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Effect of Highly Reactive Carbonated Steel Slag on Hydration and
Mechanical Properties of Cement Composites

ZHAOQ Yingliang, ZHENG Yong, CUI Kai, SHEN Peiliang, TAO Yong, PAN Zhisheng
(Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hong Kong 999077, China)

Abstract: The low hydration reactivity of steel slag (SS) significantly limits its application as supplementary cementitious
materials (SCMs). In this study, SS was converted into carbonated steel slag (CS) with high activity by carbonization,
and the effect of CS on the hydration process and mechanical properties of cement composites was systematically studied.
The results show that CS markedly accelertes the cement hydration reaction, enhances the setting rate, and substantially
enhances the compressive strength of cement composites. When the CS content is 20% (mass fraction) , the compressive
strength of the cement composite increases by approximately 0. 9% and 14.4% compared with the reference sample at 1
and 28 d, respectively. The enhancement in hydration process and mechanical properties of cement composites with CS is
primarily attributed to the highly reactive silica gels and calcium carbonate, which accelerate the formation of hydration
products. In addition, the ultrafine particles in CS play a filling effect and enhance the compactness of the microstructure ,
thus effectively improving the compressive strength.
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s, AR ATl A PR %2 i BT (steel slag, SS) RERFIRD | SS (1) kb B 1 I 2 4 Jm 12 H A0+ 4 o 45
IR PRAR , TR URAL R B 2T i de iy [nl @, BHHET,SS TLAERERA Tl AR | 3 B A 150 0 A SR A Aol il s 25 40
BASRINH BRREAE ST, SS VE A SCMs B EE 5 RHME T, JRBL T SS VE MRS R 1,

SS EE MR 45 (dicalcium silicate, C,S) ERER 45 (dicalcium ferrite, C,F) .1 KA FliiF &5 A Ak
55/ 8 (£-CaO/MgO) 4, Forfr C,S & EBMIKALTE T4y, SR, SS /4 SCMs fiff FH B A7 7E = A~ 32 2B i
&, B, SS SN TEPERAR , R 28 1 A0 BE Ab B C,S A 7K AR 35 PR AR SR M DLt 1 TR R . WFgE M,
SS SR A E BIIHAE , BHAFES LA (ettringite, AFt) BT K, I 35 3 il S A AL 45 ( calcium hydroxide, CH) Al
IKACEERRES ( calcium silicate hydrate, C-S-H) BIULHE, X EEH R 2L SS B AKIRIEE G AR 2 K A BE 4
P[] 2 K RN HE B0 B PR A B 4 ) HLk, SS IR BB E MR 22 v £-CaO 1 £-MgO ELA 52 14 5 hf
T, TEK KA R T BB & AE AR B BIK , S BOR BE 4 JT 24BN, DI 52 M YR58 1 ) 4 B 25 d A e 1
e, SS Ak oI BB K X TE— e R B BRI T SS 78 TR )1z 0, 4 il 2 X AR R i MoKk
L= VA E N

CO, B b HA ff e SS I H K A6 PEAR S A B AR PE 22 55 7 T R RE I T, SS HhE & % 5 CO, I
RO PR B, NN SS BLAT RAFROBRAE PO 3T DA g SS W il £-CaO/MgO BT S BUA B RG22 11
(AR5, kAR, SS WAL FE 8 LA BE I FAR BiR 55 ( calcium carbonate, Ce) S 3R, REEEMR ELAA 80 m 09 K LK TS
P, e i HHFE K Je /K A s i AR B CH I IE B IR C-S-H BRI, SR Rk AG 7= A i A s, I
S T YA B O B Ce BAA S S RN TR, R, 5SS A L, Ak 4N i ( carbonated steel slag,
CS) 38 & F I B o A B AR S W T Pk

ARGt SS A BCEA S R BLETER CS, IR T K IE R G AR fl 4. 2T CS 7EK
WRLE S B RVER, RGEHAFTR T CS MK VRIS G A RIK AN | 122 P RE R ROWZS A8 1 520, 38 4
FRAEFAIN K X BT (XRD) 434 AEE Z0 B (TGA) (K IR I S 5 4 Fe F B 3BE ( SEM) 7 B S8 TR A
BT T CS BIEHMLEL,

1.1 E##E
AR I v TSR FH 0 SR L g 3l A R R /K R (CEM 152.5) (SS KARAERD , 23 501 il 75 s 75 M S e A BR 2>
F TR T A R BR A W] A JE T S B RRER RN A BRA I ERE . KPS SS M B A A IR 1 R,

R1 EMBNEEZUNFHEK

Table 1 Main chemical composition of raw materials

Mass fraction/%

Raw material

Si0, AL O, Ca0 Fe, 0, S0, MgO K,0 Na, 0
Cement 19.82 7.27 63. 14 3.34 3.09 2.13 0.60 0.13
ss 14.52 2.90 33.26 28.53 0.35 5.68 0.41 0.12

1.2 BR{LNBEH FRIE

TEXS SS HIVEB AR Z 0, 8 % T3 A TR S AL EE . SRIMT, T SS i B 55 v, Ak S o A A A 1 B v 114
REFE, ABFFTRA T —FiHLMmRAL T2 % CO, Bk SIiEm s &, i 5] A CO, DIEE SS ARy it
R, BRI CRAEAER 3 mm FNERVE IBRES A T, 4NER 5 SS M HE L 101, B 0% SS S5k IR
Fo1: (R IRE, MAZIBREENL, B K& 20% (RFRA50) €O, F180% (MRFR/ME) N, IR &Ik
PL10 mL - min ™"« g~" B3 HE A BREE AL, [F) B S S ERES AL, % HAR AR 500 o/ min, LA ik 1L RF 22
30 min, BRACESHG B SOBAEREEHL AR HE | IF38 o B Co WS A B TVE . WcdE 30 i [ A b B T J5 T
JE e
1.3 KEEESGHHERTE

RRE SR BRER 2 TR B LA He & . R SAGR A HEFE S min, MIRBEFES) . Bl KR
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fEIA 2 em x2 em x2 em 327 PRBEE 2 3 SRR A 2R T 9797 24 b FRBUR KR BUMA R SR 5 A
(20 C, AHXTREEE R T 95% ) Ak Mk B . AP HRIAAE R RST 4 em x4 em x4 em, KIEHE R 0.4: 1
IR LA 102, LRGSR R I L 2, ] A6 i B S MARRE AR AT, RESLE 20 CBRES T 9647 24 h IR I
B IFARSEFERRIETRIA (20 C MIXHBIE KT 95% ) o 45 MR 0], BY3RE 12 A T IS
BRIE . R RRD SRR AL — B AR EH CS IRRD SRR B TP R AR 7 (0. 05% ~ 1. 50% , Fi ik 5%
B0 RUKEI LIRS

R2 AEHERNESI
Table 2 Mix proportion of paste sample

Mass fraction/ %

No.
Cement CS SS
Ref. 100 0 0
CS5 95 5 0
CS10 90 10 0
CS20 80 20 0
SS5 95 0 5
SS10 90 0 10
SS20 80 0 20

1.4 Wik FE

TR A BT 5 B R O TR B RD 58 BEAS 367 15 (180 15) ) (GB/T 17671—2021) #EA7 I 4k | in #8581
0.5 mm/min, FF5 BRI R AR 3 R P AR MENA B FH K B S5 I [R] | 28 78 PR A 39 7715 ) (GB/'T 1346—2011)
HEATINAE o B FEIRAAR I T Sl 8 Ao R Y B e A T PPAL RS R R SR A AR L (T .
36 mm, IKHB EAR 60 mm, = 60 mm) AR5 e g AT ERRRBIE 30 s J5 , DR AR R BLAR LU
SEHRENE . AR B K Ak G 3 250 UYL (1-Cal 4000, Calmetrix) M5E o AR 1H & IR (20 °C) T kAT,
Fre 72 b, KPR A ARG 22 PN 2 BB bR v K PR TR 28 22 M6 5 2:) (GB/T 750—2024 ) |, 7E 7%
Zrp AT IR AR, W A M M A8 R 1 (2.0 £0.05) MPa A 6 h 3 RF 25 mm x 25 mm x 280 mm,

TEFG I BRE B TR A SRS B2 72 h LA kAR AL, IS TE 40 °C F AT EL2S T8 B kE i
WFEE /N 74 m J5 T, 5 XRD ST K AR S M0 A AL, RIS Ry A7 540 B, N T 20%
(5380 19 ZnO AE AR, FARETEFI R 5° ~65° AN 2 (°)/min, A7 Hr (TCA) ffi M 4:
H-L3KZ TCGA/DSC 3 + PE I HHAGIEAT I K 24 5 mg AORE S 7E RSB R A 30 °CAn#iE] 1000 °C , FHE
BN 15 C/min, fHH Tescan VEGA 3 $53#f LT 585 ( SEM ) A7 7K AU S O SOUIE 5 43 Br , 454 Hla ey
20 kV KRR B TR SRR FIFE b3 DI IR it AL b I SO0 07 2 P Bl o 44 K e R AN
AR, IR AERE i R T4 12 47 x 12 S A IS R S AT, B IR A RIBE 10 wm

2 HRE5®

2.1 BRUNBERERRAE

B 1SS BT AR AR PE T RAE . XRD A5 R anl&l 1 (a) Fion, % f XRD (QXRD) $48 iR T
K 1(b), MK 1(b)Al%l, AL SS,CS H C,S . C,F K& EMA (RO phase) & L, tLAh,CS k3
s AR T A 200 32% (ST ATER) L A SS iRy B, XA SR 1 () T TG S5 R —3, 1t
A, HE L (e) Wil TG M n] LLE Y, CS 1 200 °C Z R H B W 1Y 2% B 35X 15 BT T 0 10 ol 6 I 20 it A7
B 1(d) 2k SS ARG B FTIR 4387, I 1(d) iTRLAE H L CS B TA2F 1 061 em ' BFT 4357 IR BT, 3
SRR BAT 56 IR A, C—O fY W R A 728 37 A v LI 3 08 0, SR AR B LS B T 2 1) Ce,,
B 1 (e) FI(E) S SS AT CS BRI 34, & 1 (e) FNCE) AT, HUMBR AL T2 W Z 401k T SS AR, CS o
FiA% dy K9 2.7 pm,
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PUT B A B I ) BRI BE
Fig.1 Characterization of SS and CS

2.2 KiEEEEMHMERE
CS XK VRIS A A RHT R 5 B 19 52 i W & 2
o HE 2 ATLUEH,CS B A R ERT T KRER
B MRHEA R SR I BT R B
HARMF 7€ 1 d TR B R, B A 5% 10% F
20% CS & FF 1Y BT s 58 B2 3 il 35 &) 21.1,19.7 F
18. 6 MPa, # %F FRZH 4 Bl 48 F+ T 14.2% . 6. 7% Fil
0.9% ., BHE TR A, CS 1Y 39 55 %00 B o0 i
Fo 228 d FEBRINT B A 5% 10% F1 20% CS i
FE BT 5 BE B0 R 73 B8 T+ T 19. 0% \26. 8% Fi
14.4% 2 KUBIEE A bR R 3
RN, SS BB AT KIS & A4 T T i Fig.2 Compressive strength of cement composites
M, B SS B B3I, PR 2 N, Y
SS Bk E| 20% B, IXFEFE 1.3 F128 d FRAP I IR PTRREE 73 IR T 27. 5% (19. 6% F1 18. 8% , Pt ik
JE AR B P T SS Xof 7K e KA s BR300
2.3 KiRESEESWEIEHERE
2.3.1 WshE
K3 /KRR SAPRIE TR SN R 3 AT, CS AU B & AR TR A s, HLBE# CS B ER
B R RSN A N R L2, SS XPRER I BN B S IS
BRI, ST IR SAH L, BN 5% CS (R BT s BEREAIR T2 11.5% ;4 CS BN ZE 10% M
20% B, BRI s BE 405 T RE T 29 27.0% F141.9% , XFIG EZHFET €S AR HRm, 35
FI T KRB0, > TRER T A Bk & A, CS h & B A0 0RL ( InRESEIR 55 ) 2 5K TR
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TR A e 5 7, BELAS T ORI A A8, 300 T R 2R A, I AR T K RS AR A sl b st AR
5 5ERTI T — 30, BIFE K RIS A AR 6 FHER AL T 0 VE R SCMs' ™ Bl K AR R s s o7 S Aok
VeS8 A MR sk

2.3.2  FEE5EHE]

IKIRIEE ARSI AN 4 B, FIE 4 aTRLE Y, CS B g b 77K 8 3 & A M R
SER | HBHE CS B iBn , Beah it ] R AR s, M2 T, SS Min AR RUE R T /K e 38 &
RS B 1E]

AR R[] RN 2358 st 1] 43500 52 SOA 7K YR SAR T 4R Ok 25 vl BB PE AN 58 4 R Ll B M B 20 ARG
Xof BEZH BRI ] 249 4 245 min, 3B A 5% 10% F1 20% (1) CS J& , 7K Ié 352 A BB HEE R 8] 43 59 2= 2
214 200 F1 195 min, fH X HRZ 43 IR T 29 12. 7% 18. 4% F120. 4% . CS 458 A0 %E i 6] 14 i 3 7 1
FEIAN TR IR E A R KA LA /N P ERBRER S0 By e

IKVEIETZ A PR ABERT 0] =2 C,S BYZKAL SR T i, T8 BRI C-S-H B IS AE SIOULES #4) 1Y) & Ji A
JESRFE AT R T EEAE A, EAARTS X R AL A LR R 298 316 min, BB A 5% 10% Fi1 20% K CS
J& K UR IS A MR L BRI 1] 23 ) 45 45 22 24 285 264 F1 241 min, CS &4 1 TCAE TE Rk BRI 24580 i 1)
ORGP il S CH OBARHE T C-S-H BERL PR BIE B, Ak, CS HhCRER GRS Ce SR AL =P A
BAAERIREE T A8 XA ERFEION N T oK e 552 A R BESS i 7

B3 KU HERL & bR 2 14 JKIBHESL A b BELS i)

Fig.3  Spread diameter of cement composites Fig.4 Setting time of cement composites

2.4 kit

K5 AKREE &M BEEIKE KL ITZE . CS B A B E MR T/KIREE 54 BB R KLt
FF R NFE T IO 46 58 0% 1 (P1) A& 2 (P2) BI3ERT (] 5(a) ) o X —Z5 1838 0] DA i 6 e Bt il 2
(FE5(b) )R HE—FF, 25 H Bon A CS Ja , BRI &1an ,

8
—— Ref 300
I - —CS5

= 6 --- CS10 —~ 250
on _—- T
= 1 ----SS20 =

o= 5}
§ Zz 150
) =
= 3]
= = 100
s g
= T 50

0
1 | " | 1
0 10 20 30 40
Time/h Time/h
(a) Heat flow rate (b) Cumulative heat release

K5 JKIEIEE SRR KA

Fig.5 Hydration heat of cement composites
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Pl EZ C,S WP A A C-S-H MTIIE S8 . MIE S(a) iTRIE ) CS BRKT 20% Bk T P1
AL, AR B A 5% 1 10% CS B AHAS FXT AL P1ARAT T£90.8 A1 1.3 h, X #HH CS n] fEimE it L
RSt 1T C,S ki,

P2 EEE TR =45 (C,A) B PUE A B C-S-H BEIE Fh i R Eh B R S 23 AR UT3E™ . €S B A
fili P2 AT, HLBEE CS B i3, P2 H B AY A ) A B AT, 3% 2 A AR A G /K A Rk, HLAAOR
1E CS BN 5% ~20% i, P2 HHFAYIF 2 AT T 2.5 ~5.0 h, /N CS W EEW M Z—, Cc BRI
T, L = IR IRAR B T 2 5 A OB, T B T AR B h/ 2 A8 BR £ (Me/He ) L2 3E T C A
IR, X —Z5 I e S 229 XRD Fl TGA P53 3k — P IAiE
2.5 RN
2.5.1 YIAHALIEL

Kl 6 AKIEILE AAEHE 1 ~28 d ISP BT, HHIEL 6 (a) ~ (¢) A, KAL) 3222 S A
f4E AFt .CH He Mc, DLAh, BIETE 28 d 8 IHIRE, 475 AT ARG I 21 A 5 7 (4 2B AH 43, T €4S . C,S G, A Rk
ERBRDUES (C,AF) o CS A B AR IE T F 409353 A iRk /K I8 ( ordinary Portland cement, OPC) J7K4k , JA
BhF He/Me FAYAE K,

E6(d) ~ () B T /KBS E QXRD, 455 8K, CS B A W EMEE T He/Me A, 457 51 & Me
HMRTER, 761 d @I, OPC B 5 A ARAG I E] Me M, 4B A CS AYRES TP IEE R T Me AHAYAR L, X —
BT IH T fb e B o AR A TG Ce 5 CoA BAERMNIE T Mce, He PIAERHEPR & T M, L
Me A4 T BEAS 28 TV PR 9 CO%™ /AL BEZR Lh) FUAE, 3X — 2% 141 Me FOTE BRI T B0 BRARL A 2R 85

F6(g) ~ (i) R7KALEES H KT I [ W RE B ( degree of hydration, DoH) . ME 6(g) ~ (i) Al LIE H,
161 d B % B AR S K R RN FREE 200 60. 49% R SS20 FI/K I8 [ b R JE 2 M 56.94% , F ] SS
XK PEARACA IHIVE R, S8 2 b BB 38 B R AR A B AT, Rl n] e SS AR SR 16 M T S 80)
FERERUN , AHELZ TR, CS I H BT (i i SN 1, v T /KR I ROMEFR I . 7E 1 d iR IR, €S20 oK R YK
TEFERE 1N 65.38% , 3% S AR 1 % FR AL ARE i b K VR B9 /K AR E L 4 s B /K 8 S 42 B8 A 1 126 O &2
IR , TR S0 1 7 5 3 A T, ool s 7 308 P 4 B8 T T 0 DRl P R vl A 0 7 30 P e B IR, X
SERE SRR REAS P I FE CH, I K Je kAL RN

Bl FR PR A SE | AR i v R 7K Ui i I R R 3 o, (AR R A S, SS20 7 28 d & RS 8 7K 8 S
O FE A S R N, FE 0SS TS S (i FRRLPE J A SR 3P B BE AR AR TR B, R4, €S20 Hh K IR 1 s g A B A
SROFRS = (M, 3% 5 A R 10 28 d B0 PR i B AR X
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K6 KRR DAL B

Fig.6 Phase composition analysis of hydration samples

2.5.2 TGA

Kl 7(a) ~ (f) AKAEFESTE 1 ~28 d IS BT TEs 5. -7 BT, AABRR & I I i 2 e =
NI ETE ] 140 ~200 °C 350 ~450 °C A1 500 ~800 °C ., 43Xt n F/KALRE (47) FRES5 (C-(A)-S-H) (AFt J&
He/Me WK, CH B3 S ima 6 i i e ) . A, DTG 4k Bn, & €S20 H He/Me M SR £, 5

XRD M7 25 A0 —2

MRYEE RIS E T T CH &M A KSR WME 7(g) . (h) FiR, €S20 7245 F= 57 1 W1 i1
CH &ML T OPC, R FR IR A I | 22 @ i 3 X — 05 320 BT /K U8 HH 2 20 A ik
JEXF CH AOVEAE, A, CS20 78 1 d BT A B S 45 A K & i X VA T CS sl S i RE e A 75 i, A2l
SO AR BT S 22 ) SO BRI, T C-(A) -S-H BERE

— Ref.
100 e
-+- CS10
95 ---CS20

90

TG/%

85} W
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80

P T T T R
200 400 600 800 1000
Temperature/'C
(a) TG results of hydated samples at 1 d

TG/%

100
95 .
90.
85 .

80

75k

P T N TR B
200 400 600 800 1000
Temperature/ C
(b) TG results of hydated samples at 3 d

TG/%

100

95

90

85

80

75

Y T T TR B
200 400 600 800 1000
Temperature/'C
(¢) TG results of hydated samples at 28 d
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OF (s
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P P \ P
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S -10fF \I N \ S-10F
= — Ref. : < : 5
S " - S5 2 --CS5 ! =
2 15k - cs10 S 15k ---cs1o S sk
=-=CS20 =-=(CS20
----SS20 ----S820
ool ool 11 3| A S S R R
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
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(d) DTG results of hydated samples at 1 d (e) DTG results of hydated samples at 3 d (f) DTG results of hydated samples at 28 d
25 [ a 25 [ T
434 - W3 d
£ sw2sd | 2T 284
3 2 .
£ 150 N ) ERES % N
T A N & »A \ \
LA N N LN 7\ N
OPC CS20 $S20 OPC CS20 SS20
(g) Portlandite content in hydated samples (h) Bound water content in hydated samples

K7 KIS G FORRARE S R 2087 S CH A58 /K 3 i 2 1 07

Fig.7 TGA of hydrated samples of cement composites and quantitative analysis of CH content and bound water content

2.6 ML
2.6.1 SEM

&l 8 Jreor 1 /K Je 5 G A RHE R 03R4 B BO K AR TE SURRE o 82k SEM SWEE AT UL, % BRAEFE S IS
ANFRI B KAk 7= AR Bt o3 A0 T AR K AR BORL ZR 1T, 22 0 L BB (R K AL R A REAE (&1 8 (a) ) o 458 XRD 43 il
TGA Z55 , W] LIt 2 X Sk 4b = ) 204 AFt CH KRR G R C-(A)-S-H BERE . X L F KL= Py 1)
TE RO 7K PSR A ) G 25 A vy Al 3 SRR

HAFFE BRI, B A 20% CS IR B AR KACRHE (K 8(b) ) o 7E 6 h ZKALES AR, BTy
FEF K& C-(A)-S-H BERAE PR R M2 A X ERH] CS BB A B 7 KJE Kb, X 2e R
AR C-(A) -S-H BEFAMUN G B2 /K A= P TR SR L T =5 0 A% AL i, 340 388 3xb 20 R 1 T S0 A 7 SR
(TR B T AT R0 R e e, AT RGBT AR AR e AP Sk P OW 2854 1 ek 28 5 2 0 g A PR R i S T A
B HAE G | BERE RS CS XKL M R R BRI FE FHE A

AN, CS XK eSS A AR RE A $2 T AT BE U T LA A B & 4 b A% o7 A5 B PR ARR () 4k 2 153 % 7K Ak 3l
FIFWPEHEE T . C-(A) -S-H BEME I P kA8 TAE Gk Yo K A i A% - A KA A5 K AL = 1 e % LA
B i 7 U, T ORAE T AR I TEOM S 1), X PP 4 44 DL AL A (S A 7 00 5 B 1) % i b | 38 1T BT A4
AR TR AP 77 A R S
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K8 JKIEHEE S PORUKACHE S Y SEM IR

Fig. 8 SEM images of hydrated samples of cement composites

2.6.2 fL4HY

K 9(a) Ml(b) K HFRIL(mercury intrusion porosimeter, MIP) MR /K JeFEE & HRE 28 d # I IFLIE
A AN BRFLAREL TR 9 (o) BB T FLBE R HISE 2 fL4% (average pore size, APD) ., %553 7, €S20 AFLBR
HEHAPD B T X ML, 500 AR A L, €S20 AYSLER A APD 2053 I T2 11. 7% F116.71% , F
g2 R, FLASH XK U SRR ) 2 v BE A A OCHEAE . €S20 rhfLBR AN APD Y BRI HE— B R R T
CS20 HrESRBEIL R IE R o AR AR LA B AIAL R E RE-FLIBR] 53 2A DUl ROIYE L /L (0 ~ <50 nm) |
/NEAIFL(50 ~ <200 nm) ,FEZIFL(200 ~ <1 000 nm) FKEZHAL( =1 000 nm) > Z5RAE 9(d) FiR .,
A1 9 (d) WA AR LR BRZH , €S20 rh/INFLI L3S, AL el /b, 3 b fLAR 20 A 19 28 A A R Tk Ak
i RE CS Xf R W BEBE A AR BGE 2 TR BEAE T, SRS i 1 LA RO B SR, X RN EUE Y FLES A X TR T
IKYEER BT SR B B OC E 2 e Ah, BOR R LB SS90 1K = A E TE A B T8 AR T
AME

K9 KGR G R ALRE Sh R FLESH

Fig.9  Pore structure of hydrated samples of cement composites
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2.6.3 HKIEJE

R FHAA K IR SO AR i R eSS s AR B R AT T, 121 10 2 28 d I Eh /K AR AR it Ay L P A o
E MBEEE H A&k, HIE 10 AT, E >60 GPa Al H >3 GPa 1 X3kt i FA K ALK Je 2k}, TR, Aok
AR E B DB 322 C-S-H BERA L. KPR KALAE i (Y C-S-H BEICHE T A HE E A H R 53 A AR %
(LD) FlE 2 B (HD ) PR B4R R K AL 2R X3k £ %2 HD C-S-H 41A%, WiSNZ 9 LD C-S-H,
AFt Mc He FIFLBRAA AL

E M H G5k T 80% B GV 1w i RS0, 5 Rk 3 o, MR 3 Al ML, B A CS /5,
LD C-S-H Fl HD C-S-H i E F1l H ¥4 P 7t . @0 209% CS B, 5% BRLLAH LD C-S-H (1) E F1 H 43 542
296.2% 1 16.7% ,HD C-S-H AYAHR HE 20 6. 0% F1 13.7% , X FW CS MAFTE i 158 T C-S-H B
B0 2 PR RE , 30 T e B i 2
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Fig. 10  Elastic modulus and hardness contour of hydrated samples of cement composites at 28 d
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Table 3 Elastic modulus and hardness values of hydrated samples of cement composites at 28 d

Test value
Type Property Ref. $20
Elastic modulus/GPa 15.70 16. 68
LD C-5-H Hardness/GPa 0.42 0.49
N Elastic modulus/GPa 26.12 27.69
HD C-5-H Hardness/GPa 0.73 0.83

2.7 TEMMA
HIRFEHUMBRAL RS SS PRARAS 2 PERY B TIEON , AT 5838 i X HE e R %56 1 CS 5 SS XK eI &
FORFEENE IR0 . RS COR T8 TR 78 2 5 RIS T7 15 ) (GB/T 750—2024 ) MUE , il I ik R /N T 45 T
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0.50% M #EFAE IR LE R 4 FR,

RIS A5 R R, SS20 MK 335 0. 81% 8 thFRMERRIE 62% ;1 CS20 AYRZIK ALK 0.29% , AT /2
PSR , HAR SS20 WA RRARZY 64.2% , X —Z5 R WL AL B A R = T SS myFeE o, i el 3
TIOKPIEE SRR % e e, PR fk i B2 v, SS H Y £-Ca0 T £-MgO 5 CO, J V£ T CaCO,
MgCO, I/ T SS MIRZAKIE J1, i i TIRFURR E M . BLAM  BRAE IR A2 E T SS /KA BT, 3 — 25 i T
HAORZE A R 22 LR, (AR K P IE T A Rk b e 30 H B 1) 28 1
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Table 4 Stability of cement composites

Sample 5520 €S20
Stability/ % 0.81 0.29

2.8 NEELFAXT M REIE R M HLIR TS
2.8.1 WG

TERLIRAR L A rp | SS Al Ak 225 DEARTBUZ AK , W IHE5 R e A = A 28 Rg i, 24 Ca®* M SS JER i
IS CO, RIS, S UTTEE T AT (X (1) ~ (4)) o XEERAALIE RAb 2 Ak I PRl SS FefA e [
FARF AR 1L

Ca0 + H,0 — Ca(OH), (1)
Ca(OH), +CO, — CaCO, (2)

C,S +CO, + H,0 — CaCO, +Si0, (3)
C,F +CO, + H,0 — CaCO, + FeOOH (4)

7 AT B BE SRR R (2 36. 4 em’/mol ) I i K TR GRS 540, WAL ES (29 14. 2 em’/mol ) Bk R — 45
(#128.8 cm’/mol) , Ca’* 5 CO;~ 454 My A BORL AR, JE G d A o5 9 1 HG AR S 1 9 B 2 g 25 1)
XAMAFUZAKAE SS JEAR N F=A: T IR 77, F2L SS FLAAR H B 8L, W R T ARG 25 F 52 36 3880 1 1fe
PE AT RIS S BE25 ) A TR B, eAh 8 initt— A2 2E T CO, MUK HB A, Ik 1 i ft

F3—J7 1, SS AFTE R RO A, FHRR 52 = 5% B RN e B, S (G R 6 ~ 7, RO AH SS r A HAA
AT B A AE— L, R B B AR N A%, SR, FEALAR R AL RE L, SS 5 CO, A EAE S 8UR A
ARG B . A, LA A ES AR (AN C,S M C,F, BE[RAERE R 5 ~6) kA T Al i, 3 246 S v A Bl T et
J& 0 2 BEARA R =), I 5 A (BEIRBERE 20 3) o PRI, SR B A AL BRI 1 SS 7E My V& i e v B 45 2 Wi il
T, A4S S A0 B 0k, FLIT 7 e Bk
2.8.2 PEREMGSE LI

W AR EE R T UL, CS X /K VeI K AR B R e i B 2 T HA BURAE A, 31X EZLH P CS il
FRERILRRPE, ARIEE 1 g R T, CS AU A 16 P I RE BE AN Ce, T ELHC A3 I 4 AR 3 4 A fff
HAE AR Ye SEMA A v R 4423 ORS00 A P EORH A VE T, PR FHALER AN & 11 I,

TG, 7E SS Wikt  C,S 5 CO, WA REEER N Ce, i3 (3) Fios . REBERSFRIN ST 6k K
R LB T X fel LB S /K YR /K A A o A Y CH B 2 7, JE %, C-S-H e, 9 il , C-S-H
s HLA B A RERE N o O SR G B B0 T /K R 3 A MR RO 7 2R B, G B 2 ) P A e
JECULE 10) o BEAh, C-S-H BEGIA A J5 Sk A eI i Az BEE A6 T RiAZe A5 5, AT T 7K I (/K Ak ol 7, A1
ET A ECE AL, IE A B ThURR B T . BRI MR B G RS R, CS A ko s il ok w8 ok Ll K
TEPENNE T oK AEERE P TTTE , U R TE R B B e T HU R EE I A g

W A RANE R E B Y115 Gk, ZEKJe K Ak A8 rh R 30 A BR A S g i M | X 2 2 KA H )
T AT RTS8 . A KA B ATK T AT BE— 8 T3 K Je 5544 B A ROK K L, 78— 2 2
JE AR BRI RONE 22  MIELZ R VB R SS BRALIG 53— E =Y Ce HA W KA P 0 5 fife A 3
I | BB S AR R ER (U HIE CoA) SRR Me/He , 53X — b P ] 3 3o K AL B IIE . 7EAS IR B, S
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A e HE T Me/He BOAERE, ANIET 6 AP 7 7R o Me/He BIPREBETITE 5 WK ALBEIZ A9 A4 i i 1
R TTIIGE T K ACBEIR ATE A, A it T DTSR IR R, CS 1 Ce AITFAEA B TARE AFt, Bi Lk AF
Bl g R U R IR ER (M s ), DT 3 B I 28 i R KT 228, 0 A 2887 1 e i B2 PO A o

B, CS FE s v ol FAURC T PR T, 7228 T R AR GBURL 3k L4 K ORURE il A1 0 15 1 SFORL
MACKPEFER G RPN H . CS RSECRION A B T4 AL FLASH , DA T B0 A A4 R OO S # | £ 150 1 56 B8 114
=Tt

Bl 11 CS FEK YRR R RO 1E HIHLER

Fig. 11 Mechanism of CS in cement composites

3 4 #
ARSI R A SS ety miEtE CS, P RGEWIIE T CS XK IRIEE SRR AAT R K T2 P RE I 52
P, A LR 4598

1) CS A R E T /KUK AL, B0 075 T 40 0, ek Rk VR Rk 1) S IO DA B2 iy s B, LA i 06 5
BN, BEAk, CS XK JE KA N A A HEVE FH A 5 SOK I8 52 G A AL 205 ) [ 1) 4

2)CS B A E S TKIRIEE S M RHOHUEIREE . 8 A 20% CS B, 1 F128 d AHTHESREE 43 5184
290.9% M1 14.4% , SR, B 1Y CS 1880 S0 B i $2 T A R A2,

3)CS B A B EE S T/KUR IR FREE , A i T 8 22 (/K A BRI, AT A B - ok o 3502 1) OV 245 44
FEER IO 724 PE R IR HEDT SR B OB K Ik Ah, CS B AGERAEHE T Me/He AHIGAE I, A B T ik — 2 4
KIS G PR 125 R

4) CS XF /K IR FERA R K AL RT3 B $ T = B T CS MRR A BRAL AR . — 1, CS WP & G ok
FIREBEIC AN Co , X 2551 U et 1K I8 MK AR S 5 73— J7 1T, CS H ) f 48 K SBORE AR S Jsi A% 550 s 1 45
B REME K U TR OREE 4 | i — 4R T H P RS

Z £ x #

(1] 422, ffd, QRE, % W ERoK RS AR & DR R K IR R TERERT ST [ )], RERRERIEAR, 2024, 43(9) : 3348-3358.
CULY Y, HEJH, LYU M W, et al. Performance of belite cement clinker from completely recyclable cement mortars[ J]. Bulletin of the
Chinese Ceramic Society, 2024, 43(9) : 3348-3358 (in Chinese).

(2] EWWH, BET, FIA, % KREFERE A SR KR ERER 2 [ 1], ERRERE R, 2024, 43(9) : 3109-3117.

WANG Y L, ZHAO X Y, MENG W Y, et al. Effect of cement paste mix sequestration carbon dioxide on cement properties[ J]. Bulletin of the
Chinese Ceramic Society, 2024, 43(9) : 3109-3117 (in Chinese).
[3] BENTZ D P, FERRARIS C F, JONES S Z, et al. Limestone and silica powder replacements for cement ; early-age performance[J]. Cement and



1318

JEBERT B it MR h o\ Rk 544

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Concrete Composites, 2017, 78 . 43-56.

BENTZ D P, SATO T, DE LA VARGA I, et al. Fine limestone additions to regulate setting in high volume fly ash mixtures[ J]. Cement and
Concrete Composites, 2012, 34(1) ; 11-17.

Z M, LiBR, FHT, . NEAERXK TR E R AR BRI [J]. REEREREMR , 2024, 43(3) : 1172-1180.

LIC, JIANG Y L, LIS Y, et al. Effect of steel slag fine aggregate on road performance of cement stabilised sandstone base layer[ J]. Bulletin
of the Chinese Ceramic Society, 2024, 43(3) . 1172-1180 (in Chinese).

FRNI, XM, £ b, . BESUBIREE - )2 S AR IR OTSY . K e E LI EREDITE S TR [ 7], RERRERIE
2, 2024, 43(4) ; 1472-1481.

WANG C G, LIUY W, WANG S, et al. Mechanical properties and durability of double-doped steel slag concrete[ J]. Bulletin of the Chinese
Ceramic Society, 2024, 43(4) . 1472-1481 (in Chinese).

ZHUANG S Y, WANG Q. Inhibition mechanisms of steel slag on the early-age hydration of cement[ J]. Cement and Concrete Research, 2021,
140 106283.

MARTINS A C P, FRANCO DE CARVALHO J M, COSTA L C B, et al. Steel slags in cement-based composites: an ultimate review on
characterization, applications and performance[ J]. Construction and Building Materials, 2021, 291 123265.

WANG Q, YANG J W, YAN P Y. Cementitious properties of super-fine steel slag[ J]. Powder Technology, 2013, 245 35-39.

RIRAR, B 3, TmEE, & BRI KA AR EOR R BIE ORI SR HERR (1] TR, 2024, 42(3) : 171-175.

WU Y D, LYU W, YUE C S, et al. Theoretical research and application of carbonation and microbial mineralization of steel slag[ J].
Environmental Engineering, 2024, 42(3) . 171-175 (in Chinese).

B, B, B 4, L OBRMEREE Co, 0 ERI B TN FHIER[J/0L]. AR, 2024 1-14. (2024-07-31) [2024-11-
30]. https://kns. cnki. net/ KCMS/detail/detail. aspx? filename = JJMS20240729009 &dbname = CJFD&dbcode = CJFQ.

ZHENG X F, HUANG Y, XU D, et al. Alkaline solid waste CO, mineralization utilization technology engineering application progress[ J/OL].
China Industrial Economics, 2024, 1-14. (2024-07-31) [2024-11-30]. https://kns. cnki. net/KCMS/detail/detail. aspx? filename =
JIMS20240729009 &dbname = CJFD&dbcode = CJFQ (in Chinese).

LU B, SHI CJ, ZHANG J K, et al. Effects of carbonated hardened cement paste powder on hydration and microstructure of Portland cement[ J].
Construction and Building Materials, 2018, 186: 699-708.

BERRA M, CARASSITI F, MANGIALARDI T, et al. Effects of nanosilica addition on workability and compressive strength of Portland cement
pastes[ J]. Construction and Building Materials, 2012, 35 666-675.

GASHTI M P, MORADIAN S, RASHIDI A, et al. Dispersibility of hydrophilic and hydrophobic nano-silica particles in polyethylene
terephthalate films: evaluation of morphology and thermal properties[ J]. Polymers and Polymer Composites, 2015, 23(5) : 285-296.

PENG L G, JIANG Y, BAN J X, et al. Mechanism underlying early hydration kinetics of carbonated recycled concrete fines-ordinary Portland
cement (CRCF-OPC) paste[J]. Cement and Concrete Composites, 2023, 144 . 105275.

GHAFARI E, COSTA H, JULIO E, et al. The effect of nanosilica addition on flowability, strength and transport properties of ultra high
performance concrete[ J]. Materials & Design, 2014, 59. 1-9.

LIU M Q, ZHOU X M, HOU P K, et al. Effects of colloidal nano SiO, on the hydration and hardening properties of limestone calcined clay
cement (LC3)[J]. Construction and Building Materials, 2024, 411 134371.

TAO Y X, RAHUL A V, LESAGE K, et al. Stiffening control of cement-based materials using accelerators in inline mixing processes:
possibilities and challenges[ J]. Cement and Concrete Composites, 2021, 119 103972.

ZUNINO F, SCRIVENER K. The reaction between metakaolin and limestone and its effect in porosity refinement and mechanical properties| J].
Cement and Concrete Research, 2021, 140 106307.

OBk, B, XU, AF. BRARRREK UG ER K R AP RR A S [ )] RERRERIE A, 2024, 43 (10) : 3552-3560 +
3594.

ZHANG Y, HUANG Y S, LIU J L, et al. Effect of sulphoaluminate cement on early hydration and mechanical properties of Portland cement[ J].
Bulletin of the Chinese Ceramic Society, 2024, 43(10) : 3552-3560 +3594 (in Chinese).

LU J X, SHEN P L, ZHANG Y Y, et al. Early-age and microstructural properties of glass powder blended cement paste: improvement by
seawater[ J]. Cement and Concrete Composites, 2021, 122 104165.

CONSTANTINIDES G, ULM F J. The effect of two types of C-S-H on the elasticity of cement-based materials: results from nanoindentation and
micromechanical modeling[ J]. Cement and Concrete Research, 2004, 34(1) . 67-80.

LYU H X, HAO L C, ZHANG S P, et al. High-performance belite rich eco-cement synthesized from solid wastes: raw feed design, sintering
temperature optimization, and property analysis[ J]. Resources, Conservation and Recycling, 2023, 199 107211.

(F#% 1327 R)



44 T 55 IR BT AR T X A I e R R I R A A 2 1327

[13] fLBfe, EEWE, b &, S5 BRI Ll R T 20 R [ 419 i 3 Xof K e BE A0 PR RE RS2 R [ 1], RS 3R, 2024, 38(13) :
159-166.
WU Y H, KUANG Y F, YI A, et al. Low liquid-solid ratio carbon fixation process with steel slag powder and the effect of carbon fixation steel
slag powder on the properties of cement-based materials[ J]. Materials Reports, 2024, 38(13) ; 159-166 (in Chinese).

[14] FANG Y F, SU W, ZHANG Y Z, et al. Effect of accelerated precarbonation on hydration activity and volume stability of steel slag as a
supplementary cementitious material[ J]. Journal of Thermal Analysis and Calorimetry, 2022, 147(11) ; 6181-6191.

[15] WANG K, QIAN C X, WANG R X. The properties and mechanism of microbial mineralized steel slag bricks[ J]. Construction and Building
Materials, 2016, 113 815-823.

[16] ZHANG X, QIAN C X, MA Z Y, et al. Study on preparation of supplementary cementitious material using microbial CO, fixation of steel slag
powder[ J]. Construction and Building Materials, 2022, 326; 126864.

[17] ¥4, BE8MA, T W, % “EALRIFYIREE - 4L BRI k[ T]. /b TUER, 2022, 41(5) ; 2722-2732.
GUO RN, YIZ W, WANG T, et al. Assessment method of CO, uptake ratio of carbonation-cured concrete based on reactive compositions[ J].
Chemical Industry and Engineering Progress, 2022, 41(5) ; 27222732 (in Chinese).

[18] PANSY, CHEN Y H, CHEN C D, et al. High-gravity carbonation process for enhancing CO, fixation and utilization exemplified by the
steelmaking industry[ J]. Environmental Science & Technology, 2015, 49(20) ; 12380-12387.

[19] XUAN D X, ZHAN B J, POON C S, et al. Carbon dioxide sequestration of concrete slurry waste and its valorisation in construction products[ J].
Construction and Building Materials, 2016, 113 664-672.

[20] ABEY, IIZUKA A, NAGASAWA H, et al. Dissolution rates of alkaline rocks by carbonic acid; influence of solid/liquid ratio, temperature, and
CO, pressure[ J]. Chemical Engineering Research and Design, 2013, 91(5) : 933-941.

(LE#% 1318 W)

[24] ZHAN BJ, XUAN D X, POON C S, et al. Multi-scale investigation on mechanical behavior and microstructural alteration of C-S-H in carbonated
Alite paste[ J]. Cement and Concrete Research, 2021, 144, 106448.

[25] Ondede, R, XSCH, & RO BRI HLE R EE L rEREn R [ T]. REE A, 2024(9) : 30-34.
SUW W, HE HP, LIU W S, et al. The effect of limestone powder replacing fly ash on the performance of mechanized sand concrete[ J]. China
Concrete, 2024(9) : 30-34 (in Chinese).

[26] F& B, £EE, KR, % AR EHERRR BTSSRI ], B E L, 2023, 32(5) ; 138-145.
CHEN D, WANG A G, MO L. W, et al. Research progress of the effect of dolomite powder on the properties of cement-based materials[ J].
China Mining Magazine, 2023, 32(5) : 138-145 (in Chinese).



