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An Experimental Study on the Carbonation and Drying Shrinkage
of Concrete Using High Volumes of Ground Granulated Blast-furnace Slag
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Abstract

The effect of ground granulated blast-furnace slag (GGBS) and alkaline activator on the properties of setting,
compressive strength, drying shrinkage and resistance of carbonation was assessed to develop high volume slag
concrete, the GGBS replacement rate of which was more than 80 percent. The changes in the concrete as the
replacement rate of GGBS increases were as follows. Initial and final setting time was delayed by two and a half
hours, and the compressive strength development properties of concrete in early and long term age were decreased.

Drying shrinkage was satisfactory as below 6x10*

in every mixture, and yet showed a tangible trend by replacement

rate. Carbonation was materially increased. Setting time and early strength development property, however, were
extremely advanced by the addition of the alkaline activator. While drying shrinkage was improved by the alkaline

activator, resistance to carbonation was not.

Keywords : ground granulated blast-furnace slag(GGBS), alkali activator, drying shrinkage, carbonation resistance
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An Experimental Study on the Carbonation and Drying Shrinkage of Concrete Using High Volumes of Ground Granulated Blast-furnace Slag

50| 25T vhEde AR 23R|EE &Y 2
2] Hjsf w9 AMIES] 22 Ao 7]Rlelq

Ca(OH)»9] AAdefo] Al Fzot vligtzzdol wet
Z/33te] tigh Aol "ojAle Ae=® Harsar gt
e 493 AR A7 1Al Ui dS Sk dloll
otA] v 583 A7t 7| whol] =S S
Slof mAl= g3kl L HEZL Dasict,

b =& 119 Xghg STl T 277 A5t &
Ale AR SRS 712 QI dA-8-9] ofeteat
_J_B_EIE‘,] LH?-/H b‘]:*]-O]Fq-‘— 0]:\1]/\‘10 7]-}]_]__ Oh;}

3 =S vETe ANk 2AEY &1
ke YEERs] [I=sH Tl ufEdS AR 22
EO| AFAI-ol|A 30~T0%, Hw7153}8] [1=Ee 1

RS AR 2AES] HigEAAIEAIR(Ch 53
Alolld= 70% oletz ko] glom Uk oR nes
1 AEEo] 40% Tl AZAMET} HHAOZ AME]
L Qe ofefdt 27 EE TWAAT I o EA 2
&) BHES 6,000em’/g OFOE FTZIAL &
Ze] A=AE ARskE W ol ANEL Qo o=
TAPE A 2A] P 8Q10R 2Rgsle] 11gE 1)
ARG ol AdEE=2 ARkl i,

b 2 el @A el AARIA 7 LGRkd
07 AL 9l B 4,000em”/gHe] AR2EHT S
o= s Zghg 80% ol el o2 &L Hi=F AI$t
F32]E(High Volume Slag Concrete, ©J5} HVSC)9]
WS = 1 WS mjx= JE)\EH:’——J T,
5| 1 BAROR A Qi ARz 1 24k 1
+© =S Fe] tfsto]
Zhslolet, Et, 2SO A

#ete] eHAE S5 Slete] A*

'?’zﬂ A=A AMgSt] A=A 27

]%1‘ iﬂ{—qE‘/] .__7:3__/\-] U] 27]
‘§-< /J3lo] mll= Gl HeliAE A HESIoH
AoREs FAES SIRRAY 12T AR
S et 7124 AE ASk= d 1 H24o] Qlet

ol

7<
uBS 59
hgoz ol

<

-

A é“.:

°ﬁ

T

=2 Table 13} A}, 2

394

Fe]E ujFRS Table 201 Uehd Hle} o] d7f Fuj2

Ao Qb o AMESHL Q= BAGA] 45%, NEE
#1 ZBRE-L 40, 60, 80%2] 34707 MAEIgon o

Ze] 24 A=A19 75 ZAAPde] ghEE 79 QholA
/\]’;ﬂ o:]]l:]]/J‘Gl o 5—5],01 17]7]—5 I KeR U_l %E/Hol _?_/r\_

20a=
3 AiA| 1070 19208 Agelol Arlsignt

Table 1. Factors and levels of the experiment

Factors Levels

W/B(%) 45
GGBS* replacement

o5 40, 60, 80
Alkali activator (Cx%) 0, 1.0

bleeding / setting time
compressive strength(1, 3, 7, 28, 56days)
drying shrinkage(120days)
carbonation(1, 4, 8, 13weeks)

Measurement items

% GGBS : ground granulated blast-furnace slag

Table 2. Mix proportions of concrete

Unit Weight(kg/m®)

GGBS
— - SP AA
Types replgﬁ? m \(\(f/{)? (8‘43 Binder
(Cx%) C BS (Cx%)
BS 40 40 226 151 815 922 -
BS 60 60 -
151 22 1 2
BS 60 A 60 45 47 168 S 6 815 %0 07 10
BS 80 80 -
75 302 813 917
BS 80 A 80 1.0
Table 3. Physical properties of Concrete
[tems Specific Blaizne Absortion
Type gravity(g/em?) (cm7g) (%)
Cement 3.15 3,419 -
GGBS 2.9 4,226 -
Alkali activator™ 275 - -
Coarse aggregate 2.62 - 1.03
Fine aggregate 2.59 - 0.67

% Apoarert density 1 1.25 (glom?)

Table 4. Chemical analysis of OPC and GGBS(%)

SiO,  ALOs FeO; CaO MgO  SOs;  lIgloss
OPC 21.96 5.27 344 6341 2.13 1.96 0.79
GGBS 3274 1323 0.41 4414 5.62 1.84 0.44
Table 5. Chemical analysis of Alkali Activator(%)
Ca0 Al,O3 Na2O K20 SO3
Alkali _ _ _ 5 or _
Activator 12~25 3~11 2~3% less 38~%
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Figure 1. Drying shrinkage test
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Figure 2. Relation between bleeding rate and quantity of
GGBS replacement
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Figure 3. Cumulative bleeding time curves
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Figure 4. Influence of quantity of GGBS replacement on
penetration resistance
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Table 6. Compressive strength with different curing periods

Slu- Compressive strength(MPa)

. ) o1 3 7 B %o
ypes (M day days days days days days

BS 40 58 185 42 155 286 388 416 431
BS 60 59 180 21 142 282 362 383 394
BS60OA 58 18 28 165 292 360 376 380
BS 80 50 180 07 131 253 294 313 325
BS80A 52 190 09 149 260 284 305 310
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Table 7. Carbonation depth with different accelerated periods

Average value of the carbonation depth(mm)

age
Types 1 week 4 weeks 8 weeks 13 weeks
BS 40 0.87 1.81 3.78 6.72
BS 60 1.64 2.56 5.23 11.80
BS 60 A 1.37 2.33 492 11.81
BS 80 3.16 4.55 8.30 21.51
BS 80 A 2.75 4.10 7.84 20.02
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Figure 7. Relation between depth of carbonation and
quantity of GGBS replacement



An Experimental Study on the Carbonation and Drying Shrinkage of Concrete Using High Volumes of Ground Granulated Blast-furnace Slag

1 week

4 weeks

8 weeks

13 weeks

dubd o MRS s Rt FAEE 299 F4
2B vl S/ S5t v F Ale2 dEA gler

ol &AL njRuo] Aghgel et £ E S| o
SIIEo] A7) B3 AnA 0w AUE S5l ofs) A

J=l= Ca(OH), Aol Hash| wizolc), E3t i=se
19| S3pkgo] ofeiAle Ca(OH)20] AR Richardson
of oJsid TRLE 1 43hEeo Q#ﬂkﬁb HEA
= sfelRkg-Alel weh Ca(OH)29] Ak APdshd
S 9hesF & Ca(OH)ol AMlERe 22 17.8%,
35.7%= BaE|a Qtf15]), Autygoa 243} vke vz}
UsS 18] & uff ol HES Co= Al

%0] Ca(OH)o1} Hk%}o% CaCOs& A/gshd A7182
2= C-S-HEHH Cad 3o} AlE-89<] pHE #4
Skt a2EE 0 )% LELFAE-J C-S-He &9 23
2|EQ| Ca/Si H] 1.7~2,00] Hlal} Ca/Si H]7} 2F 1,002
*1%%9'4%—4 pH 4] 580 "dojx|7] ufjEo| ZF=E
HHE 93P SX1E Eeh g2e] A=A R
Adzhe] Aol ofelf pH7F AA3] ddhe AR
tH16],
hH S/}
A} gloH
=L F43} 7

o
=

H

=

i rﬂ

(e

E

AT
o=

H

o

0oVt ASl AHBT = AL %

HIFE9] ¢ ;17}59]_1:'_ Lo At
Aol Qlofrte S Aol A=
2 oItk

-

398

ST S 26571 S48} ZolE Sgsle] QAo
2 YPHe e $45 Aldol 25mm B iR
Amsle] HEAQ BHsh NS WL el
4.4 8

2 A7) S QhollA] 2EE19] X|ghEo] 80% ol
o o]2&= &1 digF 2|3+ 3= E(High Volume Slag
Concrete, HVSC)9] 7E-& 32 $AEA, d=7%,
Zdolst W A3} Aol mAls 12Ew 1 Ak
FF A Y A=A19 malol| disf EARE ks the

i

1)

Bl

o

S0 njEare] A3hgo] 7R Sy
Soloke e ehion], el A H7ie
HigolE Helgeo] 45| Fattnt Sl L)
g FRAE e Aow ek,
TRsA njEae] 22k S
27 W 24 EPARl0] oF 2~ 5AKF NelEle
om Ve, de] AT WK Aol
9 57 ERARI] 7ol ) @A)
Ao® Uepgrh
3) Am&PL upue] Jahg 2o W ¢

£ S2ARE

2)

LN rlo

of
S

==
=

rlr nm

=]
=2

ol
T

==



719 BE Aok
ke 27V WAEAES dA 6]
WX AoRE Uepstout A5 289
A 1 SR EI= 98] 74
n2EHT vl 23hge] mE AR5 BS
60> BS 40) BS 60A) BS 80y BS 80A &0& =7
UERtoLt BE uiglolli] 6x 107 o]t ke 2o
UEAZ3IS] JASS SoflA] Aefgt ity SEE ¢
3 2t AR 8x 10 of5te] Fhe FE
RSkt
nESH T ulEde] gheo] SRR AR 5
71} S B33 ARLo7t ke S UEr
om 4 A 8~135 Alol|A| FAIE}E Lot i
2 Ao yehyt), e A=A 19 7l i 5
A3t S tha ASkE ZoR Ve

B ATE B3l ARIRARER] I2&E T vjETS
AE ARA| ARGEA| wet 2|2he-S 2AsAY &7
9 EFAIRT} 7S B gde] ASAIE AN
afo] 271w UEES 024 HVSCO| gt 7123
A2E FEohe dlof 7198 A0= e, g5 ua
<A digF ARgol W AMIE sikS-o] Ak B}
tlEo] HVSCY| AlgARE EE53o2n d3480] 7ks
St A-871%:9] o] Hasirial FekET

5

=
1

2 o
2 Atollrts =S A|ghgo] 80% oVdel o=
= &S =k A Z38E(High Volume Slag
Concrete, HVSC)9] 7k Exg SAEA, d=H=
x5 W A3 Aol A= 12Ed 1 Aghed]
S 9 ] A=5A12] mael| djs stk
NEEHT BT g S| tE AlgATs o
i 2}, AR 24 9 T4 EEAIo] oF 2~2.5
AL Al AR UEten St UEEAS =
7] 9 A719] H= Agolla] HAasiglth, s A|g
ol W2 55k AeRE EhA] okon = afigtolA]
6x107" oJale] gke Hof uj9- EE Ao= Uepyh
3733k dAe] SVIske ARe UEilt: R e
AFAIY] A7t e SAARE 9 271 EEAAS |

399

A3| pEiglon Axge] 7lofshs
Uebgteh. whe F498 Ak Hlxs
A0 ek

Acknowledgement

This subject is supported by Korea Ministry of
Environment as "The Eco—technopia 21 project’ (405—111
—006)

References

1. Ferraris CF, Obla KH, Hill R, The influence of mineral
admixtures on the rheology of cement paste and concrete,
Cement and Concrete Research, 2001;31(2):245-55.

Chan WWJ, Wu CML, Durability of concrete with high
cement replacement,
2000;30(6):865-79.
Domone PL, Soutsos MN, Properties of high—strength
concrete mixes containing PFA and ggbs,
Concrete Research, 1995:47(173):355—67.
Hester D, McNally C, Richardson MG, A study of influence of
slag alkali level on the alkali—silica reactivity of slag concrete,
Construction and Building Materials, 2005;19(9):661-5,

Leng F, Feng N, Lu X, An experimental study on the

properties of resistance to diffusion of chloride ions of fly

Cement and Concrete Research,

Magazine of

ash and blast furnace slag concrete, Cement and Concrete
Research, 2000;30(6):989-92.
Architectural Institute of Japan,
Practice of Concrete with Portland Cement and Ground
Granulated Blast—Furnace Slag, Tokyo (Japan): Architectural
Institute of Japan; 2001, p. 35-52.

Lee SS, Song HY, An experimental study on the durability

and mechanical properties of high performance concrete

Recommendation for

using blast—furnace slag powder, Journal of Architectural
Institute of Korea, 2007 Nov.;23(11):119—-26,

Sagawa T, Nawa T, Hydration microstructural evolution and
drying shrinkage of portland cement — blast furnace slag
system, Journal of Structural and Construction Engineering,
AlJ, 2010 Jun.;75(652):1029-37.



An Experimental Study on the Carbonation and Drying Shrinkage of Concrete Using High Volumes of Ground Granulated Blast-furnace Slag

9. Li C, Yoda A, Yokomuro T, Effect of ground granulated blast
furnace slag on pore structure and compressive strength of
hardened cement pastes, dJournal of Structural and
Constrution Engineering, AlJ, 1998 April;506:1-6,

10, Oner A, Akyuz S, An experimental study on optimum usage
of GGBS for the compressive strength of concrete, Cement
and Concrete Composite, 2007 January;29(6):505—14.

11, Hwang CL, Lin CY, Strength development of blended blast
furnace slag cement mortars, ACI SP 91-65, Detroit,
1986;91:1323-40,

12, McNally C., Sheils E, Probability—based assessment of the
durability characteristics of concretes manufactured using
CEMI and GGBS binders, Construction and Building
Materials, 2012;30:22-9,

13, Nagashio Y., Masuda Y. Influence of ground granulated
blast—furnace slag on drying shrinkage and cabonation of
concrete with ecocement, Journal of Structural and
Construction Engineering: Transactions of AlJ, 2010
April; 75(650):675—80,

14, Jianyong L, Yan Y. A study on creep and drying shrinkage
of high performance concrete, Cement and Concrete
Research, 2001;31(8):1203-06,

15. Richardson I.G. Tobermorite/jennite— and tobermorite/
calcium hydroxide—based models for the structure of C—S—H:
applicability to hardened pastes of tricalcium silicate, /8
—dicalcium silicate, Portland cement, and blends of Portland
cement with blast—furnace slag, metakaolin, or silica fume,
Cement and Concrete Research, 2004;34(9):1733-77.

16, Bakharey T, Sanjayan JG, Cheng Y—-B. Resistance of
alkali—activated slag concrete to carbonation, Cement and
Concrete Research, 2001;31(9):1277-83,

400



