joo Byun, and
Chan-Kyu Park, “Predicting Carbonation in Early-Aged
Concrete”, Cement and Concrete Research, Vol.36, IssueS,
2006, pp.979~989.

Maekawa, K., Chaube, R., and Kishi, T., Modeling of Concrete
Performance: Hydration, Microstructure Formation and Mass
Transport, Routledge, London and New York, 1999.
Ishida, T., Chaube, R., P., and Maekawa, K., “Modeling of
Pore Content in Concrete under Generic Drying Wetting
Conditions”, Concrete Library of JSCE, Vol.18, No.1, 1996,
pp.113~118.

Papadakis, V, G, Vayenas, C. G, and Fardis, M. N. “Physical
and Chemical Characteristics Affecting the Durability of Con-
crete”, ACI Materials Journal, Vol.8, No.2, 1991, pp.186~196.
Xu, K., Structure of Hardened Cement-Fly Ash Systems
and Their Related Properties, Licentiate Thesis, Publica-
tion P-92:7, Division of Building Materials, Chalmers Uni-
versity of Technology, Goteborg, Sweden, 1990.

R, EARSER], AR, “REELICE > THIEES
Anpar ) roELYmECEIR T VA e
MORE) L B, 2> 2 ) P T8 E, 1990, pp.69~82.
Xi, Y. and Bazant, Z. P., “Modeling Chloride Penetration in
Saturated Concrete”, Journal of Materials in Civil Engi-
neering, ASCE, Vol.11, No.1, 1999, pp.58~65.

Mangat, P. S. and Gurusamy, K., “Chloride Diffusion in
Steel Fiber Reinforced Concrete Containing PFA”, Cement
and Concrete Research, Vol.17, No.4, 1987, pp.640~650.
Tang, L., Chloride Transport in Concrete, Publication P-96:
6. Division of Building Materials, Chalmers University of
Technology, Sweden, 1996.

MRBEE, BEEL, WHEMS, ffifl, BT, 1986.
Ishida, T., Soltani, M., and Maekawa, K., “Influential Param-
eters on the Theoretical Prediction of Concrete Carbonation
Process”, Proceedings 4th International Conference on
Concrete Under Severe Conditions, Seoul, Korea, 2004,
pp-205~212.

. RILEM, Durability Design of Concrete Structures, Report of

RILEM Technical Committee 130-CSL, E&FN SPON, 1994.

54
Sral

3

=
R
=

o2 o
ot o

)
=

L
6]
A5 A

kY
N,

e
s
-

HA 2714 2adEY oY 3t 2d 29 ¥ 33
E olF 2dg ol&stdth olF wilEl M ot
3 4sEe) deg mddst B9 43t mdg Apwsigon Jidd wde e dE 2P A % A Aas

@ty 2 HE4A4L AFSSGrh ¢ Y| A7 Fl #8594 gL
EAWE (OPC; ordinary portland cement) ¥ &3hA] (£ )& 483 EAE
sath 2 A3 AR 2L 395 sty EF3Es A E B F

oL
o

g

Y

23

-z

p
ST

| Bzl wme), g 3 akste] mw
ghabgls SAlC) 2 Hed, gitksl

g AT AEFHL

s} FHolMe &
a83 £3IE Fxo) DAY 9L ddgs ®
Ao AE A HF 183 oiiste

o
¥ zaze 7zgd 98 A4 FPshed o

=93 g3E g4k 9 AEE a3 93t
gl Wt T B¥, 3l ¥ 1

3 AGE wEiste], REEEY
e B3dst AFE AEdolAd

é[ﬁ

g}]\
gon, EFAE AHEF 2AETL OPCE AMEE S Ed vlsle] E¢dst Aol 53 fHH R TR

HAEO - S0l BAY, ZE,

=orot0), HOIIOL FO| B

366 | sr=E32/E5ts| =28 H193 H3= (2007)



