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Abstract: The change of rock microstructure with thermo-mechanical coupling effects is the main cause for
transformation of macroscopic mechanics of rock. The rheological mechanism of granite with thermo-mechanical
coupling effects; and rheological model of granite are researched. As a result, it is a kind of feasible way for
building rheological constitutive equation. According to the research on rheological mechanism of granite with
thermo-mechanical coupling effects, it knows: (1) Granite is a sort of brittleness and hardness rock constituted
with multi-ingredient; it is provided with polycrystal multiple medium and prodigious anisotropic. Microstructure
inside of granite can be divided into grain, boundary of grain, intercrystalline cement and intercrystalline pore;

such ingredient and structure determine the rheological properties of granite with thermo-mechanical coupling
effects. (2) The rheological phenomenon is induced by dislocation and cracking of grain and cement of grain with
thermo-mechanical coupling effects, which is a compound rupture process with thermal cracking by temperature
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and damage cracking by stress. So macro-mechanical properties of mechanical parameters become a function of
temperature. Therefore, the viscoelasto-plastic rheological elements of mechanical model combining the
phenomenon of rock rheology and physical rheology are proposed; and the rheological model of granite with
thermo-mechanical coupling effects on the basis of generalized Nishihara rheological model is constructed. The
evolution model is deduced, which can describe 150 MPa and 600 °C granite within the evolution of the
constitutive equation; and experimental results show its application and rationality. Granite model of the
constitutive equation with thermo-mechanical coupling effects provides a basis for the establishment of high-
temperature geothermal development drilling rock of stability.

Key words: rock mechanics; thermo-mechanical coupling effects; granite; rheological mechanism; rheological

model; constitutive equation
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TR E AT M AE R H AR IR K S b THR R R, Rl
JE AR 3 SUA AT =kt +b (K R AR b 10 26 i
B, NI, b A FOIRE =0 NN Eade il 7
R 22, W W HR), RVl 2 Rl ) et AR A . T
K Q0)FEH T F
" 17,(T) 6= E(T)+ Ez(T)G+
EM  EME(T)
71,(T)
E.M) o (T)k + (e (T) + a, (T))(kt +b) (11)
XA BEATRI W15

Ezcr)tj+ EM+ET)
7T ) EMEM

<a1<T)+a2(r)>(kt+b)—’§2—g))azmk (12)

Kb c ABUNHHL, hIn A ERAE. 2t=0

I, AR AT AR T, B s = Ea(fr) +a,(T)b,

&

g:cexp[—

AN (12) T3

_772_(T) _ 9
=g,m e b g

FITCL, SO REEAE ) iR R

_ 17,(T) _ _ %0 |,
g{Ezcr)“z(T)k (TP Ezcr)}

exp[_ Ezcr)tj+ EM+EM
17,(T)

(13)

E,(T)E,(T)

[al(T)+062(T)](kt+b)—gz—(q))az(T)k (14)

2

b TR IR, HTAT =k =0, b=0
I, )7 X Kelvin AAFER IR BOIRAS T AR 77 A

: LL{lep(E_mH 1)
E(M) E(M) 17,(T)

(2) <oy,<o<o,,

M 0<o,<o<o, M, X (B)KFR/Hrnl%l:
00y, Mop<o,, BIRAHE NI
YERT, THiEE AP ANIRAE ] . e,
JEURBS TR sl B A9 TR A FH T (9 G R B

RFFIEEN T, Bl o =0, =const , XS
VB VG JEURE AR SR AR 5 R, bl 3L T G SRR ]
B [ RN AR A A TOAE N AR Z R, Bl e =g +
£, + &y 0 IX HLARARARYE I S B SR Ay R A F 78
BT[] AR

o, = E(T)g — E\(T)ay (T)AT 1] LLA3 i #i 3
PETCAF AR T RE, R AT =kt+b, AT

Oy
& = El(_I_)Jrozl(T)(kt+b) (16)

HMFESER T Kelvin AR ) - BAS G

/?\:

0, =0,, + 0y
&y =&, =& (17)
0217 = ’72('-)‘9.‘27]

o =E,(T)e,e —E,(T)ex, (T)AT

A DAFS L A R

_|_% _ 17,(T) )
& _|:E2(T) +a,(T)b—ka,(T) EZ(T):|

{1—exp[—Ez—(:_r))tH+az(T)kt (18)

UP

HI AR VE A S PRI R T LA
I JJ - AR AR«

03 =03, + 0y

&3 =&, =&3p

o, =13(T)é, (19)
O'3P = 0'51
E3p = Egp
12X (19) P 45 SR M i A
g=20"C% (20)

E0)
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e=g +e e =—0 o (T)(Kt+b)+

E(T)

%o _ 17,(T) )
a, (T)kt+|:E2(T) +a,(T)b kaz(T)—EZ(T)
{1—exp{— E,(T) tﬂ + 90" %y (21)
17,(T) 175(T)

B) <o, <o,<o

M 0<o,<o,<o i, I (@)KARIHrr%:
op>0y, Hop>0,, B2 A0 HREER.
WUIAEA R 5 1 R G DR R ) AR Al B 3 —
PGBV IR AR N AR . ATUR AR

Oy =0y, +0,p

&y =&y = E4p

0417 = 774(T)é‘4” (22)
O4p =0,
Ea4p = Eyp
Hr,
Oy — Oy
g, =20 "% 23)
AU

ARG AR T SC0Y JsAR AR A2 5 R ] 5

g:gl+ez+g3+g4=EL(°r)+a1(T)(kt+b)+
1

oy B ,(T) |
Ezmmzﬁ)b kazﬁ)—Ez(T)

{1—exp[— Eza)tﬂ+ %" 9ap, %%y (g
7,(T) 175(T) 17,(T)

azcr)kt{

3.3 RESHHAZ

(1) #IIREGAE R T 16 5 % AR e

KRR ET LR “211 TR A # %I H
H =R “20 MN i g i s il i o2 R =ik
KWL, 18 FH 2 5 I i AR K (K ik, IR
FIRE 600 °C J2 150 MPa(6 000 m HE R K NV /1)
DAY AE B AR R AT TR, b i
RIIG AR SR I B 11 Frows, B (1) A RoR
500 m HEVREHZKN JRAS(12.5 MPa), #ih 4 300 C
THEM Bt (2) B %75 1 000 m HEVRE KN IR (25
MPa), 300 ‘C~400 CFHEFIE; (3) C 7w 1000 m
HRVRFHK N J1IRAS(25 MPa), 400 CIFAZET B (4)
D 7K~ 2 000 m HEYRERK NV J7IRZS (50 MPa), 400 C
IFARKY B (5) E 67 2 000 m HEIRF KN 1R A (50
MPa), 400 ‘C~500 ‘CTHiFTE:: (6) F %7~ 2000 m
HRYREH KN SPIRAR(50 MPa), 500 ‘CIFARI B (7) G
Fx 2 000 m BEVHR KB 7R (50 MPa), 500 'C~
600 ‘CTHEFM Bt (8) H #7~ 3 000 m HEJRFR/K NV /)
RA&(75 MPa), 600 CliE kB (9) 1 &7~ 4 000 m
PV K N 719K A5 (100 MPa), 600 °C i A48 [ B »
(10) J #7< 5 000 m /KN SRS (125 MPa),
600 ‘CIFAZIBL: (11) K RRBIRI B

HE 10 w50, B ANEIIRS 7 —ANE R
A, ThHaE, Ea AR AR, W,
ThE IR L 4o LR A TR e RS R A
FIIR ARG A, A INEN I PIRE N, BEE R
Thir, e b A il B A R N A Rk 2 [17]
PR, 5 JT AR R N S A TS
Ak, FEM RIS A, AP
B AH IR RS T B WO I T, 6 A R
AR R, AR ARG R . e R R I
BNV )08 B A G AR ek - B IVE

S 1 1%

K11 600 "C K% 6 000 m HEZHK Y. g LA A% I 25 L 288 Frih AR 4 78 it 2
Fig.11 Typical complete curve of creep behavior for granite at high temperature and hydrostatic state of stress
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(2) ZHNH L5 R

ST ARRIG 25, SR A B VRN i AR AR
R S ET I, SEDETREA 25, TR
AR AR 1 26 5 R0 PORLRE B w4, IXOR IR
RSN ) — . HET, e S AR
B ZHG E 2R B T, e/ ik
DA KL AR 2 4 iyl t22 28 o, g/ — s
G Mgk, AT e AH OSSR 52 B ok 3l
(7530, TV RS g A M R ) H AR A A v
S5, AT

/N e (A SR R 2, A n 4RI KL
(X YK=L 2, - n), WAERY ZHAER X
Mt RBE A CmRE, Y="~1(X, A, Hif
p NAARR, BIX ={x, X, - X}, A7 q DEE
FHL A={ay, a, - a}: K g MiE R
(R, S0 B4 AH I (R 2 7 J7 Fl Qe —7fe
IR H AR R ) IS B B/ MEL, U A DL 45

Q:im—f(xk, A (25)
Ry (=1 2 - q (26)
oa.

R A REUN, WEREVIMGME A, KRG
T I e S IEACKIE RS A -

TE3RAF il v F A B 7 U A2 i 00 B 1 it
b MR D T IRVE R B AT g R, R A A
R A B i AR (A S S HOAT U . B
AIAN, fe A IRAZ N Sy Bl 100~125 MPa
(EI 4 000~5 000 m HEZN /7)), Wb {4 400 °C ~
500 ‘CPH, BT LATT LG AL E o, = 100 MPa,
0,,=125 MPa, HRAEIREE 73 3 Pl ikt # ) #
A F AR B 0 AR B R AR O 2 B AT IR -
@© 4l 400 CFeo =100 MPa LA R 25 Rl i K W
JPIRE FAER AR 25 RN 0<o<o,<o,, X
P BLEAT S50, SR EREDIRE N E(T)
EM). 7(MT), o), a); @ ERHFLULES
ASHFERE L, M4 400 'C~500 ‘C, 100~125
MPa N %5l B S N 7 RAS TN A b 2 e AR a0 5 1L
X 0<0,< o<o, EMEHIATSHAR A, M
fifi 2 55 6 NS n,(T): @ WA 500 C K& 125 MPa
DL b 25 3 B S N D7 R 25 A B il AR 3R 56 4 R x
0> 0,> 0, >0 XRMEILE SR 7 M2 n,(T) . &
ZRAFHIIRE A AE T AL A AR S AU 45
B 3 Fion.

# 3 ANREVEH T IE KA AR SHOR M 45 R
Table 3 Rheological model parameters to identification results
of granite with thermo-mechanical effects

i . M «) T 7 5
IS I ET) EoT) e, o
MPa 1C /épa /épa /(10%+ /(10"® /(GPa- /(GPa- /(GPa -

ch -CchH h h) h)
25 100 78 25  4.00 20.00
25 200 60 35 7.5 14.50
50 250 55 37 783 14.00
75 300 50 40 936 13.12

100 400 48 42 1330 20.15 11.00 15.00
100 450 45 44 144 22.06 1050 1458
125 500 46 45 6.93 23.00 10.00 13.63 12.68
150 550 45 44 6.32 2346 9.78 1356 12.00
150 600 43 46 450 2290 950 1250 10.58

R 3 WA ) SHU AR, sk
600 °C & 150 MPa(6 000 m HIVEN /1) LA %S4
iR BEROCR W
E,(T)=75.20exp(-0.001T)  (R*=0.848 8)
E,(T)= 11.379InT -26.161  (R*=0.978 3)
o, (T)=2x10°T* —4x10°T%+0.001 8T —

0.299 4T +19.937 (R°=0.8167)
a,(T) ==7x10°T* +1x10°T* -0.010 3T +
3.501 2T +428.75  (R*=1.000 0)
17,(T)=-5.7931InT +46.057 (R*=0.982 3)
(R*=0.941 8)
(R*=0.960 3)

17,(T)=-5.9113InT +50.53

1,(T) = -0.021T +23.303

(27)

Y R@DANTTI 3 ML, &54 HARIEE

ARG, BRI k Ab {E, WR43 600 C A 150

MPa(6 000 m HE R A ) LA # RS GAFE FH S AE
AR AR KR

4 BMOBEIERTENERESHY
XA IE

MRYE PTG NAE RS A AR 5K
ARG SR RAT HAR AV, R ENE TH A S 0
EREATXS B, RS TR G A1 H] N e b iR
AR AR R AR
4.1 EREETEREREATRERREEE
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Hil&l 12 AL, fEEE S N R A AR PR E
WY GBS, 7 RWI BT TR 51
A B AR AL 5 2R )38 AN 5 B

0.25

U AR VA%

16 24 32 40 48 56
il /h

—0.10

——25MPa, 100 CHIR{H +25MPa, 100 ‘CiRI&{H

——50 MPa, 200 CHigf =50MPa, 200 CikEi{E

—100 MPa, 300 ‘CH!ipff 100 MPa, 300 Cik#{E

K12 e R AL K I A R R S IR B0 B

Fig.12 Comparisions between results of the proposed
rheology model of granite and experimental
results with constant temperature and pressure

42 BETW, NHEERENENTSHEXER

i 36 56 IE

FRPEAES iR 7, fREF 50 MPa N ) AAZ,
200 C#| 250 CHdfET: k=773 C/h, b=
200 ‘C; fRFF 100 MPa W JjAN4E, 400 °C# 450 C
THEE R : k=8.33 C/h, b=400 C. ¥IHACA
TR ARY Ty FEHAT BV . B 13 Ul T
TR RS, AOTREA AR MR S RS AR O R
() TE A

A%

| ¢ 50MPa, 200 ‘C~250 CFHkiAu{H
—0.60- = 100 MPa, 400 ‘C~450 ‘CFHiiXK(H

——50 MPa, 200 C~250 ‘CTHEIiEME
100 MPa, 400 ‘C~450 CTHEIIiEME

K113 AR, T RO SR RN R R AR
AR b5 I 1) 96 AR IR B A 5 IR X L
Fig.13 Comparisions of strain-time between results of the
proposed rheology model of granite with thermo-

mechanical effects and experimental results
at constant pressure and temperature variation

5 & i

(1) b e it Tof el 22 b s 34 R AT 22 1

AN TURE AR A, AR K AR R
O L O FA I B /STy AN o v v N1 174
gEH) K b TR FLBR,  IXRE 4L 3 RIS Faks v e e i 4
FERIREAAE R B AR R S AR WL

(2) AR EEH M ER A RIS T2
POIREGAE T 5 R P R e 459 B ok R 7 A
(I AE S Pl s e, R 7 2 () B 2R . )
FEAE MR R I R A R R . SO S R R T
h RS BB PR e B FLBRZEBR K A s ]
PIRASIE SO L =4, PR E0E, M bR
BE KA ETE R G H N 1Rt ) 2 28
FCA il PR T pR

(3) e TR G AE 540 AR 0
AR TCAE )2, AR SOV SRR e b T
POIREGAE R PR A AR, AR AN [RIELRE Y.
TR I i AR 4 R th & R AR R R WEA T S 40H
S, HESH T AR 150 MPa /% 600 C LL N AE K4
AR AR T RE . SR, 784> R W BT AT
IR AE T T Ak 2 AR AR AN ) O 2R IR
R BLE

(4) WIS HERAREEAER T AL R AL
il A A GRS Y BRI ROk T
PIREAAE RIE RS TR AR A T AR AT 2 A 30T
Jite HOTREGAEH ML A AL R A 5 72
(RIS 7 A T reilih e T A TR AR B (A AR
PR B AR G R, BASSHME.
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