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Carbonation Behavior Evaluation of OPC Concrete Considering Effect of

Aging and Loading Conditions

Sang-Hyeon Hwang', Yong-Sik Yoon®, Seung-Jun Kwon® *

Abstract: The movement of deterioration agents such as a chloride ion, etc. in concrete varies with loading conditions and micro-structure developed

by age effect. In this paper, the carbonation behavior by accelerated carbonation test is evaluated considering curing periods(28 days, 91 days, and
365 days) and loading conditions. Carbonation velocity coefficients are obtained referred to KS F 2584. In the control case without loading condition,
carbonation velocity coefficient of 91 days decreases to 50.0 % level and that of 365 days decreases to 44.8 % level than that of 28 days curing condition.
In 28 curing days, carbonation velocity coefficients changed level of 103.9 ~ 108.8 % in tensile region and 91.9~104.6 % in compressive region by
loading conditions. Carbonation velocity coefficients in the 30 % and 60 % tensile loading case at 28 days decreases to 47.3 % and 52.5 % level compared
to control case after 1 year. Furthermore, 45.8 % and 44.9 % level of carbonation velocity coefficients are evaluated for 30 % and 60 % compressive
loading conditions compared to control case after 1 year. Carbonation velocity coefficient decreases in the 30 % compressive loading level due to effective

pore compaction and it increases afterwards due to micro-cracking. In the tensile loading condition, unlike the behavior of compressive region, it linearly

increases with increasing loading level.
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B = tigk B215 20193 22 19704 83| 2 HUlFAIHE 20193
34350l EREAE AU

g3t @l AsE Hrlste e d-Ee] 7
914(80ng et al., 2006; Izumi et al., 1986; Song and
Kwon, 2007; Papadakis et al., 1991(a); Papadakis et al.,
1991(b); Kwon et al., 2014).

AHIES] S EF 20 % ol d AH & A5k 44t
3Z45(CaOH,)2 v LA 3= 2 3=, pH 12 ~ 13
o) ZALdLeE A= 71 2A=H ot o] 2 sl o
Hh2 0 2 FH 2] E U Fol] Ak Aol Fafo] dAystA|
5 o] SLERA(CO,) 7 R E R FESe] Shikd 7
%, SRR H(CaO )3} 0] AH8FER2(CO,) 7} HHS-51e B4t
L4H(CaC0x3 B(H0)0] AR=T 5 35| pH7}
10.5 o] 5 SholA] o] 2 15) Aol 4 ks ek
(Izumi et al., 1986). ©413} X13Y g7} 5l Ao & 2l3) S4ks}
of W2 22| ¥islel t gk H7KSong et al., 2006), 345 &
&3 ZA E9] e4iks) A3 314 (Yoo and Kwon, 2016),
AT =X 2 A% eHiksl A A (Baek et al., 2017) 5 22
Q77 WY 3 YUk =Y AT B0} HEY YL 1S A
F7} go] 5531 ik,
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W3} 9 2H-8- 35l mhE ThFet 8
& Ao we} 725 IS
4 iA(Porous media)©] B2 £JF-9] §-8-2 EZo]
kol GEF& FA FH(Yoon, 2007).

Bste] 28 AR o] aksieiae] PR o
F 2ol theh Wal e 5 Qo W 8l Ao ¥
EoE o) Tla)A, SEEZo] o] ofs) 7Has]
olF aF0] ol £EE W e A4 plAEA] Be
BT G ol Wol 8 Y 5 7] A|9] SHite] 2715
EAoR dEiA ok w3 QT -5 SAo) wl o]
2%t ©]57]7(mechanism)= $3}51A] FTHO and Kwon,
2017; Honseini et al., 2009; Banthia et al., 2005).

o9 d3tE il tiaiA = 38 2 APl WsE
AFH o2 BAF A7} S K(Choi et al., 2015; Yoo and
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H X< —/JOo

B AT AR ZAE 2 A=
FNF 45
O

= 735 24 MPa,
X 180 mm, &7 %

5 %, E-AHE B)(W/C: Water-
Cement ratio) 60 %5 A-83FATh A EE =] SARS] A&
07 1F REXENEAWMES ARS8 O™, Table 1 B
Table 20141 AR vl F 39} AHE-H =41 9] E2] 8 5482
ey i

Table 1 Mix proportions for OPC

Sump Sla  Air  W/C Unit weight(kg/m’)

(mm) (mm) (%) (%) W C S G

180 414 4.5 60.0 180 300 732 1056

Table 2 Physical properties of sand and coarse aggregate

Items G Specific
e gravity ~ Absorption  F.M.*
Types (mm) (glom’)
Sand - 2.60 1.00 2.70
Gravel 25 2.62 0.78 6.78

* F. M. : Fineness Modulus

22 232|E AlEHE

=885 A7) 2180 100x100x400 mm ¥ EEE &
&3t om, J1-SES 7Kkl 918 @100x200 mm A ™

O 22 8835190t ZagE 2 Baka) A18-L 95|
=7 40 mmE AEsIP oM, o] T AE 1 A7KA] 2SS
AA)BFAE. Fig. 13} Fig. 2+ 4= 2 QAA 52 913 A|H
EMD AA T ok 2 AR HILE 93 T AT A HE
ER AT

il

(a) A compressive load specimen  (b) A tensile load specimen
Fig. 2 Concrete specimens for compressive and tensile load

%3. UTM(Universal Testing Machine)< ©|-8-3} 5=
7V staA et o7 A1 8kE2] 30 %, 60 %2 =
A& Ag3] A} sk AL o8 Yo|BE S5y E
Jg 2 E o] &3t Afe} sttt st 1AL o,
E gl zy9Jo] g o7 3] sl5of Ao e = A

7] izl 710l = Aol A EA| o)A & F-2F sk 1
Z5 A3 F HA3H52] 30 %, 60 %A £5 %l 3
st= HEE 7|F 0.2 At itk 3385 v =4eks
off thk vl &2 2 (1)7 2t

é”.:

R=—-x100 (D

o714, RE 45 1l thg ks (%), P+ A8t
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H 3HE(kN), P& 45 % Ao thdt a3 sha(kN)=
EPAth Fig. 35} Fig. 401= 315413} 273} O}T_@sgg ol
Az E JerlATh =3 ZHqle] deA|ol ] iE stF
o] &S B53] flal e Yol B9 Alo|AE H-&s)
o HY &S #5323 vFE Wy} glo] eAo]Ad
of M 350 &2 YA ggkom, ol= 7EY AT
oM &= & S UEFHATH Yoo and Kwon, 2016).

(b) Tensile load
Fig. 3 Photograph of load to concrete

(a) Compressive load

140

—— Tensile load strain graj
120 graph

Compressive load strain graph

100

Load(kN)

-“; 30% Loading

*a

5
20 | A, 60% Loading
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Strain{107%)

Fig. 4 Load-Strain curve graphs

2.4 BMSE (5o "I

A 28Y, 91¢, 365U A S o8 FIYES] £X
EHiksE AR(KS F 2584)2 AASHATE AlsA S| 53 g4t
3} I E2AS Yl AEE (60+5 %), &5 (202 C)9] &
235l AE 87k EX]8E o, X B4k A%
H| & Faf 2ol gh5=0] 3] ©4hs} Y75 45 5l 850 3
7F5F3tE. Table 30l 238 EQ] 3 e4ba) 28 21 &

YeR =T, olitstetae] sk HEE Q8 olFAE
S Lo 235t A FES 7 JAEF 53T
Table 3 Accelerated carbonation test conditions
Temperature Relative Humidity CO,
20+2C 60+5% 5+£02%

124 SHRPEZEXICHI X255 =27 A 233 HM12(2019. 1)

Z2 3 /\]gqg @_—E:l—g;],_]_% Hz = a
J1(Ks M 8238)2 EF-sIth &4
A =APH(KS F 2596)2 53 2 E A
H &= 7HEAE] 10 mmE Al Q)8 s mm (FA o2 HE 2]

Hit SABIATE G4l 2ol & o] 8at] Bilkst £
ATE 2(2)E T3l IARAE ot =&t §4ts) 2
o|&= AIZEe] AlEol HlFst S7lsh= Ao R B 3
oA o]&, APHoRT JFHEITHPapadakis et al.,
1991(a); Papadakis et al., 1991(b); Izumi et al., 1986). Fig. 52}
Flg 62 X1 SS9 ehike) J & Zlo] S 9

S YeR itk
D=Axt 2)

7|4, D=
(mm/week’?), t=

kA3l Z1o)(mm), A BHEEE STA
=E A H(week) S YERATE

Measurement Zone

Fig. 6 Carbonation depth measurement area

3. MPBT= 1L2{et

Al1T424 ol &2 A4
=203 x I

S ST A+

i

31 =2 Eot

S == KS F 240590 =3te] H71skloh Al 28, 91
A 365U A== AIE Table 49} Fig. 70 e o, A
38334 AAISHATh

ASAE W7F A AjE o] F el wet A=rt S718t
T A%E B A 91Yoll= A E 28 thH] 10.0 %] 4



7} 713 HbE A E 365 A= 81.80 % 7t F718)
Atk ol= A 365Y 5 I ZAYEE A2 4
sharg-0 2 Q18] Fo] aghy] uholck

r HJ

Table 4 Result of compressive strength

Strength(MPa)

Case
No.1 No.2 No.3  Average

28days  31.16 31.45 31.87 31.49
9ldays  33.49 35.65 34.78 34.64

Compressive

strength
365days  60.13 57.08 54.55 57.25

70
— B0 =
E 50
Pa
2 50 e
E ——Mversge
520 s Noi
5] 10 No.2

Mo.3
[}}
i} 100 200 300 400

Time (days)

Fig. 7 Compressive strength
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2 St=2 o] =2 74% | EtAFEE IS

B AFNME A H 3659 9] 3Ha-& 1Bl8hA] 2 799
ehaka} J 271 B Al o) AL Fig, 8ol UERA AT ghiba)
FFZlo]5 o] g3t 919 2] (2)F B3l 3] F A5t et
st £EATE ST A% 28Y, 919, 365Y B4k &
SA|<Z Table 59} Fig. 991 YFER ST

(b) OPC 8 weeks

(a) OPC 4 weeks
Fig. 8 Photograph for depth of penetration

Table 5 Depth and velocity coefficient of carbonation

Depth(mm) Carbone}hon
velocity
Case R
4 weeks 8 weeks coefficient
(mm/week’?)
28days 14.63 18.06 6.70
91days 7.35 9.02 3.35
365days 6.24 8.33 3.00

=

M 28 day-cured condition

-

M 91 day-cured condition

365 day-cured condition

o

[mm,week?)
o W R n

Carbonation Velocity Coefficient

[

OPC

Fig. 9 Carbonation velocity coefficient

H AT A A7 A7 3659 OPC ZA ] Eol| A gHalsl <&
EASE 3.00 mm/week’ 2 H7Eom, o]= A 28Y
thH] 55.22 % SHA| 371 S AE 91 tiv] 10.45 % S
B Ak A 91Y 7 vl wE A9 n|<=F @ikl £ 57
5 YeRITE AlE o] 271 S5 ghikst
a3k, AT 91 o] & Frslik-g-o] 7hAastH A Al 365U 7}

o] hite} SEA|Se] Zago] Fol BTk

SxAFE 2

33 otEE 12fst 49| Bt HS

3.3.1 $5IGNA 3zl e G338 AF

A A= A st B 5H52] 30 %, 60 %] THE
3} LEAGE Hreh] fld I EL X vkl ¥
< sttt A7 3654 gH4iksl 2 FE2 o] ARRlE Fig. 100
el om, AE 28, 91, 365¢ 2] A4EA5E S 30 %,
60 % M8} £ AE Table 63 Fig. 119 YERAAT

(b) Depth of carbonation for 8 weeks

Fig. 10 Depth of carbonation in compressive loading conditions
(C : Compressive load)
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Table 6 Depth and velocity coefficient of carbonation
(Compressive load)

Carbonation
Depth(mm) velocity
Case 4 8 coefficient
weeks  weeks (mm/week’)
C . 28days  13.24 16.78 6.16
ompressive
load 91days 6.62 8.78 3.17
G0%)  365d4ays 551 8.06 2.82
. 28days  15.60 18.73 7.01
Compressive
load 91days 8.73 10.11 3.84
0,
(60 %) 365days  6.90 8.49 3.15
. B8
i
(¥
T s
S
£33
2%,
L~
[ T2
L
3
0
28 days 91 days 365 days

Fig. 11 Carbonation velocity coefficient(Compressive load)

A 289, 91¢, 365 A=At Aol thak e4ks} zlo]
Az} AF o] T el whef A &A1 Ao FFo= et
3} Zlo|7} s S BT 3] @il = 45710
Th= 850l A 2] Bh2k3) 20017} 15.81 % ~ 46.28 % T =LA |
ERgte), =3k A3 365 E&*&i} EEAG= AT 289, 91
oA 2 FEAIEE S 60 %Y w730 %Rt EA U
ERStTE

A 3654 AFANBHY S 30 %2} 3t AL FHA 2
-t §ARSE SEAF716.00 % AR AL d=SA
30 %ol A A Baksl LA} ZhAass AE
o}, o] 3kF Alstoll whE wlA| ISt FEFo s $7l
9 524 A AR} 8123 A3FS UEPAThKermani,
1991; Choi at al., 2015; Kim at al., 2009). A% 365 F=A 5}
B4 60 %2} 352 A F2 79 tiv] ksl S5
F7F5.00 %7F S ol dFskeol €A ol
o2 F7VMH HE 5 o3 fFaF=e] gakte
o FEFo] o] Ak A=A

Table 50| UERD 3l 112 5HA] -2 73-7-9] &4k} A
FH AF S 702 YFASHA ] Bt A4 s
= Table 73 Fig. 121 YERAATE
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Table 7 Rate of change in carbonation Velocity coefficient

Carbonation velocity coefficient (mm/week’?)

Case

Compressive Compressive Compressive
0% 30 % 60 %
28days 6.70 (100 %)  6.16(91.94 %)  7.01 (104.63 %)
91days 3.35(100%)  3.17(94.63 %) 3.84 (114.63 %)
365days 3.00 (100 %)  2.82(94.00 %) 3.15 (105.00 %)
£0
. s | 428 dmys 01 days 365 days L
.‘2 £ 30
- % 20
EE 10
£8 0 —
2
R
(W]
-20
0 30 &0

load ratio (3)

Fig. 12 Ratio of change graph of velocity coefficient

A 28, 91, 3652 AN3FE S 30 %S vlal P71
A3} 30 %ol A= ohr— 1243} ] Ro ALHT}F-8.06 % ~
-5.37 %2] BHiks S EA| G HAEo] YERE S, 60 %ol A
E4.63 % ~ 14.63 %2 €r2+3} éEﬁl# F7H&o] YET

3.3.2 AFY YN A 350l WE i3 AF

AN G st A 3HE2] 30 %, 60 %2 A
3l £EAGE Hreh] Q] 2 EL £X vkl AF
& 2yt om, A 365 ?»__J ks 2 F 2 o] ARXIE-Fig. 13
of JFERJI At A& 28K, 91, 3659 2] Q1A 5HE < 30 %,
60 % EFAFEIL: = A 4=2 Table 83} Fig. 149 YERAATE

(b) Depth of carbonation for 8 weeks
Fig. 13 Depth of carbonation in tensile loading conditions
(T : Tensile load)



Table 8 Depth and velocity coefficient of carbonation (Tensile load)

Table 9 Rate of change in carbonation velocity coefficient

Depth(mm) Carkionqgon Carbonation velocity coefficient (mm/week®)
veloci - - -
Case 2 s coefficient Case Tensile Tensile Tensile
weeks  weeks (mm/week”) 0% 30% 60 %
Tensile 28days  15.62  18.49 6.96 28days  6.70 (100%)  6.96 (103.88%) 7.29 (108.81 %)
load 9ldays  9.24 10.17 3.94 91days 335(100%)  3.94(117.61 %) 4.12 (122.99 %)
(30 %)
365days 690  9.07 3.29 365days  3.00 (100%)  3.29(109.67%) 3.83 (127.67 %)
Tensile 28days 1622 19.45 7.29
load 9ldays 945  10.81 4.12 "
0,
(60 %) 365days 833 1035 3.83 e 50 || —e—2Bdas —e—9ldas 365 cays |
53 a0
. 8 2% 3
: 3% -
£ 58
z%3 2o 0
o Za 5"
5 é 5 o
5 E*
= = -20
g 2 0 30 &0
3

e =

28 days 91 days

365 days

Fig. 14 Carbonation velocity coefficient(Tensile load)

A 28, 91, 365 A S} ol| T3k ebrkE} 7o)
=7 Az} A=At Q3 FY3HA AT o] F7gel wet
Eb2k3) o) 7} ZHAashs A S R Al QA st g = =R

\1

Bl =E 4FHT= 850l A B4k} Z10]7F 10.06 % ~

31.45 % T] =LA YRy, 3 Bhabs) S| 5 g2 8}

G} FLHA AR s P ZIAH
DA G Al A= °LZXH0P A= Wi =

ol
2
ol
Lon

G 30 %ol A BHAFSE & = Hglow
A 365 AFANSHB A 30 %9} sha-& L 3kA| L5
o] gkel £2A15719.67 % S7HEHATE ol EAYE
7F Q1= e Hofgk Al mo)7] wiiel HiwA Hea719 2l

Aol oaf WA vA|FEe] F ?_]Olﬂ‘ri vhets]
A 3659 AAANTFE S 60 %2} 52 1B FHA| e
ojH] gHikst £ A447127.67 %7t S7FeEAT

Table 5o YR 3la-& 118|3HA] -2 74-9-9] &4ts) A
FH AT S 7o A A 9] vk LA S
= Table 99} Fig. 15 YERAATH

A 28, 91, 365°‘ o1 AA 5 S 30 %= Hlal HrH
A 30 %ol A= = WA R 7 F-HT}3.88 % ~
17.61 %2 gH4ks} “—?Eﬁl—r F7H&o) e T B3 60 %l
A= 8.81 % ~ 27.67 %2] B4be}l LA S718-0] YERS
t}. Fig. 162 A3 28, 91Y, 365 ehits) &= =0] A3}
& AstE el whef #5735t YERA AT

oﬁ%

o -

load ratio (%)

Fig. 15 Rate of change graph of velocity coefficient (Ratio)

9
=
c 8
]
= 7 &_&——‘\\/.
o
O &
=
2%,
- =
53¢ e
=
: ‘
£
a8 1 | g 28 WS, g 01 days 365 dav5|-
0 I
-80 -60 -30 ] 30 60 a0

load ratio (%)
Fig. 16 Carbonation velocity coefficient considering
loading condition and age

Sk APk &2 - dSAIEE H 30 %E vl
3l Boks o, Al 28U A= -8.06 %2 TrAES, AT 91
Yol H=-5.37 %] TAES, AlE 365U A= -6.00 %2
Aagol ‘/}E}‘/"‘:} ol v F=d ] gk wiizolH, A

il

1'.1

28, 91Y, 3654 BT &A1+ A 30 %ol A= ghats)
SEAFTF AR 60 %ol A= TS SEA T ST
3HATh

QA eI A o] A5 shsxdo] S71 E-= A 27.67

%7t S7st o AR o] 5 kst S|t 5t
Zz70) Aglo] 7 as= ASFS Bt} oFE=Alste o oﬂ
AN A 02 7o) E 2 beks ARES, QAR5

AP 0 % 27l AR VeI,

]. ‘G‘L/\E.

rlo
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=A% 28Y,91Y, 365Y OPCEIZ ES] ¢t
%- ?_]%]'-‘4""]“3}74 30 %, 60 %2 tE231E& argfste] 31
25 AAIBEE o, A ae} shaa ) eakst
Bl @ﬂﬂ o2 EAALE B ATE F

1) 352 AsFeHA] 882 73-9-2] Bhiks} S Al 79, AN
3650l A BFALE} L= A== 3.00 mm/week ™ 2= 571 E L
ot} SYxANA e A 28YS 7|F0E AH 91Y=
50.00 %, AT 365 Y NE= 5522 % HAE0] H7IE AT o]
= 71 o whek A2 kg0 = Q) ¥ ﬁgtﬂl
W olikslekAe] 4 Astet vlst Ag skE
(Carbonatable Material) 2] A|<-2Q1 u]-_‘o]g]_—y g} 2= 9)\1:}

2) = EE S 30 %ol A= A E 28Y, 91, 365
% Akl & m)A) *10“3‘«1 do 2 ghilksl £
F71-8.06 % ~-5.37 % A= 73S YERI T T8
A3 S 60 %A 2] EWzi} EEAG= AN 28Y S
71F 02 A 91 Yol M= 45.22 %, AT 365Y N4 55.06
% Fraxgo] YERGTE o] =3t A7|A | 02 I3t A&
24 01 /‘\§;].H]—£0§ —T'—H—o] 71—5:Q7] uﬂ-‘fLO]lj- OIXI-XH{;],

o 30 %ol A= ASASHE S 30 %= th2A B3t

A7t A&EH 02 F7Vshe 43S UeRtEt, o]

Foll Feksle g2 mAl#de] SV 39 Yoz

o} AEASIE oAM= Bkt STA57E30 %

T M= BEoleke] ahE, 1% 60 % FEolAE BT

7k AES YEIITE AAAISY Hol A= AH

28Y, 91, 365¢Y sl daglo] B4kl £ A<5=

7t AgH o2 FTVehs A S UE T

SEEL

Yo orr 4B o
o b _1
ON

N
i

3) Bk} A52] 84 9l Grtel A= slkae] FaFo] e H
A AT, A SIS 1 g §ks) sl ao] e
A5, &9 FEAJN HF5rE-S H1E 5 Ak

ZAR| =
HAFE= AR Yoz A FAT 7B A7 U

AFEATAY) AL Wo} = S(NRF-2016R1D

1A1A09919224).
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