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Abstract

To reduce cost and optimize performance in polyurethane (PU) grouting while advancing the re-
source utilization of industrial solid wastes such as magnesium slag and fly ash, this study devel-
oped a magnesium-slag-based geopolymer/PU composite grouting material. Building on an opti-
mized PU system, a sodium-silicate-activated magnesium-slag/fly-ash geopolymer was incorporated
via a one-pot route. This study systematically investigated the effects of sodium-silicate modulus
and solid-waste content on composite mechanical properties. The composite achieved a maximum
compressive strength of 3.96 MPa when a low-modulus sodium silicate (n * 1.52) was used with 70%
magnesium slag; however, bond strength decreased with increasing solid-waste content. Mechanis-
tic analysis indicates that sodium silicate plays a dual role as an activator and a modifier. Formation
of chemical Si-O-Si linkages with PU, together with the physical filling effect of geopolymer gels,
yields a stable organic-inorganic interpenetrating structure that underpins the observed perfor-
mance enhancement. This work provides a pathway for high-value utilization of industrial solid
waste and the green upgrading of road-repair materials.
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HE] Ry 2 B R 4 R JE SON I F BRI B RN A B R S8, AU 2024 R JiE BLAZIA R 19.07 /i~ B
[1]e FERX— PR RFEA B 45 ia I RE R, B IEOR A 22 Ay — Al R 3R 20 35 H 2T e 200 3
TR T R S S bl . I SIUTRE DL R AR A 2 DR SR IR R T SRS, T B 1 I R A A
AR RERVE P A A (2] BTFURMT, A XA AR D T BRI A5 M R 52 ek, AR G ipiar B A R
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RABRER AR R L g PRI AL PERE . R AT (S @ PR mT % M AR R P T A AR SE R h A 2
ZNH[5]e X ERPRHE % FIBE AR XU 7 JE B SR S AN B s DX, U2 73 A8 i Rl R A
SN, ARRRIRGE KT BRI, A RSB A 2B R 6], SR, ZSRAPRHE SEprdfE) I e
FH T I P 9 H A — T T A R B OB (W  UR R« TR el A B, SR DRIE T B T
TGRS TR 7]: 53— 7 T2 532 0 SRR 45 PR RE A 32T 22 18, DA A0} 32 O B I A
ARG TR A TR8]

N T AR EBRE B RA, TR B R R B R L R T . AR O R T
BEEOKBIEE EERMEL, IR RE SCHURIR [ 16 Ho FE 8w, Hmt 7OR W 2 & 14 2R RE B35 PR AR R
S s 4 AR [10 38 I D0 A AR B L S /K SRR AR A, il 6 HH PR 5 A 80.02 MPa IR 418, ik
SR BFEEHUE A R BER O S A AT AR 11 PRI IR AL B K B0 SR B AT St , B35 4R
TH T S5 AR R K PEAD 2 e, AT R R BRA AL B W] EBREAES T, DR S5 AN ATE . Yu F[12]8
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A% WG/PU R RIS FR AR R 05 RE, BIN T SR ALOs, WHFURIL ALO; F B4 4i T2
ABRIESL AR, I RS POE TE PR T SR, SR e S SR B R FRAIG 12.7%, [ e R 5
Tt 27.3%, A BRI T 45 Gt 77 7206 LA s B L FE 5 UG B2 R . Chao 25 [13] RGuHIEL
T PU/WG M RHE 20°C~80°C iRl A 55 T RE, KR BU/KBE IS 1 51 N8t 5 55 SRR I (10 2 4% I ST B T 4
FaE MR AL - EHLAAL LR, EARITE 80°C AR LR ER 10% LA (1 e (R B AR R R 4T 1 Ak S T R 45
PERECRE AR BN “ G IR L7, BB TAE SRR I KM B} . Huang S5 [ 14]R ABEAL T EBHEEEXT PU/WG
PERERISEMR, R I 2 I 5 R R S5 /K (0 B, IR 5 7K 3 B W A s 0 () PSP 1, 5 SO RO 25
FABRRA SR R R JEE AT KIS S KRR A MR LG, SEIL T 6] s B4 A R 24 2 M RE TR
¥, RIS T RS T RS T 48 S . Zhang SF [ 1SR T /K BEES 5 9K E R E AL Y)(LDH)
IR (FA) I R OR . BF7ER B, 91N 2.5%0) LDH 5 FA J5, KIEFSEREEE SRR K
SNIRE AR T 26.7°C, SABEHCE M 177.45 Vg I % 108.37 Vg (B4R 38.9%), AN 2 A FLER IR T
SR T AR PR SR B S BEMRERE . IXAUE B TOKBSEME L IRt B & R R OEH . Huang 55 A
[16] 5 mi %2 T SEBR TAEH 5 AR I S Akl 55 0 ek R 3k U PE SR B (PU/WG) PERE RIS R4 . W 94 tH, B8
FHFRHEEM 24 CTHEE 60°C, MR IEE T M 41.65 MPa 2RI T4 14.51 MPa. fR1M, B4
SRR 80% AL A 60%, TITE SOCHEE NI sRE4ERF(E 38.04 MPa ¥ =7K~F-. Zhang 55 A[17]00%r
YRR SR Z B /K B 5 A RS T ORER Bh 5 N [, 7R T /K B AE T s A0 45 04 Hh (1 DGR E
IR, 24 PU/WG B8 S%ETEE 25%05F, [ 40 A4 0 FR AT 5 2 A 0.78 MPa 2 16K %5 10.6
MPa, MHRHIE 12 f5. SOESH(SEM)S B R G IR IR B, KBS AMUAE MRS AR R LR, i
R R = AL - LB L, T K s T AR /1 R 58 TERE 7. Yu 5 A[18]
I B G 0 b SE IR R R T RERR AN e SR A R (SS/PU) 5 4l & ER (PU)E B BN A J1 M e LI A 22 57
LR, SS/PU MR I H 5 = ¥ B9 FE (6 /NN 9 FE IR 36.9 MPa) RN, 3 T 7K 3385 1) 51 AT Rk
TERIAE AL - AL A ELLAR; 1 PU T R H 5 = (1K 0 P (36 /NI SR A 48.9 MPa)RIBN &S
M. o A1 91 B R/ K B B I A e A o R O S A R S M REREAT T RGBT, K
PUAZE AR [ A2 B R B, TERACRIRT 7 d, JLHUHRSREE . W) RS i 5 R S
Yang 4520 i {7 B (14 2 I [ 40 T 25 BT il 46 H EL A = 20 T X 4 5 ) YD SR U /K BB SRA R, Bt AL
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HEIARLEAT SO, RICAEERREN N &N 25 wt%lf, ARHIPTRI SR IX 19.3 MPa, Ki4s 5% 4.1 MPa,
PUE TR 47.2 MPa.
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Figure 1. Effect of different sodium-to-silicon ratios on the compressive strength of magnesium slag geopolymers
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Figure 2. Effect of different fly ash content on the compressive strength of magnesium slag geopolymer
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Figure 3. Effect of incorporating magnesia slag fly ash on the compressive strength of modified grouting materials
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Figure 4. Effect of incorporating different amounts of magnesium slag/fly ash on the compressive
strength of modified grouting materials under different moduli
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Figure 5. Effect of incorporating different mass of magnesium slag/fly ash on the bonding strength
of modified grouting materials under low modulus
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Figure 6. Pore structure of composite modified grouting material under polarized light microscope (4x)
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Figure 7. Scanning electron microscope images of fracture morphology of composite grouting material specimens
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Figure 8. Internal mechanism diagram of composite modified grouting material

B 8. EAXMERMEIAEERIIZE

4. g

BT XA M R Y R B R AR MR R G AL, fFH DU E R

1) B RGRAIAL T E AR B R AR S5 YR RS, KBFERELE 11,
KB R 10% (B 58 BER B E L 9: DN J1 221t se s At .

2) SATERMRNRT S 5 B [F PR 45 S n S 3 R ke A . IRBEUK B (n = 1L2) EH A TR A
ERMEREIRTE, EPREB R T0% M HU LR IA B 3.96 MPa, BUEEAIARIETT 28.6%. SRTM, Hhidhsk
FE B[ P45 S G NAE LR TR, VAR T WIS LE S AL 51 & 8L ) B A R o

3) SATERARL 0BG SR 1 7K B PR XU EE T RE R 75 B PR AR b SR R 1) A B 7 Y
AL - VU AT 2B, =H R 7 e TS5 .

4) AHFFRLIN LI T Tl [ R IR AL SR R RESR T B F) E b o B LK B IR A S [ R4S
FgE T BA R 5 RE AR T G B B R A RL, R A BRBRUR I S8 R T — PR A . =
PERERB UM RMR R T 58, AR B3 IR AR 5 TR B F AR A

oM
E I EEE SRR s £
S5 3k

[1] AR RILFIEASEEE. 2024 FASMIZ AT R R A1 AR [EB/OL). 2025-06-12.
https://www.mot.gov.cn/fenxigongbao/hangyegongbao/, 2026-01-10.

[2] FHEREE. SRS AR A v VR B T A A R AR (0], VU )RS, 2025, 51(2): 200-202.

DOI: 10.12677/hjce.2026.153051 35 TARTHE


https://doi.org/10.12677/hjce.2026.153051
https://www.mot.gov.cn/fenxigongbao/hangyegongbao/

[9]
[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

(23]

[26]

[27]

[28]

A, R S SR IUE [ B RO E AL BT ST [D]: [ 22 A0 50). Kig: KB TR, 2011,
IR EA. AR E BORTETE B F= 97 P (W R ROR RERTS[T]. A5 %410, 2023(7): 16-18.

R A R AR SRR KA REVEOT[D]: ("2 008 30]. Bred: (AR HR, 2018,

EAG. RN SR 1 %% S5 PEREBE FU[D]: (W15 30]. ER: HERACIE R, 2024

Li, X, Li, J., Wang, J., et al. (2021) Recent Applications and Developments of Polyurethane Materials in Pavement
Engineering. Construction and Building Materials, 304, Article 124639.
https://doi.org/10.1016/j.conbuildmat.2021.124639

LHZRIR. O SR S [ A4 R il #6 S SR REWEFE[D): (B2 Ar i3], A SAETARAE, 2015.
FEMIEL. B SR e K B E G R R e i PR 3% R M et 78 [D]: (AL A0 3], & & \WRBHE R, 2022.
Y, xvE, 22, & T A RERE KBRS A MR E & R[], (TR B R, 2024, 52(z1): 132-
136+142.

BARTR, NS, KRBT MR U], BB, 2011, 27(9): 48-51.

Yu, X. (2023) Preparation and Structure Analysis of Aluminum Oxide/Water Glass/Polyurethane Composite Grouting
Material for Mining. Journal of Building Engineering, 76, Article 107170. https://doi.org/10.1016/j.jobe.2023.107170

Yuan, C., Huang, Q.H., Liu, J.F., et al. (2025) Mechanical Behavior of Silicate-Modified Polyurethane/Waterglass Grout
in Fractured Rock Interface Reinforcement at Elevated Temperatures. Tunnelling and Underground Space Technology,
165, Article 106879. https://doi.org/10.1016/.tust.2025.106879

Huang, Q., Yuan, C., Li, S., ef al. (2024) Influence of Raw Material Temperature on the Properties of Silicate-Modified
Polyurethane Grouting Materials. Case Studies in Construction Materials, 21, €03479.
https://doi.org/10.1016/j.cscm.2024.¢03479

Zhang, S., Feng, R., Zhang, J., et al. (2025) Nano-Layered Double Hydroxides as Efficient Endothermic, Strengthening,
and Flame-Retardant Agents for Fly Ash/Polyurethane Composite Materials. Composites Communications, 53, Article
102168. https://doi.org/10.1016/j.c0c0.2024.102168

S/ANIE, PR, BN, A, ZERIDL. BPREEIREE X R R 5k ot SR B R ST S R RE A [T]. RERR ER R,
2025, 44(2): 774-784
Zhang, T., Cao, D., Guo, C., et al. (2025) Mechanical Properties and Reinforcement Mechanism Study of Sulfate Saline

Soil Solidified by Polyurethane and Water Glass. Case Studies in Construction Materials, 22, €04328.
https://doi.org/10.1016/j.cscm.2025.¢04328

Yu, X., Wang, Y. and Sun, G. (2024) Comparative Analysis of Mechanical Properties and Fracture Characteristics Be-
tween Sodium Silicate Modified Polyurethane and Polyurethane Materials. Construction and Building Materials, 444,

Article 137917. https://doi.org/10.1016/j.conbuildmat.2024.137917

WG, RN, NG, AE. RENROK IS RATRHE R T O S5 A A )22 R RE )], MRV TR, 2022,
36(11): 855-861.

Yang, Z., Zhang, X., Liu, X., et al. (2017) Flexible and Stretchable Polyurethane/Waterglass Grouting Material. Con-
struction and Building Materials, 138, 240-246. https://doi.org/10.1016/j.conbuildmat.2017.01.113

Hong, X., Dong, W., Yang, S., et al. (2015) Study on Structure and Performance of Reactive Silicate Reinfored Polyu-
rethane Composite. Polymer Engineering and Science, 55, 2322-2327. https://doi.org/10.1002/pen.24119

ZH, 2, FLIE, S MRS KRR [T]. AT B RL, 2022, 50(1): 282-286.

Mk, 3, 5555, WAk 2 RE 4R A Er L TR REEE AR, 4 TH 8RR, 2011, 39(4):
124-127.

XPE, 2500, F4EE, 55 BREA N/ R AR S AR B S & SR AL ], A BB RL, 2025, 53(4): 251-
255+265.

Zhang, X., Wang, E., Ma, S., et al. (2024) Study on Grouting Performance Optimization of Polymer Composite Materials
Applied to Water Plugging and Reinforcement in Mines. Materials, 17, Article 4245.
https://doi.org/10.3390/mal7174245

Fang, Z., Gao, Y., He, W., ef al. (2024) Carbonation Curing of Magnesium-Coal Slag Solid Waste Backfill Material:
Study on Properties of Flow, Mechanics and Carbon Sequestration. Case Studies in Construction Materials, 20, €03204.
https://doi.org/10.1016/j.cscm.2024.€03204

Wang, X.B., Yan, X. and Li, X.Y. (2020) Environmental Risks for Application of Magnesium Slag to Soils in China.
Journal of Integrative Agriculture, 19, 1671-1679. https://doi.org/10.1016/S2095-3119(19)62835-2

ZRR I akB, EIFTF. BRERF WA R SRR D). IR, 2011(8): 97-100+124.

DOI: 10.12677/hjce.2026.153051 36 T AT


https://doi.org/10.12677/hjce.2026.153051
https://doi.org/10.1016/j.conbuildmat.2021.124639
https://doi.org/10.1016/j.jobe.2023.107170
https://doi.org/10.1016/j.tust.2025.106879
https://doi.org/10.1016/j.cscm.2024.e03479
https://doi.org/10.1016/j.coco.2024.102168
https://doi.org/10.1016/j.cscm.2025.e04328
https://doi.org/10.1016/j.conbuildmat.2024.137917
https://doi.org/10.1016/j.conbuildmat.2017.01.113
https://doi.org/10.1002/pen.24119
https://doi.org/10.3390/ma17174245
https://doi.org/10.1016/j.cscm.2024.e03204
https://doi.org/10.1016/S2095-3119(19)62835-2

B0, fEEE, TR, . SRR A R R R A AT, EARL R, 2011, 14(5): 680-686.
MR, XK, fokde, & OVEBRE R B A B R KA TERE D] Hr e R SR (B AR B AR), 2022,

53(10): 4057-4070.
AEYE, (T, LHH. BB EIENRIE T 7). K ZEA R, 2006(6): 8-11.

[29]
[30]

[31]

AT

DOI: 10.12677/hjce.2026.153051 37


https://doi.org/10.12677/hjce.2026.153051

	镁渣地聚物复合改性聚氨酯注浆材料的制备及力学性能的研究
	摘  要
	关键词
	Preparation and Mechanical Properties Study of Magnesium Slag-Based Geopolymer Composite Modified Polyurethane Grouting Material
	Abstract
	Keywords
	1. 引言
	2. 实验部分
	2.1. 实验原料
	2.2. 实验仪器
	2.3. 样品制备
	2.3.1. 镁渣地质聚合物
	2.3.2. 复合注浆料的制备

	2.4. 性能测试与表征

	3. 结果与讨论
	3.1. 镁渣地质聚合物的力学性能
	3.1.1. 水玻璃硅钠比对镁渣地聚物力学性能影响
	3.1.2. 粉煤灰掺量对水玻璃激发镁渣地聚物力学性能影响

	3.2. 镁渣地聚物/聚氨酯复合改性注浆材料的力学性能及机理研究
	3.2.1. 复合改性注浆材料力学性能探究
	3.2.2. 复合改性注浆材料反应机理分析


	4. 结论
	致  谢
	参考文献

