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Abstract: Both rock slope instability and tunnel collapse disasters in cold regions are related to the frozen seepage flow in rock
fractures. In order to explore the evolution mechanism of the frozen seepage flow in rock fractures at low temperature, a
visualized experiment platform for frozen seepage flow in rock fractures under low temperature conditions was developed, and
experiments of low temperature frozen seepage flow in rock fractures under different flow conditions were carried out. Based on
the image-processing technology. the dynamic development process of liquid-ice phase transition was quantified, then the
relationships between the liquid-ice phase transition and the frozen seepage flow properties were analyzed. The results show that
due to the difference in heat exchange intensity between liquid phase and fracture surfaces, the liquid phase is frozen firstly in
the upper and lower regions of fracture outlet in the frozen seepage flow process. With the development of frozen seepage flow,
the areas of ice phase increase gradually, and the seepage channel decreases accordingly, which results in the increase of liquid
phase velocity and an intensification of thermal convection intensity under constant flow conditions, so that the ablation

phenomenon occurs at the convex places of the ice phase on both sides of the fracture. When the frozen seepage flow reaches a
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steady state, the Reynolds number of liquid phase flow is obviously greater than its initial value, and the pressure gradient is

roughly linear with the flow. Furthermore, the larger flow has an obvious inhibitory effect on the freezing rate of the ice phase.

Key words: Frozen seepage flow. Visualized experiment, Liquid-ice phase transition, Ablation phenomenon, Cold region

engineering

0 3

FEX RRTE TR B TORE L v Ll AT 249 8 ¢
FEVW R AR AR B A, A AR
PR T bR K B 2398 T E A, R AR & E iR
T4 LR 45 PK , 5 BRI T 38 U] | T S
ZABRB i B O A R N R AR B T
JRARIRAE FH T 5 7R 224 B R 445 12 T il £k B 73 F 9 6 9
DA AR AR e PE R ) B R X,

HRT 2% & AT 5 IR T A AR 2508 T R AT
TRER BT, I BS T A Y 00 B R R
1M AN E T8 R B I, A R BRANR VR 458 it #2 rh
FEFEWR —VKAHAS BLG i 2 2 i 2 ] WAk B R, i
FE T W — VKARZEAE TR S 1A P9 8 G008 285 ) 46 43 3 Ak
PR VOB R A5 AN A s 400 A R A5 L i 25 B
FEH U 1 RCA R BB R R ARNY ., X R A
SR GE AW - VKARAE (BB S S L 3 T OB FLBR
A AR B T RBA IR AR - K- 3 (T - H - M)
R A A5, I 98 Xk T8 [ UEA TR S5 A L, 45 SR
B, 2 W - PKAHASVE 2 e, A B E B T
B s HAN 260 [l R R - vKARAE S IR T - H -
M HE A AL 38 2o A5 UL T Y 280 A T R 2 i
AR AL - KA E SRR AR B &R, H
T2 98— VKR 78 b 8 X6 25 AR 35 3 2 R ) 1) A 5
KRB B RILBR oK s B n) i, SR
7 » FH T 24 B L AT 45 48 45 4 5 FLBR A i A B A Jo 1
DX ) 33k e 2 B O 5 423l 1 5 W 1 24 B R 45 5

W42 T B AR BRI S B W AT TS &
GRAEDV AR 2 T T A Y 2 R A AL R
COMSOL AW 5 5 1R 24 B2 AR IR VR 2598 il 5 1k
S B BE - VKOAE AR R R G R SR VRAE B T 0
{8 S5 B W I Y T HERS s VITEL 28090 gy 75 ok -
PR A AL, W ST - vKORE B X b T I R Y R
i), 5 5 F B L Bt G TR 77 7K Sk i 3860 Y — VKR A8
RN G, R I U VAR A R AR A R R AR T K
SR SR A T R - VKA AR SRR RS T AR 4

gaill¥

A R BRI 7K — A CT — FD R4 B R0, 3 HH 486
JE 1Kk 2 W RRAR TR R 45 A2 s R VT R T
F A R B 501 TR 45 1 T A 1A 4 BR AR IR VR 45 78
R - VKA AR 2 5 8UA R R B B MR
SEMIN 51 gy 7 % JR BB I 1 5 AL 4 — 1%
SRS A BT B 5E T MR KB B X BRI - kR AR
ORI . R B AL B 5T 2 TR R BRI TR
B I 0 T2 B kR 0 s L T O )
- VKA AR i R S B TR 56 T B M IR - VKA AR
T FR XA R SR R 2598 TR R R I D

PRI S AR BIF 5T X 9 X A S B VR 2508 T ) J
W& T — Tl 28 1% 5 R S B AR R VR 45 92 T A I
BB S5 G mTE R  S ER A B R IR T
VRGE 15 s B v R - VKO R 5 2R B 38 R e 1 AL
T, LA A 9 XA 5 2 3 0 B IR B A — 5 1
W% GHE . ASCHEeE BE T R
A S84 PR AR A AN () 9 e 2% R T TR — KO A% 2 25 3 Ak
FUAE ;s AT TR — UK R 2R Bl 25 38 Tk X 284 B AR R 1 4 38
VR R S

1 FHRAERKERLE SRR

1.1 REEE

WIS R R B IR R 5 0 T AR A, B
R T AR B AR VR 25 38 i v ki g e 17
WE 1) s, 5 % i He R W R
gt KRG B R ERGH.

(D) % RG, G RA TGRS, &
R A B IR BRI 2 — 25 °C, =R A
+0.5 C,

(2) W &g, 76l A A T &R A i TH 3R 1R
Sk o AT S S U 0 2R B AR Y R 45 8 T 1O 5 R 5 T
UL S s ] AL RO iR IR AR AT A h A 4
ZEREATARAT .

(3) MK RS, KH =M WT600-2] 553 %,
RPN 9.45X10 7 ~8.36 X10 ° m*/s, i m
TR BE A 1%,

(D FARERG, R 4 88 PLC



2920 ok B R 5 A

2025,45(7)

— R, 56 o R Fe 7 A% RS SR S 1T K
FE il P AL R A S R I SR 6 TR TN AR R . e
AEE ST 1(b) iR,

ﬁfﬁﬁm
At
BRE ]
iy

(b) FHE
1 REEE
Fig.1 Test equipment
1.2 ERRERIKES S
TE B B IV 52 7 H (300 mm X 150 mm X 30
mm) 1 92 RO W 9 2R 25 6] (200 mm X 100
mm X 1 mm), A AH 345030 A R 24 B, 2
Wit A 300 o A TR AR B R A A
5 A AMAL., WrE MR YA 16 g2z AL, i
T W Al (BRI BRI 5 ) MR JF IR BT Sl 2 mm
A 75 BH O v 2L B RE L AN 2 IR

B2 HEKHE

Fig.2 Fracture sample

1.3 RBESE

(1) FC e b 2 b A S WAR . M T T 3 v e
D IBURLIG A7 AE A BB MM B 2R 28 B
P> &2y R 1.0~7.7 kg/m* " AW 58 AR (19 U8
WERES5.0 kg/m’, WIRGRDPHETSITHRE
TEH, IR TS Mfi 5, Bl 5 L Jeib 2k .
YR A 6 Y0 > B o Y B T L o2 8 1D 4 AR R S
() 52 ) 5 3 50 4o 2 P AR B 30 min ff B FEAR B PE S
WO FEAI U VD ORI VE

(2) ¥ 2Pl A e A RE G Ll 2o K [
ZABR A M 59 8 7 il g 09 T 0, 0% O
F G 3 2 AR AS TR R SR K R g . Bk
0 45 I W PR I N S, vk D Ui v B i
1158 22 .

(3) # B 58, 7R AR o T e s i
PGk 7B WoR B A I R G L R IE AR T G

(D e RE, AR RE R EE S T —40~
—10 C. NI BB IR BEIREE y — 25 T, il
CIREB A HTH #2309 Kb R o i R
Gy ALY, AR AR 2 S I SR A RO R L B B
3 s ILFE—WB LS .

(5) Ja sl 3l 5%, R 213K 50 066 3l A O i il Ry
9.45X 107" m*/s,1.10 X 107° m*®/s,1.26 X 10~°
m®/s F1.41X 10 ¢ m?®/s" 3 3 7K ¥ 2% 508 e v
B R GG R A 12 °C 3 A g0 W 4% mT
AL RBAVKARAE O h ZE A AHAR R BLE AL &, HAE 11
h B YRR L BE s TR T DA 2 B AT 11
h ARIR RSS2 il , A 3 W AORIE B v] Sk .

2 ABHERLA

2.1 & - skEHERAL S

W 3 FroR R AR AL B R, AT #4643 17 24
B B R R 598 i (BB U T [0 FH 22 2 40 I — oK
AAAZ AL R BAR AR AN F

(1) 3l 5 v 9 AR 3k S i i S R 45 8 Wi 6 o
FELRERR 1 h AR R A an B 3 () TR

(2) KA MATLAB 344 % i 50 J5t P 3547 38 39
FIIR A A 3 45 31 4 50 H W — oK T AH 43 A B R 1L
i 3¢(h) s,

(3) f#i F§ Photoshop %% JK B & i) 2 % 5 1 A1
JEE A RRE R KR 43 ) F R € R (SRR L
3Co) s (BEAFR R UL AL 1O



MRE . FABERA T ERLRAELESANAETANREFA]]F LR L FLR,2025.45(7). 221

(4) FIH Tmage] 43 3 0 2 96 A 5 DK X 35 i
ARECELY G P A TR AV N R B H L €/

B3 wRAEGLETRE

Fig.3 Visualized image-processing process
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Fig.4 Distribution of liquid-ice phase in fracture at different moments
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Fig.5 Variation of ice phase ratio over time
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Fig.7 Variation of liquid phase temperature over time
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Fig.8 Variation of pressure difference over time
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