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Table 1 Chemical compositions of cement and slag W/%
Material SiO, Al O3 Fe,O3 CaO MgO SO; Na,O K,O LOI
Cement 20.96 4.13 3.03 62.32 2.90 2.38 0.56 0.85 2.14
Slag 31.90 15.85 0.37 38.31 8.94 1.94 0.52 0.44 1.62
LOI is loss on ignition. W is mass fraction.
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Fig. 1 Particle size distribution curve of raw materials
123 MEMBILEE I XRD TG X i & 1) 7
A RIS BEAT WIAR ARSI AN G BE 7y, s 2 P
et %% 1007 A0 XRD WA il R R A% b
J7(COD 96-900-7688)%} L, 77 fiftAq AT S U 5 5 4iE
W58 RW) Gy 456 TG-DTG HEAT /34T, FF i &4
R FFRAAE 600~840 C I, 5575 ffA7 ) 45
REFIESE =W E, BRI A 200N 100%.

(COD 98-005-6090), K IIRFE -G SCHAHFI TS il
Fi 2 Fhsy, R RO HESCA LR
RIS R 95%I S0 A, H A 5%
NI fEA

1

S P 1
YTV )

ey NSO AEBRIERES b 20 5T E(w, - %)
lo 9 XRD 8% 1 30 A AH iR I R AR 73 98 5 5 1 A XRD
T R 7 A A B R D PRI AR 4 BREE
1.3 HREIT

K B — JE 0 B THVE R K V8 A o T A R ()
FEXFH A oA, PR RGBT LR 2,
A W 3. Fle 45 Rl ESEE A R, DLVl %
453 LA S A0 3 2 Ta) 1R B TR A FE R 7KV 3 A 12 e 1
B R, SRA 3 RS A [a] A AR
SHIMEREZ FLRP Y, wQ)FiR.

Y(xl, X» xs):ﬂlxl TPy Xo P X B % X%,

13X X3 B Xo X3 103 X Xy X,

Horb Y WRARE, FORIKERAEIITERE: v fo
A B3 53 AR ZKYE~ ST 7 A0 IRk 1A 2 4
Bia~ Pia~ Pz F Bios A& R Z (8] A AR F R % X
Xon Xa 73 AN 7K« SCA (7 fifA) R K3 0 B 6 o B

R 2 BB ) & ke, KR EE
0.4, FREJEARNINN 5 K A5 HE DL g 5
1 min, B EIMKEEHE, BHEE 5] fE EINBR i,
AR R E A 3, 24 h 59, Hrlis
R B bR e IR 97 = IR AP [T EE (2041) C, AHXS
M =96%]. KT KIIFRRFEMHIR, C AR
KPe-TT AT f =tk &, A REKE-CH-
W =Joik &

2



HS3ESE 2

* 351 -

100 =
i h l l " Aragonite 80 |- N
@)
S &
C Ii98-005-6090 2 60k )
g 111 | II| ”hl ||| |l|l]) § _ _ éﬁ
= §4m &
. = 3
Calcite &
00 Aragonite é
‘(‘30D 96-900-7688 | _Calcite .
| P I I e i B
10 20 30 40 50 60 70 0 200 400 600 800 1000
260/(°) 7/°C
(a) XRD patterns of calcite and aragonite (b) TG-DTG curves of calcite and aragonite
Kl 2 T AOCa AR R
Fig. 2 Phase composition of calcite and aragonite
R2 KRREERET 142 BERpTHRE KA SANS J5RgikgaLi &
PTable 2 Mlcxture proport;oln‘s (:Ifxcemént pastes ” w/% BURETE 3. 7. 28. 90 d [BEEU R amAE . BRER R
aste ement alcite/Aragonite a, N . N . NS
ClAL 100 Og f ¢20 mmx40 mm, SLIGHNEGEZY 0.1 mm/min. AYE
C2IA2 50 50 0 DRI RZE, BERGTR R AR A5 AR — e 3
C3/A3 50 0 50 AN RFER 18
gﬁ ;z f ; 143 X FHEATHIH KRRk AR IAE
e “ ’ ” 2B 24 h bk A, 7F 40 C L% TR 4
CTAT 66.6 16.7 16.7 T 48 h, #HEEFFIL 300 HIF, #l&MmARFEM. K
1.4 JRAE H X S ZATHM(XRD  H A% Mini Flex B0)24T
141 HURTRE R TYA-300B BJEpiksenl WG EREBRTEBA 200608 2D TIO) fF

MEREEAE 3 74 284 90 d MUPUEIRE . REER
420 mmx20 mmx20 mm, SEXHIEIE R K 0.6 kN/s.
NP SEGR TS, DU SR 4 SRR — Y 3
AMRRE P 34A

WhsPI, HRTEEA 5°~70°20), HfiHEF N
2 (°)/min. X High Score #1445 & Rietveld ¥ 5%
MR G5 SEEAT & B 1T, RORUE S AT 45 R HERRTE,
LA IR II7E 3.0 AR .

NATT
(0666, 0.1§7,/0.167)

0.4
: 0.1
FAVAS @Dﬂ
0.5 (A3) .0
& ® ——@l
0.5 0.6 0.7 0.8 0.9 1.0
Cement

(b) Cement—aragonite—slag

=ILIR IR R AL R BT

Fig. 3 Composition design of ternary paste systems

0.2
Co) ) %
03 \x ' 02 ¢
04 i(oiﬁeo, 0.W0.167)\ -
[ 4
0.5 (G (&) @0.0
03 0.6 0.7 UO.B 0.9 1.0
Cement
(a) Cement—calcite—slag
K3
144 FHESH O BRFEGEHISFE 1.43 Pox,

KH SEE [FE A HTAU(TG Netzsch STA 409PC )

KPR SR TR IREVE RN 25~1000 C, FHilEH#
N 10 C/min. FHFESHTEINFGEFE A R A B 250



+ 352 CRERR Sh2230)

J Chin Ceram Soc, 2025, 53(2): 349-366

2025 4F

KA B {h (TG M4 I Z8(DTG).

145 fLEnth SRR NSEZ SR 7t
X (NMR, MAG-MED-PM1030 ZY)RAEIRFE I FLAE
o WEER ST 625 mmx25 mm, {3 FH B3 KA
AT OROK G FEEATFLEE MK 87 30 mm #REH
& Carr-Purcel-Meiboom-Gill ik 741, LAHGE T2
PRI E] . FHERECN 64 R, JEHIEIR N T s, K
FEIEI RN 0.08 ms. 32 FH 7 385 47 1700 A 6 B0 il 74
M E R AT 7047

2 H#R

2.1 ERE

IKVEFKAR KA R BRI BT R s ik 3 fr
e B 4 SR SEE L BRI KV AR KA R 3
PUE SR 5 ISR R R 3d I, A
21 10%~23%(iEZ 75, T MBEE 0%~10%,
I E R R ST 343 MPa; CABRTE
10%~25%, W HHBETE 0~10%, %76 H A 150
T 33.3 MPa, S FAKIR AR ) 5RE . X
— I GIAR T IREE 5 N Re s 1R AL 58 2 (1) A% AL

M R T I AR R AR e Y AR 2 T R
A A 5 EE I 30%0, A% AP 5 T 4
BERK. 7 AW, FBE T AR PR
FERFEFST AR 00 d I, FTAKBEE
1%L, TR 5 BT 10%LAA, 48 3R 53
FE R, 230 BN IR R T 62.2 MPa,
HaiK R R . SCAMBEE 12%U
W, BB EL 10%UWN, RS
BERTE . B KGRI, Wk 0 kb K
T 1 DA Bk B 5 1) e IR B S K, e I = ) 34
%, #m TP R

K 4 RKUeFRARSL 58 BE 2H B[R] 2= 1) 5 e 2
o 3d W, FREARART x=-57.1+138.4x,+434.6xX3
—590.7x,X3 3 i K R x,=45.7+116.6X,+366.4x3
—481.5x1X30 TR X Al X, (K7 AT LA B 247K e
SR K, X, NIEH, BIBRERESHE RSB AT
DA$E = KU S AR KA R B R s . KAk 7 d
J&» Bios HAEAE N IEME, HEUER K, RFKR
5 AV K1 5245 068 7K e AR T 0 B AT Y8 3 (1) 1E 17
M EAEH

R3 KREEKER R IR ERE

Table 3 Compressive strength of cement pastes at different hydration ages MPa
C:;:g Cl C2 C3 C4 C5 C6 C7 Al A2 A3 A4 AS A6 A7
3d 31.9 22.0 21.4 35.6 332 30.4 329 31.9 21.5 21.4 33.8 332 29.3 322
7d 46.9 28.2 353 44.4 36.4 41.5 40.3 46.9 25.6 353 39.2 36.4 36.7 37.1
28d 60.1 39.3 49.5 47.8 53.1 48.2 54.1 60.1 38.1 49.5 44.9 53.1 47.9 55.3
90d 66.3 45.6 532 56.8 57.2 55.9 58.4 66.3 46.2 53.2 55.2 57.2 54.8 59.5
R4 KRR TERE RS IR
Table 4 Influence coefficients on the compressive strength of cement pastes
Sample B B2 Bs B2 B3 P23 B2
C-3d 31.9 -57.1 —41.5 138.4 104.8 434.6 -590.7
C-7d 46.9 -33.2 61.3 932 -75.6 319.8 -355.2
C-28d 60.1 33.7 52.5 -30.4 -27.2 —415.1 951.8
C-90d 66.3 18.1 60.5 13.6 —42.4 -39.7 290.6
A-3d 31.9 —45.7 —41.5 113.6 104.8 366.4 —481.5
A-7d 46.9 -19.3 61.3 472 —75.6 185.1 —-170.3
A-28d 60.1 49.7 52.5 —67.2 —27.2 —680.9 1493.2
A-90d 66.3 34.5 60.5 -16.8 —42.4 -312.4 788.1
22 BRIHGEE TKYR SRR BE S B 9 L P 48 S A S T R L K

TKYEFARIKAXAN [ i 391 11 BE 52 i 437 560 JBE n 3R
5 Fro o B 5 SR S5 2k 3R o 7K e AR K AR AR TR
WS TR SR S M R A e R 3 d
i, WPRBS R PIR R 5K B B IR, 40K
PR IF B R PUIL R e i o 7 d N SO B AR

[F45 & F SOk R 15 R p b o B 83 = T 7
F. 28 dif, SCHBET 20%~27%, W HEE
1E 5%~15%, A I ES Rt s = T 4.26 MPa.
90 d I, XHABELE 20%~30%, H ¥iBELE
5%~15%, AR R PThsRE S T 5.16 MPa,
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Fig. 4 Compressive strength of cement—calcite—slag and cement—aragonite—slag system at different ages
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Table S  Splitting tensile strength of cement pastes at different hydration ages MPa
Curing ages Cl Cc2 C3 C4 C5 C6 C7 Al A2 A3 A4 AS A6 A7
3d 2.50 1.13 1.43 1.83 1.36 1.68 2.17 2.50 1.60 1.43 1.94 1.36 1.83 222
7d 2.76 1.83 2.04 2.28 2.45 2.25 2.49 2.76 232 2.04 2.78 2.45 2.74 2.86
28d 3.34 2.24 2.84 2.85 3.07 2.72 3.02 3.34 3.06 2.84 4.26 3.07 4.13 4.24
90d 3.69 2.65 3.16 3.36 3.41 3.24 3.51 3.69 3.73 3.16 5.17 3.41 5.04 5.20
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Table 6 Influence coefficients on the splitting tensile strength of cement pastes

Sample Bi B Bs B2 Bis P P2
C-3d 2.5 —0.4 52 0.2 -9.70 —55.2 123.1
C-7d 2.8 0.9 1.1 —0.1 0.50 -8.1 27.1
C-28d 33 0.6 2.5 1.1 —0.30 -9.8 25.5
C-90d 3.7 0.3 2.6 3.5 0.23 =75 25.5
A-3d 2.5 1.6 52 -1.8 -9.70 —54.9 129.9
A-7d 2.8 —0.1 1.1 4.0 0.50 -3.1 35.6
A-28d 33 -5.7 2.5 17.0 —-0.30 2.2 37.5
A-90d 3.7 -7.7 3.6 24.1 0.23 3.6 63.9
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Fig. 5 Splitting tensile strength of cement—calcite—slag and cement—aragonite—slag systems at different ages



HS3ESE 2

o S5 ANIE] T BRRES X KU S AL S5 A AT RE T AR PR 52 R

* 355 -

2.3 XRD 41f

Bl 6 A7KIe—J7 A0 K A 7K Je—SCAT A =
TeE RIKAAANE I XRD . W 6 AT I, 3 d
45 N J7 A B0 A v BT 2 A TR
(Ho)MIATht g, R BHZKAL T BARR R 5 L& - 4R 1 A
HEEMRAE RN, HE T ATH, FEBEF AR
B He WM& BRE®TIEA, RIKAYIHC
AW NIE R T A 7d )5, A sSsCHS
Wi 50k R PR RS 1) & = BN 90 d i
TR R TP RE T LS 2ES AL AT (AF) AT 50
X— IR IHE TR 5 AL ALO; REWE (2 ik
CaCO; SN BL, IR ER BR 45 (1 A= e, I HL
COs™ FEME BURBRAR BRAS H (1) SO~ , 134K R A AFt

BE K 8] 22 7K Y8 AR b R e A e R0,

52 22 B /K AL i B2 o He AT Mc 2 [ R E 54k
KR, B COT HRMBARN, BEEM He, B
% ONEI () (3K, AR R CO B WA A
He B4R Mc"h . SRTTTE J7 i A Bse i 5
MEBERRS He MATHIER A KT . 4 CEE
8 YR R AP AR R 78 R AR A, CaCOs 1 %
NATY SR = 52 FAR VA AR FEBR 1], He 73K [ B B
(B N AT PARR E AR AE . fEXCABER S MR+,
He MIfiT St oR, 57 AR+ He AT4
e 20 YT U 55 TRV B R A S o IR T BE A FR T EK AL S
WISCR BRI R IA%, CO WAL, HAFT He
A AN R A AE R

Ferrite He He Me
Ettr s He Mc Ettr Me gerrite Ettr Ms MM\\:emte
Ms
C7
C6
MWWMWWMWWWMWWQ MWMMW " A6 vy
z z Raays . " o
&EWW WWW*\ W § [ Hiwet W | Wwﬁ‘«i g MW
W\"MW i . WM W%NW W\"//W E WWW
W MWWW - Moo M i
WMWWWMWMMWMMW% - ] M s o
WWM‘, :,,,,“MMM// M e A “-/W-N’h MWMAIA WJWMMMW/ W
§ 9 10 11 12 13 14 8§ 9 10 1 12 13 14 8§ 9 10 11 1 13 14
20/() 20/(°) 201C)
(a)C-3d (b)A-3d (©)C-7d
Hc
Mo Mc
Ettr | Mo He
o .(“'“wa\iimte Ettr Ms He // leerrite Ettr Ms Ferrite
XTI e B I\ N A7 |
“w% /\\M M/ﬁ \("W W] WWM /)E W M"""WW W’MWZ\
- I B fd L2 I R U ol 2, A
|\ = e Ly B~
g LSO YA Mt ~i A A5 ,:-_:’ W‘j\\ VYA A % j:j W
- W'vaw W/ MWWMMZ Bl o O3 E [ L/ A5
MM =
M’W’@Nﬁ - ti ca . VM/ [N i
WW i WM\W“/A\“W [reet] &MW
“ww/ ) WO R oy O IO S WY A B O A A2
§ 9o 10 11 12 13 14 8§ 9 10 11 12 13 14 8§ 9 10 1 12 13 14
200(°) 200(°) 2000
(@) A-7d (e)C-90d () A-90 d

Ettr is ettringite. Ms is single sulfur hydrated calcium sulfoaluminate. He is half carbon calcium aluminate. Mc is single carbon calcium aluminate. Ferrite is

tetracalcium ferroaluminate.

6 IKIE—T7 ARy FUKJE—STA -k vk R AR AS RIS ) XRD 3%

Fig. 6 XRD patterns of cement—calcite—slag and cement—aragonite—slag systems at different ages
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F7 ACORREKIAEREE He F1 Mc IR 2
Table 7 Content of Hc and Mc in cement pastes at different hydration ages
Mix proportions/% Mass fraction of He/% Mass fraction of Mc/%
Sample No.

Cement CaCO3 Slag 3d 7d 28d 90d 3d 7d 28d 90d
Cc2 50 50 0 0.4 1.1 1.5 1.0 0 1.3 2.6 3.6
C4 75 25 0 0.3 0.7 1.4 0.8 0 0.8 1.7 2.4
C6 50 25 25 0.9 2.2 2.8 35 0.2 34 7.2 11.2
C7 66.6 16.7 16.7 0.8 2 2.6 32 0.3 2.4 5.9 9.8
A2 50 50 0 1.6 2.8 32 3.5 0 0.8 1.8 2.5
A4 75 25 0 0.7 1.2 2.4 2.6 0 0.6 1.3 2.0
A6 50 25 25 32 3.6 42 52 0 1.6 6.6 9.3
A7 66.6 16.7 16.7 22 2.8 34 3.7 0 1.2 4.2 7.8
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Table 8 Porosity of cement pastes at different hydration ages P/%
Curing
Cl Cc2 C3 C4 Cs C6 Cc7 Al A2 A3 A4 AS A6 A7
age
3d 33.0 41.8 40.3 372 39.9 39.1 38.4 33.0 42.7 40.3 38.2 39.9 39.5 39.0
7d 31.6 40.0 35.7 36.1 354 34.1 352 31.6 40.5 35.7 36.6 354 344 359
28d 28.1 39.1 30.3 35.8 30.4 31.8 31.7 28.1 38.1 303 332 30.4 31.9 31.1
90d 26.4 36.7 29.4 31.9 279 289 27.4 26.4 353 29.4 30.5 279 28.2 27.2
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Fig. 13 Chemical effect of cement—calcite—slag and cement—aragonite—slag systems at different ages
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Extended Abstract

Introduction The use of calcium carbonate powder as a mineral admixture in cementitious materials can reduce CO, emissions
from clinker calcination and fossil fuel combustion, offering a low-carbon solution for sustainable cement production. Calcium
carbonate can effectively fill the pores, refine the pore size, and promote the growth and precipitation of early hydration products of
cement. On the other hand, calcium carbonate can react with the aluminum phase in cement to generate calcium carbon-aluminate,
improving the mechanical properties of cementitious materials. There are two main crystal types of calcium carbonate in nature,
calcite and aragonite. Due to the difference in density, stiffness and crystal structure of calcite and aragonite, calcite and
aragonite-type calcium carbonate have different effects on the properties of cementitious materials. This paper elucidated the effects
of different crystal types of calcium carbonate on the microstructure and mechanical properties of cement pastes and calculated the
various effects of calcium carbonate in cement pastes, which would provide a solid and effective theoretical basis for the application
of calcite and aragonite in engineering practice.

Methods The raw materials used in this study include Portland cement (P-1 42.5), slag, calcite and aragonite. The calcite and
aragonite were prepared by wet carbonation and analyzed for composition and purity by XRD and TG. Calcite and aragonite were
separately added to the cement—slag composite system to prepare two groups of ternary systems with a water-cement ratio of 0.4. The
simplex-centroid mixture design method was used to optimize the relative composition design of the raw materials in the cement
pastes. According to the cement pastes composition design, 20 mmx>20 mmx20 mm specimens were moulded for testing compressive
strength, $20 mmx40 mm specimens were moulded for testing splitting tensile strength, and ¢25 mmx25 mm specimens were
moulded for pore structure analysis.

The mechanical properties and pore structure of the specimens were tested after curing for 3, 7, 28 d and 90 d in standard curing
conditions (temperature (20+1)°C, relative humidity > 96%). The cement paste powders of corresponding age were taken for XRD
and TG tests to analyse the type and content of hydration products. Finally, the nucleation effect, dilution effect, filling effect and
chemical effect were quantified based on the contribution of calcite and aragonite to the sample compactness.

Results and discussion The addition of approximately 15% calcite or aragonite enhanced the compressive strength of the cement
paste during early hydration. This was because calcite or aragonite promoted cement hydration, improved the early hydration degree
of cement, and increased the content of hydration products such as Ca(OH), and C-S-H. The compressive strength of the calcite
specimen was significantly higher than that of the aragonite specimen at the same dosage. Since the density of calcite was lower than
that of aragonite, the filling effect of calcite was higher than that of aragonite, and calcite had a more significant nucleation effect than
aragonite, with more hydration products deposited on the surface.

After 28 days of hydration, the compressive strength and splitting tensile strength of specimens mixed with calcium carbonate
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and slag were significantly increased. The synergistic effect of calcium carbonate and slag significantly improved the chemical
reaction degree of calcium carbonate, and increased the content of calcium carboaluminate. Meanwhile, the formation of calcium
carboaluminate inhibited the transformation of ettringite into calcium monosulfoaluminate, the solid phase volume of hydrated
product increased, and the compactness of cement paste increased. Therefore, the mixture of slag and calcium carbonate was
conducive to the continuous improvement of the mechanical properties of cement pastes.

With the increase of hydration age, the toughening effect of aragonite on cement paste was gradually improved. At 90 d of
hydration, the content of aragonite was 20%~30% (in mass), the content of slag was 5%~15%, the contribution of chemical effect to
the cement paste compactness was 15%~21%, and the splitting tensile strength of the specimen was increased by 39% compared with
that of pure cement specimens. The improvement of the tensile strength of aragonite was mainly related to the chemical effect. The
calcium carboaluminate formed by the reaction strengthened the bond between aragonite and cement paste, enhancing the toughening
effect of aragonite.

Conclusions The compressive strength of calcite specimens was found to be higher than that of aragonite specimens at the same
calcium carbonate content during the early stage of hydration, primarily due to the increased filling and nucleation effects exhibited
by calcite compared to aragonite. Due to the toughening effect of fibrous aragonite in cement pastes, the splitting tensile strength of
the aragonite system was significantly higher than that of the calcite system. With the increase of hydration age, the reaction degree of
calcium carbonate and aluminum phase in the composite system increased, the chemical effect continued to increase, and the
compactness of the matrix increased. The addition of calcite or aragonite and slag was beneficial to the continuous improvement of
the mechanical properties of the cement pastes. The increase in calcium carboaluminate content enhanced the toughening effect of
aragonite and significantly increased the splitting tensile strength of the mixed specimens.

Keywords calcium carbonate; calcite; aragonite; cement paste; mechanical property; microstructure



