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Abstract: Monitoring and distinguishing the development of microcracks in deformed rocks are help-
ful to understand the likely brittle failure mechanisms, which is essential for preventing rock engineer-
ing disasters. In this study, uniaxial compression experiments were performed on sandstone and granite
samples to study the failure processes inversed by acoustic emission (AE) monitoring. Macroscopical-

ly, the sandstone samples exhibited a shear faulting mode while the granite samples an axial splitting
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mode. These two modes, however, cannot be clearly distinguished using the traditional AE methods
via hits and the b value, as these parameters can reflect the frequency and energy level characteristics
of elastic energy released during the cracking process only. Therefore, we propose a crack cumulative
summation curve method, following the RA-AF crack classification method, which can successfully
inverse and distinguish the possible different microcracking processes in deformed rock from the pure
tensile microcrack development (k=1) to the pure shear microcrack development (k=—1) according to
the variance of curve slope k value (i.e., —1~1). Inversed results show that during deformation to brit-
tle failure, the tensile microcracks development first dominates the deformation of sandstone (i.e., k=
0.66) , followed by a transition between the development of the tensile and shear microcracks (i.e., k
decreased to 0) , and finally by strongly developed shear microcracks (i.e., k decreased to —0.37 from
0) dominating shear faulting. In contrast, the granite sample showed a macroscopic axial splitting
mode, as no strong development of shear microcracks was observed, i.e., k£ remains greater than 0, de-
creasing to 0.5 from 0.83. The combined effects suggest these two failure modes can be clearly distin-
guished by strongly developed shear microcracks in rock near failure. Microscopic observation per-
formed on the failure sandstone clearly illustrated wing tensile cracks in the shear fracture zone. This
supports our inversed results that macro shear fracturing of sandstone was formed upon the initiation of
the tensile microcracks, followed by the development of the shear microcracks. This suggests AE moni-
toring using our proposed crack cumulative summation curve method can properly distinguish the de-
velopment of microcracks and accordingly failure modes in the deformed rocks, and may be used for
further study on understanding the failure process of rocks upon complex loading conditions.
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Fig. 1 The stress-strain curves under uniaxial compression

loading for sandstone and granite samples
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Fig. 2 Photographs of the failure samples
after uniaxial compression showing (a) shear faulting

of sandstone and (b) axial splitting of granite
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Fig. 3 Microscopic images of the sandstone failure sample

under orthogonal polarized microscope, showing wing cracks

and mineral fractures in the shear fracture zone
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Fig. 4 Development of axial stress and AE hits (and hit rate)

with loading time measured for

(a) sandstone and (b) granite samples
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B9 e AL B R R SRR AR SR AR

Fig. 9 Calculation of microcrack signals for sandstone (a, ¢) and granite (b, d)

B EEPB . ARG L IRRE R B Ay, B
Fo N IR BN, WS I REUE S & A
OA. AB FIBC B350 19% . 30% 1 58% ( I &
9a), Abixiw B UIREUES 5 AE O'A I A'B B4y
B 9% Fl 16% (WL 9bbrit ), FIIRD A By I 2ar
F2 9 By B R s X R T B U0 B SfF S A bk
ar, XU T R RSO 5K
P, ARG R RE TP A B R B U B K 1T A6 b
R B AR IR 14 7 ULARAIE
AR, WA TESS | B Bk h 80k B )
ST E AR T 55 (R1328 0.66, /NT0.83); J2
2, SIS BRI . 7E5 2 B Beakdr 2480
WY MEHLF A F IR R i, Ayl
ok B S 5k b 48U S B K-, 0L K
FACH/NIRIE SR, RAE RN FEN B AL

BN . W o8 it NS 3 B, BYUIREUE
BRI R EEAE A, 52 BT )
INFFIE— 2, r BEREUE S 5 e S0 R Tk —
HEWT

P, 280 RS HORTT M2k e s T
b3 ML I o B8 A~ 52 1A I 2o A v sk 2R SR B
MRS EFERE, RIFIMLRRERER TP
RER T X A AR ERER, RER A ERE
53 FEPUNAN R 19 B0 7 1B BEZ [0 156 A2
AR T 1 e A B 2 2 B AN ] 2% LAl 2R
XA RECL T B2 . g REN, 5y
DI RLBUR T 15RO I A BE TR 0 o A1 A B R 4
PR (R B AFAE RS BRI I BC B, 2
A HEVE RS IR 2 B B i B 1) W 28 m B A
A o SR, LR AU SEAE Y 5 AR B o 22



22 iR R (HARRRARRD (FR9E30)

%62 4

AU R 4 1 SEIR R T, SRR k(AR fE X
AW R e A M, X T A A A
EEANIRE I, A 2Rt

AN, WE BT IR a kB B B B A
FE T JE IR T B IR AT, b 2 ag il 2R e K Az
R EURE EE, BRI RS kT
GNP i L SNEASA S A= NIVESE SN ) S 1538
FHEAE R BT S RZ R T . B 3RS
) 3 G R 0 s B VDAY Hh 3 ARk 2L AL
5 7~ 5 P 24 206 T B 7 XL 55 1) 17 24 04 412 2E 4R
I, JETFROMEE BRI, 454 A SO Bk i e
g5, R TR PR K i R B O A AR AR
WU SUR T, Ak T 2507 0 5T U1 R 1 il 54
AR (E110) .

5 45

A AT B PE R RPIL] , ASSCES5 I -
BEAE | SO EE MR A S B dl , X HE T 20 A
SYSHORHE, X FE B e S TR A 2R T
(19728 0 2t A R ML 2E 4T 1 PR 0, 15
FLLF 458

D) BB ESEIS , w0 a MIAE R A il R 3
AR AT BT LA TR M 1) B SRR, RO ) SR
BTN il B SR PR A I, P SRR b
HAMBERS R, I b A8 KA R R

SE 3k

ot Bkl N EEE, &, 2011, =R E SN AR R s
RS S AL (T]. ik, 36(12) : 2048-2057.

filk e, S, IR, 45, 2021, JE TR RS AR ALK
ba et R Rn o AN A NE = ST QE RN =T
52(8): 2919-2932.

ZEWEAR, BB, XUER, 45, 2014, 465 A B 24T B R
5 kSRR IER BT [T). A £ TR, 36
(10): 1915-1923.

R, BRT4r, BREDE, 25, 2015, AESACRIEH T b2
FIRERALHIAIEE [T ). 55+ 1%, 36(S2): 229-236.
XA, B3, B, 45, 2018, A AL RN 500 1 M
e v 2 B AR IR 5T [T, 5 + TR 24, 40(10) .

1782-1789.

TRAEIR, RN, BE, 45, 2009. AN[E N AT B8R T RS
R R 75 & SHRRAE IR RS [T ). B i 5 TR
254, 28(4): 757-766.

FFR, Bk, 21T, 45, 2019. SR 45 A AT AL
B A E AR IE IR IR B 5T [T ). 5 £ TR, 41(11)

0000 (o WAL

0070

'

Q\ LI

B —»0000 00 00

K10 B R R B (BEA Lietal. 2015),
2 7R SR PR SO A I A 2 WL B D1 %8
Fig. 10 Schematic illustration of fracturing process
(after Li et al. ,2015), showing that the macro shear

fracturing is induced by tensile microcracks interaction

CEEI LI R = ) |V A (SR VA DR €1 TR P
JCHE U PR A A1 B BRI

2) FET RS RA-AF 2L 28N, 1 k4
T REOPRS BTG, KT8 2ok R
b, AT L SRR S R R BUE B . R
W1, WhEr i 3B Be: AeE RO AT 55 89 A~ skfir
RO TG B, LLLHE 5 A 09 D) 2R A0 T 1 B B
AL R A AL ZE D T2 BB, X R BB 22 5 A AL
D> T WY B R FIBY RO . ML, ey
RSUFTH I LLTRAb T Y AR S A R
875 I BT T B BT ik A i, AT 2R
FAF N ARG R TR R

2120-2125.

HIERL, Fodd, 2T, %, 2021, NRSHARERS R4 R 6
RST RO BEGE [T]). & 120 5 TR =R, 40(5) .
865-873.

B LR, JE4EdE, 2001, Ji eSS A28 T8 5 R Y 4H0 ) 4
BIRFIELT ). 0 125 TREE, 20(2) 2 151-155.
SR, BRI, HEAE, 5, 2016, B B KAR E S ES L
S E T X F A TIR RIS R 1], B A T

5T, 35(11): 2248-2258.

e N RALANE AR B fidk 2 g i i, thie N RALANE E %K
i W B S IR A MRS, 2013, GB/T 50266—2013 T-7%
AIREE T AR (M. BT P E R A

ARARE, AUNHL, BANE, 2, 2012, FORLS AR E AL TR EE
FERY FRAE HLEE R e R —— L o [ R T A SR
BT e, 33(2): 173-187.

AGGELIS D G, SOULIOTI D V, SAPOURIDIS N, et al.,
2011. Acoustic emission characterization of the fracture

process in fibre reinforced concrete [J]. Construction and



3

AR, A5 B RAEVE R S M SR ML AR B 7 A S ) 23

Building Materials, 25(11): 4126-4131.

BASU A, MISHRA D A, ROYCHOWDHURY K, 2013.
Rock failure modes under uniaxial compression, Brazil-
ian, and point load tests[ J |. Bulletin of Engineering Geol-
ogy and the Environment, 72(3): 457-475.

BAZANT Z P, XIANG Y, 1997. Size Effect in Compression
Fracture: Splitting Crack Band Propagation [J]. Journal
of Engineering Mechanics, 123(2): 162-172.

DAVIDSEN J, GOEBEL T, KWIATEK G, et al., 2021.
What controls the presence and characteristics of after-
shocks in rock fracture in the lab? [J]. Journal of Geo-
physical Research: Solid Earth, 126 (10) : €2021JB02
2539.

DONG L, CHEN Y, SUN D, et al., 2021. Implications for
rock instability precursors and principal stress direction
from rock acoustic experiments [J]. International Journal
of Mining Science and Technology, 31(5): 789-798.

DU K, LI X, TAO M, et al., 2020. Experimental study on
acoustic emission (AE) characteristics and crack classifi-
cation during rock fracture in several basic lab tests [1].
International Journal of Rock Mechanics and Mining Sci-
ences, 133: 104411.

FAKHIMI A, HEMAMI B, 2015. Axial splitting of rocks un-
der uniaxial compression [J]. International Journal of
Rock Mechanics and Mining Sciences, 79: 124-134.

FORTIN J, STANCHITS S, DRESEN G, et al., 2009. Acous-
tic emissions monitoring during inelastic deformation of
porous sandstone: Comparison of three modes of defor-
mation [J]. Pure and Applied Geophysics, 166 (5) :
823-841.

HEALY D, JONES R R, HOLDSWORTH R E, 2006. Three—
dimensional brittle shear fracturing by tensile crack inter-
action[ J ]. Nature, 439(7072): 64-67.

HOLZHAUSEN G R, JOHNSON A M, 1979. Analyses of
longitudinal splitting of uniaxially compressed rock cylin-
ders [J]. International Journal of Rock Mechanics and
Mining Sciences & Geomechanics Abstracts, 16 (3) :
163-177.

HORII H, NEMAT-NASSER S, 1985. Compression—induced
microcrack growth in brittle solids: Axial splitting and
shear failure[J]. Journal of Geophysical Research: Solid
Earth, 90(B4): 3105-3125.

HUANG Z, GU Q, WU Y, et al., 2021. Effects of confining
pressure on acoustic emission and failure characteristics
of sandstone [J]. International Journal of Mining Science
and Technology, 31(5): 963-974.

LEI X L, KUSUNOSE K, RAOM V M S, etal., 2000. Qua-

si—static fault growth and cracking in homogeneous brittle
rock under triaxial compression using acoustic emission
monitoring [ J]. Journal of Geophysical Research: Solid
Earth, 105(B3): 6127-6139.

LEI X L, MASUDA K, NISHIZAWA O, et al., 2004. De-
tailed analysis of acoustic emission activity during cata-
strophic fracture of faults in rock[J]. Journal of Structural
Geology, 26(2): 247-258.

LI G, LIANG Z Z, TANG C A, 2015. Morphologic interpre-
tation of rock failure mechanisms under uniaxial compres-
sion based on 3D multiscale high-resolution numerical
modeling[ J]. Rock Mechanics and Rock Engineering, 48
(6): 2235-2262.

LOCKNER D A, 1993. The role of acoustic emission in the
study of rock fracture [J]. International Journal of Rock
Mechanics and Mining Sciences & Geomechanics Ab-
stracts, 30(7): 883-899.

LOCKNER D A, BYERLEE J D, KUKSENKO V, et al.,
1991. Quasi-static fault growth and shear fracture energy
in granite[ J]. Nature, 350(6313): 39-42.

MAHABADI O K, TATONE B S A, GRASSELLI G, 2014.
Influence of microscale heterogeneity and microstructure
on the tensile behavior of crystalline rocks[J]. Journal of
Geophysical Research: Solid Earth, 119(7): 5324-5341.

MENG F, GE H, YAN W, et al., 2016. Effect of saturated
fluid on the failure mode of brittle gas shale[J]. Journal
of Natural Gas Science and Engineering, 35: 624-636.

MUNOZ-IBANEZ A, DELGADO-MARTIN J, HERBON-
PENABAD M, et al., 2021. Acoustic emission monitor-
ing of mode I fracture toughness tests on sandstone rocks
[J]. Journal of Petroleum Science and Engineering, 205:
108906.

OHNO K, OHTSU M, 2010. Crack classification in concrete
based on acoustic emission| J]. Construction and Building
Materials, 24(12): 2339-2346.

OHTSU M, 1991. Simplified moment tensor analysis and uni-
fied decomposition of acoustic emission source: Applica-
tion to in situ hydrofracturing test[ J ]. Journal of Geophys-
ical Research: Solid Earth, 96(B4): 6211-6221.

PENG S, JOHNSON A M, 1972. Crack growth and faulting
in cylindrical specimens of chelmsford granite[J]. Inter-
national Journal of Rock Mechanics and Mining Sciences
& Geomechanics Abstracts, 9(1): 37-86.

SCHOLZ C H, 1968a. The frequency—magnitude relation of
microfracturing in rock and its relation to earthquakes[J].
Bulletin of the Seismological Society of America, 58
(1): 399-415.



24 iR R (HARRRARRD (FR9E30)

%62 4

SCHOLZ C H, 1968b. Microfracturing and the inelastic defor-
mation of rock in compression[J]. Journal of Geophysical
Research (1896-1977), 73(4): 1417-1432.

SHI Y, BOLT B A, 1982. The standard error of the magni-
tude—frequency b value[J]. Bulletin of the Seismological
Society of America, 72(5): 1677-1687.

SZWEDZICKI T, 2007. A hypothesis on modes of failure of
rock samples tested in uniaxial compression[J]. Rock Me-
chanics and Rock Engineering, 40(1): 97-104.

TOWNEND E, THOMPSON B D, BENSON P M, et al.,
2008. Imaging compaction band propagation in Diemel-
stadt sandstone using acoustic emission locations[ J]. Geo-
physical Research Letters, 35(15): L15301.

TRIANTIS D, 2018. Acoustic emission monitoring of marble
specimens under uniaxial compression. Precursor phenom-
ena in the near—failure phase [J]. Procedia Structural In-
tegrity, 10: 11-17.

WANG M, TAN C, MENG J, et al., 2017. Crack classifica-
tion and evolution in anisotropic shale during cyclic load-
ing tests by acoustic emission [J]. Journal of Geophysics
and Engineering, 14(4): 930-938.

WONG T F, BAUD P, 2012. The brittle-ductile transition in
porous rock: A review| J|. Journal of Structural Geology,
44. 25-53.

WU S, GE H, WANG X, et al., 2017. Shale failure processes

and spatial distribution of fractures obtained by AE moni-
toring [J]. Journal of Natural Gas Science and Engineer-
ing, 41: 82-92.

YAO Q, CHEN T, TANG C, et al., 2019. Influence of mois-
ture on crack propagation in coal and its failure modes
[J]. Engineering Geology, 258: 105156.

YIN P F, YANG S Q, 2018. Experimental investigation of the
strength and failure behavior of layered sandstone under
uniaxial compression and Brazilian testing[] 1. Acta Geo-
physica, 66(4): 585-605.

ZHANG Y, ZHAO G F, 2019. A global review of deep geo-
thermal energy exploration: from a view of rock mechan-
ics and engineering [J]. Geomechanics and Geophysics
for Geo—Energy and Geo—Resources, 6(1): 4.

ZHANG Z H, DENG J H, 2020. A new method for determin-
ing the crack classification criterion in acoustic emission
parameter analysis[J]. International Journal of Rock Me-
chanics and Mining Sciences, 130: 104323.

ZHAO K, YANG D, ZENG P, et al., 2021. Effect of water
content on the failure pattern and acoustic emission char-
acteristics of red sandstone [J]. International Journal of
Rock Mechanics and Mining Sciences, 142: 104709.

ZHU J, DENG J, CHEN F, et al., 2022. Failure analysis of
water-bearing rock under direct tension using acoustic

emission[ J]. Engineering Geology, 299: 106541.

(REHRE FHF)



