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Influence of Replacement Ratio and Fineness of GGBFS on
Autogenous Shrinkage of Cement Mortars
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ABSTRACT This study experimentally analyzed the effects of replacement ratio and fineness of ground granulated blast-furnace
slag (GGBFS) on the autogenous shrinkage of cement mortar. The specimens were fabricated with GGBFS content (0, 50, 65 and 80
% by weight of binder) and fineness (4,330, 7,650 cm*/g) as variables, and the internal relative humidity and autogenous shrinkage
were measured. The self-desiccation and autogenous shrinkage of the specimens with GGBFS replacement ratio up to 65 % increased
as the content of the GGBFS increased whereas those decreased in the specimens with the GGBFS replacement ratio of 80 %. This is
because GGBFS changed the pore structures and hydration of cementitious materials, resulting in the changes in the radius of
meniscus formed inside the pores and eventually changes in the capillary stresses. In addition, the self-desiccation and autogenous
shrinkage of cement mortar increased with increasing fineness of GGBFS.
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A 25 7F AL A A = ol g ol wet AlRLE AR
o & 247k F sl CO, WiE& A 7A1717] 918 o
kst 17} 218 ] a1 ) TH(Choi et al. 2016; Aydin and Arel
2017). 25N AE SY7E UAE 5 3le 112s
#l| 71 w]3&-H(Ground granulated blast-furnace slag, GGBFS)<
G835 A Ee] 3 A7 @] e 3 Itk(Liu
and Hansen 2016; Zhao et al. 2017). I 2 &8 1 v] &2 %
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2 E A H | 2755 7hebA] oL 71 Al o v] & #
o 213 %74 F7bek= 21 0 & B 18T Jang et al.(2017)
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o A7 |FES S8R o, 71 Al E R A7 5o] oF
6 % 7+ 3 Ash= 21 0 2 B 13131 Liu and Hansen(2016)
S ARSI S-S AT 25 % 171 2 50 % *| 2t
ZAYEL A7 FFo] 7| & AlERETEF33% 183 11 %
ZVetE A o7 Rustith 1R S v RS Ay
0] ok 80 %7FA] AF-g-8t 2 & 1 v U X g AW E
Al A 7ol 3 A7} ) © LH(Lim and Wee 2000), 7] 7%
O 72 Qlal ARkA © 7 60 %7HA] X 83t A7 FE o)
T o0tk A2 &Y 7 vl ot 7] A& EAlE
Astr] fste] 1EEHY L v F L FLEE ol AT
7} A<kE a1 A wk(Siddique and Bennacer 2012), 1% < 2
T u R ot X g} R Al EA A7 2] AF7] 4
Zof v X = G &l Tet A= o7 F-53k Aot
A 54S 2 AMEA A5 A |75 T A
71 BA® 82 o] x Ao ol 3= Ul FellA &3
e WU AA RS WhE 1) 2] #-do] QItk(Lura et al.
2003). 2FZetA 0 HE o 2w Wy AA A7 2 2
e 2t FolA AEFF BAE S8 Sk H
o, WU 2 A 2 0] R AR 9] H A of] whehA] Al EA| )
2O U OE e} vE #AE Zhet) uebA, AWE
A AR WFANEEE SHTOEZN A7 F5HS A
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7 Wgltel] et £ 3% H-S YEPATH(Henkensiefken et al.
2009). AlHIE Flo] AE O] yfol= thefst A7 & 2 &
50| A, & 32 a0 A st FsikE-
of o3t o] A= o] FTE FolA 7P E A& %
= T oA B AR E 3L gato] ARE o] Sk H| 9] A
H yaE YRR FEo] FuEA sty ol &
3= A] oka1 v X el 2 EA) 5 F th(Henkensiefken et
al. 2009). i g 25 AW E #|o] AE U ite] EAjehs B
a2 23 AR EAs ey, Al o] Sk

whel A= o] 9, 3= ol EA ek S
off of sl B o] WA A &= F=o] yehtaLy, , <
& 2t vy a7 A9 AR el M= el e,
o A71E Zhs 37 o] 2R H O ul Y] W

of AF ¢, ol FelM =7, o 2715 2 Sl g
ol 2] AR, A el A=, o A71E 2
AU aALTE G whebA, = eiikg-el] of A 2o

AR o] H A = 352 Wl Aat sl v B,
E3he a5 W el AR Eo) 87 Ak ol gk vy 27
2 O] AP QU] AR EA A 7= A7 A x Aol
she, N o) = of] whE} vy A 2 0] Wb ap 3
TR A () L2 wAE Ztet

T oo

2y M

"m = Tn(IRH)p RT M
AZNA, 7, WU A ] WA, 42 E2] 327 789(0.0703
N/m), M 4 E330.01802 kg/mol), p, = =9 WE

(1,000 kg/m?®), RS 7] A443(8.314 J/mol K), 7= A& &
(293.15 K)& YrERALE

TZ Y RA FAE HUAAAZ AF AAAF U2
HE (P 7FAE e HE(p) At el A Aol 7 kA sHA| E
o, o] 57 qte zpolof o %’JHHOM A 3=(0)

ol WAEH A EA A 5.0] FF o] AT Wy A7 A
o W 7 A S8 o) e kB es) 9 Ao w4
(2%} 2ol thebd 5= gk,
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Table 1 Schematic representation for variation in meniscus radius in the pore structures at different ages

to

Age (immediately after mixing)

t t,

Solid skeleton Water

Conceptual
illustration

Meniscus - L Tmit, Tty
radius ol Decrease with age

Internal IRH, | IRH, | IRH,
relative IRH, =100% '

humidity Decrease with age

Capillary . =0 Tet, ‘ Tt | Tt
stress o Increase with age

78 | et=232|EStE| =24 H327 H13(2020)
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HEg-oll &gt i AR E 5 el @€ my
229 Wb 2 A s Al HH, o] = Qlaf EAIw S5
AAF S7VebA | oL 5 5 A Sbsk A "

3. 48 e
31 A2 M= X gt

AHE =15 15 3E5WE AW E(ordinary Portland cement,
OPC)E Atgstolom, ol et 7H27) 3.15 glem’ 71
2]l 3,250 em¥/go|th 1R L v Ee] U 2.89
glem’o]H, B 43309 7,650 emYg S A T ERE

AF&-3FSITE. Table 27} Fig. 1:> 242t ARIESL 12 &8

Table 2 Chemical compositions of OPC and GGBFS

(mass %)
GGBFS
OPC ;
S4" S8?
SiO, 20.8 34.0 32.2
AlLOs 4.9 16.4 15.5
Fe,05 3.5 0.5 1.5
CaO 62.4 37.2 40.6
MgO 1.6 6.3 4.8
K>O 0.9 0.5 0.6
Na,O 0.3 1.3 1.1
SO; 2.2 2.7 2.9
Lo 2.7 0.2 0.3
SUM 99.3 99.1 99.5
DFineness of GGBFS=4,330 cm’/g
JFineness of GGBFS=7,650 cm?/g
9Loss of ignition
15
—_ —a— OPC
X —o—S4
ﬁ 12 ——S8
E
c
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0 . f
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Paricle diameter [um]

Fig. 1 Particle size distribution of binders

nj ko] gletz gy Ak A7) BEE vERALE <478}
“§872 7}7} 4,330% 7,650 cm¥/gl] U EES Zh= 12 &
7 v oju)ghe) A E 9F 7 L v EEe) 9]zt
7] FEE JAE BT T HOE 7Y ko] o)A 31 v
218 o] g-5to] A Th I A= Si0, §5Fo] 98 % o)At
Q EFARE ARSI

Table 3= 2 A3 2] v §H] & vrebdit), E-A $HA1]=0.2
olm, Xz A-AeAn]= 1.00.2 sHQTE =4 S AWE
ZEFE O] f5AS gHEt| flste] ZE|7tEHAM 1A
rAlE A T3 thn] 0.53 % A7kelich v
ko] vhe X3 gl BT A7 Sl v A= dES
Ast7] 918kl 12 & 1 vt ES A 3] 50 %, 65 %
18] 31 80 %7HA] 2| 8katS ow, ShA] A vhe} o] 4,330
77,650 cm?/g ] EUEE 2 T HR0 nR2 & v
S A TE Al 1D A “S47 9} <887 F of] LFER Sexl=
AstAlel thet 12 &) 7 v)ido] X $hE-S R

e 2 ot

32 AE W4y

Al YR HSE
=439t} SHT75+= 2
Aol vlef] o 7w 2 AF

Ay T = |

A2 o] B S EPEstaL, o] F A7 Fdo] A A
Aol A AAME ot H 7 <bol] A |33t Fig. 2(a)= U
AUEEE 574 F A18S YERATh

AHE EZEFZ A 2] 2F7] 552 ASTM C1698-09¢]]
e} S Q) o] WH2 AlHe] & gupe} i T
o] 27| FF el v A = G EFS FH ket 5 vk Aol 9l

Table 3 Mixture proportion (g)

Binder

. I)I;?:il”?lin opc | OGBFS | Water | Sand | P
s4 | s8

Plain 6,750 - -

S4-50 | 3375|3375 | -

S4-65 | 2363|4388 | - | 1350 | 6750 | 35.78

S4-80 | 1350 | 5.400 | -

S8-80 | 1350 - | 5.400

n=4eiT 02 XEent 2LUET AME B2E2 9| X7 |F0] 0|Xl= & | 79



(b) Autogenous shrinkage

Fig. 2 Test specimens

Table 4 Setting time of specimens

ID of specimen Setting time (min)

Plain 298

S4-50 368

S4-65 406

S4-80 756

S8-80 704
Vs F AL FHAF T RE WS 5Tl e )
o Mg PEL) UYL ekt

4, NEELY W £

4.1 UYRHUE=e} filAHA HEY R 2AIE S22
sl

Fig. 3(a)= Zh A1 9] A off whE Wl F- 5 =] jisk=
vrebaith, = Al ol A 3hk-g-o] 3 of mhehA -
Al =7 s A1 £ ddo] YEbR T BE A
MM AE 27l A71Ax7E AA B e, 53
Plain A3 ol A o] & g @ g0 =2 %] 7] Lpebsi), o] = &t
A= Al 35 viel M G4 5= My a7 29 vhd
¥} 21 fdo] Stk Fig. 3(b)= 542 WA dls = dol
Bl S 2 (el tidate] vebdl Al of] whE wiy A7 A v
738 Mgt vepdth A 27100 e eik-gol o gk i
o] Zm o] @] wiE ol MiuAA A N2 w9 Z FH O
2 ghashes Z1o® vetsth AE 39 elA] Plain, $4-50,
S4-65, S4-80 12| 3L S8-80 A O] WU AA A WA 7]

.
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st=Z32|Ests| =2¢ HI32H X135 (2020)
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(b) Meniscus radius
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(c) Capillary stress

Fig. 3 Variation of internal relative humidity, meniscus radius
and capillary stress of specimens

off A E Wy AA AN 2 1.0 %,2.6%, 1.7 %, 3.2 % ~18]
309 % Tl E Yetsth AFA 12 EY 1 vt
2 239 AFE A 27) v|UAA A AL Plain A H
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AnEko] A7) wiitol ¥ 22 A7 5 gk Il Wiy A
A2 B E 7] A QA T, A= A2 A6

F TH(Choi et al. 2017; Snoeck et al. 2015).

Plain A& A% 27104 o -39 A7 x7) ¢y st
QAN 2 S v Ee] H7FE Al e A Y 27] o]
ol = A& RS EE7F sk A7 xvE
A3FA T}, Plain, S4-50, S4-65, $4-80 ~12] 1. S8-80 A] A 2] A
% 347 28 WA FEE] 2kol = 242 1.5 %, 8.6 %, 9.3
%, 4.2 % “12] 31 8.1 %= YEFSTE 3= U)ol A &4 El vl
YA R B35 FAFSE 73 3RS VERRITE AlE 39 o]
Sofl = Wy A A 2~ W O] A F-8- w9 A A e o,
53] Plain Al A o] &t Ao FF58HA] LrERRLTE Al
& 289 of| A Plain, S4-50, S4-65, S4-80 1] 17 S8-80 A]H 2]

HUAAA 9HAL AE 320 FAE myAAA Hpﬂsq
83.3 %, 26.9 %, 34.6 %, 37.8 % 18] 11 49.3 %= et} =
Plain A| 38> A5 7)o th 28] Wy A7 2~ v o] Zhas
SHA WL R e 1 v do] HIFA AR S AE 27 0]
vy A2 B O] Plain Al of| vlal] @o] 7hAskqlt)
olgist Avpi= 2 Hef 1 v o AlH e I
75 A A oL AT S0z Qe Al 271 0]
Fo| FlE SRS AnFgo e O e H7)5 2= 3
oA mU AT FA = Aol 71‘{1?&4@1 et al. 2010).

A% 28 ol A Plain, S$4-50, $4-65, S4-80 2! $8-80 A]H 2]
WA 5 == ZH2) 88.7 %, 86.6 Y%, 83.9 %, 92.0 % 18] a1
79.3 %= WFERSETE QbA] A vhe} o] IR &Y L v
o] H7bs AEA AR50 F57FE B XUt
= TH(Choi et al. 2017). Wb, L2 &Sl 1 ] 2e] §hao]
71 S kg oet RO ARE U A A7 E
Zh= F=ol A Wiy AA AT A E 7] 9% 7] wfoll &}

71232 HA2F S7FsHAl B k(L et al. 2010). ©] 2 st w1 A
Yol oJsl|A] Al 7] o] % S4- 504 S4-65 ] HE-2 Plain

AlAR T HYAARE g o] Zhashs 27t w2, 4
= & A7 E e JEM S4-80 A HL 12 E
2 2 v o] A7EE Q18| Plain Al AR T 35727 H S
AR Sl Bt BAAshHs A7zl ol 7
it FAFAAN S A 12 EYavegE 4
A7} ok A ghE| o] =3ak-g-of o3k o] AR ko] W
o] Zhagtof whet o 2k A7 5 Zhe Fol A iy A A A
7} A7) e A7) EHTOH olelsh A7t vk
S8-80 A Plain} S4-80 A|H Zol| Bl =& A7 x5
S Yebdllch ol st Ao &2 At A71E e aRE
2 2 v el oJal B TR AR S ek ok ek S
hkg-o] FX1E 7] witol] F7FA Q1 722 d\_d_i O 2
A7 Ze ol MiyAA LT FAdH = Al 711
U}(Tazawa and Miyazawa 1995).

Sl i R Eaty Eat HP?U A ebE el A of uf
2} 3= WF-ollA] @ sk 2AH &9 S7HA 71T Fig.

n2z2i702Ye

3)E 2 (DS T3 AAre wlyAaA 2~ v S 2 (2)of ol
Ql3te] LR ZF Al o] A of) uhe) W gk = B S
o] A shE vepdTh BA# 38 o] ®isteE Uit Ee
Wk} v FAFSE A 3S HEFTh Al E & 716l Plain
Al o] BA| g Hol 7H HH}E Al S7vetal o, R &
T2 wEgo] H7FE A S-S Plain A RO RA S8 0]
7Vt S57F =@ A vErsth Al 28U ol A= S8-80

Al ] BA E-¥ 0] -31.67 MPa® 7Hd 7| e oM,
Plain, S4-50, S4-65 18] 1 S4-80 A|HE2 T A S8
S8-80 A|*H 2] 51.7 %, 62.0 %, 75.7 % % 35.6 % 5= O & L}E}
Wk}

4.2 XI|+&

Fig. 4= T4 o|F 7} Al A 8] Aol k& A7 52 |
35 UebdTh 27552 ek U ddiG e weket
A Aoz A S YEFATE Al 7)ol = FEheks-ol
O3t 0] AV} A7 wltol BT g o] wE A S}
shar olof] A ek 4= Q1= Al o] ' AIG 7} 2rot A7 4%

1 A YEFstTE 53], Plain A H oA AT 7]l 24715
Zo] A A WA TE Plain, S4-50, S4-65, S4-80 1]l
S8-80 Al A =2 AE 3YU AV FEHS A E 28U AT F2
93.8 %, 69.6 %, 73.4 %, 72.1 % 2 83.3 %= LEFSTE oA
¥ vkel 7o) Palin A H - A 7] of) th-E2] A7z
7F A A H, o] = Qe A7 FE e iR E AlE =
7] el H“ﬂé}ﬂl Aok 28y 12 & 7 it de] HIbE Al
HE2 A2EY 7 v el og 5732 Hshel 1A
T3 B R A AT 3Y o] Fol| = G| A7
o] Z7}sle 73S Ve T Al E 28U ol A Plain, S4-50,
S4-65, S4-80 ~12] 31 S8-80 Al 152 A7 52 242 -659
e,-802 e, -898 e, -358 pe 2 -1,066 pe © = LFEFSETE S4-50,
S4-65 712] 17 S8-80 Al A E-> =2 A7 AR E Q18] & BA
T §go] WAysh, Aoz Plain Al 27| 4=F0]
S7FeFlTh 28U S4-80 Al H - W A 2= Qs ¥
= Woll A A ek B3 - o] 4] 7] Wi ol] Plain Al

—_— —0O— Plain
€ —e— S4-50,
£ —A— S4-65
E 200 —v— $4-80
£ —>— $8-80
©
S 400
(]
=)
g
< 600
=
K=
[
[/ - 4
@ -800
o
c
[
210001
2
=
<
-1200 r T T
0 7 14 21 28

Age [day]

Fig. 4 Autogenous shrinkage
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Autogenous shrinakge [relative value, %]

Plain $4-50 S4-65 S4-80 $8-80
ID of specimen

Fig. 5 Effect of GGBFS on autogenous shrinkage

BT} 47550l ol BAST F, 65 WY AEE
A vlere) g AE BEEkEe A5 S )

Al71m, 1 o]l A&k A FEE A o A
W uke} o] 65 %7kA] o] AL E S el 1 v e] X2 A
B ANAZE S7HA7IH, Lol A &2 A7 x5
Aok wh2hA, 65 %2 L ZE & 1 vt o] X ke

7|F o2 A7 Fo] MEtE &= A o] G E M, o]y A

k-2 Lim and Wee(2000)] 7 A 3} 2} v]-¢- {-AFsHA] UrEd

3L o
el

Fig. 5% A2 &Y 71 w]&- o] AWlE B =ER= 9] 2p7] 5
Sl vAlE S Hebdeh AY 190lM = 12sHl
u]Bulo] 7l 7 seky) TA|Go] A|HE Z2EE A|H
o] A7) EL 72 01, $4-80 A|HO] 97.0 % THE

5 2 ZvE ek a8y AP o) TorE
5 AeS damvhs A gasglon, A7 7UFE
L 84-80 Al S A 9] 3 BE A|H 9] 2}7]4=Z0] Plain A]H
Bt} F7hehbs 2102 YERAL S8-80 Al ] A% &
7H&0] 61.8 %= 7HE A YEFRLTE S4-80 Al3H-2 H Al F

ol A Plain A3 .t} 27| =5 &F0] A A Uebsk o v, 217
o] 7hadhe b HAF ghAste] Al 28U ol 4] 45.7 %=
LFERSE T

43 USHUSTe X752 #AH

AHEA A7 E] 7G> V]Zﬂi U% 2}7]‘?%—%%
sk, o] 22 0% A S

AL zh= Aoz A %W(Bazant and Yunpmg 1994).
Fig. 6= 7} Al A 8] W73 tl5 29} A7) 525 2] A& Vhef
W 2o A 27 Ao Aot s w2 Ut S =
TRl A 2z ) 71871+ w5 A kA YERs o, A
o] Agroll whebA] 132 e] 718 7]= JAAk bk A
S YRl th Al EA] A 5 9 7<}7] E R }%Oﬂ ol gt
230 Al g HAlE = AW E B]o] A E 9] iol—
H A qlom, o] gk A 4] Qib A EA
Azl 98 -4 ¥ thHobbs 1974). AW EA)
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Fig. 6 Relationship between variation of internal relative humidity
and autogenous shrinkage
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NE F AL 71&7]E AL vszskA vEbsk T o] gt
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