5559 4% 5 2 1 B 4k M SR Vol. 59 No. 2
2026 4F (& 246 1) NORTHWESTERN GEOLOGY 2026(Sum246)

31 3cag s TRk, R, BAZE, 55 RS EURALG 1Y s KD 2 10 5 45 A IR L B 45 1 7% oML R AR [0, P b b e,
2026, 59(2): 170—179. DOI: 10.12401/j.nwg.2025145

Citation: XING Maolin, WANG Wei, TONG Renjian, et al. Macro-Micro Characterization of Pore Structures in Grouted Ce-
mented Bodies of Water-Rich Sand Layers Based on MIP and Image Analysis[J]. Northwestern Geology, 2026, 59(2):
170-179. DOI: 10.12401/j.nwg.2025145

EREEGRENEKMVEEREAME
FLBR G5 R W R ALE

iﬂg}“i* 1,23 E&‘123 * i 123 #i‘]ﬁ_%_123 , %,&EELZJ ’ﬂ}\/ggle , Z’IJ&%:,I,Z,S

(1. R TP wr ot b (CBED A RRA R, BEVE P54 710077; 2. B0 R E B4 FE & S S0 2, BEvh 754 710077;
3. BV D K EFEBIRE R E LI, BV P84 710077)

B O E. AT REEEWEIRT, Z6RGILRENALZTAS A ALY mmE LR A iR
FHBEZE, RIFLER }%gfiﬂt%mlﬁﬁﬁé%m#ﬁao K, B TABERER L2 FARRY K
RO, AARALESREILREMNEIEFTBNALRL, LERZH REAEZD E T #HUL-
2 LI TR 4 #J;M&Liitfﬂkm%dé@%émﬁﬁ EXGEBTRRAEBZG KA EEZRLE BRI
MAEMBEUNELS TR R4, AEZENEBRKE TREAKKLURBELAE ) Eh—F EHH
Faix REHSEHTF, Xférﬂh TRAMAEFIEG KRR ERBEDNXE, ) &R A L 5K
oo L FU R 4 M 38 AL R R AN T FLAR 5 A BRI A E L IL IR 4F A2 A) B MATLAB £ 5 B 42 4% 31
HATH @B, AR ETL, B3RO MAUERMES ZUHBERNER, HE
SRELREMOSIIRZ, FZARLER KRB AZEL BIKRGIFLRAFIE £ F 25 A 5 A #LAE, A
BB T MBS GRARERARAN K P A, LA ARRALMERS,; PEL BK
PREKRSRKRILEBGILSEMN, ILBHERX EMRAL  MEL BHREIZLF KAERRK
Kb bal, U E A, AMHERRAA TEHLSHREN, RNEMET:3RLELHRILEEY
MFEiE R H O IE B I m 2 R XI5 A, £ X=0cm & &, MAKE R AL 0.70~0.92, &
e 7 R fe ARG ERHIE, BRUERE ZNEARANERSZE K, HE “@E>F >
ME” LR ERLS, BIETARRN T ENTER, AABFTTAREREH TS KA EE
REBRGSREILREMNFIEE TR > HANAE, AR TEZEFTILEES LRERABLKE
MR BRGIEFHAER, MR EMRERYT K5 RAANE L EEHH ALK BRI T KD E M
BRERmmTHFRE AATEZIESANEL,
KA : T KA E; MATLAB £ F B3 AR R K LR F; 24 Bk
FE 4K S: P642.3; TU411.2 X HEFRERD: A X E %S 1009-6248(2026)02-0170-10

W &5 B H#3: 2025-12-06; f& B B #3: 2025-12-13; FIE4HIE: W El

E&TE: RHAHE M A R A AR 80w F i H RS B K B 2 5 K 5D 9 F BT BT IR B R B SE 7 (2024-TD-
MS004), T RERE TP 2 0F 5T Be (B ) A KRS m BHE BT B 4 T H - “ B K D J2 8K 58D 93 1 T B A M RUR K
R F AT ” (2024XATS05) WA ¥R

YE& v AR (1991-), B, 14, MIAFST 5, I FEoK SCH BT K 97 3K F B i3 TA4F . E-mail: xingmaolin@163.com.

*EWAEE: TE(1984-), B, B TR0, MK SCH R S K F B iG TAE . E-mail: 214169956@qq.com,

© Editorial Office of Northwestern Geology. OA under CC BY-NC-ND


https://doi.org/10.12401/j.nwg.2025145
https://doi.org/10.12401/j.nwg.2025145
mailto:xingmaolin@163.com
mailto:214169956@qq.com

#
[\
&

TRBEARAE : TR 15 UG RGBT KD J2 T 3R 45 40 MCFL IR 25 1) 2% SO R A 171

Macro-Micro Characterization of Pore Structures in Grouted Cemented Bodies

of Water-Rich Sand Layers Based on MIP and Image Analysis

XING Maolin"**, WANG Wei'** ", TONG Renjian"*’, DU Botao"*’, WU Yanjun"*’, ZHAO Shaolei"*’, LI Zhi"*’

(1. CCTEG Xi’an Research Institute (Group) Co., Ltd., Xi’an 710077, Shaanxi, China; 2. State Key Laboratory of Coal Mine Disaster
Prevention and Control, Xi’an 710077, Shaanxi, China; 3. Shaanxi Key Laboratory of Prevention and Control Technology
for Coal Mine Water Hazard, Xi’an 710077, Shaanxi, China)

Abstract: In the grouting reinforcement of water-rich sand layers, the pore structure and spatial distribution of
the cemented bodies directly influence reinforcement effectiveness and grout diffusion paths, serving as critical
criteria for evaluating grouting quality and optimizing operational parameters. However, due to variations in
sand grain size distribution and non-uniform grout diffusion, existing studies remain insufficient in characteriz-
ing multi-scale pore structures, particularly lacking systematic validation of the evolution and interrelation of mi-
cro—macro pore structures under different sand grain sizes. This study aims to reveal the evolution patterns and
spatial distribution characteristics of pore structures in cemented bodies formed in water-rich sand layers with
different grain sizes, providing references for understanding grouting mechanisms and selecting engineering pa-
rameters. Under consistent grouting materials and injection pressure, simulated grouting tests were conducted on
fine, medium, and coarse water-rich sand layers to prepare typical cemented body samples. Micro-scale pore
structures were quantitatively analyzed using mercury intrusion porosimetry, while macro-scale pore characteris-
tics were extracted and binarized using MATLAB digital image analysis to calculate porosity. By integrating mi-
cro-scale and macro-scale data, a multi-scale pore structure analysis framework was established to systematical-
ly compare differences and spatial patterns in the pore structures of cemented bodies across different grain sizes.
At the micro-scale, fine cemented bodies are dominated by slit-like and irregular medium-to-large pores, exhibit-
ing high connectivity and the highest porosity; medium cemented bodies show a composite structure of slit-like
and spherical pores, with a wide pore size distribution and the most complex structure; coarse cemented bodies
mainly develop long columnar or small-to-medium spherical pores, with the lowest porosity, indicating that
coarse-grained skeletons favor densification. At the macro-scale, porosity of all three cemented body types in-
creases parabolically with distance from the grout outlet, reaching the minimum at X = 0 cm, with fitting coeffi-
cients R’ ranging from 0.70 to 0.92, reflecting the spatial characteristics of saturated grout deposition. Micro-
scale porosimetry and macro-scale image analysis results were highly consistent, all showing a porosity ranking
of “fine > medium > coarse,” validating the reliability of the image analysis method. The study reveals the
multi-scale pore structure characteristics and spatial distribution patterns of cemented bodies in water-rich sand
layers under different grain size conditions, clarifying the control of grain size on pore morphology, porosity,
and densification. The findings provide a scientific basis for understanding grout diffusion and deposition mech-
anisms, optimizing grouting materials and parameters, and improving reinforcement quality, offering significant
engineering applications.

Keywords: water-rich sand layer; Matlab-based digital image analysis; mercury intrusion porosimetry (MIP);
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Fig. 1 Grouting test system for water-saturated sand layers and corresponding materials/apparatus.
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Fig. 8 Variation of porosity with distance from the grouting outlet for cemented bodies with different particle sizes.
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