$36% %6 HA S TR R Vol.36 No.6
201746 A Chinese Journal of Rock Mechanics and Engineering June, 2017

ETaaredizES 8 LRI TN

kOE, Lk, I, 1£, hig%
RAVAMKS: A TRESp, BRI KK 163318)

FEE:  H AT T VR UUE o] R e 4R BRI % FE VAR R J5 1) 25 e, IR AR I e A B R i 2
MIRETERRE . T A A AR - RIASHIZR, 400725 A0 A Rk i BB P AR T3 A Ay i e W 28 3o e v 2% o 78 R PRV A
B, AU HTRE HICRE FHUE IS T R /K P UoE B AR B R AE B HE T R A R R 3R . 456X 2 FhAe & g o e Sk
ARG 21 FRAE R EVEVEN T8 2, AN RS A M RMEEAS 7] B T (0 G AR A0E DA R DU W 1 2% 1) S PR EAT
PP BEFUAE R ER LA VP AN Fa B RE 5 B S s e PR (3 2 R B AN P (R SS,  AT PR AN [ 75 2%
FAT TR AR . ANIF) A R T REURE LR W ) W 2L R e 5 R 38 KT K, G PR BER KT MG, (H
BRARE A BTANIR],  L0RD R TU 4 JE AR FB1 P B R s B P B R B 77 i — SR Ak, T4 (25 18 R AN BT 1 K
AN I v R R BRI A o S A DU M B B R & 1) S, AN [ S B 77 1 1 U BT 30 L P P
JEz R R, B EERGUA AR, TUA MR AR - W - B, = 0° I U G IHERE & 258 T p=
90° i, B = 60° I TUA itk i 55 H R UL H AR BRI B PERFAE . 5286 45 BARUF M B6E T 42 HH A v Fa S vl Sk,
TR A A A M P ) VPSR T — SR

KGR A BEPEVEAY. RO - RS Hhk: REELEAL: WERTHRERLAE: WIS INTRLAE

hESES: TU4S SCHRFRIRES: A XEHES: 1000 - 6915(2017)06 - 1326 - 15

Brittleness evaluation index based on energy variation in the
whole process of rock failure
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Abstract: The current indices used to evaluate the shale brittleness consider mostly the mechanical properties
before or after the peak separately and cannot reflect the brittleness characteristics in the whole process of rock
failure. In this paper, the variation of the various types of strain energy of rock materials in the process of plastic
deformation to brittle fracturing was analysed based on the complete stress-strain curves. The levels of the
pre-peak dissipation energy and the post-peak fracturing energy are the key factors to determine whether the brittle
fracturing occurs. The brittleness estimation indices which represent comprehensively the mechanical properties of
rock in pre-peak and post-peak periods were proposed by combining the pre-peak dissipation energy and the
post-peak fracturing energy. The brittle characteristics of different rock materials under different confining

pressures and the anisotropy of shale brittleness were evaluated with these brittleness indices. The results show
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that the proposed brittleness indices can simultaneously reflect the difficulty of brittle failure and the scale of
brittleness and can evaluate the change of brittle characteristics under different mechanical conditions. The
pre-peak dissipation energy and post-peak fracturing energy of different rock materials increase with the increase
of the confining pressure. The brittleness decreases constantly with the increase of the confining pressure, but the
decrease trends are different. The red sandstone and shale show the transformation of brittleness-plasticity at low
and high confining pressures, while the granite has the strong brittleness in the whole process of the confining
pressure increasing. The brittleness of shale is anisotropic. The brittleness of shale specimens with different
inclination angles of bedding plane has significant difference. The shale brittleness shows a transition process of
stable, increase to decrease as the inclination angle of bedding planes £ increases. When = 0°, the degree of
brittleness of shale is stronger than that of f=90°. When = 60°, shale has the weakest brittleness and shows the
plastic characteristic.

Key words: rock mechanics; brittleness evaluation; stress-strain curve; energy evolution; dissipation energy before

peak; rupture energy after peak
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Fig.1 Energy variation in the whole process of rock failure
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Fig.6 Rock specimens for tests
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Fig.7 Complete stress-strain curves of red sandstone and

granite under different confining pressures
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TAERE,  VULH B X T 20 mb 2 0w RE R AR A f5
WrELRE R RE M TR, 20RO A X T el B g
J&. I H 24 5 i 20 MPa 1 K 3 30 MPa i, 20k
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Table 1 Data from triaxial compression tests of red sandstone and granite
— m
HE WA aabkAE %Tiyﬁé el %HE T%E’A f m% S5 i m%ﬁmgﬁ BOMER B B ' ,
FH MPa R/ dWe/73 aw, /7 dw, { ; it de,/q it dW(i/q dWa/73 Tig/ B/ gGra B B2 B B
MPa  (J*mm “)J « mm?)(J + mm ) a- mmﬂ)(J emm “)(J*mm °)(J *mm ) GPa GPa

0 68.59  0.142 0.100 0.008 0.085 0.201 0.051 0.072 1933 930 —27.03 3.04 066 3.56 0.77
P 10 131.82  0.465 0.295 0.116 0.353 0.671 0.180 0337 2225 817 —2093 398 1.02 562 1.83
b 20 172.83 0.725 0.528 0.438 0.597 0.773 0.438 0.512 2286 622 —1335 817 397 997 458
s 30 211.93 1.058 0.698 0.602 1.111 1.473 0.636 1313 23.19 6.01 —11.03 9.97 509 1197 6.01
40  251.78 1.412 1.187 0.921 1.302 2.052 1.061 1.600 24.02 481 —7.05 24.06 1528 22.01 13.61
0 16222  0.297 0.191 0.004 0.122 0.339 0.038 0.046 48.53 41.11 —21428 133 0.06 145 0.04
i 10 24494  0.614 0.342 0.125 0.376 0.677 0.085 0.188 51.04 39.85 —13724 192 0.12 176 0.10
5] 20 339.52 1.298 0.738 0.225 0.853 1.470 0.297 0.397 48.09 33.19 -—112.11 2.09 020 2.07 0.19
s 30 39279 1.722 1.126 0.625 1.008 1.738 0.424 0.641 48.89 2947 —81.68 2.68 042 2.65 0.39
40 46832 2339 1.526 0.941 1.688 2.686 0.942 1.287 50.83 25.61 —54.57 399 1.07 3.83 0.92
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Fig.8 The variation of Byre1» Bprezr Bpost1 and Byogr of red

sandstone and granite with confining pressure
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Fig.9 The variation of By, B,, B/ and B} of red sandstone

and granite with confining pressure
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Fig.10 Rupture patterns of red sandstone and granite

specimens under different confining pressures
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Fig.11 Complete stress-strain curves of shale under different

confining pressures and different inclination angles of

bedding planes
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Table 2 Parameters of sandstone under different confining pressures and different inclination angles of bedding planes

Eili MPa [%/MPa

Je AR B
JE/ VAR 5

o AE B

dw, / dw, / dw," /

FrERE  BMEERE O RIREE Lo MR
fig dW, /

Jemm )@ *mm > (J+mm ) a- m;‘n ) (@emm ) J+mm ) J*mm

WERTFERL WM RER

oW, dwy  PHEBC B MR

Bi B B B
. ®/GPa H/GPa H/GPa ' T ?

0 111.16  0.447 0.334 0.008 0.167 0.494
10 149.61 0.783 0.485 0.052 0.587 0.988

0.059 0.056 18.75 13.21 —484.40 1.68 0.07 147 0.02
0.294 0.252 20.27 10.13  —51.21 2.66 034 279 0.40
0.511 0.511 22.73 8.85 —28.26 447 1.12 4.63 1.26
0.626 0.637 23.81 9.01 —19.51 559 1.56 5.87 2.00
0.867 0.998 24.63 795 —16.17 936 3.77 7.82 3.20

0.091 0.112 18.64  13.03 —57.96 223 023 189 0.14
0.058 0.066 15.74 1261 —59.71 190 0.13 1.58 0.07
0.027 0.051 18.56  16.55 —65.53 1.71 0.10 1.44 0.03
0.040 0.066 2027 11.79 —26.64 3.64 0.86 3.03 0.55
0.029 0.046 26.01 561 —1945 598 198 6.44 2.26
0.032 0.041 2349 10.04 —3439 413 094 394 0.92
0.041 0.082 22.88 1436 —40.58 2.73 039 249 033

ENG
B 20 170.02  0.887 0.560 0.171 0.891 1.174
30 189.04 1.117 0.725 0.464 1.045 1.369
40 21048 1.291 0.953 0.612 1.271 1.689
0 125.17 0422 0.291 0.081 0.221 0.447
15 108.12  0.365 0.266 0.077 0.155 0.353
30 97.18 0.254 0.187 0.053 0.093 0.251
NG
J=H 45 65.29  0.106 0.072 0.016 0.074 0.152
1
fof 60 44.55  0.048 0.033 0.003 0.044 0.089
75 63.76  0.092 0.070 0.031 0.055 0.103
90 91.27 0.186 0.127 0.039 0.102 0.229
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Fig.12  The variation of Bp;» Bpreas Bposti and Bpog of shale
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