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Table 1 Basic physical and mechanical properties of cement

Setting time/min Flexural strength/MPa Compressive strength/MPa
Specific surface area/(m>-kg ™) Stability
Initial 3d 28d 3d 28d
382 Eligible 154 39 7.9 17.6 45.7

®2 PERKRERISHESH

Table 2 Parameters of nanocalcium carbonate

w(CaCOs)/% Particle size/nm

Specific surface area/(m*-kg™")

Whiteness/% Activity/% Density/(g-cm™) pH

>98 10-100 40

>97 >99 2.8 8.5-9.5

w is mass fraction.

K1 NC IR
Fig. 1 Microstructure of NC
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Table 3 Cementitious sand specimen mixing ratio :T:t}rd,fﬁ(S )Nﬁ(6)°
w(Cement n(SO427) :MXIOOO (5)
Samples o m
No. Water/g  Cement/g  Sand/g  w(NC)/%  water dry
reducer)/% w(sof-) =n(S0,>)x0.0480x10"" (6)
NCO 225.0 450.0 1350.0 0.0 1.0
NC0.5 225.0 4500  1350.0 0.5 1.0 X SO RRET T P& H. Lle1/2
NCl1 225.0 4500 1350.0 1.0 12 SO, AT SO IR 18 (mol); ¢ A
NC2 225.0 450.0 1350.0 2.0 1.2 — v ke BF . Sy, . =
N om0 EDTA FRAERGHIRIEOVL): may 953 Wi FTHLEL

BRI L5 B (g): w(SO42 )Ny S04 Tt
WG RS R, & A BEZL1E/K ALK, (40+£1) C ()5

x4 KRR RO SRE R E SRR

Table 4 Flexural and compressive strength of cementitious sand

3 d strength/MPa 7 d strength/MPa 28 d strength/MPa
Samples No.
Flexural Compressive Flexural Compressive Flexural Compressive
NCo 3.9 17.6 6.5 35.7 7.9 40.7
NC0.5 4.1 18.4 6.7 32.0 7.6 38.9
NC1 42 18.9 6.9 33.1 7.8 39.6
NC2 43 21.3 6.4 34.8 7.2 40.8
NC3 44 22.4 6.2 334 7.3 40.1
) BE L% (0.52%) NC2(1.05%)~ NC0.5(1.39%)~ NCO0(2.65%)-

NC3(2.86%). NC3 K g K Rk 1 58 T Ew 4 ok b
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Th, HAR 3 TRR Y SIS THE RS XFF AR B R (A 3), AHIITE 60 d I
M EA(E] 2)KFE, 20 60 d B, NCO. i B A (VB AR 31 75 9 NCO NC3.NC0.5.NC2.
NC2 J NC3 i & KIAFEAE , BARRMRES S NC1), 150 d B2 s E MK R SR NCO,
AIEK 1.61%. 1.58%A1 1.97%. 1ff NC0.5 5 NC1 ~ NC3. NC2. NCO0.5. NC1). NCO0 Z1[#IEiA 20.86%
HIF R RS 90 d, MRS 9N 1.2%F1 1.57%. (M 1.05 %% 0.831); NC1 ZHAX K% 9.21% (M 1.097
XERYLER NC i 5z AFt 5O ENEZKBIAZ  FFE 0.996). NC3 HEAEF PRI — & LI IH
1, K7 REEKEY. &0 150 dpraaE R, [HAPKRBUERAEIE R R s, IR e
HILRERUE, HESURHEB &EHT N NC1L K&, AT B A W (U LS B P i o



Vol

5455 2 BB S 992K CaCO, B /K V8 HA B AR RR 2R 12 1t + 503 -

AR X RIOUE T & NC B MGIEE RSP ROSINE, SnE R AR, S EeRE

RE T mnaitly, AR dER AR BIE

0+ 30 Erosion age/d

- Y7/ —e—NCO

Mass loss rate/%

L E = —+—NC0.5
1 \iﬁ” “—3 ~+ NCI

——NC2
_2_

——NC3

60 90 120 150
Erosion age/d

&2 B
Fig. 2 Quality loss rate

[
(98]
=

o 0
% ——NC0 —«—NC0.5 ——NC1——NC2 ——NC3
S
E B3 ~ 0 K\\\T:?"
) = S Rl
L;) -2 2" \\\‘
=~ 2 ——NC3 ——-NC0 .
) S _12 NN —NC2 =NC1 g
9 Z 5 - ~—NC0.5
§ 3 % —1a ft ~ i
> g -15 .
= T -6 1
2 —4r £-17
% = 2 Erosion age/d 120
~ _5 . | L )
0 30 60 90 120 150

Erosion age/d

K3 M aiE

Fig. 3 Relative dynamic elastic modulus

60

40

20

—— NCO0 —~—NCO0.5

Flexural strength loss coefficients/%

—+—NCl ——NC2 ——NC3

0 30 60 90 120 150
Erosion age/d

K4 PfrsmpE sk 245

Fig. 4 Flexural strength loss coefficients

Byt PUESRERUR RN, AR
SREEPRR REAE 90 d JEHIGKEE N R, &
150 d W FERZEEMRME. i, NC1 Abidr. iEsm
FEA R R0 NCO 253 7 FEAR 19.11% 1 23.7% .
X—4ERE, EE NC @I 2 44 22 ki 34
KR JEPY, I R R R, SR TE R R4
PR, 4 NC BEE 1%, & NC FIER51 K1

PR R R B .
©
% 30
5
2
=20 r
o
3
2 10r
=
5
2 o
@
2
g =10 —— NC0 —— NCO0.5
% —— NC1 —e— NC2—— NC3
£ -0 . ) . : . .
O 0 30 60 90 120 150

Erosion age/d

KI5 LIRSk R
Fig. 5 Compressive strength loss coefficients

FETRIEH TR H R MBI T, SO R AK
TeEAR G 5K KT I NTE i AFt 5678 .
UMW, XY AL S R AR IR T ST,
LRI 9 ot S 3G 0 Je T2 PERe MG o . {H Bl 5 AR Tl
YRR SE RN, KN 77 R L FLEE BB 5
8, ST RIS 256 DDA o Hr vl A1,
1%NC &l 2 K = YA s 2, G 2R
FEAARI ST A, s FG R IRt o AR I U IR 6
12l BE
2.2 NC1 ZERBEERMIER TRYE S

R it fE i, AFt R A K S5EKS
Gl R AKPe FEA R R Y [, R C-S-H &Ik
sEfyse st . B 6 AR 150 d IFANE NC 52K
() XRD 3. AFt 7E 20=9.3°4L T4 IERE NC 5
NS E R RES, EEKN NC BAX
AFt IRz E MR . 2 NC B84 0.5%K, 44
K ASURLE 1o $2 f1E 35 50 1) A% A rt BRI 2R Jm 8t o
AR, SEZE AFt 1T A K SEIIK S 1.
{HIA NC BEEK, Xt AFt @A E AL, 6%
BAMR . XFE NCO0.5 (150 d)ff) SEM [} bt A il
I, 7EE 7aH, AFt 3 AANIE], R IEAEAE
AR, NC BEMINE 1%, AFt A75T 0658
BRRE, LI NC B2 T AFt dnfA R (K 70)%
B B R, R COsT H CiAL CH R
J3 A B BRERBRAS [ (TP, I B 5E 4 I W LR
W Ca®t, AU ARt R [ER(8)], S BHI
T AFt [ A B KA B AR B S (AFm) 5 AL (AFt BE /R
AR K, SHAEFLBRACR AR B &N
i, NC BRI 5 58 E (& 7o)k SO~ 1=
N, AFt d iRy @ e K, HATHERE R T



« 504 - (RERR Th22 0

J Chin Ceram Soc, 2026, 54(2): 500511

2026 4

15 000 |- ¢ Fortlandite ®-Quartz &- Ettringite ¢- Gypsum ¥- Calcite 4- C-5-H

MRS
*
12000 | . = Ala, A
+  NC2-150d

9000

GOOOM
3000 | || “I
At

i >y
L

Intnsity

l NC0.5-150d
__,..‘

10 20 30 40 50 60 70 80
20/(°)

Kl 6 {21k 150 d if NC0.5. NC1 5 NC2 f) XRD i
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Table 5 D-value of SO,> at 15-20 mm of each group

Time NCO0-Dx10™'%/(m*s™) NC0.5-Dx10"%/(m*s™")

NC1-Dx10™"%/(m*s™")

NC2-Dx10™'%/(m*s™") NC3-Dx10™'%/(m*s™")

30d 1.58 0.93
60d 1.78 0.99
90d 4.11 3.33
120d 227 1.84
150d 1.84 1.76

0.9 1.1 1.08
1.02 1.15 1.85
1.78 4.54 3.72
1.57 2.07 1.96
1.25 1.78 2.01

Note: D is diffusion coefficient of SO427.

&6 BESHIKRE
Table 6 Modelling parameter settings

. Coefficient of thermal . 5
Attribute Density (1x1)/(kg'm ™)

expansion (3x3)/K

Coefficient of thermal
conductivity (3x3)/(W-m K™

Constant pressure thermal
fusion (1x1)/(J-kg - K™")

Expression 10e 2300

1.8 880
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Concentration of
Na,SO,/(mol-m~)
4 (.521
Time=0 d 0.50

0.00
Y —1.57x10°
(a) NC1-0 d variation of SO,* concentration

Concentration of
Na,SO,/(mol-m~)
4 0.521

Time=60 d 0.50

v 5.52x107

(¢) NC1-60 d variation of SO,*> concentration

Concentration of
Na,SO,/(mol-m~)
4 0.521
Time=120 d 0.50
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Sulphate Erosion Resistance of Cementitious Materials Modified with CaCO; Nanoparticles

WEN Yong, SUN Xiaoyan, JIA Tongshuai, QU Junyi, YANG hao
(School of Architecture and Civil Engineering, Xinjiang University, Urumqi 830017, China)

Extended Abstract

Introduction Saline soils are widely distributed in Xinjiang, China, with locally high SO,* concentrations. Under the complex
service environment, conventional cementitious materials are often difficult to effectively resist sulphate erosion, resulting in the
insufficient durability. It is thus necessary to enhance their durability through modification techniques. Nanoparticles of calcium
carbonate (NC) as an economical, environmentally friendly and high-performance nano-material can provide an effective way to
optimize the performance of cementitious materials. The NC promotes the formation of hydration products and improves the
microstructure of cementitious materials through microaggregate filling, nucleation, and chemical reaction activity, thus enhancing the
performance of the materials. However, the mechanism of NC on cementitious materials under sulfate erosion environment still needs
to be analyzed. Also, the diffusion pattern of SO4* in the materials and its correlation with the microstructure lacks a systematic
quantitative analysis. In this study, the effect of NC dosages (i.e., 0-3%) on the sulphate erosion resistance of cementitious materials
was investigated by a multi-scale method combining macroscopic performance test, X-ray diffraction (XRD), ethylene diamine
tetraacetic acid (EDTA) titration and numerical simulation, revealing the modification mechanism of NC and determining the optimal
NC dosage.

Methods P-O 42.5R cement and analytical pure NC were used as raw materials to prepare cement mortar specimens at different mix
ratios. After 28-d standard curing, the specimens were subjected to wet-dry cyclic erosion tests in 5% sulfate solution. The cyclic
system was defined as, soaking for 16 h-drying at 80 ‘C for 6 h-cooling for 2 h, with a 24 h cycle period, totaling 150 cycles. The
flexural/compressive strength, mass loss rate, and dynamic elastic modulus of specimens were measured for every 30 d. The phase
composition and microstructure were characterized by X-ray diffraction and scanning electron microscopy. specimens The SO,*
content at different depths of specimens was determined by the EDTA titration method. Based on Fick’s second law, a chemical
erosion model was proposed to simulate the SO,>~ concentration distribution in the specimens for each 30 d period and compare with
the measured data for validation.

Results and discussion The impact of calcium carbonate nanoparticles (NC) dosage on the mass loss rate, relative dynamic elastic
modulus, and flexural/compressive strength loss coefficients of cementitious materials is investigated under dry—wet cyclic sulfate
erosion. At 150 d erosion, the NC1 group with 1% NC dosage exhibits an optimal erosion resistance. The smallest mass loss rate is,
the highest relative dynamic elastic modulus will be. The flexural/compressive strength loss coefficients are 19.11% and 23.7% lower
than those of the NCO group (without NC), respectively. This indicates that an appropriate NC dosage (i.e., 1%) can significantly
enhance the long-term durability of the materials, highlighting a critical role of NC dosage in the performance optimization.
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Conversely, NC dosage of exceeding 1% triggers agglomeration effects, creating a more penetration pathways for the erosion medium
and leading to a pronounced material degradation. The XRD patterns reveal that NC1 retards the excessive growth of ettringite (AFt),
provides additional nucleation sites for C-S-H gels to enhance their stacking density, and forms a unique structure where
ultra-high-density C-S-H gels wrap around high-density C-S-H gels. This process optimizes the microstructure and phase composition
of C-S-H gels, while modulating the growth orientation of calcium hydroxide (CH) crystals-transitioning from hexagonal plate-like to
prismatic morphology. The synergistic effect between crystal orientation optimization and C-S-H gel densification mutually reinforces
a multiphase microstructural stability of cementitious materials. The SO,* concentration at the same material depth increases with
erosion duration, while it firstly decreases and then increases with increasing NC dosage (i.e., NCO > NC3 > NC2 > NC1). At 150 d,
the SO,* concentration in the 15-20 mm depth of NCI is 34.3% lower than that of NCO, and the maximum diffusion coefficient
(Dmax) is only 43% of the NCO group, demonstrating that a low NC dosage (i.e., 1%) inhibits SO, diffusion. In contrast, the
excessive dosages (i.e., 2% and 3%) weaken this inhibition due to the NC agglomeration. The simulation results show that the SO,
concentration profile of NC1 aligns well with the experimental data. As erosion progresses, SO,*~ penetrates from the surface to the
interior, reducing the concentration gradient, with the internal concentration consistently lower than the surface. Note that the NC1
group maintains lower SO,>~ concentrations than NCO at all depths, further confirming a critical role of NC1 in enhancing the material
erosion resistance.

Conclusions The moderate incorporation of NC could improve the sulphate attack resistance of cementitious materials, as evidenced
by the reduction of mass loss rate, the increase of relative dynamic elastic modulus, and the significant optimization of the loss
coefficients of flexural strength and compressive strength. At the NC dosage of 1%, the optimum material performance could be
obtained. The NC effectively optimized the microstructure of the material via inhibiting the excessive growth of AFt, promoting the
high density of C-S-H gel, and regulating the growth orientation of CH crystals, as well as significantly inhibiting the diffusion of
SO,*, thus effectively improving the durability and mechanical properties of the material. However, the agglomeration effect of
nanoparticles led to a significant decrease in the material properties with the further increase of NC dosage.

Keywords cementitious materials; calcium carbonate nanoparticles; sulphate erosion; ion diffusion concentration; numerical
modelling



