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Durability Analysis and Development of Probability-Based Carbonation
Prediction Model in Concrete Structure

HEE~

Jung, Hyunjun

Abstract

Recently, many researchers have been carried out to estimate more controlled service life and long-term performance of car-
bonated concrete structures. Durability analysis and design based on probability have been induced to new concrete structures
for design. This paper provides a carbonation prediction model based on the Fick’s Ist law of diffusion using statistic data of
carbonated concrete structures and the probabilistic analysis of the durability performance has been carried out by using a
Bayes’ theorem. The influence of concerned design parameters such as CO, diffusion coefficient, atmospheric CO, concen-
tration, absorption quantity of CO, and the degree of hydration was investigated. Using a monitoring data, this model which
was based on probabilistic approach was predicted a carbonation depth and a remaining service life at a variety of environ-
mental concrete structures. Form the result, the application method using a realistic carbonation prediction model can be to esti-
mate erosion-open-time, controlled durability and to determine a making decision for suitable repair and maintenance of
carbonated concrete structures.

Keywords : Durability Analysis, Carbonation Prediction Model, Statistic Data, Probabilistic Analysis, Design Parameters
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o] Agked kA F WetES Al He #HES A
A i A=l FERE SHEE olojd 4= k. wEhA
elslE E3PE FRELS H-ES AX#erF 2 ETh

ERbslo]] et A S - 9ol A Bo] HaEglen &
3] oSl IRl gl 5 mdef digh o] A
T7F HE v ok A BEE FIARE 7=
s} Zlole} s d&dlal FEES FAlEEEH] 9
g AEE SEHT ATheldSE, 2004; ©)85, 2003). 1
Hu Mg A7E9] i 2 AFdd= 2] il &
SAIR el dEF o R A Ho] glom, it Fw
E FxEo B4 49 AHE EFoz wkdsiA] Eslal
A= Aol

Yukzlo g FZIE ) HZ] 3] 27 Fol| elsle]
739, TEE B 4L A2 AR et A
P RS 7S a5 Fue] g He] R2Ajo] o]Fo]
A Aol Ryt WS i RER1 EHoez I
Tgo] B ARAE F2E2] £4o] BhAEIITar et
Sht}, A E3pst S 2] Eeleke g3t He AA
S A dEsle] it TERES §A4 - BES 5= ojok
Ha vlgoF HE UTFES d5 & 5 A HolEsg
£ 79 F vk gebA] dald RE YTAES A
7171 9181 AAg A7l fA1ERIEEoe] Hash, o] Al
715 A83] dEshs o] EaYE T2EY WA R
oF A SHAA wlg- F83))

2 A7elA Ficke] 3 HAl HAS EQiEs V& &
2kel SR wo|x|t 7MY} 2H SlolwHH AMEH
7IH(LHS)S o83l ghlsl oS mdlals /pasie] &E
£& 722 P EFRE 725 54 ¢ dHE v
gt EagE FRE] B8l ZolE dEsla HAVIEl
FE B3] sl ZagE TREo IEFHS d=
3ack w3, 2] el &5 wdle] Fa3 AAMSel
CO, M, t71Fe] CO, %, CO, 3%, AHE +
3% 58 1Efe RS FAS Zo)d WAlske B3k
e . 2F ARG AEA Agl vAle dEe
AR FAE 3] Qi ZF AANT] e vizs
S FgEt. e gl oS B x&HHo s
2UHE Holer}t 23YE A7xEe] AL 483 7Y
ojgfal AekE, HAAGAAN A E oY HFE TAA
7S o83l APHE AAT 5 S Aoz dATETh
TS B Agox AAE gaE) olErdls o]83 g
2 gRlel FIE i Uty FE 2 12Ee
£ MAA7E dEslal FRES 74 - BRI, $Ig
g GRS & F US Ao dAdd.

¢

2. 23| PxEe| B T oS 2y

2.1. 232|E9| Uzl EMMEL 2

FagEe} 22 tFAl wijA] Wil Lo E49]
ol YulAHoZ Ficke] A WA WHS wdT it} o
D79 ERlgl &5 mdS GAEE Aeor fA &
5 R3] H8IA Ficke] A A HAS o] g3l &
FE TREY] eaEl 5 mde A (1)) go] Yepd

4 ATkMiguel, 2001; ©3<F, 2003).
2D
x=="(C,-Ct )

A7|A, x= BAERY] Zlol(em)elal, ¢ &FelA FdE
COr&%E(g/em’)P)aL, Cr= BRFslE Fia w|zledd 3¢
AL COFE(gem’)0|H, DE COERMAIFCIH, ¢
B3 AlZt(second)elnl, o= ©Y BuE SIZEE
2k} 217171 913l B8 CO#(g/em’)o]Th,

21 (1A ghalsl ZAe] Ea2E rHozRE A
Ets) Zlo|2 Rl ool FYE COEES Y]
o] COys=R XBIH 2] 2y ZTHEES, 2004).

Co= Z-DCOZ-C 't=A'/\/'t (2)
X A, a CO,

A7IM, 4E I8 SEAT(emYs)lTL, 1= FATES]
b3} A3ka) 7 (secondy S VFERATE Cy= 73338 A7l A
o] gRks} Zlo)(em)ola, DCOZ% CO, FHAIG (em?/s)0) L,
Ceo, = W71 T COYEE(gem’)OlH, a= CO, F3F

(g/m*)°It.
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2.1.1 CO, E2HAIS

Do, = ABATE F8M A Gt 2ol 72 5 o
(°1%<=, 2003). CEB-FIP 1990014 A|¢tel= A EQ]
CO, 2 0, BMHIFE 0.5x107~6.0x107*¢] M= Agkst
31 UTHCEB FIP, 1990; Miguel, 2001).

Do) =Dyt 3)

q7|M, D= 1973 F9] CO, FAHAIG0AL, na= M
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E 1. w/Ce| uigH|E0| E Dy 2t ng gk
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J8 2. CO, EttAle| EEE=E (0|3, 2004)

I¥ 12 BY, ARHSREm)E WICE 2 238E A5
& CO, T S718kaL e, 7] 3lee] Co,
A7 = 78S ATATe) rREIAZ ekt
= FaES] T 7329 Dol Y Hof &
ZHAI7E ZRAE

3 13 2o] w/Ce] nignlEe] wet 42te] ghs tiEA
YeRdtheZ=r, 2003).

B =rolMe a9 29 2o SR o, FRHITE
ARERIAAL, AT AFZE CO, FAHAIS] Bt 3.87x107
em?/s, TFAAF 3791074 cm¥sS o] 83FATHE R, 2004).

2.12 t)7] FY COrsx

4&0] AFHLET} 122°CS 7IFCE 2100471412 o]
71 ASES I COFES 53 23, ti7] F
9] COyEEe 19 29 o] FA12] 4)S o83t 2+ d
To agElE 7] 9 COEES AHFatdthe) <,
2003).

Ceo,=12:611-In()~95.172 4)

21008 9] 7] F2] Coz=EE 199539 B} <F om)
7V F7Fe

2.13 CO, S&

FTAYEES 3] EIslsl] 9l 87EE COEe Al
HES] F5F ¥ 38HA JE uigtzd 9 Aapdgel ofE
sHA |t 53], eisle] 318k whe-S 1HE wl, Caos}
COo] A ApiQIAjelt}. metr] £ =iollA= o]
st 94 aEste] H83Ith CO, TR Fsl=st Al
HE o] coFe] #Al o3l AdEE ¢ uiy] F =
ZollA 2 5y o] 7& = ATHEESE, 2004).

M,
a=0.75-C-Ca0- - %(g/cnﬁ) (5)

Cao,

o71M, Cc= B9 AMEZK g/em®)o|aL, CaO= AHE
CaOFol1l, gre ARE F8lwoln, M BEFHCO,44
gM, Ca0:56 g/M)°|t}.
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E 2 EEHC AMES| S5 ZMH|SRISS, 2002)
EEU= AHE SR
TYPEI | TYPEN | TYPEIV | TYPEV
C5S(%) 49 ) 23 46
C2S(%) 23 37 58 32
C3A(%) 10 6 3 4
C4AF(%) 9 12 9 13

AHES] Ca0& ARIES] F7dl w2} th2A| = ol&
3E 29} o] sk A HES VRE APGERTEY,
2002).

2.14 ARIE F3l%

FEWE] AMIES] F8 TAEES dEfolEqalite), Wit
O] E(belite), FFHIUI°]E (aluminate), F2}O|E (ferrite)s >
2 Tt ol S8He 2 G5, G, Cid, CuAF=
R, sletee T3 xS ek 247t e
FIEE Hol|7] Wi 7} setee] il Jedd
S FHalM ARG 5= Qo ARE SIS (aps A (6)
¥} 2t

5= W e.st e, e,st Ue,nWeu™ Wcan e ar (0)

A7, a5 = LEIRIE(ite)2] TE=OI, oy g
W Zko] Eqbelite)e] FEEOIAL, a0 g F FFUMCIE
(aluminate)®] G=3}=o]H, Uy = H|2lo]E (ferrite)?] =
sloltt. T3k wie AHER] tigk sleEe] FHHo|th

7} A elee s s, AME SREE 3)el
w2 ZIYES AA F3}HH-3-E % (overall kinetics of
reaction)s 19 33} Zo] 7 4 ot

a7 304 YeRll= vle} Zo| Hgo|ES] FElE &5
7V O AERD =ES ¢ 5 Aok AR e 4
G, 2002)R1 ¥ 45 HA ARE 959 73l
25 wEA AP S-S B ok

E =roAe 3 3 A8sl] = =g
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a3 4 ZEUCS AHE Fo THBo| PHE SE(RGE,

zo] Ao R ol APSETL WaAR 7Rt
FYEE AR Fo] F wdle] N SRe FEshe A
o8 A

¥ =R Avami FEje] A& AR8Sle] 7t 3191E]
sgshs =S A (70 23] ARISIATHEIE=E, 2004).
Avrami®} & 2RSSR 2710 2 QARE ARt Age] )
2 22k 247t FAE7] wEel 2 5 B o] 9l
o SR WloAjE TIHE 27IXE Al HelER BAs)
o ARF ASAel B 7] miEol Aviamitle] TS
Heg 5 9l& Aoz AlmHth

a,= l—exp{—ai-(t—ﬂi)y’} @)
A7|A, AHIE S5kE] we ArE e o B, pe

=
)

=
>

=—+—type 1(Lee)
~&=—type 2(Lee)
—d—type 4(Lee)
—o—type 5(Lee)
—#—type 1(Cha)
—O—type 2(Cha)
—+—type 4(Cha)
——type 5(Cha)

g
=

Degree of hydration

0.2 ¢
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38 5 ZSHUE MHEIES FRE FIlT &£ H|WOET,

I 3. AMHEIE 7Y siEtE0| 401, 2004)

Q; B Vi
Cs3S 0.25 0.90 0.70
S 0.46 0 0.12
Cs4 0.28 0.90 0.77
CuAF 0.26 0.90 0.55

346 -

3& Farsllon, 3 28 ofgsle] & Rell A-8si3itt

2.2, ERMS} LI 24

22.1 FEEAQ] 7S o83t eilsl oS =gy

SEEAQ s B wds Akl AAsH] s
+ FEHS Oigk FE3 dolert sttt e
ETAEEE 53 AR WS Bk F3lizl Aol
7] wZolth. ARdEA= FAAClaL AR el
&l ARFEARE AR SHE ALt e SR T
H 21 9 ASAE, A5 540 /e EA8E 1
st} AREASAE Yeplof St}

E =RoME AFE 5(2008)0] Fal Aol 288t
Ho| 2|t 7S giEs} oS Bl H-83tnt. wlo| x|t
7IHE o] 83 BlEl ¢S Tdle B Uik ZUEF
dlolel7} dasit, 7] BT 7Re BEEHEAdo =R
Qe S p(9) Bl slar, AlS dlolElY] FA7F 2
23age] Oy GBS pr9)E HAIT. o] T BB
Aol Hlo]2 o] osiA 2 8y B2 IATE AH
314l ©th(Ang, 1975).

P"(9) = ¢, P(XI9)P'(9) ®)

714, 9 & Edugolt, ® =RNE o, IS
(Dep )5 ZHNSE AT o & A 38 zhoey
Bl 2A5E Ad5olth pg) e ZdEF 92 7HE o)
AS dlole xt 7= BE/doltt

P(8)=PX) )

9z ke BAIY Aol ddsie BRI 2 (9)
7} AREn. A8 AT e FEHE, d5AE,
A X, AZRFS, F7IHF Y BAE HLsAth
(Bazant, 1989; W3k 1999; <3k 2006; FAF,
2008). 3, kA 7] Tl dare] Bk dal|So]
ES4AAT} Aot

o

rr 4y fo oo

222 = Slo|HTFH F5

2 slolHFE A
Aeh=dl 88, A
o] el gl L -
S43< 7L itk (Mckay, 1979). EUE RS 53
ARE 4,914 &S} 2ol (m=1,2,3, -, M)E X,°]
27 ASAE ol8siM A A, F ZUEEE S Lol
A= F7HERL HolHE aefshA] e whist o] x 9
BE X BFAA o, = A (107 2ok o] W), 57
9] 585 7He 71k IR U

Y = l (k) !X= l r(k)_—! 2
Xy, =2y o= [EY )X (10)
k k

A7|N, X, ok =zt AR 4,0] Folth ARE 4,004
X, dste @ik zlolg ASS Fole SEIr
(likelihood function) p= 2] (112} 20| 3t}
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A7, SEge] FEEA o & slEe] AR 57
Blolel2RE] 24sot @}, mul al=Ae] W ¥ B
AH BEE A% WolAt M AMESe] 4 (12)9%
o] AR},

Y = e ANy (K) (K
X, =Y P = e, Y px) (12)
k k

AdE Bl dolel BE ASA X7
o, = 2 (3 2t

=]
N
=)
)

nX n(k S 2
o' = JCDZpk(Xm( X7 (13)
k

2.3. EEEXN SHHENA

ZIE YRZ Ccoyt A% - Rk HH A7to] A
ol wg} gkl Qaiy Ea8jEe] ¢z 540 4
sl=]7] AlRfet. E3Er ekel HgS Ao HH
a3} zlo)7) Zlojx|ar, HE Zo|7kA] ek} XaiE A
= o] gE Fde] st ost w9 sajdd
< Fe] FAS opRlal FEES UlTdes Al
8<lo] . RISy} Zlas]o] H oA Tusle] A
o FAS ks AIS AR SAVdElR Afslal, o
wje] FAukY BRES ARXRITE SHAPSEC] tigk 2 @AY
Sk5-S eb] Y8l TR 2] (14), (15)9F 22 sHAPElE
Z=(limit state function)® <3l

8=0Dco,). R=r(9), §=s(9) (14)
G=R-S (15)

o714, RS FIYE IEFA(D), s S ARkl
we} ¥islels ©ls) Zlojoln, o= e ovldt &
AR Ge 488 PE ER & It &48E

PR AFoX= 2B Ag pE ol83st] FAA &
5 Ytk &43kE peot AEIA AS pE A (1)
e AL Ut

0
P fod (16)
p-2C, = at-p) (17)
G

B
m
AN
=
K3
=

A7, folgre FELEFFOIL, ogs GO
ui= G| Btolek.

3. EMI3} LT S AlLiE[2

2 =oxe vt 22 xR T side st
AL, 18 67 o] VERITH
) &S} A melof] AMgE AANTE A%

2) ATHEE olgste] 2 AAMTe] FARTIS
(Cumulative Density Function : CDF)YS AJAJ3H},

3) 2 ARIA) AR FARERSS) 2kl Sl 4

[a—y

5) ZFE 2t AAATE ol 83lA 'ils ZlolE Akt
I AR eSS Tt

6) 7] FUEY HoJEE %7] $%=8<(initial likelihood
function)S AFSITE,

7) 7] $EIFE ARES] sl T3 AR SRS
HAg

8) Y FxE FAE WEFA9 Hdy} XFHAE
T3t AR REEeE Ag & SHAPIEIEGE o83l

C START )

STAGE 2
1. Calculate initial likelihood function
using the initial monitoring data

STAGE 1
Application of
carbonation
analysis model

STAGE 1
. Select design variables.
. Create design variable and cumulated

b —

2. Correct prior distribution using the
calculated initial likelihood function

distribution.
. Sample design variables using Latin

Las

R

STAGE 2
Application of Bayesian
approach method

Hypercube Sampling Technigue.

. Arrange the samples randomly and group
the design variables.

. Caleulate carbonation depth{mm) using
the grouped design variables

i oy

h

STAGE 3
1. Determine based on limit-state function

L=t

. Calculate prior distribution based on the
carbonation depth(mm)

2. Calculate reliability index

3. Compare reliability indexes before and
after update

4. Determine a time for repair & reinforcem-
ent before and after update

STAGE 3
Determination of
application times for
repair and maintenance

C FINISH )
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4.1. 2tEl slo|H7RE ME

= % CovV #
5(1989)0] w2w ZHE Slo|vFE AE = A
3}

Bazant
Aol 4= ns 7wl 124 #rol AAe] AApAGe]
o thek Al FEE= 2SS BIFE 5(2008)
AN AxkFe] 7P 24 &5 AF neE Js W %
A AR ot 2 Aol FEES ERIHEIT. 1™
75 B, g SlolHFE AE = AE 75 =29 At
20 4

Carbonation depth(mm)
=

= Posterior distribution{K=9,18,27)

| ==95% confidence interval of posterior(K=9)

——95% confidence interval of posterior(K=18)
+++ 95% confidence interval of posterior(K=27)

0 20 40 60 80 100

Time of exposure(years)

T3 7. 28 SOITFE ME Sof walel mE EE Zolo)
R

20 -

Carbonation depth(mm)
=

—— Posterior distribution(COV=10%)

| =Posterior distribution{COV=20%)

s Posterior distribution(COV=30%)

| =——095% confidence interval of posterior(COV=10%)

= 05% confidence interval of posterior{COV=20%) .
J eeeee 95% confidence interval of posterior(COV=30%) ’_..-"""'

0 20 40 60 80 100

Time of exposure(years)

J8 8. COV # Hslof whE Erits) ZI0|o] AFROIEX| HE}

I 4. dAIEENES Of

Ao Sx)e} AR SR 9] byt FazIck. 1ey H
Ae] BUER dHlojEe} Hawke] MENTE ol8sle A
o] /e RS ARgSkEHl SJo)7t qlar, ALz B&
e Bl Ha Q] ol AES o &Stk EESE,
13 8ollA] COV(coefficient of variation)zk2] W17} 10~30%
As WE Hlwshd A fARE ghE Bolal a2l st
oj lFH AFE Frot vRIRE ko] 37} Folxint,
SR 18 73 8& HY B AFolAle AFE 9} cov
#e] Hslo] mE e e IR S AoE waE

4.2. dA H=

ANEE GE2H W sl WS ol8st] AN
e ke 7 g7 A Al vl 9%
A FHE P S8l e siiE sl
3174 PeNErs sk AN A3 ARy d3
ARS 7IER stof E4slof 2tk ey °l°ﬂ ok =
ol 257} Pt £ dyelMe AR A7E AT A
& xSkt 7 Al i s oﬂﬁ% 3171 <
S FEIAR] MR 50%E 28] e o)) Wi
oM WskE o AAWge] Wsje] we ehilg) Zlo]e]
VTS AT £ 4ole W= NS ) 9F A
ﬁl;%LQ% CO, FASFT Dep,, 7159 CO, T&
. CO FHF a, NWE T3l o5 ARSI H3

ﬁ%‘«l ARl tiRh it EERAE e

42.1 CO, XA, Deo

CO, A= 111115%, AHES] FHe} T 37
B2 WS 7 I3l AFE sh
Azl wfe} 43 Li}ﬂ Aele g 2=E
BE 7377 ﬂzlﬂ B
AR At AsE l%ﬂ%lil =S|
EE Cep,» CO» FHF o, AHIE
AAEo] = Fhe AHESIITH

I8 95 HW, CO, ERHFE WA FleEA AEA
ALz SIS A8 E‘r. U AAS7 2o
A AG7F 1598 o ﬁ}ﬂ~ TRAAIZIZ 7HEA o]
o] o]2& AIZRE CO, EMHAIFTE 2.87x107% em?/s93S
BT} 4.87x10¢ cm¥s7F 28] WEA 72304 36do=
ST A At

2l 1’417]?-4 CO,
TIE gpe 400

422 t7159 CO, &=, Cep,

7139 €O, FEE A vepEe g Aolrt B
&t el um— CO, FEE UEHARAT 2he o8
s BE wed Co; RIAR Do, CO; FHE 4
ARlE A@b_ wi= ¥ 40 ANE] S B AHeEled

g Wy EEMA

A7) WS AR A @#@t, FETAD =] W3l e
Dco, (x107* cm¥s) N(3.87, 3.79) 2.87,3.87, 4.87
Cco, (g/em?) Using (4) formula, (0.74) 0.69, 0.74, 0.79
a(g/em’) Using (5) formula and Table 2, (1.65) 0.65, 1.65, 2.65
ay Using (6) and (7) formula, (0.12) 0.06, 0.12, 0.18
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—— Posterior(DCO2=2.87)
—— Posterior(DCO2=3.87)
+++Posterior(DCO2=4.87)
1.7 A
-
S 16 -
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=
= 15+
-
1.4
1.3 T T T r 1
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Time of exposure(years)

O8 9. COp SiAs=e] W0l e MEM X5 #s}

18 1 —— Posterior(CCO2-0.69)
= Posterior{CCO2=0.74)
------ Posterior{CC02=0.79)
1.7 A
-
S 16 1
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