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Abstract: The statistical damage constitutive model and brittleness evaluation for deep high-temperature shales
represent key research topics for advancing efficient exploration and development of deep shale oil and gas. Taking
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the Wufeng Formation shales in southern Sichuan as the study subject, this research systematically investigates their

microstructure, mechanical properties, damage evolution patterns, and brittleness characteristics under coupled

temperature-confining pressure effects through XRD, SEM, and high-temperature triaxial compression experiments.

Integrating thermal damage variables into the stress-strain process, this study establishes the first statistical damage

constitutive model based on power distribution and the Mogi-Coulomb criterion. Analytical expressions for model

parameters are derived, and a novel brittleness evaluation method describing damage evolution rates under

temperature-confining pressure interaction is proposed. Results indicate: The average quartz content in Wufeng

Formation shale from southern Sichuan is 68.49%, classifying it as typical hard brittle shale; temperature increase

induces thermal cracking and degrades mechanical properties; both peak strength and elastic modulus of rock

specimens show positive correlation with confining pressure and negative correlation with temperature; As

confining pressure increases, the composite crack failure characteristics of rock specimens gradually shift toward a

failure mode dominated by single shear cracks, with an overall tendency toward shear failure. The proposed

constitutive model accurately simulates the stress-strain curves of specimens at different temperature-confining

pressure stages and precisely describes the peak strength and peak strain of specimens. The damage evolution rate

exhibits a negative correlation with confining pressure, indicating that the model accurately captures the suppression

of specimen damage progression by increasing confining pressure. The new brittleness index decreases with

increasing confining pressure at both room and elevated temperatures. Furthermore, at the same confining pressure,

the brittleness index decreases with increasing temperature, validating the rationality of this indicator. These

findings enrich the methods for evaluating rock brittleness.
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it

05

TERBIR AR “XB” HbrpIHEsn T, FRIE 5
B AE T R AR SR Kk o ia Yl (F B 4,
2025). Mo, RE GEE>3500 m) TUAS BT
TR 65%LL I, RA KM K E SBONR . %2
i TACFIF R RER D, W2 GEER<3500 m)
TUA A ST A AE 72 (F K58, 2023; Suo et al.,
2024), FHEETRE A, WEIUE RAHEK, B
J1 R E SRR A, SRR R M AR A F
Fi(Suo et al., 2024; Lei, et al., 2024). LAPY)I| 73
IR IR Z DA S I R0, I R IR R RIA
6600 m, HiZH/NAKFEFR SN 132 MPa, HiE R
JE ik 180°C(F M4, 2023). 78 3 my i v T Hb i
M, HABERHEE R, HeiRfER S5
R A, bR Eme )5 itk
FHIE. BRI, RZ TUS A A 122 RAE L 78 70 7%
FEHLZ S B, B KRG RIRE TS milR
7150 B R A, ARSI AR S AR
RUUETT AR S, R HEE R A
WHES TRER =

HAT, KESE WWOR-Z WA R FE T AN iR
FE - 1R N B A RSN PRS2 R 1) ) 22k

Kranz(1983) ¥ H 18 X1 55 H T 90 1 2 ik 5 B0 #4
HREH AN T, RGN K. Tk EE
ZE(2010) AW £ 5 73 BT wei B 0) 225 7 i MR 485 ) 52 i
W 7538 5 A 2 i AL B 5 1 il FL e S P A i
LG, BE A I AN WS s S O 1 25 AL
Mosaddegh et al.(2025)f# ] XRD. XRF. SEM #1 CT
T ER A A R N A ARG R
S IX 35k I W = R RN ORI 22 . Huang et al.
(02T 1 e i i i S ) 25 A TN 8 B R RRALE
R IR R 200°C I FHERT, SN 2 3 ok
AR E A TIRRAE . Wang et al.(2022)F 78 A Rl IR B T
WhE D1, WA R T S R 5 %
Baf. B IR HT eI Rn, NIRRT
FBAFEM =S ARER A A RENEMMEE S
B, A A S R K DL BB FR S T RE S
BRI A A AL S R e SRR Y
KRR Z, ARG UHER ) 5 58 SRR A A B - AR T
TR, $4 NRIGHT 7T S5 B TRER H Z A0 1)
O, RNERSEAMRA. R e N & T
FEUL RS HE AT SE MBS KA S 4R . Hdh, &
THER 5 AR AL 2RY R 1% B WA Y 221 0 5 B 3 A o
Borbo s MG TIOW - R S AN ST 1) K
JEREE, HAeA BERIE A Ak fE b 1) 71244
HLHI(Liu et al., 2025). 2 RMKEF(2017). FHi5 M5



(2021)F1 Xu et al.(2018) 7 Jll & & %5 41 ik A Drucker-
Prager. Mohr-Coulomb 1 Hoek-Brown #EN, #57
T AEARERM Weibull 7345 R AG Ge it AR 15
B, Chen %5(2024)%: T3 424 4545 7124 F1 Mohr-
Coulomb #EN, HEE 7 ARG & FFE R GE Tt
P A KRG o Al A i A D ) 5 B IR DL ) A
AR A% OIS o B0 P 224
$& Mohr-Coulomb. Hoek-Brown }% Drucker-Prager
N, EILN AR RIR: &R %A T,
Mohr-Coulomb 5 Hoek-Brown £ JUI| % 5 1 B 34 5
R FREIN R FE S A, ELR 5 i v [R] 3 ) 280 5
Drucker-Prager #f U] & 5] A A ) 32 87 7 301, H H: Je il
15 H A A R TR AR AE I 22, BRIS T fhw T R
S, BEAR T Ao AR R R AE B BEVE (R A 4,
2022). Mogi-Coulomb U I 7 R HR b iR Bk,
HZ%5 Mohr-Coulomb I 2A B4k A& ME,
& 26 A0 G 1 0 A A R R 1 g ST (T RS
2019). RIS N TUA NESRURL AN, HRE
KEMRIGRET, B H R BN ARE
(E#E5E, 2019; #IEME5E, 2021). WFFCHH R L
oA BWHRE A I Weibull 73 1055 Gu it ek 2
TR SR VA MU (B 4, 2024) Horr, REERHSY
MBHER D TE. SR>, ESPETEH Y
RTFEMS, RIS TUE 2 R 5t
TR

WEEAE N2 A A AR IE R RS 4, 7EFH
RIXARIE . KRR ERY Rt b2 302
F¥E(Guo et al., 2021; Zhang et al., 2025). HAEl, =
AMetETEEER RIS N (D B EGSD
M4, 2025);  (2) J1% 2405 (Wangetal,, 2015; F
145, 2024); (35585 2575 (Mohammadi et al., 2015;
WIS, 2020); (4D B )-R AR i 24 J e B AL
(IR, 2014; IRHE5E, 2021; THR%E, 2024). 074
HIPERINE SRR A AE P T T R PR — X LA AL
EHETONWAEZS T RURES L AN = T P 5
HAERWRENT . 12 HBOE R MEVE PN T b 12 R
TALRTCE MGt Bl i, Re % EIX iz R
P, PEOZITIEAFAE R RIS FHPERR f . 98
SHOEBIMEIEVE Fabrx eV RAEABUR, B
Bl LS AR SE PR AR o N - IR i 2 R B VA e 1 1T
Wrda b vl LA S8 s a A FEMEVERRIA B B A
ARRHIE, BARNE VAL S A MEVE R M i o T SE R 77 %
o AR TR N Jy- AR 2N B —H o) e A B
HSOBAAEE 240, X T %88 st e L&A
HF. A MEIEE fabr B L, H R AR

JRPRYE. HbAh, AT RIS A iR AT N B
AR AL 5 e VEAN 77 T U R E R, (2
Wi S MeTERE R T, kAP G T
ARG TAE, — e 2 B2 7B AR R AN E
DRI, T 40040 AR A B AL S M PP T 7, AV
X5 A A R PP B AR R, R XS g B A
BAHEENME.

R, A SC P B T2 T iR A R &
T XRD. SEM K AN[RIE B Fl s 26t T i =il
FE4ikE, REHTHT WA WOWEE R IR
TS I 12 NRAE s[RI, 3T AR S5 4 3 5|
NG &, A5 A A 9 B IR R ek oA R
i Mogi-Coulomb 5 EEAEN], 4% v ALK Z Sl
TUAMGT AR . fEeIEAE b, 45651k
T R AT AR, $R i Y R
EIUENeERREOT F TR, IR 45 S0 A it
AHKE RIS 5 i 1t PEAN 7 V2 0 B B 3 AT SRR

1 MWLBH T

N X - B 4 Fg 4 5 AR Im AL ATAR
A, PERERARA M, BEEZIE 4~6m 2
. o, VR VEGER TUS N, TREW S
BUR B IR A AN I« IR IR /K it ¢
RIS, 2R R UK BT AR i B . T
FAANRFEE R, TOC ik 2.0%~4.0%, 4T &k
A—id T B, MU R EE S Z . U
W2 KA FES I N B, B IR N
4120.12~4121.36 m, %X AEH; R 5imgd, Hif
R, A XN S E R E R m, MR R
N 147.2~152.7°C, M2 & DK E N 1N
96.39~106.53 MPa.

1.1 TR D T

K FH AT SHERT B A )1 5 FLUEZH A O AT
YISy MR, ZER N 1 FoR. TUA LA ST
AT, FHEEN 68.49%, KEDEMLT Y,
PEIE RN 11.34%. H, Mtk Cag, #ik
AR SE8N 76.39%. B, 4540k

RSN, EAIERTT, A1 FERL
RERCAR AR, 50 16 8 B VA E 5 B2 T A S e 1 e
it R =, BN A IS R T PR 2 Re &,
PRI H WA IR a ke, dimR Bl
O S K TS R E TR, &
S S I K TUE BRI (R EHFE, PR A A e
PEAKSFo DRGS0 2E 7 43 A 2 B R B e e



PERFAIE -
80
Hatkm
70 H M \
. di
B v
z 0 2
z [ y3
v
10 H N v-5

moe Mool o I

FfgA Basas ST B RLE
R Hi
Kl 1 XRD 4& 0 W24 7
Fig. 1 XRD whole rock mineral composition
1.2 MRS
K 1 B R R T e T X P B AT iR AL 2
=i 25°C, IR BN RIREE 150°C, JFE

(a)

0 1
A KA BHeR

am

HIJE T LA 2 B IR S FRIEIR 16 h, 7E EA
AHEER. AT EWNEE T mRIERRTEM
WO AL, ARSCRAAH B 7 25 (SEM)
SR RE 2 T S AT It o SR UG e Can & 2a )
HRT LR AL BRI D BEERR, LT R AL
P ) AR B HIRES , R (R R, R
HEUR MBS R . ARG ERAEE, BT
NET- MR RBUFEES, AR TSR
DAk A EIDARRAL SR AN iYL i (e
BENSEWHN ). SHER, TN EETES
TN AR TT 5 95 5 T ROK B A A A (T WI A,
2024), IX L 5K R FE A RN A AR R 4508 B R
B, JEAFLRRE—PRE . VR, FEEMLRIL
R I8 AL T BRGE RR S0, I 2b T4, 150 °C
AL EL S, AT L BN 325.4~566.6 nm, KJER
5.1~28.7 um [H#HGE SR, KL, miR sG] #dE

)
f
»

B 2 REREAEEER SEM Ef% (2) =i~ SEM Elf%, (b) miR(150°C)SEM B4
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Fig. 3 Triaxial compression experiment (GCTS RTR-2000)
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Fig.4 Failure types of rock samples for different confining pressure under 25°C (a)Y-1 03=0 MPa, (b)Y-2 03=40 MPa, (c)Y-3 03=60
MPa, (d)Y-4 65=80 MPa, (e)Y-5 03=100 MPa

5 150°CAS ] Bl R R R T 2

(a)Y-6 05=0 MPa, (b)Y-7 53=40 MPa, (c)Y-8 5:=60 MPa, (d)Y-9 53=80 MPa, (e)Y-10

03=100 MPa
Fig.5 Failure types of rock samples for different confining pressure under 150°C (a)Y-6 05=0 MPa, (b)Y-7 03=40 MPa, (c)Y-8
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Fig. 6 Curve of stress-strain under different temperature and confining pressure (a) Stress-strain curve of the specimen at 25°C, (b)

Stress-strain curve of the specimen at 150°C
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Table 1 Experiment data under different temperature and confining pressure
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Y-2 25 40 20398 0.32 269.50

Y-3 25 60 22418 0.24 309.68

Y-4 25 80 23647 0.26 365.66

Y-5 25 100 23817 0.26 389.81

Y-6 150 0 13965 0.36 98.99

Y-7 150 40 20897 0.19 264.20

Y-8 150 60 21371 0.21 289.21 40.88 23.17

Y-9 150 80 22608 0.22 326.39
Y-10 150 100 22735 0.25 373.27
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Fig. 7 Average mechanical parameters under different temperature (a) Peak strength, (b) Elastic modulus, (c) Poisson's ratio
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FRA2RAR(13), TT7E:
1
“=paploaleral]l a9
A DRAR(14), W7
. [0',. —/I(O'j +o-k)J 15)

e

SR, 15
o—l.—g[.ET[(l D, [ D o, +0'k (16)
E IR TT

FEA:

m(T)
o-,=£l.E0(l—DT)[(l—DT)[l—[%] H(”)

+ ,u(aj + O'k)
3.3 T

AL L) Mogi-Coulomb #E N R AE A A TR,
A K 7R N(Al-ajmi and Zimmerman, 2005; Zhang et al.,
2010):

(18)

Ko o, o, A\ 1A 6 7

MPa, HEIEX 759
:%\/(af—az)2+(a —0';)2+<0';—01*)2 (19)
- 2) 0)

Mogi. K X K &R E i W K I, Aoma) Nk
TR BN, LA RO . R, Ra8)ndt—53«
NN

21

. b, . .
T, =a+5(0', +0'3)

XA, av b ¥R EAMEISHL
FEIREAER T IUEMEIZ4 a. b 5 Mohr-
Coulomb 58 & #E | Z ¥ 2 [W] ¥) 5¢ 5 A (Al-ajmi and

Zimmerman, 2005):
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b :TsingoT
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flo)=r.~2(0i +a7)
Bora(1). (12)F123) I 15

(23)

/{j-IE (3)’“)\:& (16)’ /7I<) J]]l
(1
3

o=

3.4 Gt AtgtRE
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8

-0,) +(o,~-a,) —%(0'1 +0, )) (24)
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BRECAT B - A A M B EG A%, MPa.

o = As* + Be, (25) é%é\iE(U% (24)F1(25) T 13R J= il TUE G it
AT A A AT «
Ag’ + Be, 0<e<e,
m(T)
o = 2| [ f(o) (26)
&E,(1-Dy) [1_[WJ }+,u(aj+ak) £>¢,
X, o NN J-RiIAE R4 LA E A RE, MPa; o =0, &=c
ec N JJ-PAG R B b A RAR, ToE . . @
3.5 BWESHAZE a—gllm =0
3.5.1 &% m(T) FA K(T)
TE S - N AR AR,y 3 2 2 oA X, o, WIEEFEE, MPa; ¢ NIBHENA, L&
Mo

F QTR (26) T 15

&,E,(1-D,)( 1 T b "
2 2 [Up_zﬂ%](ﬂ (0,-0) _2(0p+o3))
o,=¢,E,(1-D;) —¢,E,(1-Dy) X (0) +2uo,
" (28)
A T )
oo, _ _ 2 _ 2| | 9p ~4HO; —
6_6‘10fap —Eo(l DT) Eo(l DT) K(T) (1+m(T)) 0
KARQ28), ZE m(T)RI K(T) " Rom N
(T =1 ¢,E,(1-Dy) 2
o, -2uc;—&,E,(1-Dy)
&,E,(1-D;) (1 T b
S o S
K(1)= 1
0, —2uo, —ngo(l—DT)2 ()
&,E,(1-D; )
3.5.2 B AF B RGBT (26) AT 45
JE )~V B AL, AR
o,=0,, &=¢&
99 _o4c 1B (30)
08 |o=
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» 31)
0(12_DT)(; 2( —0'3) —2(0(,4-03)}
246, +8=E,(1-D, 5, (1-, )| 1% K(T) (1m(7))
KAAER(31), A B A ERA:
&.E,(1-D; ) (1 T b "o
L E(-DY ] e oo o,
= m(T)===
& K(T) P4
(32)

K(T) £
3.6 HWRAINTELISIE ANGRER ) A BN, N IAE TAE, AR
T B SR CEE Y B SR, 2021; BT, R S80S 56U SCRRAE T S50 R — 2
2022; Zhu et al., 2021; Chen et al., 2024)f5 5 F156: SCHRCE I ISEE, 2021 S it A an x(33) AT
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oy = E,(1-Dy)e, {1_n+neXp[_((abe;);Ela:)DIEZT) (0, -0, —sing, (o, +0'3))j ﬂ+2/m'3,8 > &
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(33)

(Eon(l_D) o (1- ))5p
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En(1-D;)e
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1
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2
{ETg1 (0,+0,)+(0,—2u0y)2¢, cote, )
ETgl(O-l _0-3)

(45)

2E.¢,0 +(o-p —2,uo3,)2cr cotg,

r-r

2E.¢,0;5+ (o-p —2uo, )2cT cote,
X

m(T)z[

K(T)= !

E.e, (ap + 03) + (Gp - 2y63)2c, cot(p,J(ap - 2ya3)2cT cot,

ln[zggp(y—zy)]

(GP - 2#03)

o, —2uo, Ee, (ap —0'3)

Nt BB RS LR, RAIPFO i
PR DA AR TR 55 X S 2 [ )P E 20 v 22
HE gt iz, BARRIE=0N:

N

Zl O_for _O_llcst |

§ ln[ETg” (l—DT)J {Ergp(ap +0'3)+ (crp —2uo,

2
)ZCT cotg, 1 |

(46)

R, ad FFHLHRE, MPa; ae A FHILRTE
%2, TR O NBOARATIIME, MPa: N M
H1-RIAERFE 1 HL o

HRR 1 MR, A SCHUR B GRFF
2021; BUEH4E, 2022; Zhu et al., 2021; Chen et al.,

ad == 47
N 7 2024 R AEAS FR ERT B R my Ky A B+ ad
ﬁ o — o Al ae THREEE R 2~ 5 s
test
ae="191 110000 (48)
N
F£2 AR SHHEE
Table 2 Calculation values of model parameter in this study

R i Z/C [l F/MPa m K A B ad ae
Y-1 25 0 7.41 28.17 -7562 15659 9.1324 1.41
Y-2 25 40 4.02 90.05 -29957 20514 17.8535 0.39
Y-3 25 60 3.32 112.05 -64908 22674 25.3281 0.68
Y-4 25 80 2.43 153.63 -125110 24097 24.4634 0.32
Y-5 25 100 2.64 157.03 -95553 24193 28.6580 0.30
Y-6 150 0 9.90 25.31 -485 12473 6.2180 1.28
Y-7 150 40 3.59 86.75 -39459 19799 17.3370 0.49
Y-8 150 60 4.58 87.67 -17904 20450 6.4177 0.11
Y-9 150 80 3.33 112.23 -53493 21840 20.3200 0.32

Y-10 150 100 3.23 130.31 -33313 21832 23.0658 0.24
* 3 BRMSHOTFAECTRCE NS, 2021))
Table 3 Calculation values of model parameter (Reference (Jiang et al., 2021))

WSS g/ ,C JE/MPa m K A B ad ae
Y-1 25 0 7.92 58.07 -5607 15653 9.2602 1.68
Y-2 25 40 4.51 177.50 -21204 20482 19.6965 0.53
Y-3 25 60 3.81 215.84 -47975 22618 30.1486 0.85
Y-4 25 80 2.91 280.37 -95400 24029 29.4414 0.49
Y-5 25 100 3.12 291.38 -71197 24123 30.7799 0.49
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Y-6 150 0 4.79 58.19 -55660 14123 7.3699 1.30
Y-7 150 40 3.63 170.43 -49724 20450 17.7270 0.62
Y-8 150 60 4.08 179.14 -39689 21540 12.4734 0.45
Y-9 150 80 3.27 218.46 -78763 22936 20.9276 0.45
Y-10 150 100 3.18 252.32 -49536 22926 24.7606 0.37
® 4 BRSO EECOREI TS, 2022)
Table 4 Calculation values of model parameter (Reference (Jia et al., 2022))

X 5 I/ C [ J/MPa m K A B ad ae
Y-1 25 0 7.74 107814 -1274 1564 9.4060 1.72
Y-2 25 40 4.40 855758 -4704 20369 20.44 0.54
Y-3 25 60 3.72 1196707 -10483 22338 30.85 0.87
Y-4 25 80 2.83 1837642 -20591 23423 30.90 0.51
Y-5 25 100 3.04 2035293 -15388 23655 32.32 0.51
Y-6 150 0 4.67 112016 -12061 13918 8.29 0.79
Y-7 150 40 3.53 876797 -10811 20186 18.06 0.62
Y-8 150 60 3.98 1008264 -8680 21308 12.88 0.46
Y-9 150 80 3.18 1389039 -19148 22447 21.23 0.48
Y-10 150 100 3.09 1835007 -10867 22636 25.09 0.37

F 5 BAISHAHEECCHR(Zhu et al., 2021; Chen et al., 2024))
Table 5 Calculation values of model parameter (Reference (Zhu et al., 2021; Chen et al., 2024))
HR(Zhu et al., 2021) SCHR(Chen et al., 2024)
R M/ C [l e/ MPa
m K ad ae m K ad ae
Y-1 25 0 7.90 58.25 9.24 1.67 13.04 1.00 9.33 1.70
Y-2 25 40 4.50 178.55 19.56 0.52 8.29 1.86 19.82 0.53
Y-3 25 60 3.80 217.40 29.98 0.84 7.08 2.07 30.37 0.86
Y-4 25 80 2.90 283.18 29.22 0.49 5.47 2.37 29.69 0.50
Y-5 25 100 3.11 294.05 30.54 0.49 5.89 242 31.01 0.50
Y-6 150 0 4.78 58.51 8.54 0.66 17.61 1.10 14.31 1.46
Y-7 150 40 3.62 171.74 17.71 0.62 7.60 2.09 18.33 0.55
Y-8 150 60 4.07 180.33 12.37 0.44 9.48 2.13 7.34 0.28
Y-9 150 80 3.25 220.36 20.94 0.45 7.21 2.38 21.28 0.36
Y-10 150 100 3.16 254.59 24.73 0.37 7.07 2.57 24.83 0.29

Bl 8 NASCHIRHA 5 CERCETSE IS SE, 2021,
PIEH4, 2022; Zhu et al., 2021; Chen et al., 2024)
RN ER S0 MR S Ny Al I Al = A N S L )]
15580 0% S0 o 1 P IR U R B - AR O Rl
MR AR, FEREA RO RAE = 4 e IR a1 1) 4 o
&, JCHAE R R B E R E 2 A7, BiR 25K
5o Hh 28 AR |6 B o (H A SRR 55 S0k (3
M4, 2021; TEEH%E, 2022; Zhuetal., 2021; Chen
et al., 2024) B AL TR 58 FE 2 J5 #th e UG R 35
Bz, REBEFERA: (1) KRB S O
PSR, WEAE 98 BT IS 5 A R BV VR, T A A

B R () A D I AR, PR T PR A
5HR 10 7 o DR AL S N7 77 - I8 735y 48 S T ik 7 4005 AR
Bz, (2 HIR, BATERME m(T)YA K(T)2 351K
W AE WA 8 E Ab B g - AR il 4 7 B BRI A SO
%, HIs FHetERGRM A AR % s SEOEA R
T BEAh, ZAEBUAGE 7S o S W A i L
FEE R AR AL REAE, T B S SCERCRE IS SE, 2021,
PLE B4, 2022; Zhu et al., 2021; Chen et al., 2024)
BRUARLL, HERS5RBEIE A E. HE 2~K
5 B 8O AT FIA S FT A AR AL 1) ad(FMH N 17.88)
Al ae (BMEN 0.55) B/NTFSCHR(ERIEEE, 2021;
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PUE IS, 2022; Zhu et al., 2021; Chen et al., 2024)
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Fig.8 Comparison between theoretical and experimental curves of constitutive relationship under different temperatures and
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Fig. 11 Comparison of rock brittleness index under different

confining pressures and temperatures
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