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U, DUERF ARG SRR, NS AU ALk K e %
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FIFH NS 58 JEAL R SRR EEM R, T IER
SEIG AR AR S . AR/ S R ELL. NS 5
BESHST iPMCM HERERISZM AR, #8970 NS Xf
iPMCM [ 772511 BE  AK Ak 81 2 DL AR &5 40 1 5

i, #7~ NS X iPMCM A HL-JC AL 25 (1 34 5 AL
fil, AEHE iPMCM fEfE4N TF#2. 3D FT IS4
(87 FH A2 AL B A AR o

1.1 E#

FEHEK YR (P 42.5 Z0)RUE T P08 38 7K Bl
BAEWRIEA, HHEN3.16 giem®, fh¥A
FRANY) EEPE E 2 A A1 T 3K 1 FIER 2. NS T T il
A MEIARAR, KRR 15 nm(H5 5 F
RN Si0,, 4HREEHN 99.9%). A HLHE AMTL2E
7T CHsNO)F 5| 7l ik i g 8 (1b 5 o0+
KA KpS,05, KPS)Ji T F gl Hi /R AL BHE A
B A, ZZBEF NONC—3E H 35 X P 45 e (1h 2
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Table 1 Chemical compositions (mass fraction w) of P.I 42.5 cement w/%
CaO SiO, AlLO; MgO Fe O3 SO3 Na,Oeq Others
64.08 20.76 4.63 3.75 3.72 2.34 0.66 0.06

F2 FEMENCREVIEIERE
Table 2 Physical properties of P.I 42.5 cement

Setting time/min

Specific surface Consistency of standard

Flexural strength/MPa Compressive strength/MPa

area/(m2~kg’]) paste/%

Initial Final

3d 7d 28d 3d 7d 28d

352 26.0 122 185

5.4 6.7 8.6 27.8 36.9 50.8

1.2 PR ZEEENE iPMCM BL& EEiIgTT

KA IEAZ LA # i iPMCM 7K I ¥ 11
fo &b, [EKKFEREAN 04. BEBER
BHRNKERER 1%~5%, dEHRArBESE
FREGKYe KA, TR BAARE EA L UL =
YA, ROt WeRED, Kps /E R H
REHHERAHHNLIRA, BERENRAER
B 1%~5%""1, 3R NS 14 Bk B R AR
A, FEARI BN 40 2R 45 Se B TR R Pk AR, NS
(f135 Bk NKIE R R 0~0.4%""™, 217
MBA F &[] & N AR 8 1) 3%. H% AM Ak
S 5l KT KPS 5 5 . NS 3 AN R 25 /K e
HHREW 6 h PrEEEREm, FHEERKRE S
oK. Rk, REC 3 RE 5 KPFRIEA LK
Los(SO)HEAT SE 3, 1RSI N K H5KP itk
3. AREAL TR RTR 4. RO HNE SN m

M-n K-j N, HHd m. nflj 5 5E R AM $4k3
BAKEFREM T 51 &5 KPS 58 4 ik
AM JREME LA NS BEN/KIERERNE
Eb, #H Con NXFHR4H.

F3 MARZEERE IPMCM EXWRZSKFEE
Table 3 Factors and levels of NS modified iPMCM orthogonal

tests w/%
Factors
Numbers

AM KPS NS

1 1 1 0

2 2 2 0.1

3 3 3 0.2

4 4 4 0.3

5 5 5 0.4

AM is acrylamide. KPS is K,S,0g. NS is SiO».
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FT4 ARZFWEBLEIPMCM EXIRESILAE
Table 4 Orthogonal experimental design of mix proportion

scheme for NS modified iPMCM m/g
Samples Cement  Water AM KPS MBA NS
Con 1000 400
I M-1K-ON 1000 400 10 0.1 0.3
1 M-2K-02N 998 400 10 0.2 0.3 2
I M-3K-04N 996 400 10 0.3 0.3 4
1 M-4K-0.IN 999 400 10 0.4 0.3 1
1 M-5K-03N 997 400 10 0.5 0.3 3
2M-1K-04N 996 400 20 0.2 0.6 4
2M-2K-0.IN 999 400 20 0.4 0.6 1
2M-3K-03N 997 400 20 0.6 0.6 3
2M-4K-O0N 1000 400 20 0.8 0.6
2M-5K-02N 998 400 20 1.0 0.6 2
3M-1K-03N 997 400 30 0.3 0.9 3
3M-2K-O0N 1000 400 30 0.6 0.9
3M-3K-02N 998 400 30 0.9 0.9 2
3M-4K-04N 996 400 30 1.2 0.9 4
3M-5K-0.IN 999 400 30 1.5 0.9 1
4M-1K-02N 998 400 40 0.4 1.2 2
4M-2K-04N 996 400 40 0.8 1.2 4
4M-3K-0.IN 999 400 40 1.2 1.2 1
4M-4K-03N 997 400 40 1.6 1.2 3
4M-5K-0N 1000 400 40 2.0 1.2
SM-1K-0.IN 999 400 50 0.5 1.5 1
SM-2K-03N 997 400 50 1.0 1.5 3
SM-3K-O0N 1000 400 50 1.5 1.5
SM-4K-02N 998 400 50 2.0 1.5 2
SM-5K-04N 996 400 50 2.5 1.5 4

MBA is C7H10N202.

1.3 HEEE

T /5K NS TE 60 CF @40 HH L+ 24 h FFi 5 &
o ¥ NS 55258 B # 1— KR & 5 F B 1
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%)), KH UTM 5105 %4 100 kN FALE 6l 5 75
RERIONL, IR PR T PR . R
78 [ Bruker #4275 [ D8 ADVANCE %Y X 5 26417
SH(XRDYHEAT KA = (0 73 Bt o MRS (260)
N 5°~60°, FAREHEARA 5 (°)/min, HK A 0.02°, T
TEREATEER A E N 40 kV A1 40 mA.
TAM  Air 2 )\ 18 7K A0 A 5 AR B0 I 7K U 7K AR
PR, MARIEEE B E N 20 'C. KA EE FEI AH]
A7) Quanta 3D FEG 37 & S 4 i 7 B8
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TG-209F3 #4523 b1 O X FE i oK A= 4 1) 41
B, ERE BB 9(10.0 £ 0.5) mg, RSN
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2.1 ERKWHERSH
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Table S Orthogonalization test results of NS modified iPMCM after curing for 6 h

p/MPa

Samples Compressive strength Flexural strength Samples Compressive strength Flexural strength

Con 0.27+0.03 0.06 = 0.01 3M-3A-02N 4.23+0.03 1.33£0.01
IM-1K-ON 3M-4A-04N 4.46+0.07 1.53+0.12
I M-2K-02N 0.92 £0.08 0.20+0.01 3M-5A-0.1 N 4.76 £0.16 1.45+0.14
1 M-3K-04N 0.98 £0.05 0.20 £ 0.02 4M-1A-02N 7.19+0.17 2.17+0.03
I M-4K-0.1N 1.03+£0.03 0.21+0.02 4M-2A-04N 3.51+0.11 1.06 +0.04
I M-5K-03N 1.24£0.07 0.29 +0.04 4M-3A-0.1N 3.37+0.18 1.09 +0.07
2M-1K-04N 3.18£0.05 0.99 £ 0.01 4M-4A-03N 6.44+0.18 1.47 +£0.09
2M-2K-0.1N 5.90+0.10 1.06 £0.16 4M-5A-0N 3.20+0.11 1.07 +£0.03
2M-3K-03N 451+0.11 0.78 +0.08 5M-1A-0.1 N 4.13+0.17 1.42+0.14
2M-4K-0N 2.94£0.08 0.93 +£0.02 5M-2A-03N 3.75+0.10 1.16 £0.03
2M-5K-02N 2.88+0.13 1.11£0.12 5M-3A-0N 434+0.19 1.32+0.12
3M-1K-03N 3.60+0.19 0.77£0.01 5M-4A-02N 432+0.19 1.25+0.06
3M-2K-0N 4.11+£0.09 1.22+0.04 SM-5A-04N 4.45+0.15 1.34+0.09

F6 MEZFILAEKE IPMCM ERXSSERESTLER

Table 6 Range analysis of NS modified iPMCM p/MPa
Compressive strength
Parameter

AM KPS NS
K 4.17 18.10 14.59
K 19.41 18.19 19.19
K3 21.15 17.42 19.54
Ky 23.92 19.42 19.76
Ks 20.99 16.52 16.56

k 0.83 3.62 2.92

5 3.88 3.64 3.84

ks 423 3.48 391

ks 4.78 3.88 3.95

ks 4.20 3.30 3.31
Optimum level 0.04 0.04 0.003
Range 3.95 0.58 1.03

K, is the sum of the compressive strength at each level of n. k,, is the average

of the compressive strength at each level of m.
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BN NS MTE NS [JEAL A HMNIF . Hp,
HBRB N NS A NS (IR SR A 240 5 5 5l iy 44
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FIXHIRZH N Con.

Compressive strength/MPa

1 2 3 4 5 1 3 4 5 0 01020304

Dosage/%
K1 B BEFSGK RS E iPMCM 6 h FUE SR
A
Fig. 1 Effect of various factors on 6 h compressive strength of
NS modified iPMCM
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Nanjing 211189, China)

Extended Abstract

Introduction /n-situ polymerized cementitious materials (iPMCM) exhibit exceptional fluidity, interfacial adhesion, and toughness,
making them promising candidates for rapid repair engineering and 3D printing applications. However, the delayed cement hydration
caused by polymer significantly impedes early strength development, limiting their practical applications. Nano-silica (NS) has been
proven to considerably enhance the early-age mechanical properties of cementitious materials due to its filler effect, nucleation effect,
and pozzolanic effect, offering a solution for improving the strength development of iPMCM at the early age. However, the
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synergistic effects of NS and in-situ polymerization on the mechanical development remain unclear. This study systematically
investigates the interaction of NS and in-situ polymerization on the hydration kinetics, microstructure, and mechanical properties of
iPMCM. And the enhancement mechanism of NS on both the cement microstructure and the polymer network was in-depth discussed.
The findings from this study provide an effective strategy for improving the early-age mechanical properties of iPMCM, broadening
their real-world applications.

Methods Orthogonal experiments L,s (5°) were designed to optimize acrylamide (AM) monomer (1%-5% of cement mass),
potassium persulfate (KPS) initiator (1%—5% of monomer mass), and NS (0-0.4% of cement mass) dosages based on 6 h compressive
strength. P.I 42.5 cement, AM, KPS, and 15 nm NS were used with a fixed water-to-cement ratio of 0.4. NS was pre-dried at 60 ‘C
for 24 h before dispersing in water with AM and KPS, and then the resulting solution was mixed with cement to prepare pastes.
Samples were cast into 40 mm x 40 mm x 40 mm molds. After demolding curing for 1 d, the samples were cured at 20 ‘C and 95%
RH for specific curing ages prior to mechanical property measurement. The hydration kinetic of cement pastes was monitored by a
TAM Air calorimeter. The hydration products of hardened cement pastes were characterized by XRD and TGA. SEM and MIP were
employed to observe the microstructure and to analyze the pore structure of iPMCM at different ages, respectively

Results and Discussion The orthogonal experiment identified 4% AM, 0.3% NS, and 4% KPS as the optimal formulation,
achieving a 284% increase in 6 h compressive strength (from 1.38 MPa to 5.3 MPa) and 381% increase in 6 h flexural strength (form
0.36 MPa to 1.73 MPa) compared to the control group. In addition, the optimal group exhibited varying degrees of improvement in
compressive and flexural strengths than the control and in-situ polymerization groups after curing for 7 d and 28 d. The evolution of
heat flow analyses during the cement hydration indicates that NS reduced the nucleation barrier for C-S-H formation and thus
advancing silicate hydration. It resulted in an increase of CH content by 17.8%. Concurrently, NS promoted the earlier AM
polymerization releasing a more significant heat, which contributed to accelerating cement hydration, and thereby improving the
carly-age compressive strength. MIP results suggest that the incorporation of NS into iPMCM reduced harmful pore (>50 nm) volume
by 71.1% and increased less-harmful pore (20-50 nm) content, compared to the control group, significantly refining the pore structure
of the hardened cement pastes. SEM observations demonstrate a denser organic-inorganic network in NS modified PAM hydrogel
where NS is likely to act as a physical crosslinker via hydrogen bonding with polyacrylamide strengthening the polymer network.

Conclusions This study demonstrates that modification using nano-silica effectively enhances the early strength of iPMCM with the
optimal formulation of 4% AM, 0.3% NS, 4% KPS, which achieved a 284% improvement in 6 h compressive strength while
maintaining superior 28 d flexural strength. The comprehensive experiment analyses conclude that the roles of NS in the early-age
mechanical development of iPMCM includes: (i) Improving cement hydration and microstructure. Owing to its nucleation effect, NS
accelerates the silicate hydration compensating for the delaying effect of in-situ polymerization on cement hydration. And the
presence of NS refines the pore structure of iPMCM by reducing the amount of harmful pores, thus further improving the early
strength of iPMCM. (ii) Strengthening the polymerization network. NS advances the occurrence of polymerization with a significant
heat released. In iPMCM, NS may interact with polyacrylamide via hydrogen bonding, as a physical crosslinker strengthening the
polymer network. These further contribute to the early-age strength development of iPMCM. The findings from this study provide a
scientific foundation for the applications of iPMCM in rapid repair engineering, 3D printing structures, efc. The long-term durability
and scalability for industrial applications will be further explored in future studies.

Keywords cement-based material; nano-silica; in-situ polymerization; early mechanical properties; microstructure; strengthening
mechanism



