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Study on the Effective Thermal Conductivity Model of Fractured Rock Mass Under Normal Stress
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Abstract: The temperature field of deep tunnels and the development of deep mineral resources involve the thermal conductivity
of rock mass. For the nonlinear change rule of effective thermal conductivity of fractured rock mass under normal stress, based
on the two-part Hooke’s model and effective thermal conductivity series-parallel theory, a theoretical model of effective thermal
conductivity of fractured rock mass under normal stress was established, and the influences of model parameters on the
effective thermal conductivity of fractured rock mass under stress were analyzed. Through the numerical simulation results of
the change of temperature field in Nigel Tunnel, the reliability in engineering application of the model was verified. The results
show that, the theoretical model prediction results are in good agreement with the test data. The effective thermal conductivity
of the fractured rock mass in the low stress stage is mainly affected by the soft part of the pore-slit closure, and increases
nonlinearly with the increase of the stress. While the effective thermal conductivity of the fractured rock mass in the high stress
stage is mainly affected by the hard part of the pore-slit closure, and increases slowly in an approximately linear manner with
the increase of the stress. The larger the angle between the fracture surface and the direction of heat transfer, the smaller the
effective thermal conductivity of the rock at the same stress, and the higher the degree of non-linearity with the stress change.
Comparing the numerical simulation results with the measured data, the thermal conductivity of the intact rock mass is on the
large side, the effective thermal conductivity obtained by the stress-independent effective thermal conductivity model is on the

small side, and the coupling model of normal stress and thermal conductivity is more in line with the actual measured values.

* YR B 2024-12-24
HEWMB BHEHRBEILE W L H (42077243)
TEZ BN R (1964—) , T BB Wi, 97, F NG + TR SR TRSSATTR T/E. E-mail: wkdsjl@163.com



BAERF EAQEATHRMBAAXFHRZBEANRZ[I]F LR L IFE,2026,46(1). 151

Key words: Fractured rock mass. Effective thermal conductivity, Two-part Hooke’s model, Stress. Temperature field,

Numerical simulation

0 3

SHRAEBENRE GENEZR TSR
— S R AFL R VR KR R R R Y
M AR TR R I L R 25 ) LA R TR R IR T
SRR TR 3 88 P 30 5 T B g AR 28 ke
TERIEY . ZBA RS A K E LB S B4, B
R T T A 1) S e AR LT N R
B3 i A Y R N R e O N T i B R
e M o 19 52 2 P S s T R v ) R S AR B A Y
SRR, B, B R A RS B R A
TR X E R TR A T A EEE X

AT, 2B A 1 A R R B R 220
PIZE, — R JE IR A, O — SR R R L OF
WRASE AR e A% 336 Uy 1) 5 LB TP AT L BB A R
BT3RO WA AR R RO

Ae=w A Fw,d,twd, (D

KA WERARIRRE o 0w 0 M AL,
A g Ry A R I OAH B R R o RO 5 R

BRI TR 5L A 328 7 1) i T SR T, A 2R
Bl R T LR 3 R A DA R R R
A -

gaill¥

A[ﬁxﬂ} ‘ 2)
B JE BB R A3 5 BRI b I T R s A
E OB S N S . W R | B A S N 1 o ]
B, R T OARAT T A e R RS A R B
SCHN"U 48 H IR A 18 1 P Al S AR 0 - 386 fin 4 1
SR XI5 AR AT A TR 45 SR TN AT A 06 B
SR S TR 2 AR A 1 R A2 5 R A9 7 7 10 D £k P 2
B gh ) 2 A AR AR AT ik AR B A R S AR
PE. DRI, o T 0 S4B S IR 38 A R BOE
7 BN T B R
ARD 235 BT SR R AR T 3 R SO
58, MAQSOODL 2l i 7 KA K R 1) £ 1L [E 45
WA MAR R B R FLBRRAE 8% ~17%
Z I8 ; ABDULAGATOV %558 R J] 4 25 #4016 #F
% T W1 AR AN [A] 8 2 AR 5 I R B 5 e,
JIFEHITE 0.1~350 MPa; FU &1 WF5E T 4 Bl R 4R

A6 B3 2 R SR R R AR R I BOGRAL, B g T
5T 1.5 GPa; GORGULU £ 5 5 Fa A i 50 1% %
HEAT T AR S R R TR ) AR A i e S5 SRR,
PR UNCE IR Y NITTE: i N Y S R O S h e kLS 1
TR 25 T T A 56 A E e kAR A, ROk i A A A
NI R R Z B R, SR, ik S0 A5 Y
HEZANEWBE B0 G B Y SO HE LR R
e X NVARSES S L eI

SRl A5 AN R T X R RS I R R
AR S R R e N Ry T v B TS T
BA RN ) 5 S AR BOR G RA BUE T 5 2R A AL
BRI 5 0 ) Z RO R, — MR i
Hooke & H#E43 M A AR I T3 — A8 & R SR T AR 22 WF 5¢
T 2R O T 2B AR ) - AR R R SR
R FN AR LR AT A2 LIU S0 R 22 R |
P& TR AE M B 3R 2 L S LR A AR AR T 1 XL
Hooke % ( Two Part Hooke’s Model, TPHM) , 1% 15
RN LR AN A8 43 Sy BLSE N AR 5 TR AR PR 43
HERR AR T R B R R AR PR S PR AR

B XT3 () B, AR SCEE T ORISR AL
AL K TPHM, AU A R R 45 28 8, 4 5 T4 3
B R 1 B ) 5 A R AR BOI A AR L M RS
FEAY, I3 2ok AT 12X 0 A 0 E A Y (1% A 1 L %k
B SC S BGHAT WUBNE 317 L 3 — 20 25 65 BB R Y
X COMSOL #AF#EAT Z I IF & S IR A T 44
FBE N 13 2 8] A N, DL R BT A R R
TR S FE X % 38 4 TR R AR S $2 {1 2 2 R 35

1 W% Hooke t# A

LTU 455k 2B A 24 v — 30 2 X B )
SRR e AEAR N T A TR AT AR X 8 %8 0 B
DR Y AT R LS IR R v E 5 T AR
F8 0 B B 7 7 52 I8 A A R I /N B R B
LA TR A A v E A A 1 FR

HEH B
1 WHEEGRSE

Fig.1 Two-part spring composite system



152 g LB R S5 A

2026,46(1)

MR TPHM 5, Al K R B R A i £L 2

B AR DAy B L 28 AR R AR AL 2R B A AR
V=V.+V, (3

AV OB EAR B VeV g 5l O B A AL 2R
FIERAR AL 2B AR TR RE 3, 7 SC b 45 ) B A
SRR AR e F ¢ o3 A BE JSAR o F0 AR R 4

Xt TR AL B 52 9K 1) 18 T T 152
IR W S S
dv,
|
A K e 70 3l R A £L 2R A A BB 2t A RS2
PRBRIN S 50 S FLRL B T A2 3] B A7 2800 1) 1V T

XA OB, BWG AN o =0 0,V =
Vo I,

do=K de.,=—K, D

o

V(:V(.,‘exp(*fJ (5)

AP Vo AR R RS T B AL R B R B TR B
Mo AT R AT S B AR 0 BAUERARRL RS

X BE A FLERBR A2 3% 1) B2 7 VR TN S 6 T T A%
O A8 PR R A T R IK N

dv.
de=K.de,.=— K

=
K Kove . g0 ) Ry B AL 24 Bt 0 (A BRBE 5 D TR
TRFRN AR

X C6) Bar, BRI &N o =0 B, V. =
V.o U,

(6)

o
Ve*V().e(I*ITCj (7)

A Vo AR R RS T B AR L R BRAR R,
R, 92 1w 0 0 AVE T 9 FL 2L BR SR ER S
V:VM(l—[%ej JrVo,‘exp(—I%) (8)

ZEBA R FLIR B W] R o
vV V.V,

V. v, e )
@0 — Vo (10)
Vg
fo. =22 (11
' V().R

Vi R T R SR B o D AR
TAERILBE s o o o0 B A I 71 TR 1 BE 44 L
ZLBEAT I ) FL B BE 5 00, v o, 20 0 DA AR B TR ZS TR
R AR AL R BRI 1 LB BE

T A AFL B BE I AR B ) T B9 2 PR AR B

IR AE Vi B G O AR (9) 15 3 2 1)
N AR R B A AR LB Rk X

got:goo,tcxp(*l%j 12
soe=goo.e(1—[%j (13)

o

— _% _9
SD*(PO.C(I Krj+soo.texp( Klj (14)
2 AR FHRAHHEA

H T 2B A b U A 7 1 P SO HR IR
FIRAR L X R A kT R RO AT A O A
B0 PRt 2 R B 2R T 1) P R B S I B
— W B BEAT S A AT 2 B

H
¥ [T e g
HE
¥ .

RFTT X
B2 B-REFE
Fig.2 Schematic diagram of a single crack

2T T, 48 50 XY BAS 7 1) 1 1 il B
BBIE s T T 4390 D 2R B i T 1) S HL ik 1w T 180 9 3
JEBRIE so BT S X J7 e £

XY it BIRERE IR A T T, W
AR N

(T[]( cosa sinaj(T,J
— (15)
T, —sina cosa J\T,
P AE 3 T ) 5 R P AT L SR R X
(1) s YA A% 338 J7 [n] 5 2L B T T A, R E 06 4 =X
(2); I F I8 TR AT 2B A& 2 <, LB
@ TR TR H,
Ar=(1—¢)A. +ar, (16)
A,
":(1*¢)Ag+¢k\.
A A 3R A BB T ) B HE Yk 1) )
AR RREGA A, AR A A LA R
Fourier f&H4E # .
q=—AVT (18)

A (17)



BAERF EAQEATHRMBAAXFHRZBEANRZ[I]F LR L IFE,2026,46(1). 153

g WIGREE VT iR .
i 3 A AR B 48, AT LA B R A A bR R R B PR

N
q.) (cosa —sina)(q:)
9 g ()
—Afcosa  A,sina cosa  sina ) (T,
(—/Msina —A,,cosaj (—sina cosaj (T)j
a9
AT A5 3] B — ZRL R A 1 A 280 AR 3R B A
(effective thermal conductivity model, ETC) ;
(/\{—/\,,)cosasina)

(A¢—A.)cosasina  Arsin‘a+A,cos’a

Arcos’a +A,sin‘a
D,,](

(20)
BAX (14 530200, 1] LIAS 2] 5 F TPHM
BRI A A% PR — SR AR R 1] N 5 A RS R
B G BRI (ETC-TPHM) , X T& ZH MY
FriA AT I IS 574k Sk Z2 2100 A A D 4 S4B A0 £

T H 2 1 B o B BOT- 1.

3 BMARIEE S5 B0

3.1 RESEHRIAZE

KAOMK OO P &S BT E LW T .l
ARG BNV IE M ZE A A o0 Koo HiAl
R AR A 2 0 R LA 3o 7 B 08 405 R DA A
-l R R PGSR, B3R
COYNER ifi it Weber 4075 ] (9 A [A] [ & F b 4
FLBREEHE T . FERm R I E TR .2 (1) A AR
TGRS W] WO T B N VR R 1A AR AL
B B2 5 0 ) R AT LI B B 2 3RR . ix BN
LD A7 M 55 — T, B4k R 3 M 2 5 9 it i 52
B NHR — o/ K H @0 T @0 = @o.c T @0 s
AT DUE i 2 5 RN SR K o Bl @0 K AT
DA o BAR N 3 T B AL Bt B O AT A A G D
A E] Weber il 0P AR S HAEN ¢ =

9% 00, =0.48%,K.=3 378.38 MPa, K, =10.60
MPa, M 3 du] LA H . TPHM 45 58 538 5 500

= BEUC L,
9.6
= R
- K — TPHM
5
W
&
=

8.4
0

ZIO 4;) G(I) SIU l(l)()
[ FE/MPa
B3 HAERTHELRE

Fig.3 Porosity of sandstones under stress
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Fig.10 Temperature changes at measurement points
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