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Abstract

Carbonation is one of the most critical deterioration phenomena to concrete structures exposed to high CO, concentration,
sheltered from rain. Lots of researches have been performed on evaluation of carbonation depth and changes in hydrate
compositions, however carbonation modeling is limitedly carried out due to complicated carbonic reaction and diffusion coefficient.
This study presents a simplified carbonation model considering diffusion coefficient, solubility of Ca(OH),, porosity reduction, and
carbonic reaction rate for low concentration. For verification, accelerated carbonation test with varying temperature and MIP
(Mercury Intrusion Porosimetry) test are carried out, and carbonation depths are compared with those from the previous and the
proposed model. Field data with low CO, concentration is compared with those from the proposed model. The proposed model
shows very reasonable results like carbonation depth and consuming Ca(OH), through reduced diffusion coefficient and porosity

compared with the previous model.
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ZAYEE AAA ol a74Q1 AEAEREA = thr
O Wol] ARRE:= Aom dEA gty HE =o] RC
(Reinforced Concrete) 7552 AMHe 7k U4
of tigt o] STkeHHA AshEwe] Ykt Fast
A H7yE)ar Q} (Verikari, 1988; CEB, 1997; KCI, 2004).
RSl o) o AbslekAo] f5ls Eato] F=re] pHIL
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(Papadakis et al., 1991a; 1991b), ©l= 554 4, 539
7t BHAE 571 52 o718t} (Song and Kwon, 2007,
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Absberaal] Hhe-S Edehs Zlow o] REUlds §9
71491 A7t & 4 Stk (Papadakis et al., 1991a;
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w0z TAsL Zlol7k AR Aol HlE|gt= 4
FIE3F3ITE (Papadakis, 1999a; 1999b; 1999c).
71:58] @htsl wElio] skl FARES 7Hdsto] i

71HS AAISE WA (Tzumi et al., 1986; Abe, 1999), 19903
o PUPES FE O e B 2 B
o A%E o) o) g3 Wk} S nEd Al
sl el ST, olelt e o

Pt QEEe] AonAon A YHASIA ol
T Sl QRAEE ST (Maeakawa et al., 1999;
Ishida and Maekawa, 2001; 2003; Maeakawa et al., 2003).
et olefd Eel-skeh] whe-g wed e v 55t
Sl o]i .zﬂzsﬂ/ﬂ ul ;dakiizdg 7}%] %owi ol = ]1401
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B R 2714 2agEe) dEAl dahrdel
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sgirh TEaBe) oluala B Wl 338
742 (Deacy function), 37| AR} W35 5o 7)X= o]
A 9 AEiEAL dakele) vlurt 3E i
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2. EtMSE 28 JHR (Ducom FE Program)

2.1 Ducom EMMS} SHAMREIO| JHQ

DucomelM= 4ksba3t ojbsiebasle] whawks o
Holal QO P F Papadakis B2 (1991a; 1991b)e]l H]3}
refsbe WS ARgSkaL °‘D} Ty 274" 24
EoN v ke, 35 3 o= A4 5§
s} AR (Multi- Component Hydration Heat Model),
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and Maekawa, 2001; Welty et al., 1989).

k. =P Moo (5)
COZ_pd_ RT CO,

A7, My, = olibshebie] ERARE (0.044[kg/mol]),
H & Henry’d=7 [1.45%10°Pa/mol at 25°C], RE 7141V

Tmol K], T AL [K]E HeRdch

Ducom ZZ T3 U] o]iksleta: ST E AME F)
o|~E gl B2l tid gibAlrRA FF WAL =
& A5 FAYE FAS] FhHAles 2 atolE HolA Hck
(Jung et al., 2011; Jung, 2002; Kwon and Song, 2007). #
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213k NN (Neural Network) 2 GA (Genetic Algorithm)
£ o] &gt ghitsl a4 7o) AAIETE SFITE (Kwon et
al., 2010; Kwon et al., 2014).

222 ¥=9E A FE¥ (Decay function)
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PFHo7 EEshe AR oy olfi= AIET I
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o} 7]E0] eRiksl R R oA (Ishida and Maekawa, 2001;
2003)°l41+= Saeki et al. (1991) 5232 o]83slo] F=5 3t
ARES Agaglon), wilsl A AlHEAR ] 9
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A2l FA 0w vpgel wt ghalksl Zlo|7) B Fotet
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do] tf=Ew o|F 1#fsh= Zo] wpgtAsitt (Kobayshi
and Uno, 1990). &3t €8} A5 OPC 22 ES] 357
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T2 sk vlg- b2t} ol Akl FERFe] 7191
ab7] wieeld] ol gt Watel] thaix= & o AEE AT
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o] FAd=o] 9t} (Ishida and Maekawa, 2001).

S(R) = (= 1.25R o, T1) 0.0 = Ry, < 04 ©

o

oA7IM, ¢ BIEHEE A I5E, ¢(R)> TAESHE

P

2.2.3 ©AEEI} o] 2 g4

e &

Ducomtf9] &hitsl BEls 71 Hoaf =
2o ghibslol wkemdle AP} ehbre] &
i 9 GeldE arefskar It (Ishida and Maekawa,
2001; 3003). Papadakis (1991a; 1991b)2] ¢1-F2}= t}27]
CSHE] &3limrt FAksbdse] g8liernt mg- worw
olF relskA] ol Lo, Fhksldt o|ikskekAe) vt
SRS aEEIItE HEo] CSHS} o Akslerio] Hhg-S
g ATE QAAZOIARE opA] g o] AGE A=
92 o]t} (Maekawa et al., 2009). AA| A]Z~E 1]
SrollA 9] Ak W 'S 880 o] 23

o
)
al

)

d

21 ()~ (10)3} o] vERd 4= Q1) (Ishida and Mackawa,
2001; 2003).

Cy+ S, = [H,CO;| + [HCO, 1+ [CO; 7] (7)
[H,CO,) = oy (G, + 5,) )
(HCO; = a,(Cy+ S,) )
[CO; 7= a,(Cy+S,) (10)

A7, Ge & ol Ay s E[mol/L], S < ¥k
2 S3ll%E[mol/L], g,y a5 217t AL BRFAo] 2
gHito] 29 fractiles YR Qlth

21 (8)~2] (10)0l1419] ¥AE, BhalAo)L, gito]-9]
5= 5,9 o] wiiell, 1ejel Aol QlojA ek
o] gal=E 7 ot vy Fesh gl el
FAbA e Rellmale ol gsto] EESISieH], 3%l
g5 183t 7k 7o) 23854 (solubility product) T3
= 21 (11), 4 (12)¢ 2+ (Ishida and Maeakawa, 2003;
Song et al., 2007).
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o}71A, 8, AR S8 Emol/L], K., & ¥
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= bl T ok olusRke olE e BeHA,
A ow BARE Aol tieir= vl A B7EA 5
b 97U =2 el Ada & Aols yERia
St} (Kwon and Song, 2010; Kwon et al., 2014). 7]&2]
A7E ZAYEWS] FEEMIATE (D, )= Tt 2
o] ¥3}w 9l F=E2 R FHSITE (Jung et al, 2011;
Houst and Wittmann, 1994).
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Fig. 1 CO. diffusion coefficient (test and regression results)

Do, = AD,¢" (1— §/100)" (15)

g

-
S
Hlwskd 2 (15)0149] 2h A3 A= that
4= Qlt} (Jung et al., 2011). Fig. 1014 7]&2] Agatze}
AR EAlFele] vuE vERdth & Atisert v
10%2] 495 A7 njdgAoR Frletns 2 &
Mo AlLlEk )

FaeE PAE o A fABVIEE AgHe
2 EEF AT vk st ek g o8l
A

1B 0w olislked A4S TEeks AL U

32 OABIEIAC| M3 B3 U THE ezt

7150 Belof M= 2] (13)oA Y HeEEAS ALEst
R, mS- B8 o] rdlyo|m g Hgof AHdS 7}

At AAZEE pHell whey FAksEdE (S, 2 eREE

79 $3lEe A Hrk S o] Ae FAlsidEe]

B TEBLRA TG =2

| M19A M1z2015. 1) 131

A



Mrel g8E olilksiekadol vldsiAl "ok Lg%
S0l SallE 7Pdshd vlslE anlE FAksRE
21 (177 7o) YeRd 4= 2lt} (Kwon et al., 2007).
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A7IM, W, . TAEEIE
Vsol (ngr) %%‘{FJ Zﬂxq (Z)S—E‘
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Upepuic,

té

¥ ARG HEkg/m’],
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el wet FAE Al dWAsA =
FARElAET Ee] B4l 0] HEE 11.4%
4 %It} (Ishida and Maeakawa, 2001). 7]<2]
T-olX+= (Kwon and Song, 2010) =] OPCel tsto] g
3} o]F 80% ToE FHEC| FHAsto] Olﬂifﬂ 54<
3t decay functions &3} oL} AR F=E A
Higt ol whet k=t of= wigte] whet o]*}ﬁ}‘%ﬁ:ﬂ
-58h= 9=3}= (carbonatable material)Q! FAFsFAE2] A4
o] t=7] wzolr}. & ] ENZ} O AHIE EEEREo
tjsto] 'kt Aew ERdle] 3552 (MIP: Mercury
Intrusion Porosimetry)§ T & ATl e AHE
EEEE AJEE F40] 7hseles 3 FEAE 9
&l opallEel] FAAZITE o] F Ax= (105C)ellA 2443Hs
oF AZAZ] & u TS =451} (Park et al., 2009).
Table 1°14= AR AlWIE R2El=9] wigins HeR)
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Table 1 Mix proportions for cement mortar

w/c Cement (kg/m’) Water (kg/m’) Sand (kg/m”)
0.45 593 267 1,255
0.55 485 267 1,353
0.65 410 267 1,445
Table 2 Measured porosity through MIP
Type we After‘ Before carbogation
carbonation (28days curing)
0.45 13.26 19.07
Total porosity 0.55 16.61 22.26
0.65 18.08 24.01

132 s=rzsmoexmzzsts =27 HM19A A1S(2015. 1)

- ARER7} STk =Eo] S7kstal HEgt §HAlksle]
R Decay function®] H|AEZA 02 JT7leta Slas &
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3}2} Decay function (B} A-5-0] F=E4])E YERJSITE
Fig. 2014 & = Slzo] wighdiell A 9] AlwlE=Ro]
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s} x8E A9 eAge] s AE o] =80
A 07 714 Pk B AfoMs olz]dt EANS
aEste] 2 (18)3 ol 3RS vrehlgl e ARk
sk e 7188 294 (Kwon and Song, 2010):.T} oF
b GRSl o, v AEE ) (Sacki et al, 1991)5
A YERth Fig. 304 2F wigell W Decay
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Fig. 2 Porosity changes in cement mortar before/after
carbonation
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A& PAsdEPel BE ¥5EY WskE =2
T Ao ZE ks Aol 40% olskel AT =
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WS Aol 'aks) Zlol7k 2716 WA Bkl Arx
Ab ARel vl 2 zle|7h sty 710 AqellA =
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et al., 2009; Song et al., 2006), & A= 2] (19)9
Hol FEE NES oPkERAY] ] 3R 7MY
Eldng

3( Ceuco,)

— 2+ 2—
= Aklcat T ][C0 ],

A=12.02C,,, (19)
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0] B (%)F UEpI

4.1.1 €ts} 314 %) (Maekawa et al., 1999)
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Table 3 Variables in mass—energy conservation equation

Capacity («;) Flux (/) Sink (@)
pe pc - KHV T QH‘
[Kcal/K.m’] [Kcal/m?®.s] [Kcal/m®.s]
6p0S/oP — (Kt K,)VP = Ot
P [kg/Pa.m’] [ke/m>.s] ?}f;i%.)sgat
$(1=8) + Kgp, | Dep, =443 Ak[Ca2t][COZ™
G + ¢85 , 107%¢%(1 - §/100)™ [[ y I/H3 ]d |
[mol.l/mol.m"”] [mol/ms] movm:.s
20, ) -
QZE+ div Jz_ in 0 (20)

A7 o, = BIE5F (specific capacity), 0, = AHFE i 2
For A7t 2% (1), 5719 (P), o34 5% ()
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7} el o] A ofix) MEE Table 39 o] e
It (Mackawa et al., 1999).
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1
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Fig. 4 Flowchart for modified carbonation model
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Table 4 Mix proportions for Ca(OH), evaluation

wle Cemem Water Grave} Sand S/a
(kg/m®) (kg/m®) (kg/m’) (kg/m®) (%)
0.55 485 - 1353 100
267
0.65 410 - 1445 100
Temp. (C) RH. (%) CO, Concentration (%)
25 65 5

A=t (O FA), ol Al AERC] ZxEo] sl
o] AA Brk Ao et Fig. 60lME FX4E
& 53 WAL Zlole] tisk AFs TR, EE
e aea] AUeEE 25C 9 40C & arefste] 18k
Ake} 8-S S=asloiTk T3 Table 5ol HHgHks) A
& ALS, Table 60X= AAAIES ighEs vekdict

LEoEE 18] 9130 Saeki et al. (1991)2] 2433}
fluiAl Wisks A @D 2ol arefstalth

1 1

U
777 @1

D(T)= D, sexp|
o171 D(T) ¥ D, = TIHES] 2583} 4l 7jE2
oo oaksleka S mYsec], U o)AtalErAe)
st UA 2 8,500[Cal/mol K)] 7, ;= 7152511 298[K]
£ HEkdth
Fig. 6014 & 4= Q1o #ljkel mdle] Ay 7]&
o] gRks} sl Azt Aol U 248kl eS¢
T Qe FAYE AT et 'bsle] mE 3=
E Zjh—% Ads] nHegl7] wiolok ArjEzAbd 7ol
W= Fig. 7004 YRR O 9 87332718 Table 7%
o) A Ay W A FAL B 7)E0] EHE ol
sto] ASZAPANE ARSI (KSCE, 1999).
71 dAellA = HEiEAF W VSR At} o] 9
9] COysE7} W uf 83} Zo7} wagrlerg vy
AF (NE B8] gkslzlo| & H7sit) (Ishida and
Maekawa, 2003; Song et al., 2006). = 174 BAGA
TE 2 (19)7 o] & ojaksleks o R ys)

= W

o] Fa)Ael NS Z-astAn).
Azt Zﬂ*:“% sk g ?ﬁﬂxl %= o= Al
7t wE T 9l F=E9] W3l 2% local saturation

o) 5405 Sl B FEp——
5o oEARl A oledt FA|s|A I} Wol HHyg
t} (Song et al., 2006; Maekawa et al., 2003).
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Table 5 Accelerated carbonation conditions considering
temperature

Temperature (C) Relative humidity (%) | COy Concentration (%)

20, 40 65 10%

Table 6 Concrete mix proportions for accelerated carbonation

test
we Wateg Cemeglt Santg Gravil
(kg/m”) (kg/m’) (kg/m) (kg/m’)
0.45 191 424 668 1058
0.55 184 335 762 1058
0.65 182 280 829 1041

Ginax: 25mm, Slump: 150mm

30
® measured
Ishida and Maekawa, 2003

- 5 = = =this study (A=12.02)
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Fig. 7 Comparison of the proposed model with field
investigation and the previous study

Table 7 Exposure conditions of underground structure (KSCE
1999)

CO;y concentration (ppm) Temperature (C) Relative humidity (%)

542.8 21.13 54.3
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