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Seepage and failure characteristics of fractured sandstone under
thermal-hydro-mechanical coupling
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(a. School of Civil Engineering; b. Key Laboratory of New Technology for Construction of Cities in
Mountain Area, Chongqing University, Chongqing 400045, P. R. China)

Abstract: Understanding the seepage and failure characteristics of rough fractured rock masses under thermal-
hydro-mechanical(THM) coupling is crucial for exploring temperature field distribution in hydrothermal high
ground temperature tunnels during construction. This study investigates the failure modes and seepage-heat
transfer characteristics of sandstone through laboratory THM triaxial loading tests and multi-physical field
coupling numerical simulation, considering various initial rock temperatures (25 °C, 50 °C and 75 °C) and

fracture roughness coefficients (JRC). The main findings are as follows: 1) Under THM coupling, the stress-strain

Yo #s B #A :2024-03-05

EEWE: {RE A RBEILE TR H (52374079) 5 [ K A R FBF2E 5 4 5 AF R4 5L 400 H (52104076) .
Supported by National Natural Science Foundation of China (52374079), and the National Natural Science
Foundation of China Youth Science Foundation Project (52104076).

EHER N X R 1969—), 5, 847 18 S0, FENFE S - TRAFS, (E-mail) liuxrong@ 126.com .

BAEMEE SN, B T4 B2k J: 00, 8IS 51, (E-mail)zhouxh2008@126.com.



%34 X H R F K-S ARSE R T IR £ 5 R A B A AT R 67

curves and failure modes of intact and fractured sandstones are basically consistent. The stress-strain curves
exhibit 5 distinct stages: initial compaction stage, elastic deformation stage, stable crack propagation stage, rapid
crack propagation stage, and post-peak stress stage. The variation pattern of permeability strain curves correspond
to those of stress-strain curves. 2) Prefabricated fractures reduce the sandstone’s peak strength by about 7%. The
duration of the post-peak stage decreases with the increase of JRC value, shifting failure behavior from ductile to
brittle. The fracture surface angle increases with JRC, and rougher fractures are more prone to shear failure
originating from the extreme points of sine curve. 3) The permeability of the fractured specimen first decreases to
its minimum value during the initial loading stage, and after 2 growth stages, the permeability reaches its
maximum value. In the early stage, seepage primarily occurs through the rock matrix and prefabricated fractures,
while in the later stage, the expansion of prefabricated and newly developed cracks significantly broadens seepage
channels, with permeability growth rates approximately 3 times higher than that of the early stage. 4) Temperature
elevation significantly affects the initial and minimum permeability values but has a limited effect on the strength
characteristics of the sample.

Keywords: thermal-hydro-mechanical coupling; fracture roughness; single fracture sandstone; permeability;

characteristics

T[] P4 Fg 3 X 3 2 M 500 2278 3t 2 0 A2 2, R O R R R T T I 0 2 DAL, L ol T R G
i AR A ) R T I R i o B e T T I M R — T BRGE T TR S 5] A R, B R 45
KK H In VR R il K Y 32 B R A, MR KB U e A A RO AR A N BB A AR e B AT 5 | R
T I A A R o0 B 2B A A B8 R K - R R 0 o — 2 E TS v M i B T 2B e TR B2 R
BATRE L.

Bt XF 2B A A TE B AR T BV BEIR R AR AS AL RIS, A B2l o 35 PR SRR Li SE TR T =
HAO IR, RGN T ER A AR N ) - AR R R B R AR AL SRR W B 1 R A
PEARSE Bir BEAS A AN K, 7 5198 P B BE 5 22 1 388 I i 2 80 1 O, 7 A R0V ) i ik BB R {RL .- Ahrens 555 ]
P BRI LB A 0 5 B9 K v R A7 a6, DAROUE A i) PO 5 P 20 B R i A8 TR B 46 g i, R R
B 15 R FNK I BAR TR 55 I K R 5G4 g A T 2o A b i H A, i MCE A IO R — i A AR
ELA S5V R T A ) IR 4405 100 25 S ) e A LK =i 4 0, R AL UK R AN TR B R 4 Ak
MHROR 22 52 3%, RN A BRI U2 B S o Kou J5 00 Ui B 28 B 41 XA 4T T8 i -
JIRE AR, 2 B 1 2K RS R L X e XA D {6 J3E A R ), 3 P SR A P 9 W (L 5 92 18 ) ) Y
TN D670 Bt L ) 98 o v 384

UTAESK , B 2 i 5 U RS B WA, X o A 18 IR 38 W - L R A R D7 T WL T R T R EF Y . Bk
TN TR A K- A G AR R . Rattez 25U A(E AR AU Y 7 1 37 R B -8 W - N T 9 S R
BRI RE T AL B A 0GRV S R R A S AR R TR N AR Y B I, X8 i R A AT T S8k
WF9E, 2 T 9 B R Xk AR R A B ) AR o sk AR AR i A B X 100 °C LR Y L0 A
T 13 BE 38 Wit~ I 3RS BIF 5, e BUAE w8 3l 5 TR A T 15 125 5 Bl LI 14 26 A 2 98 I O ML 2 ek R (B 3, 8
BIE 22X B R LW I AN . Zhang S5"F ] A EAF K0 I EE 5 i -0 R E 0 R ST, X BB A A =
F 46 5 09 46 1 e R s B PE R AT T [A) BB R A2 s o A, T 6 Ph 2T o v R B B R I A A =
B ARG, X B MO D A I TR #9387 R, A BUIN B R v i B B R S A A R
R ROCER o H&F""E S M2 BT B 0 AR 5, TR 7 A [ B R BURLRE 5 R[S 1B
BRI A P B AR TR, B2 1 T8 I RN S B 2L I AR

Li LRTIR, [E N A28 TP e T A DR A A AE IR K =TI RE & N 19 1 2 R IR B2 i LR E S o KT, AN T
SEBEURELRE 2 1) o A AR A% IR R AT L R X 6 o A 98 T - A s AL LR b o DRI, SO N 1



68 TR K F F IR %48 %

il 24 PR A0 AR AN ) 0 25 1R (T= 25,5075 °C), % 2L BUMLBE B2 (JRC = 0.10.20), FF R #—K - 1 # A =l
5, IR 5T = AT 2R AS TR  IR RAS [+ 2 BURE A i T 3 i IR — 38 D AR AT 1) 5 T () B R T R 0 M A 5 ) 2R AE
COMSOL Multiphysics £ {4 HitF — 25 B A AS [7) 24 B RE A B2 A0 5 1 460405 — 38 Tk — 1% s AL AL
1 #-Kk-NBEILWAREIT
1.1 XEHE
Aok 5 A5 3 S DA O £ R ) L ART B JE 3% TR FR W 28 R BOUR A B2 10 KRS i ok 4 BsUREL R 2, L P R T
RRMRIEERIEER R AR RIS . AR R EA REIEES S GBS ICERRE, i R
T A AR I 2543 0 FLIR AR SRR IE 520K o Sk B4 i AR RS |, Mandelbrot™ 1 Uk 2 H 439 4E 5 D B HE
AT MR LR 4B, B N HUE Sk AU
D:—lil}(}[logN(r)/log(r)}, (1)
D R B /N T A N () /NI BB E o 231l log N(r)-log r BUM L, W45 31 1 2% T RhR
B ELZR, HORER B A X AE R TR 4R 50D .
ik BB A A T A B & T B X Barton (10 2% TRC b o il 28 437 AF K008 o 10 A7 SR, e & B0 43
JE 440D 5 JRC 1 ¢ & 5 R3804 25 BRI, TR it AP C 42 i JRC 5 DI e & X
JRC=85.267 1 x(D-1)"", (2)
50 15 AT B AR R B X O 2 mm, B K L, 30 100 mm, LB Y A AR AR BE S 0°,10°F1 200, 7R
A, TSR & T BOA S G IRC 5 DY G 8 36 A )R AR 5 24 B RLRE B3 1A 73340, 15 30 14 40 T8 2
BACA @) A3 B4 A 2B IRC A, W3R 1 TR .
F®1 TABRAESEBITELERE

Table 1 The calculation process of fractal dimension of different undulating angles
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Fig. 1 Rock sample diffraction analysis
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Table 2 Mineral composition of sandstone samples %
— A e PR AT FHCA it B
Qtz Kfs Ab Clays
FE -1 32.9 6.9 32.9 27.2
R -2 34.0 6.1 30.8 29.1
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¥ 34.9 6.1 31.4 27.6
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Fig. 2 Triaxial multi-field coupling test system
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Table 3 Physical characteristic parameters of sandstone

A i R ff JRC/ KRB it/ KIRE L/ PP/ T i Y
JRC/R ML @) g (g-em™) (km-s™") °C
FpkE-25 °C 471.0 2.389 2.216 25
Fr#E-50 °C — 472.5 2.376 2.162 50
FRAE-75 °C 470.5 2.398 2.202 75
JRC=20- 25 °C 469.5 2.387 2.334 25
JRC= 20- 50 °C 20 469.0 2.385 2.208 50
JRC= 20- 75 °C 465.0 2.391 2.176 75
JRC=10- 25 °C 471.0 2.375 2.253 25
JRC=10- 50 °C 10 466.5 2.389 2.216 50
JRC=10- 75 °C 471.0 2.367 2315 75
JRC=0- 25 °C 469.5 2.399 2.461 25
JRC=0- 50 °C 0 470.0 2397 2.165 50
JRC=0- 75 °C 468.5 2.394 2.198 75
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Fig.3 The stress-seepage-strain curve of fractured sandstone at 25 °C
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Fig.4 The relationship between deviatoric stress, permeability and axial strain of sandstone under different temperatures
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Table 4 The results of permeability parameters of samples under different temperature conditions

K FE G5 WIRBBERE, NBEFRk,, W RBERL,,
JRC/iR L /(107"m?) /(107"m?) /(107"m?)
FrAE~25 °C 9.23 8.93 10.43
FREE~50 °C 10.01 9.65 11.29
FrEE~T5 °C 11.17 10.55 13.31
JRC=20~25 °C 10.20 9.11 15.54
JRC=20~50 °C 11.08 10.80 16.36
JRC=20~75 °C 11.93 11.67 18.24
JRC=10~25 °C 10.40 9.96 16.03
JRC= 10~50 °C 11.24 10.60 18.38
JRC=10~75 °C 12.42 11.36 18.93
JRC= 0~25 °C 13.15 10.48 19.45
JRC= 0~50 °C 14.57 12.64 19.81
JRC= 0~75 °C 16.34 13.69 20.79
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Fig. 5 The permeability variation of samples at different temperatures
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Fig. 6 The failure characteristics of sandstone under different temperatures and fracture roughnesses
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Table 5 Mechanical property parameters of sandstone

R g WA/ W (& N 3/ W 031 75% SRR i/

JRC/if# ©) MPa GPa

brFE~25 °C 70.64 1.126 8.36

FRHE~50 °C 50 68.92 1.083 7.99

FrkE~75 °C 67.71 1.080 7.98
JRC=20~25 °C 64.44 1.124 7.68
JRC=20~50 °C 60 64.53 1.124 7.77
JRC=20~75 °C 62.79 1.081 7.67
JRC=10~25 °C 64.00 1.084 7.58
JRC=10~50 °C 57 60.51 1.000 7.45
JRC=10~75 °C 59.12 1.083 7.25
JRC=0~25°C 65.26 1.167 8.20
JRC=0~50 °C 55 63.78 1.060 8.18
JRC=0~75 °C 63.30 1.126 8.05
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Fig.8 Comparison of the numerical simulation results with the experimental results
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Table 6 The calculation process of fractal dimension of different undulating angles
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Fig. 9 The failure process of sandstone under 7 =25 °C, P, =10 MPa, P, =3 MPa
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Fig. 10 Evolution characteristics of seepage field of fractured samples ( rock temperature 25 °C )
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Fig. 11 Evolution characteristics of temperature field of fractured specimen with rock temperature of 75 °C
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