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Fig. 1 Schematic diagram of grouting test device
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. . ——2 I 2
at different test sites b —3 3 -
N < Cy=d/d,;=113 .43
JE ROy d,/mm  dy/mm  dg/mm Ce. C, § ol C:= d:(z, y dizx =277 .
I 000 157 1133 239 12451 & ™2
2 0.14 2.48 1588 277 113.43 & 40t 10*’1
3 0.19 1.96 17.46 1.16 91.89 %
20}
FHIE 0.14 2.00 14.89 2.11 109.94 15
OF
2 RHBEEAER .

Table 2 Basic properties of undisturbed strata
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Fig. 2 Particle size composition curves of moraine debris
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Fig.3 X-ray powder crystal diffraction spectra

of moraine debris
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Fig.4 Test flow chart for cement grouting of glacial moraine
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Fig. 5 Infiltration effect during the cement grouting process of glacial moraine
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Fig. 6 Basic mechanism of moraine cement grouting
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Fig. 10 Test results of diffusion radius under different grouting pressures
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2.6 KER¥IIKIRIERBIE SEM R 5 4

TS B ] TR DK i 4 R K U8 1 3R Y vk st
W34 7 d, 3 5 S AU 4l VK 4 1 2
SEFFNAE AL T L A% H 43T o

P 15 AR 16 itz 43 51 A UK vk i 4 e 2% vk
W3R 7 dJG TR 5 00015 R L BE IR . 18] 15
AJAT JECR VKA 40 F R/ INAS — A s M B g,
SERIRAEL, FLBRE & Ok A R EE A B, R 16
AIAT, T3 5 R KA 4 s B K S T IR
A T ZOIRE e 0 5 A B R R IR 4 i, ik 24

Vol. 33 No.4 Aug., 2025

J57 5 UK BT RURL 25 2 R A5 AE — 2 , DKt 1AL B R d
Ui/ (Andres et al,2015; 44055, 2016) . HJRH
2 TR S B b oK K Az KA O, Az iR 7
FOR SRS SR (C-H) | ZLARIK AL AE R 45 5 1
(C=S=H) LA S BHARFIAAR 1O 5 004 07 9 (Af) o 31X
SR Ak 7 ) 1) AR R 25 % UK 0 1k e AR T

o ERRES A BRIR SR R R R 4
MR ZRR B B F A B A SR A, A FE T DK
Yo FLB L 7 HL 5 oK i ) MORLA TP I 25 A 1 T —
AT B S Y = e S TR AR A DK ) DA Y



Wi 6 - A WA B SR 0 v TR0 B DX VKB K 8 TR AR AL e 5

80

R
R LA

1,=18.00x+26.40
R2=0.871

60 | y,=20.25x,+38.10
R=0.982

0.4 0.8 1.2 1.6 2.0
JEKE J1/MPa

13 AEFEEENTHBEREERKE
Fig. 13  Splitting channels length under different

grouting pressures

FLBRAE AL A8 Oy B0 (Y ATIR S5
2.7 DkERMIKIRERE TRRULEIRL

TE KT i T, 3 7 A i e 52
B 28O [ £ S B, ] AR A S s R X SR A Y

BRCP 72 B 2L B T 5K, 0 B B g ol i S
(Z=MB55,2018) o IR BRI IR R ) ik 47
FE 259 8, 10 5 52 W B R vk 8 B 0 X
TR BRI o MR R B T R ALYk
R SRR Y, T LA Ao R T 2R ) U B
DAL, 5 S0 v 1 5 1 S 1) B A PRGHIE 1 B
WPk R R I g B i |, R R kR T 1 B0
Mz Z TR o TRIAS 38 1 5 Pk A A 58 98 e R L
RELH L 9 JR v Jon (6030 B, o B 285 3 Y iU L
R R ) AR YR A] R 2Lk Y e B
fig, i — 2 R RZ KGN . AEIUEB R RRE ST
0 SR AL R B RO, A e B St ik o =X e AR AT
PEDFITRHR  E R B — B L U R A
JZ N E AR ZR T R LRS00 R S IX
SRR SRS W AR B A S5 4 , B ST UK
Tt 0 A AR A 1

%&bk

X UK AT K PR SR, 2 — 2 B

min B

(d) 0.8 MPaJE i FHIK BSZGEIE

(e) 1.2 MPaJE J7 F IR B2 EIE

() 1.6 MPaJE J7 F IR B 4imiE

14 AEFEEENTERBELRER

Fig. 14 Test results of splitting channel under different grouting pressures
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Fig. 15 Microscopic morphology of undisturbed moraine after 7 days of curing
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Fig. 16 Microscopic morphology of grouting moraine after 7 days of curing
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Simulation Test Study of Cement Grouting of Moraine in Natural Caving
Mining Subsidence of Pulang Copper Mine
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1. Faculty of Land Resources Engineering , Kunming University of Science and Technology, Kunming 650093,
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Abstract: In response to the surface moraine collapse and debris flow incidents resulting from the natural
caving method at the Pulang copper mine in Yunnan Province, this study undertook laboratory experiments on
moraine grouting. The objective was to investigate the fundamental mechanisms and developmental processes
of cement slurry diffusion within moraine, as well as to analyze the diffusion characteristics and solidification
effects of cement slurry under varying grouting pressures. The experiments utilized undisturbed moraine with a
stone content of 50% and a moisture content of 11.83%, employing five grouting pressure gradients of 0.4, 0.8,
1.2, 1.6, 2.0 MPa. Utilizing a self-developed grouting apparatus, the study systematically examined the impact
of grouting pressure on grouting volume, diffusion radius, formation of splitting channels, and the solidification
effect . The findings indicate that: (1) Due to the percolation effect, the diffusion of cement slurry within the
moraine is primarily governed by compaction and splitting diffusion, rather than permeation diffusion. During
the initial phase of grouting, the slurry compacts the moraine proximate to the grouting port, forming a spherical
slurry bubble, which characterizes the compaction diffusion stage. As the pressure escalates to the splitting
threshold, the slurry propagates along the moraine’ s weakest surfaces, resulting in the formation of primary and
secondary slurry vein structures, marking the splitting diffusion stage.(2)Quantitative analysis reveals a positive
correlation between grouting volume, diffusion radius, splitting crack width, and channel length with grouting
pressure. Notably, the diffusion radius and splitting crack width exhibit a nonlinear growth trend as grouting
pressure increases. (3) Furthermore, throughout the grouting process, the cement slurry exerts a significant
lifting effect on the moraine. By compacting and splitting the moraine, the slurry generates an upward lifting
force , which effectively mitigates moraine settlement. (4) Scanning electron microscopy reveals that the C-H
crystals, C-S-H gels, and ettringite minerals formed during the cement hydration process occupy the pores
within the moraine and interact with the moraine particles, resulting in a dense mass structure that significantly
enhances the mechanical properties of the moraine. (5) The solidification effect of cement slurry grouting on
moraine is primarily characterized by two mechanisms: compaction effect and skeleton support effect. For the
compaction effect, the grouting process increases the density of the moraine, thereby enhancing its strength. For
the skeleton support effect, the cement slurry veins provide structural support and constrain the deformation of
the surrounding moraine, functioning as a skeletal framework. This study aims to elucidate the diffusion
behavior and solidification effects of cement slurry in moraine, offering theoretical insights for moraine grouting
reinforcement projects and the prevention and management of collapse pit geological hazards.

Key words: moraines; cement slurry; grouting pressure; percolation effect; the law of diffusion
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