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ABSTRACT

To reduce CO:z emissions from the cement industry, expanded use of supplementary
cementitious materials has attracted attention. Blast furnace slag has been widely used as
a supplementary cementitious material, but its supply is expected to decrease in the future.
In this study, a limestone—blast furnace slag blended cement was produced by replacing 10%
of the binder of blast furnace slag cement type B (BB) with limestone powder (LSP), and the
concrete properties were evaluated by laboratory tests and a one-year exposure test. The
ternary blended cement exhibited compressive strength and durability equivalent to those
of BB, and no deterioration was observed in the exposure tests conducted in cold regions.
Furthermore, it was estimated that the concrete made with the ternary blended cement,
which had performance equivalent to BB, would yield an up to 11.1% reduction in COsz
emissions compared with concrete made with BB.

Keywords : Limestone powder, Blast furnace slag, Compressive strength,

Carbonation rate Coefficient, Chloride penetration, Water penetration,

CO:2 emission
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Table 1 Chemical composition

(EAM A DILFHEA)
Chemical Composition (%)
Materials
Igloss | SOz | Al2Os | Fe2Os | CaO | MgO SOs NaO | K20 TiO2 P.0s | MnO cl
OPC 2.87 | 20.86 | 5.00 293 | 6592 | 1.69 213 0.33 0.41 0.33 0.36 0.08 0.02
BFS 054 | 3266 | 1381 | 031 | 4250 | 644 223 0.20 0.36 0.53 0.01 0.18 0.00

Table 2 Mix proportion of binder
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Table 3 Materials of concrete
(EA#MH)
Type Symbol WS
Water w Tap Water
Binder B Details are shown in Table 2.
Fine Aggregate S Saturated surface-dry particle density 2.56g/cm?,
Coarse Aggregate G Saturated surface-dry particle density 2.63g/cm?,
AD water-reducing agent AD Lignin sulfonate-based
AE Agent AE Anionic surfactant based on modified rosin oxide compounds
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Table 4 Environmental condition
(REFSBRORESH)

Temperature (°C) Humidity(%RH)
Location pH
max | min | avg. | max | min | avg.

Monbetsu | 250 | 1.0 | 10.0 | 100 | 67.6 | 97.6 | 9.2
Masuura | 30.0 | -9.0 | 89 | 100 | 635 | 95.7 | 7.9
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Table 5 Mix proportion of concrete and results of fresh concrete

(aAvy)—rEBREEITLY D aER)

W/B ga Unit content (kg/m?) Chemical admixture(Bx%) | Slump value Air content
Symbdl %) | (%) w B S G AD AE (cm) (%)
OPC_55% 55 46 168 305 813 981 0.0015 10.0 4.3
BB_45% 45 44 170 378 744 973 0.0030 11.0 4.6
BB_55% 55 46 168 306 808 975 0.0020 125 4.6
BB_65% 65 48 168 258 862 961 0.0020 125 41
S35 _45% 45 44 170 378 743 973 0.0030 12.0 4.6
S35 55% 55 46 168 306 807 975 0.0020 115 4.6
S35_65% 65 48 168 258 862 961 0.25 0.0020 11.0 4.0
S39_45% 45 a4 170 378 743 973 0.0030 11.0 44
S39_55% 55 46 168 305 807 975 0.0020 12.0 39
S39_65% 65 48 168 258 862 960 0.0020 12.0 4.0
45 45% 45 44 170 378 742 971 0.0030 11.0 4.0
45 55% 55 46 168 305 807 975 0.0020 12.5 3.7
45 65% 65 48 168 258 861 960 0.0020 12.0 41
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Table 6 Diffusion coefficient, porosity, and
mobility coefficient
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No. | Dex108 (cm?/s) € nx103
BB 2.37 0.169 9.48
S35 2.33 0.170 9.29
S39 1.55 0.177 5.94
45 1.69 0.181 6.31
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Table 7 (127~79. =BG EA Y MIBWT, Ta.
s 91 BJEMETREEA BB(W/B=55%) L [Fl% L 72 % |
W/B i 3.1(2) Tik~72 &L 512 S35 T 52.9%, S39 T
52.8%, S45 T52.0%Tdh-7=. F7=, [b. ALK
PUMEDS BB L [RI&E & 72D ) W/B(W/B=55%) 1%, Hitfbik
R L ARKFESM DO REE NS, S35 T 55. 0%,
S39 T 54.2%, S45 TH2.9%Tho7=. 7ok, FHHF
(W2 LSP @ k 1X, A bIEER SR & kRS
M2 BRI L7 BICRERE R R b E < e o Tt
k=0.7 & UL7=. /iRt X UKy iREREIE
W/B 2ME T4 21 PEPUES 9 L &R 1Y, RIF%E
TIE=ZEAE A2 ME BB &[E—D W/B 2B\
TR%OEHMEAZ A LW 2 D, [EREmE &
PPE(LIRHIED 025 W/B a9 Th -
2. WFNRO ZSREE AL MZBWTH a<b d
720, ZGIRATE AL Y BB L RIZEDL EoMEE
EEHETHWBIZaDGEERD. LIz o-T, all
DN, a7 U—k I’ Y4720 OFEEMIZEIRT

Table 7 Calculation of W/B to ensure
equivalent performance to BB
(W/B=55%)

(BB (W/B=55%) & RIZ M 14RE

HBRTZ5WBDOEH
. Performance equivalent | Calculated W/B (%)
Conditions
to BB (W/B=55%) S35 | S39 | 45
Compressive strength at
a 529 | 528 | 52.0
91 days
Carbonation resistance
b 55.0 | 54.2 | 52.9
(k=0.7)

% Co e EAZFHAE L-. #E% Fig.8 lomd. 72
B, AEFEIZHWT, OPC, BES, LSP o CO, HEH &
%, FHZF4 789.0", 39.8, 56.0kg/t & L7=. BFS
& LSP 1 THEZ 0% COHEHED 2 EBE L,
FAA LD 2% 5 (BFS 1 4450cm?/g, LSP: 8460 cm?/g)
DHEEHR WAL LICHE LM THD. £72, 7L
o a EROFER L W/B OIETIC L b HAKEN
N4 25 Z &ne, BEALKEX BB T 168kg/m’,
S35, S39, $45 T 169kg/m* & L7= ek TR AT 7=,
CO, HEH % BB & Lbi#d% &, S35 1% CO, HEH A HE
S, S39 1L BB & A4, S45 1% 11. 1% CO. Bl & 72 -
7=. 72 BARRENE, W/B=55%0 BB Z H:YEIZ CO, BT
RERFTLIZHDOTH Y, W/B=45%D 91 HJEAFTR
FEMR BB L0 & =BG E A FOEFBRRKE NS
Tl emBETHE, EKELTHBBDOWBITLS
T CO AN RITR R D B2 LS.

LLEX VY, OPC HZ2N BB L 0 H{KV>y, S39, S45 T
HIE BB & R DPERET, 7D CO PEH B DHITEA
FRE & 2D Z E Ny oTz. — T, OPC b7\ BB
LIRS D S35 TIX, CO.HEMH&E2YBB LV ML T
Wiz, BEEO®RE DT, 2V v hom—5 4 g
HEEZEOTREAT AV MW CHERBMESCH
PACISPUE S ) B8 Z E A HIRETE D L an .
I 5705 COo, HEHEDANIIZXT L, —paiREetE A
' FHOFEM OPC DL RIS 5 Z 5L T
Ta—FO—oLBEEh, SBOMFBHLELE
b,

BB S35 S39 A5
W/B| 55% | 52.9% | 52.8% | 52.0%

Fig.8 CO:2 emissions per 1 m3 of concrete
@ o )—kF I H=Y D CO, HHE)
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KIEPER A > FAFZEERE (TATHEIYO CEMENT KENKYU HOKOKU) #5189%5-(2025) : ¥4, &4, i)l

4. £ &£ ®

LSP % 10%RE LIz =5 (AIRA—mF AT 7)

BEEAV FEHWE-Za 7Y — R MZoWT, =N
F I BREARIC XL > TRt 21T o 72, AfE
WCBWT, oM sl FIoRT.

1)

2)

3)

4)

5)

(Harz7V—ro7 Ly oIk, HMig2s BIE
faom e, MRS FER X OUK R BRI
BB & [ LL EDOEAE bz,

(2) =27 U — F O 91 HJEAERE X, W/B=45%
DR BB & [FI%LL EOfEA 7~ L, W/B=55%, 65%D
REOOE < 72 DB A D3RR STz

(3) =7 U — b OH LR RSE, OPC L3N
BB & [Al—DiGa A% L EOfED S 54, 0PC
LR D IS LEV BB X 0 B AR T A A 25 e
ST,

(4) AL O FEIHFERBE 72 © QTR IR R BR B2
ICBWTERBELIZa 7 Y — MIHOWT, 5%
W 1l v~y A NEICERT S
{BITFRO o Tz,

(5) BB & [AI%ELL EOJEMERE, Y ik, &
B, KIRBREEZ AT D, iR
AV RNEHWEZa 7 U — FDOCoHEH &
1%, BB HLTHRK 11 1%HIEATHE & A S 7.

£ %F X @k

KIFFEE A b HAEREE  KFEFEEAC b
LAR— R 2022. 2022, p. 26-29.
KFFEE AV b EHREE  KPEEEA R
LAR— |k 2025. 2025, p. 46-49.
MR, AIRAICE DA e ) —

kO E A B X OBREEAMMRIEEh &L, CEM S.

2024, (102), p.12-15

FIMKIRT A - BRI ENHERE. SRISEIZ
% TR AR FEHE L ENEUZ AR 2 B m & OB R
TEOFEEMA. 2022.
https://coal. jogmec. go. jp/content/3003776
48. pdf, (accessed 2025-10-31).

TR e, MR AT, SRBHZIR. KA —mE A
TITREEA FOENALL VYN LE Z DR
HRNCBI T 2. BA L b 227 U— M
SCEE. 2023, 77, p. 197-205.

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

SEAREAM, AR, KEBEN. ALV ET7 2R
T AL N OF KA AR B R A N S
A B I AEFEAY Fa 7 U — D
MAMEICSOWT., a7 U — kN TAERG L
. 2014, 36, e1028.

OB, BRI, R EEIE. AIKAE—E
AT ZIRAET A b ASR il Rz B4
HHEL. 5 Bl AL N REHEHES.
2021, €3103.

AR, I —J%, m A WiE. BREEiks
FOERIKENEI L0 R0 L7 b1 A4
BRI T A MF, a7 ) — N TR4E
WimSCEE. 2003, 25 (1), p. 725-730.

AR, LB, B PE N IE . SETEER
BlCBIT D% U~HY A MBS LD rTHeM:.
a7 Y — F ARG SCHE. 2011, 33, el112.
tARTS, 2022 FEHIE 227 ) — MEYERTS
X EHm]. 2023

VTR RBE, B S50, IS, AIRA-EFE A
7 JIRAEE A O L COp HEH EHIK
hE. LARPSER A G i A AR
2024, 79, eV-695.

DRI, SR W, pHREES. REREL 5
2@ ar s ) — MoBi 5 KpIREEE
DR, AR S A,
2020, 75, eV-47.

A=z 7= TH¥a AV h-ar 7y
— N ORERAFMICE T 2MAZESHRE
#2024,

R 32, ATHEPLEE, SOFARIED.  mERE A
Z 7 L @FKIEA Z 7 &R L7z 32, 5N/mm* 7
FAEA MIETHME. =7 U — 1
e SCAE. 2004, 15(2) . p. 79-88.

B ESE, Norrarat SIRIBUDHATWAN, 1 K,
3. BO&EAVYMCBIFZEZ—54 2
Vo h—oFfH. XAV F-avy—FiaX
. 2014, 68, p. 212-217.
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