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Abstract; [ Objective ] Tension rupture represents the predominant rupture form in the process of rock collapse, with the potential
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to cause significant disruption. Consequently, there is a clear need to study the acoustic emission signal characteristics and strain
evolution law in the process of rock tension damage. This will facilitate the identification of precursor information of rock damage,
which can then be used for the monitoring and early warning of rock collapse. [ Methods ] A three-point bending test
(1.0 mx0. 5 mx0. 15 m) was conducted on a large-scale tuff to monitor the rupture process in real time using acoustic emission
technology and digital image correlation technology. The acoustic emission signals and deformation evolution characteristics of
large-scale tuff in the process of tensile damage were then analyzed by combining principal component analysis and hierarchical
clustering algorithms. [ Results ] The application of acoustic emission detection technology allows for the accurate identification of
the damage state of the rock mass, as well as the provision of effective damage precursor information. [ Conclusion ] The result
show that; (1) According to the evolution of acoustic signal parameters, the tensile failure of rock can be divided into four
stages: microcrack initiation stage, small-scale and stable cracking stage, unstable cracking stage and failure stage; (2) The
acoustic signals can be divided into six categories using the acoustic emission parameters using clustering and principal component
analysis algorithm. The cumulative changes and proportions of the two types of characteristic signals, the gradual low-amplitude type
signal and the sudden high-amplitude type signal, are capable to characterize the cracking process; (3) The findings indicate that
the acoustic emission characteristic parameters and their evolution characteristics can effectively reflect the rock rupture process,
providing precursor information for rock damage up to 141 seconds in advance compared with the simultaneous deformation
monitoring. The result of this study offer insights that can inform the development of effective method and techniques for monitoring
and early warning of rock failure. This research could provide support for rock collapse monitoring and early warning.

Keywords: acoustic emission; machine learning; digital image correlation; failure precursor; rock collapse; deformation;
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Table 2 Position of acoustic emission sensor

Fo5 x A4 AR/ mm y AEAR/mm z AR/ mm
Al 350 0 100
A2 620 0 75
A3 1 000 120 50
A4 100 270 110
AS 730 100 150
A6 820 420 150
A7 230 450 150
A8 160 250 150
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Fig. 1 Photos of used rock samples
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Table 3  Time of each stage

R I BrBe/s I BrB/s M BrB/s IV BrB/s
HY1 263.6 651.5 741.9 888.4
HY2 43.3 107.5 649. 4 840. 1

3.0k
25+
S
=201
el
=15F
&
Bk
1.0 -
05}
0oL
175
25+
| 150
L 20F 125
= L
ﬁys—i‘oo
# ® .|
X ﬁ75
B%1.0 - .
50
0.5+
00L 0

25 %

800

110
100
5 90

80

I E/dB

70
9 60

50

40

110

200 400

i /s
(b) HY2

600

8 FERHHFIESH

Fig. 8 The evolution of acoustic emission signal parameters

100

70
o= Lo
60 | —— BB
52.2
50 + 480
g 40 160 ;%
B
R30F lw_:
140 B
20
0 20
5.6
49 43 25
0 0
0 1 2 3 5 6 7 8

IRFKEBBA (FEEL)

4
EN 7y
(a) WAEB T ZR BRI 2

E56% 2025FF4H

AR, S/ KARERAKRBINIR A X555 LN R

GO IR, Y BT 4G B IR (60 dB
PIOMES, X HY2 G005 T 60 dB {55 H 3,
PR SHE S EEE A MBI E USRI &
A BRI . IEANREREREY BB () A,
SRR TR N, R IR 50 dB DL AR
HES, AR 60 dB 24 MhiE(Efs 5 Et, K
FEIFAR I 2 MRS, VR i ARBUR e R’
BrBeCI) mbrads, 75 & ST BRI o 20 30 35 i
A, IR IR E IR (60 dB DL E) 5%, #&
HH IR P A T 4 TF LR Ik 2 J2 | fr 3840 i Bl A
BEZRER Ty, Y BRI o RO 1 Pk 48 ) 9% AR U B
B, e A RTRBIR N B (V) 7EIZ B B i R
FRSHE S IF R ML, Bl o 28 e 0 it
PSRN, SRR o B0 B S ) 3 i I3k )
T35, FERRRART, R BLKE = T 60 dB 195
WEAEL S A SR 5, SORMEH#EE T 100 dB, & BIHIR
A BT RE =

3.3 WHEREHEZSESHRESH

T TR IR G R 2 7 A AN R B R
5, M R SHESBBES A RN e T 2
R AT KPR 3 R Hh 1 7 R S 5 P AN B0 AR B
B, WOR T W5E e S A B0 2 Rk i
TP R HHE TR,

RN B &S SRS L T8 fEE
FREERHE] | WEME . SEHIR, RMS, ASL, WE{EHAR
REATER | WA | 5 TR daxtRE i, T
T4 ANRHESEL, A BT 14 A5 RS 80E
TR, Fbb s RN BAE 0 2% 18 i B i R 4y
SN 0 ) R, i L BRI 8 ) 3 A 4 o A
BN 14 YERAESBGHATREIREIRAE R . B 9(a) M E

1.2

1.0 -
0.8
0.6
04 r
02 r

T2

0.0 1

-1.0 -0.5 0.0 0.5 1.0
Fs
(b) PEYERAEAR R

B9 EMADWELELER

Fig. 9  Principal component analysis dimensionality reduction results

185



AR, S/ AREREKABINIR B X555 RN RUFHEN 7

W TR RN 4 B T Z M BB 22, A
TR TT 2R T HAB T 808, AT F2 80 A R
BO7 253 70% , Sk BORT P A 32 o BERAF 1A
B 14 A5 RSHRESEL, K1 9(b) 2 7 249 4
FEAR AP T SR R B s B2
VENZ BRI ARG, 12 HJZ ORI i e Uk
JUHLAG IR B R P R A [l R/ NBEAT R IRy, TRl
TEVEE BN BRI E — 2, B RS S ] B Y
WIS, P RS R BT iR — 2 B e A 0 A
ARG, aE 10(a) Frzs o RIEFEAS 5010 2 &
1, R BCEER EE R 0.6, K4 & HE 515N
6 2K, HREE IR ANLETH LS 68.2%,
B AT IR 2%, ARSI 10
7N

PARRE HY 1 0 B 23 Mr 45 26455 16 A iR

i
FREARERAE, 11 Fras, AR AR, 2B

WRESHE ARG TN MREE, HRNUKES
SRR L, I 11(b) #2155 Bt L&
e, BUPIASB B 255 5 BB PR R B AR Y 2 R 1
i, SEARSCRBCEY R B () J5, 3y
ZEME NI A, AR s T P BB HE R N
B THIPIBT B EIHEA AL, s SR
SN T R R O L 7 R RO R b B
(V)15 5 BT ih & FR Ik & 7%, HEEIBIR
A PR IR B (E , ARYE A B BE s 5t DL
11(c) ], BN NGB B b7 LSRR 7
20% L b, SHEHEESE 10%5) 20% 2 )P sh, HA
RIS LT 10% LA/ D s, Horp, 24
AR (1), VIREBARMSE ARG 1R,
o7 FLAZE 40% , AN EY BB (1),
IR RS S ZAE 5 o HURRAIR R (L A 26 DU RN 65
KESH S R, A0 isE 60% L |,

1.4

0.8 |
0.6 |
04

02 F

g2

0.0 F

() HRHEUN

N~ NTROTFT O — A OO
— —_—n = AN A= =

(o}

DRI i

(a) JEHTIRIRPIR

Q BIR(ET
9 E2R(ET
@ SEIR(ET
9 HARfET
@ Hisxfie
O Hokirs

354 %

=

| PaPR
O sp22i3%
| PREIREE
| PR
| PRER
B soxhss

8%

(c) i Atk

10 BRBERER

Fig. 10

186

Results of the hierarchical clustering

KFKEBEAR(PHRL) E56%5 2025 FFE 4 H



KL
CRESECE
539055 |
a%kigs |
o SKIE
0 6KIE |

e ©

(a)  Iof - i - DA L

1 200
S AEICE
C PN
1000 F—— g 3p=e
—— B4z
w0 | SHMER
T
£
f,; 600
Bk
400 -
200 I
0 L 1
0 200 400 600 800
it 1a)/s
(b) %2305 5 it 4
. IR(EE BoKkfE
WA migEe —v— kD
e ESK{E A O[T
40 1
Q\\; 30 -
=
AT
20
10
0 1 1 1
I I m v
BB

(c) BRfET L

B 11 HY1{EERESENL

Fig. 11 Acoustic signal evolution of HY1

TERGATREY R BL(I) , ARG THILRE
S, RRES DUSAE 5 O o R (RS, SR USR

KFKEBEAR(PHRL) E56%5 2025 FFE4H

A, S/ ARECEKNBIAE R B LS ES KR BIAHET R

HEERIEIRE] 5% L b, EAKRFRBIA B (V) , 56
ANRGESHINR] 50% 247, SIS LGS B E
TRE, MRS EY R BB (1) 2K R0 3K B B
(IV), SRR S MR 20%, 52055 Bk
IR 17% .,

gi b, AAERRIIR R b S e A N R A
55, SDUSERIEE S EAFIE S 5 0 B AR e A o]
ARAF FAE K REE K hr e 24 By Be PR SRRRAIE 48R U2
E5 T EL R T R, Ak T S bR AR e R R
B, AABRGE, SENEGES TR, BSEE
S U A U AE S, R 24Ty
B, nHEN A ABIRRIRTIRRE . 25N E S i b
R ERRAE BT 50% 0, FHE Lk ARRH B,
AR RE bR & A AR SRS
3.4 EXRFEESBIN

Kl 12(a) FTE 13 (a) AEE U TN S HRHIENE 5
B BRI TE o 25 DUZRAE5 b T () e IR S e (] 4
B, BT RIEEAE S . KRGS0 BT

0.01t
2.
& 0.00
EEE{
-0.01}
0 200 400 600 800 1000
ef i)/ s
(a) JE LA

0.005
5 0.000 W“MWMWWMWWWMWW
~0.005
0.015
< 0.000 MMJ\M\/\/\/WJ\M/\MM\AMMWN«MNV\MWWN\AMNM
~0.015
0.004
9 0.000 WMWVMWNWW
—0.004
0.003
~0.003
0.002
5 0.000 W\/
~0.002

(b) /NI 53 AT

{E/10°V

i

8
7
6
=5
=
=4
N
K3
2
1

i

4 5 6
s ii)/10s
(c) I3

E 12 FHWEESKEMME
Fig. 12 AE signal waveform and spectrum of type 4 signal

187



AR, S/ AREREKABINIR B X555 RN RUFHEN 7

0 200 400 600 800 1000
it f)/us

(a) JEUhR I 3eis 1

(b) /NS RTE

Hi%/10°Hz
e S I S - N -

0 01 02 03 04 05 06 07 08 09 1
I )/107s
(c) B

13 EAEESHEMTL
Fig. 13 AE signal waveform and spectrum of type 6 signal
W, (HIFZE RN IRE S A, BTRA
FIREAE S, AN, PISEBIB R IR E RS A R
MU B, RPN —E YL N Bsh, (HITE

BUNEE

1000 0.0040
200 0.0036

800 | 0.0032

N 0.0028

W 600 f % 0.0024
% = 0.0020
=400 + 0.0016
Y 0.0012

200 F 3 RA/ms-V-! 0.0008
L . 0.0004

0 I ik st : 0.0000

50 100 150 200 250 300 350
RA/ms- V!
(a) HY!

FUAIE AR R AE B AR AL, SR FH B I/ N AR % 2
TEE S T i, R “db3” /NBEHEAT 5 200
WKl 12(b) #1E 13(b) Fin, MWEIHRTDIEH, Joit
SRR TG iR R R R S IRE RS, YR
MR 2o 0o BB/ NI A BT, S AL Sy R R R
TINBEIEAE B W, d2 75 TF 4R 8 B 3 B9 2K
ghky, d3 WIEIIR, d4 BIRGME T, d5 IR ST
X4, d2 o5 BRI RNME  BD R RRAE

WA, AR S I FH /NI A A i 0 T 24755 B R A
REAESEAT 3T o /0N IBE A 28 48 6T s A5 P T 114 4] 3 5B Jin 44
H, 5T AEFSHAPER, B 12(c) ME 13(c)
SR X PTG AT I AR A M AR B R AT P AR A R
TS S R RTE 150 ~300 kHz, 28K i i (e 545
SR T AE 100~250 kHz, B S, Al B E
8 e R B 5 1) W (L P 308 5 L v DX B Y
FEELH R A XN T e Bef 1 R RS REIR F0
3.5 WEEXSH

PN EPIELIOb)P & S eV aY (i £ S SE) < 1R |
BUIM A AL G, HAER AR EBE R B, 28
KRB 2 & L7254k, K 14 5 RA 5 AF {HRYE S %
TR, Fo s o O I B X, A X R
o 2R DX, AN [ (R 1 28 R A A A AL, 1R
PLSHPIREE T o0 i 78 RA FILAF ST, % B X 38
7 F AF ShffiE . RA EZ 0 HFE 0~ 100 ms/V Z[H],
AF FEATE 0~200 kHz, & 14(a) FIE 14(b) H1,
BT = SRBEHLERR I HL RN LR E A
i o Lk, WA, ST Tl — 4L H5d £
AR 53 AR AT B 2 L) AR AR TR] 227
E| PN = VY 8 - Al D i

1 000 0.0040
200 0.0036
800 | 0.0032
o 0.0028

=
o 600 S 0.0024
Z 0.0020
LQ .
< 400 F 0.0016
0.0012

-1

200 b RAjms-V 0.0008
i . 0.0004
0 it I : : : 0.0000

50 100 150 200 250 300 350
RA/ms V!
(b) HY2

14 RAS AFEHHSEE
Fig. 14 Scatter density plot of RA and AF values

188

KFKEBEAR(PHRL) E56%5 2025 FFE 4 H



1ooo | ° HAIRZL 200
1 BIYI5EL g
%%EP‘U 150 i
800 | &
g 600
= AL A N
N S EETVRR RN WS
400 0 10 20 30 40 50
iy RA/ms-V!
200 fireeees
I e T 230 950% | e L e °
0 50 100 150 200 250 300 350
RA/ms-V-!
(a) HY1

A, S/ ARECEKNBIAE R B LS ES KR BIAHET R

1000 b ¢ RHIREZL 200
S ByIRe :
A EEPL 0L
800 | )
i 600 [
<
R 7 D L foLe
400 | T Rt gt s e
’ 0 10 20 30 40 50
. RA/ms V!
200 o :
0 Mﬂ*‘ 1 1 I 1 1
0 50 100 150 200 250 300 350
RA/ms:- V!
(b) HY2

B 15 K-Medoids BRER
Fig. 15 Results K-Medoids clustering

kg kG A AR o 2 R S R, AR SO
FRBE LT s, 458 RA 5 AF 5%
A7 HAE R R 43 ) B B 1T RE S e SRR B R, e
BB 20 580 2 MO, K-medoids 515 fE
B BOZ A TAE . W75 K5 RA T AF 1F R i
AZH, BE SRR 2 43 50 XTI 5K 47 A gl
PIZsr, 4y2E An ik 15 FrsfisE 4 fedl, skhifi
BTG 2SI T A RO R4y Tk Bk S LT
65% LA I i i £ b, HpskhifES RA £ %
SPARTE 23 ms/V LN, BYYUIME 5 8 AF EE 1 1E
35 kHz AN, BRCKRFE, A H K-medoids JC 1
BREFEEEWIKPAE SRR & AFH, K
RAE”, BY VIR Ny “fL AF {H, = RAE”,
X5 DUAE A 6 5 A i A X 40 2R A i o 4 R R
_ﬁz[mj .

x4 BEdHD

Table 4  Cluster center

r_— [ S G NV iR S AN [ISTELIAe
(ms - V', kHz) (ms - V', kHz) it/ %
HY1 (2.139, 41.667) (46.321, 8.319) 85.87
HY2 (0.089 1, 12.195) (11.696, 7.634) 65.95

K 16 Sy 45 B BE RA-AF 53 A MIBER B b e, 78
BRI AR DU B B 7 A AR5 R RS A e
AN S DA EAE LS S ob Iy NS R TR7IE (UL V6= g 11
RRYJE = BB, BEE T HOKF BN, AR {554
DX I 2o 07 (B RA ML, BORy AF {H) %3, 5k
PIREU AR IS JUHA e AN RBUA TR EY
JEOTEB (D) B, Ty 4802 7 5 A BR R 2 77, 3k

IRFKEBBA (FEEL)

E56% 2025FF4H

FEN TR BTSRRI & B, Sk RS o L i B
THORIFEE RS R, HEARBBIRNE (V) )5, i
TREWERGA T, AN A EN I E A, &
BORIEMEE B WRUN L, SKRRIWNRE S5 I AR B IE
JESEI, FALS E B BRI K
3.6 REMEIHRULEHE

17 il R R K B = 8 A A 2
MR R R B AR R e A, FERT =B B T
B JRR R AR g s, (HAN R B BEZ ] ) B A2
Gt B AL AR, VA S B — B B
P, TR AR AL T A R R BRSO, B
A0 RIREREUR R, PO 2 LI ) 1 ) A8 g iy A A
Al , IR FA R UG TR R A ) TS 28k
T5 1) i e A i | A VRN I ) RS ) B A S
DR OLI 1) 9 7 AR A v R SRR A W 5 AE TR
ARG R 9 — KRR R, A h e e kE
IR, EIHGCRAE MAI A 60Hz, ] I A% 37 e A
RETEA AR AT 0. 02 s AYISR] TR H AT 250
NP U

4 i

AR RA R R REURAERRRL, Ak
i 5 M I T — R R A S DA ) EREEOR [, B
Beife = A7 B0 5 VAR i 5 M 0 T BRI, ARl
DAASERS S Dhg A% o 1) A SR 4 55 5 1) T S 3%
IO FH T 450 0 050 o TR AR 11 i
JRAF R, b A b e U B S B B R SR
R S, RN A X R TR AR R BOR

189



AR, S/ AREREKABINIR B X555 RN RUFHEN 7

100
10004 o WRBEL = %’giﬁiz 92.49
a BIEIRLL =
1000} 8001 30 7831
1000} 800 6004 -
- 2 60
1000 800} 600} 4004 i
] ; ﬁ
800} 600} 400 200/ %
bk 40
= 600} 400 200 0 L P N . =
< b 0 50 100 150 200 250 300 350"
= 400} 200f 0 LY S |
b 0 50 100 150 200 250 300 350 BBt 20
200.. 0 Do Lo L i
ég 050 00 130 200 250 300 350 TR
OE Pa0% 99 0 1Y L Y I 0
030 700 150 200 250 300 350 1B I I m v
RA/ms- V! By Bt
(a) HYI
100
hi 544
1000 @ RRIBLL = gfg‘]gﬁz
2 BYIRY T
1000k 800+ 80 1 76 41
1000} 800L 600}
b &
1000} 800 600 400 -‘-ﬂi:[
-or .
800} 600} 4001 200f i
2 600| 400] 2000 ol + P %
2 5 0 50 100 150 200 250 300 350 IV Bt
< 400} 200F O @, 0 ., .
; 0 50 100 150 200 250 300 350 W M
200F 0 P S S
0 30 100 150 200 250 300 350 1FTEX
oS, . . . .,
0 50 100 150 200 250 300 350 LFTE
RA/ms- V!
(b) HY2

E 16 &K RA-AF 7 FaEiFiE=t St

Fig. 16 RA-AF distribution and damage mode proportion in each stage

(DIC) R4 1 25 A 1l IR ok A8 4 b g A8 RS k5
ik, BT AR W R 7k B A R 0 AR 1 IR Y
WA

K18 i HY1 i ke 75 & B 55 0 728 Wa il iy %oF L
] v 3R s A R i o0 AR R B A B DU R A
5 T JOE T H ) R A 2, IRa
RENRGS . KA Z R R rp, 75 & 4t
FROESH0CA W B By Belk, T MR 4k 75 & 569 sh Pk Y
558 55 U A AR B B IR AR T [ 25 2R AT A 0 AR W
FEMEIR R AT AR AR A A B R W ks . 75 & 4
SRR 7 B0 B B O A B K S IR IR (5
REH BN, RABERCLEARREY R
(I0), AIPERN A RBEIR BT IRRRAE B2 AR 58 AR
ML= MF5)231 s, Ao, PRFHIEFES
o7 LA RIRE SR T A R IR A 0, 56 DU 25 A 5 FIEE

190

ANEAE TS L TEAR TR EY B B (1) i B4
R, UMM S TSR ARG S 8 BT
(LLETM BT S) , RAL VR A K T2 058 B B
(V) ST A i 75 e A 58 L2 K s i (R LA
SO, %R TN R (LA AT
141 s, WAIMERARBIRRATIRE B o 2R, 7ElH
AT R R M, ARE RS AE IR AT 0. 02 s 1Y
I 1] A RO AT 250 A R RTIR R B, BE— P
TIE 18 o G R TS M ) ) S R AR E LA 2K
POV S A B3 X — SN PR IR TR

gi b, ARG TSI W ) A 4R b i
ITBE, An o B s AR I A X LA SR A
AOREIR AR BE 100 P i S 0 5 AT I 3 AT 8 ) )
IR, HARHESEL B R A5 5 A 38 Ak 7T LAY
B NLERBIR TR, b a R b (i iy T2 2

KFKEBEAR(PHRL) E56%5 2025 FFE 4 H



THrBe

I Hr B

(b) HY2

& 17

A, &/ KRERESKRBINT I B R 515 S RV TR 2

IV BB iR s R

| E,/%
1.40

1.00

0.30

-0.10

-0.30

N =
1.40

1.00

0.30

-0.10

-0.30

KFHERE

Fig. 17 Horizontal strain contour

100
r 412
32
281 SO ® J10
24 ®
5 60 - 18
=20 F o =
= & I 5
el _ﬂ 16 3=
] 1.6 ) . %E
® 40 F 2
Bk 1.2 14
°
08 o L
42
04 |
00 - 0== o] -0
0 100 200 300 400 500 600 700 800 900
A /s
o FIAES - M B eEAREST —— BREHE

18 ARHESERUENT L

Fig. 18 Comparison of acoustic emission and deformation monitoring

WM EIEE S, BAMRIARBORREET), WS
AR 7 S50 19 M 0 0 B8 5 AR e AR BRI ) S
w

M T IR R sk e Rk, R A At
FORFECF FUGAR R BOR BEATRER S I I, 256 &
BRI SN0 Re )y TN S 2L SIS 2N
AR PR S AL AR T AL RHAIE

(1) MR35 A SRR AE 2 50 AL R AR £ A 5k

5 %

KFKEBEAR(PHRL) E56%5 2025 FFE4H

PISRBr By . (1) MRS R B, (1) /MR
JERGFEE KRB, (D) RECRTaE Y By B Al
(V) RASBIR B A BB,

(2) B KR Tk PRI i R ) P R A5 570
HANAEG, S RAG T B R EA A G aT SRIE S
ARBIRERIE . Horb, WA IR (815 SR e s 2k B
RERHK, ERRATEA ABREN B R m IR E R
R RN BB F A, FERAAE A A IR

191



AAEM, B/ AREICERRRINT 2

BEGHES RN ERWAHINR

LN

EARBLL AL B K T B BE
MTﬁEE%ﬁﬂhf ERE

u_‘\ 5

(3) 75 K SRR AE S50 R LAl 5 A ] A R Ak
meMﬁTmﬁﬁW
0P 141 &0 # AT Ik A5

Ay A 3 1 W T %ﬁ%ﬁ&ﬁ%ﬁ%%&

T%ﬁ%/b\%o

5 2% 3Lk ( References) :

(1]

192

Wst, BRUDT, REL, . TR RO R AL R R T

FREHIFE[ 1], BB SR, 2022, 49(3): 26-33.
YANG Gui, CHEN Shiwan, YU Qi, et al. Laboratory research on

early warning of collapse and instability based on rock micro-fracture
evolution[ J]. Mining Safety & Environmental Protection, 2022, 49

(3):26-33.

B2, RIS, #5t, 4
fF S FHERAR BT[]
73.

LIAO Zhilian,

—“MJ

i -BhVE A T 3R e R
AR R FSAR, 2023, 32(6) 58-

CHEN Shiwan, YANG Gui, et al. Acoustic signal
characteristies during the crack-toppling rock collapse developing
process based on a simulation experiment [ J]. Journal of Natural
Disasters, 2023, 32(6) : 58-73.

ZEME, WEss. BT RBCRUR (8 CHE A TBM Jis L i A< XU
BBTF[)]. KFIRIEBISE, 2024, 24(5) : 45-52.

LI Shangge, FENG Xueliang. Research on cost risk management of
TBM construction based on entropy right and grey relation[ J]. Water

Resources Development Research, 2024, 24(5) . 45-52.

Lo, 2, XA ORENREE T DA = 505 e 3r i 5
ISR [)]. 56 %5 TR¥%H), 2010, 29(4) . 705-
712.

ZUO Jianping, ZHOU Hongwei, LIU Yujie, et al. Research on
characteristic parameters of sandstone three-point bending failure
under different temperatures[ J]. Chinese Journal of Rock Mechanics
and Engineering, 2010, 29(4) . 705-712.

EM, fkor, BASE, 5 =02l R A A
MR JIERER T, &Eeml, 2024, (2). 114-122.
WANG Chao, WU Yongping, ZHAO Zihao,

RIS
et al. Stress intensity
factor of rock mass offset oblique crack under three-point bending load
[J]. Metal Mine, 2024, (2): 114-122.

KREL, ER, BRE, % ORRENSEER 1 R FH R 80k
MW AEAEIIZT[T]. #1515, 2018, 39(12): 4369-4376.
SONG Yiminl, XING Tongzhen, LYU Xiangfeng, et al. Fracture

characteristics of granite with mode-1 pre-crack atdifferent loading

rates[ J]. Rock and Soil Mechanics, 2018, 39(12) ; 4369-4376.

Wrarid, BmeE, sksiih. Bomabis 1 BT RAT 8 8o
WIELT]. W REAEdR, 2022, 7(6) @ 700-709.

CHEN Lichao, LYU Shuaifeng, ZHANG Diankun. Temperature
effect on mode I fracture behavior of tight sandstone[ J]. Journal of
Mining Science and Technology, 2022, 7(6) : 700-709.

B, VAT ANIEDINEGE T X R =AU W S e S
WA IRERFIE )], S0 T1%, 2019, 34(4): 666-674.

HE Jingjing, SHI Junping. Experimental study on three-point bending

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

fracture performance andfailure morphology of basalt under different

loading rates[ J ]. Journal of Experimental Mechanics, 2019, 34(4) .

666-674.
FEE WEEE, MR, . ORI TR A ik MK R A A
4,\?%‘&1»1&9% B[], A&, 2021, 42(4): 1115-
1125.

LU Hao, FENG Xiating, YANG Chengxiang, et al. Effect of different
notch prefabrication methods and notch lengths on rockthree-point
bending test[ J]. Rock and Soil Mechanics, 2021, 42(4). 1115-
1125.

X, Rtttk , 2o, &5 Bk FLS AR AR b e &
S s EACRHEOT T [(T]. A A e 5 TSR, 2012, 31
(12) . 2538-2547.

LIU Jianpo, XU Shida, LI Yuanhui, et al. Studies of ae time-space
evolution characteristics duringfailure process of rock specimens with
prefabricated holes [ J ].
Engineering, 2012, 31(12) . 2538-2547.

DONG L, YANG L, CHEN Y. Acoustic emission location accuracy

Chinese Journal of Rock Mechanics and

and spatial evolution characteristics of granite fracture in complex

stress conditions[ J]. Rock Mechanics and Rock Engineering, 2023,

56(2) . 1113-1130.
DONG L, TAO Q, HU Q, et al. Acoustic emission source location
method and experimental verification for structures containing

unknown empty area [ J]. International Journal of Mining Science and
Technology, 2022, 32(3) . 487-497.

DU K, LUO X, LIU M, et al. Understanding the evolution
mechanism and classification criteria of tensile-shear cracks in rock
failure process from acoustic emission ( AE) characteristics [ J ].
Engineering Fracture Mechanics, 2024, 296 109864.

JIANG X Y, WU D, ZHAO Z X, et al. Experimental and numerical
study on the damage evolution and acoustic emission multi-parameter
responses of single flaw sandstone under uniaxial compression[ J].
Theoretical and Applied Fracture Mechanics, 2024, 133 . 104535.
LI D, WANG E, KONG X, et al. Fractal characteristics of acoustic
emissions from coal under multi-stage true-triaxial compression|[J].

15(5) : 2021-2032.
WEI H, LIU Y, LI J, et al. Characterizing fatigue damage evolution

Journal of Geophysics and Engineering, 2018,

in asphalt mixtures using acoustic emission and Gaussian mixture
model analysis[ J]. Construction and Building Materials, 2023, 409,
133973.

KA, XA, WRET, A IR0 X 22 9 T8 2 ik
FREIELT]. HREDUM TR, 2023, 41(10) : 993-998.
SONG Mengbin, LIU Runshi, CHEN Ke,

et al. Influence of

clocking effect on pressure pulsation of multistage side channel pump

[J].

2023, 41(10) ; 993-998.
WANG F, YAN Y, CHEN Y,

Journal of Drainage and Irrigation Machinery Engineering,
et al. Fracture mechanical properties
and identification of principal stress direction from the rock frequency
domain[ J]. 2024,
264 108836.

DAS A K, SUTHAR D, LEUNG C K Y. Machine learning based

International Journal of Mechanical Sciences,

crack mode classification from unlabeled acoustic emission waveform

KFKEBEAR(PHRL) E56%5 2025 FFE 4 H



[21]

[22]

[24]

[25]

[26]

[28]

[29]

IRFKEBBA (FEEL)

features[ J ]. Cement and Concrete Research, 2019, 121 42-57.
WANG Y, MENG H, LONG D. Experimental investigation of fatigue
crack propagation in interbedded marble under multilevel cyclic
uniaxial compressive loads [ J]. Fatigue & Fracture of Engineering
Materials & Structures, 2021, 44(4) ; 933-951.
FARHIDZADEH A, MPALASKAS A C, MATIKAS T E, et al.
Fracture mode identification in cementitious materials using supervised
pattern recognition of acoustic emission features[ J]. Construction and
Building Materials, 2014, 67, 129-138.

JIAO Y, ZHANG Y, ZHANG M,

modes in pervious asphalt under splitting and compression based on

et al. Investigation of fracture

acoustic emission monitoring [ J]. Engineering Fracture Mechanics,
2019, 211: 209-220.

ZHAO Z, ZHOU X P. Digital microscopic multiphase heterogeneity
representation and its effects on micromechanics and cracking
geomaterials [ J ]. Rock Mechanics and Rock

Engineering, 2024, 57. 7443-7459.

behaviors  of

ZHAO Z, LU H-F. Deep learning interprets failure process of coal
reservoir during CO,-desorption by 3D reconstruction techniques[ J].
Energy, 2023, 282; 128802.

WANG P, LIU , ZHANG Y,

et al. Identifying rock fracture

precursor by multivariate analysis based on the digital image
correlation technique [ J ]. Theoretical

Mechanics, 2023, 126 103987.
ZHU TY, CHEN Z H, CAO J,

and Applied Fracture
et al. Investigation of the fracture
behavior of cemented waste rock-tailing backfill by digital image
correlation technique and discrete element modeling[ J]. Construction
and Building Materials, 2024, 428. 136367.

GARG P, ZAFAR S, HEDAYAT A, et al. A novel methodology for
characterizing fracture process zone evolution in Barre granite
specimens under mode [ loading [ J].
Fracture Mechanics, 2023, 123 103727.

TIAN Y, ZHAO C, XING ],

Theoretical and Applied

et al. A new digital image correlation

method for discontinuous measurement in fracture analysis [ ] ].
Theoretical and Applied Fracture Mechanics, 2024, 130: 104299.

ZHANG N, HEDAYAT A, SOSA H G B, et al. Crack evolution in

the Brazilian disks of the mine tailings-based geopolymers measured

from digital image correlations; An experimental investigation

considering the effects of class F fly ash additions [ J]. Ceramics
International , 2021, 47(22) . 32382-32396.
NIU Y, SU Z, SUN J, et al. Influence of the strength of rock-like

models on the local deformation field and acoustic emission

E56% 2025FF4H

[31]

[32]

[33]

[34]

[35]

[36]

[37]

A, &/ KREREKRBIRERE B LS5 S XN BRI R

characteristics [ J ]. Bulletin of Engineering Geology and the

Environment, 2023, 82(8): 334.

akarIE, AR, B JEF R BT R R L I 4% ) e
EHRREE A EE[T]. ZBEAR, 2023, 44(3). 399-
406.

ZHANG L F, LI J, WANG Z. Reconstruction of temperature
distribution by acoustic tomography based on principal component
analysis and deep neural network [ J ].
Technology, 2023, 44(3): 399-406.
XIE W B, CHEN B, FU X, et al
clustering with local density peak detection[ J].
2024, 676 120811.

MARTINS A S C, ARAUJO L R D, PENIDO D R R. K-Medoids

clustering applications for high-dimensionality multiphase probabilistic

Power Generation
Cost-effective hierarchical

Information Sciences,

power flow [ J]. International Journal of Electrical Power & Energy
Systems, 2024, 157. 109861.

ZHANG Z H, DENG J H. A new method for determining the crack
classification criterion in acoustic emission parameter analysis[]J].
International Journal of Rock Mechanics and Mining Sciences, 2020,

130: 104323.

iR 5’&?&‘*, WHRSC, SF. KBGOk A 3 T LA ) i
EHARPIRLSA[I/0L]. TRBESHER, 2024, 56(5)

23.

DU Yan, ZHANG Hongda, XIE Mowen, et al. Review on the

monitoring and early warning of large-scale unstable rock collapse[ J/
OL]. Advanced Engineering Sciences, 2024, 56(5) : 10-23.
PRUEEL, 24w, JELOME. A BTl DX 9 E OB UL . LA
T L SR A X LD g I ] DI s ( AR
SRR, 2010, 42(3): 1-
CHEN Hongkai, XIAN Xuefu,

TANG Hongmei. Developing

mechanism for collapse disaster in rocky mountain area; Taking Mt.
Hongyan in the national scenic spots of Simianshan as an example
[J]. Journal of Sichuan University ( Engineering Science Edition) ,

2010, 42(3)-

ZE, Mo, 15]}155( S — R G A IR ) SRR T
[J]. T%ﬂ#?éﬂ&, 2023, 45(9): 1441-1449.
LI Heng, DU Yan, XIE Mowen, et al. A new quantitative

identification method for an unstable sliding rock mass[ J]. Chinese

Journal of Engineering, 2023, 45(9) . 1441-1449.

(BRERE I 5%

193



