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ABSTRACT In this paper, carbonation behavior in cold joint concrete is analyzed considering binder types and tensile/compressive

loading. Referred to the case without loading effect, the carbonation velocity coefficient decreases by -12.0~-4.7 % due to the pore
densification in 30 % of the compressive loading condition. Regardless of binder type, GGBFS and OPC concrete with cold joint
have insignificant variations of -1.7~5.8 % of carbonation velocity coefficient by loading conditions, however they have higher
carbonation velocity coefficient than concrete without cold joint by 9.7~53.3 %, which shows that in cold joint areas, carbonation is
accelerated. So, Consideration of that is more reasonable in durability design for cold joint concrete under concentrated loading.
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HES] I ERD A4 (Ca(OH),) 2 HHg-3Fo] &
AFZEE(CaC0;3) 3 E(H0)°] A = 3L pH7F 10.5 o] 3F= W
oA HF A o7 HLo] Falo] WAt} o] 2 Qlaf] T
Eojutetul g o] Xl o] s, HF A 0% 4 E9)
QHg g ol o &5 1] X Th(Neville 1995; Broomfiled 1997).
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Holl A ghAbst kS Aol 5= Sl maAQl o]
(Choi et al. 2009). 1990\ T} o] F-HE] = A Bl A} Hby 82t
o 2h(Izumi et al. 1986), TFFEE =] 3f| 4] Wi © = w| A+
zo Wsh FFEA, 27 S, 72 Rag Y B
2]-3}8H4 A& o] &-ato] dAakslt AwS HrhetE = AT
5o 3= 31 ) Uh(Saeki et al. 1990; Papadakis et al. 1991a;
Papadakis et al. 1991b; Song and Kwon 2007).
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Ao AFE-E 2B EY e A A1 7157 = 24 MPa,

<Y 180 mm, 3715 4.5 %, -2 F A 8] (Water-Binder
ratio, W/B) 0.62 &30 2 &e1 X132 40 %

Table 1 Mix proportions for this study

C Guax | S/a |W/B Unit weight (kg/m’)
ase

(mm)| (%) (%) | W | C |GGBFS| S | G
OPC 3000 0 732 1,056
———— 25 |41.4| 60 | 180

GGBFS 180 | 120 | 724 [1,044

W: water, C: cement, S: sand, G: gravel
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Table 3 Properties of sand and gravel

Items| Gmax | Specific gravity | Absorption EM
Types (mm) (g/em’) (%) -
Sand - 2.60 1.00 2.70
Gravel 25.00 2.62 0.78 6.78

F.M.: Fineness Modulus

(a) Compressive load
specimens

(b) Tensile load
specimens

Fig. 2 Photos of concrete specimens considering GGBFS,
cold joint, and loading type

O: OPC, OJ: OPC with cold joint
S: GGBFS, SJ: GGBFS with cold joint

Table 2 Chemical and physical compositions of OPC and GGBFS

Chemical composition (%) Physical properties
Case . Specific gravity Blaine
SiO, Al,O3 Fe, 03 CaO MgO SO, Ig. loss ( g/cmg) (cm2 o)
OoPC 21.96 5.27 3.44 63.41 2.13 1.96 0.79 3.16 3,214
GGBFS | 32.74 13.23 0.41 44.14 5.62 1.84 0.2 2.89 4,340
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(a) Compressive load (b) Tensile load

Fig. 3 Photos of inducing loads

=25 § ¥ 4 60% Loading

o

10 5/t e 30% Loading

0 500 1000 1500 2000 2500 3000 3500
Strain (10°%)

Fig. 4 Stress-Strain curve graphs for this study
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Fig. 5 Strain variation after inducing loading
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Table 4 Accelerated carbonation test conditions

Temperature
20+2 °C

Relative humidtiy CO,
60+5 % 5+0.2 %
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Fig. 7 Carbonation depth measurement area
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Table 5 Result of compressive strength

Strength (MPa)
Case
No. 1 | No. 2 | No. 3 | Average
OPC 31.16 | 31.45 | 31.87 31.49
28 days
GGBFS | 20.35 | 21.03 | 20.66 20.68
OPC 33.49 | 35.65 | 34.78 34.64
91 days
GGBFS | 31.78 | 28.48 | 29.29 29.85
OPC 60.13 | 57.08 | 54.55 57.25
365 days
GGBFS | 66.11 | 58.41 | 60.45 61.66
70 -
= 60 ”,-'r;:;
s _e===—n
=50 =
B =
g 40 - —=-
E 30 ‘S"’*
E - = OPC Compressive Strength Average
E‘ 20 P’ £ OPC Compressive Strength
3 10 ;‘ = = = GGBFS Compressive Strength Average
O  GGBFS Compressive Strength
o0&
(] 50 100 150 200 250 300 350 400
Time (days)

Fig. 8 Result of compressive strength
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Fig. 10 Result of carbonation velocity coefficient

Table 6 Result of Depth and velocity coefficient of car-

bonation
Carbonation depth (mm) Carbonation
Case velocity coefficient

4 weeks 8 weeks (mm/week®?)
OPC 6.24 8.33 3.00
GGBFS 6.11 10.92 3.59
OPC-J 7.53 11.07 3.86
GGBFS-J 8.2 11.26 4.02

et al. 1998; Hyun et al. 2008; Kwon and Na 2011), OPC 7.2
E th¥] GGBFS A8 E g3l 27155 AR oA
19.6 % 5 7He&, FEXRJIEF A+ 4.1 %= OPC &8
EXf = YEEt ol 1 2&H 19 ¢ B2 A
7HSi0,) o] AL E(Ca(OH),) 7 HH8-31o] 28 E
o] dzbe] -5 o whE A FaAA gaksr oo w2
Al A S 2 0 Z ] QI TH(Izumi et al. 1986).
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Table 7 Reslut of depth and velocity coefficient of car-
bonation (compressive load)

Carbonation Carbonation
depth (mm) velocity
Case .
4 8 coefficient
weeks | weeks (mm/Weeko‘S)
OPC 5.51 8.06 2.82
Comlpredsswe GGBFS 425 | 10.40 3.16
oa
(0 %) OPC-J 6.79 | 10.54 3.62
GGBFS-J | 732 | 11.09 3.83
OPC 6.90 8.49 3.15
Comlpfedss“’e GGBFS | 7.09 | 13.41 434
oa
(60 %) OPC-J 10.58 | 13.02 4.83
GGBFS-J | 10.62 | 12.69 4.76
6
- W 0% Loading
.§ 5 m30% Loading —
% m60% Loading - ]
Sqsd
2%
£3 -
5 E ’
s =2
g |
o
£ 1
’ |
0
OPC GGBFS OPC-J GGBFS-J

Fig. 11 Result of carbonation velocity coefficient (com-
pressive load)
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Table 9 Result of depth and velocity coefficient of carbo-
nation (Tensile load)

Carbonation depth i
Table 8 Rate of change in carbonation velocity coefficient arbonation ¢ep Carbongtlon
Case (mm) velocity
Carbonation velocity coefficient (mm/week’?) 4 8 coefﬁciel(llt5
Case Compressive | Compressive | Compressive weeks | weeks | (mm/week™)
0 % 30 % 60 % OPC 6.90 9.07 3.29
OPC 3.00 2.82 3.15 Tlensclile GGBFS 6.85 11.15 3.77
oa
(100 %) | (94.00 %) | (105.00 %) (30 %) | OPC-J | 868 | 12.10 4.30
GGBFS 3.59 3.16 4.34 GGBFS-J | 943 | 1141 426
(100 %) (88.02 %) | (120.89 %)
3 86 362 183 OPC 8.33 10.35 3.83
- : : : Tensile
OPC-J (100 %) (93.78 %) (125.13 %) o GGBFS 7.84 11.88 4.11
1100 %) (9527 %) | (118.41 %) GGBFS-J | 10.87 | 13.82 5.07
60 6
50 | | “#—OPC ——GGBFS —e—0PCJ ——GGBFS- | " 0% Loading
.g 5 m30% Loading
£ 40 g M 60% Loading
& 30 S 54 — =
& » z%
§° 20 / é §3
g 10 =%
g o -gf—z
/ c
-10 " _§ "
-20 S
0 30 60 0
Ratio of Load (%) oPC GGEFS OPC-J GGBFS-J

Fig. 12 Ratio of carbonation velocity coefficient to control
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Fig. 13 Result of carbonation velocity coefficient (Tensile load)
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Table 10 Rate of change in carbonation velocity coefficient

Carbonation velocity coefficient (mm/week’?)
Case Tensile Tensile Tensile
0 % 30 % 60 %
OPC 3.00 3.29 3.83
(100 %) | (109.67 %) | (127.67 %)
3.59 3.77 4.11
GGBES | 100 %) | (10550 %) | (11449 %)
3.86 4.30 5.16
OPCT 1 (100 %) | (11140 %) | (133.68 %)
4.02 4.26 5.07
GGBES-TI 100 %) | (10597 %) | (126.12 %)
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Fig. 14 Ratio of change of velocity coefficient
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Fig. 15 Result of carbonation velocity coefficient considering
loading condition

GGBFS-J 8| E7} OPC-] 22 E EHH] ats& At
SHA] 952 73904 4.2 % Ik TS S A7 s b}E}
Wk B3k ot oS W Q1% 30 %, 60 % Alsket - v
Abst £ EAFTL-1.7~5.8 % AA Xkl 7k 1A ok
ExER 011*1 stexds sttt FEXIER
A F oF-oll A &) &St 7L 7FE sk of 'S A
gso] ko dekEth 7]E 0] ARl FEXRJIER Fa
FEQ etEAsldAdoa] A3 o]EL HNFH o7 =y}
3153 +=1](Oh and Kwon 2017), 7] A FEZQIE 23
2| E o] sl Frtel M= dF A sk ol Hld Ao
B A o) % STk Aol vEkskon, 1A st o
M= AEA o7 Zrlels Aeko] el SEXQE
oA e] &itkst A3t S dafoll vlate] PP H o7 ¥
ot

= l'ﬂ_lo_i
o 2 |

4.4 £

w AT te s FEXRIE 9%
A% 19 OPC % GGBFS £ E9] §H13} 7
7] Slste] 2 E L X whitst A S skl
HEFEXJE ol s AY 1d 2AHEAF L A
AN8H3 % 2] 30 %, 60 % Tkl HrAl BBl A S
3]] CEH AR 1;]_2_31/]_ 7L1;]_
1 o]— S AsFelA] e A A9 1d GGBFS 232
E oA 3.59 mm/week”’ 2] ©HAFS} & A7) LR
= ©]i= OPC A E th¥] 19.7 % A LEFs T
T3, GGBFS-J 2212 Eoll A= 4.02 mm/week’ 2] &
2b3} AR OPC-) A8 E thH] 4.2 % =4 o
Elkon, o] 5 1123 u] GGBFS 228 EQ vita}
Ago] OPC ZA 2| EX ) yhryar dhate 4= 9o},
2) skextle aelshA] ke A5 the] SEA8HE <130 %
oﬂH &t Alstel] mE nAl S gd e JFow el
SLAF7E-12.0~4.7% 7“6% 3ol ekt e
o, QAT Aol M= BAESE SEAFT7E 5.5-33.7
% 7kt Aol vrekyk lv”— AR ET}L A
2l of) F kst E 2 Al d <] 57}7}T 7 gl o=
G 'R SEAleE S A 30 %ol A
et AsksbA ks A9k 55 olate #s, ©l
F-60 %ol A= S7Fek= vl F A Q1 A ol YER S
o, QUG ABFE o ol M= stz 3 A aglo] A& A
o7 F7¥shs o] vERsh
3) OPC-J & GGBFS-JollA] 715 -of] n] 3| ghaks} & =7
F7FAA B OE R FEXJEL 2 F ok
W7 Aol kR aejsloF & Apddeletar A
Ttk 53] S¥o] A= telA sk ¢S 1L
U4 Brke w3 A g deEd v
TS B vk AdE

-

E‘i

13 GGBFS 232|E9| Biiet AS | 371



AR =2

EAGE AR AYoR sdardAd 712 A9
AF(FEATA D) A DS ol 3 E Gl o v o] of A=
2] L THNRF-2016R1D1 A1A09919224).

References

ACI Committee 224 (2001) Joints in Concrete Construction (ACI
224.3R-95). Farmington Hills, Michigan, US: American
Concrete Institute (ACI), Reapproved 2013.

Aye, T., and Oguchi, C. T. (2011) Resistance of plain and blended
cement mortars exposed to severe sulfate attacks. Con-
struction and Building Materials 25(6), 2988-2996.

Banthia, N., Biparva, A., and Mindess, S., (2005) Permeability
of concrete under stress. Cement and Concrete Research
35(9), 1651-1655.

Broomfiled, J. P. (1997) Corrosion of Steel in Concrete: Under-
standing, Investigation and Repair. E&FN, 1-15.

Choi, S., Lee, K. M., Jung, S. H., and Kim, J. H. (2009) A Study
on the Carbonation Characteristics of Fly Ash Concrete by
Accelerated Carbonation Test. Journal of the Korea Concrete
Institute 21(4), 449-55. (In Korean)

Cui, H., Tang, W., Liu, W., Dong, Z., and Xing, F. (2015)
Experimental study on effects of CO2 concentrations on
concrete carbonation and diffusion mechanisms. Construction
and Building Materials 2015(93), 522-527.

Hoseini, M., Bindiganabile, V., and Banthia, N. (2009) The effect
of mechanical stress on permeability of concrete: A review.
Cement and Concrete Composites 31(4), 213-220.

Hyun, T. Y., Kim, C. Y., and Kim, J. K. (2008) Permeability of
Cracked Concrete as a Function of Hydraulic Pressure and
Crack Width. Journal of The Korea Concrete Institute 20(3),
291-298. (In Korean)

Izumi, ., Kita, D., and Maeda, H. (1986) Carbonation. Kibodang
Publication, Japan, 35-88.

JSCE Committee 107 (2000) Concrete Cold Joint Problems and
Countermeasures. Tokyo, Japan; Japan Society of Civil
Engineers (JSCE), Concrete Library 103. (In Japanese)

Kermani, A. (1991) Permeability of stressed concrete. Building
Research and Information 19(6), 360-366.

Kim, D. H., Lim, N. G., and Horiguchi, T. (2009) Effect of
Compressive Loading on the Chloride Penetration of
Concrete Mixed with Granulated Blast Furnace Slag.
Journal of the Korea Institute of Building Construction 9(6),
71-78. (In Korean)

Korea Agency for Technology and Standards (KATS) (2004)
Method for measuring carbonation depth of concrete (KS F
2596). Seoul, Korea: Korea Standard Association (KSA).
(In Korean)

372 | et=232|ESE| =23 MI313 K45 (2019)

Korea Agency for Technology and Standards (KATS) (2010a)
Standard test method for compressive strength of concrete
(KS F 2405). Seoul, Korea: Korea Standard Association
(KSA). (In Korean)

Korea Agency for Technology and Standards (KATS) (2010b)
Standard test method for accelerated carbonation of concrete
(KS F 2584). Seoul, Korea: Korea Standard Association
(KSA). (In Korean)

Korea Agency for Technology and Standards (KATS) (2015)
Phenolphthalein (KS M 8238). Seoul, Korea: Korea Standard
Association (KSA). (In Korean)

Kwon, S. J., and Na, U. J. (2011) Prediction of Durability for RC
Columns with Crack and Joint under Carbonation Based on
Probabilistic Approach. International Journal of Concrete
Structures and Materials 5(1), 11-18.

Lee, J. H., Kim, Y. R., Park, J. H., and Jeong, Y. (2013) Study on
the Mineral Admixture Replacement Ratio for Field Appli-
cation of Concrete with High Volume Mineral Admixture.
Journal of the Korean Recycled Construction Resources
Institute 1(2), 93-100. (In Korean)

Mun, J. M., and Kwon, S. J. (2016) Evaluation of Chloride
Diffusion Coefficients in Cold Joint Concrete Considering
Tensile and Compressive Regions. Journal of the Korea
Concrete Institute 28(4), 481-488. (In Korean)

Neville, A. M. (1995) Properties of concrete. USA, New
Jersey: WILEY, 482-490.

Oh, B. H. (2002) Durability Design for Carbonation in Concrete
Structures. KCI 2002 Spring Conference. 11 May 2002.
Ansung, Korea; Korea Concrete Institute (KCI). 30-60. KCI
Research Committee Report. (In Korean)

Oh, K. S., and Kwon, S. J. (2017) Chloride Diffusion Coefficient
Evaluation in 1 Year-Cured OPC Concrete under Loading
Conditions and Cold Joint. Journal of the Korea Institute for
Structural Maintenance and Inspection 21(5), 21-29. (In
Korean)

Papadakis, V. G., Vayenas, C. G., and Fardis, M. N. (1991a)
Fundamental modeling and experimental investigation of
concrete carbonation. ACI Materials Journal 88(4), 363-373.

Papadakis, V. G., Vayenas, C. G., and Fardis, M. N. (1991b)
Physical and chemical characteristics affecting the durability
of concrete. ACI Materials Journal 88(2), 186-196.

Park, M. S. (2001) Study on Control of Carbonation at Cold Joint
of Reinforced Concrete Structures. Master’s Thesis, Yonsei
University. (In Korean)

Saeki, T., Ohga, H., and Nagataki, S. (1990) Change in micro-
structure of concrete due to carbonation. Concrete Library
of JSCE 18(12), 1-11.

Sisomphon, K., Copuroglu, O., and Fraaij, A. L. A. (2010) Devel-
opment of blast furnace slag mixtures against frost salt attack.
Cement and Concrete Composites 32(8), 630-638.



Song, H. W., and Kwon, S. J. (2007) Permeability characteristics
of carbonated concrete considering capillary pore structure.
Cement and Concrete Research 37(6), 909-915.

Wang, Z., Zeng, Q., Wang, L., Yao, Y., and Li, K. (2014)
Corrosion of rebar in concrete under cyclic freeze-thaw and
Chloride salt action. Construction and Building Materials
2014(53), 40-47.

Yang, K. H., and Kim, S. C. (2013) A Case Study on CO:
Uptake of Concrete owing to Carbonation. Journal of the
Korean Recycled Construction Resources Institute 1(1),
42-48. (In Korean)

Yokozeki, K., Okada, K., Tsutsumi, T., and Watanabe, K. (1998)
Prediction of the Service Life of RC with Crack Exposed to
Chloride Attack. Japan Symposium of Rehabilitation of
Concrete Structure 10(1), 1-6.

Yoo, S. W., and Kwon, S. J. (2016) Effects of cold joint and
loading conditions on chloride diffusion in concrete containing
GGBFS. Construction and Building Materials 115(15),
247-255.

Yoon, I. S. (2007) Effect of Micro-Cracks on Chloride Ions
Penetration of Concrete II: Examination of Critical Crack
Width. Journal of the Korea Concrete Institute 19(6), 707-715.
(In Korean)

gf % ?i:[Loﬂ,q_‘: ELCZO

I 2 ot e FO

= 97533 % :‘[:Z,:oi 3_7.] H]—/\go].oﬂr/]. ]t 31:10
o Y AANNE FERIE EIE wEshe 2

- = 9

7}%1 OPC % GGBFS A Ec] djste] ¢4 9
Aapginh. Ay gl ECZ‘LEA o} T XHo}o}Xl AdE AFE VIEoR 5 ZHo}OﬂOﬂ 30 %ol A= F=9EE Qlel
HEEAGTT} -12.0~4.7 % A AFS UERLL FEFEJEES 71 GGBFS £ ES OPC ZAYE BT 3tF JF
S wAbel KR -1.7-58 %] SAHES L‘rEHHOi Z 2po)7F A skA] kgkAINE, AN Hlsto] ehAbst £

oA 'habsE JETE EEstE R SEo] AP H = FEER
o] skg] & o]t}

NSO : B0, ZCEOIE, 112427 OIS, 9283, oS

AFstEe aLelste] ©akst A

I 2% ot o2t ofn
423y £

1l

13 GGBFS 232|E9| EfitEt 7S | 373



