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Abstract

A monitoring method based on acoustic emission (AE) sensor has been widely used to
evaluate the damage of structures in underground rock. The acoustic emission signal
generated from cracking in material is analyzed as various acoustic emission
parameters in time and frequency domain. To investigate from initial crack generation
to final failure of rock material, it is important to understand the characteristics of
acoustic emission parameters according to the stress ratio and rock strength. In this
study, uniaxial compression tests were performed using very strong and weak rock
specimen in order to investigate the acoustic emission parameters when the failure of
specimen occurred. In the results of experimental tests, the event, root-mean-square
(RMS) voltage, amplitude, and absolute energy of very strong rock specimen were
larger than those of the weak rock specimen with an increase of stress ratio. In addition,
the acoustic emission parameters related in frequency were more affected by
specification (e.g., operation and resonant frequency) of sensors than the stress ratio
or rock strength. It is expected that this study may be meaningful for evaluating the
damage of underground rock when the health monitoring based on the acoustic
emission technique will be performed.

Keywords: Acoustic emission (AE), Parameter, Uniaxial compressive strength,
Failure monitoring
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L= T=E(Acoustic Emission, AE) AIME 0185101 Ao W 7322 485 87 I8k 7o Ss Ake:
FI1 QI St S A e v AT S A B e ol ekt 23S B9 E A Rt
Bl

9 g i gt
7] 9 WPRE 3% b 0] AL mietel] Sl S1-88 ST gt el w29 E 59
AP S OISR Aol Sl 2 Aol el BEE K S AR ol gslo] 95 YEAIY
S %gsto], QA A 1) A A SIS SHQAE RS AR, 32 vlge] F71EE olle
514, AL, ek 5, Hef o7} 73} Aol ok A Rrk e TS B B, Tl vl Sel
1320 018 Z7 AR BAS o chel WIZEr} v 02 BAsigl, 2 A7eH o AR e e S
FpE SRR Fak AEGHRMS)O| 7P R QAR G £ Ae] Ak 23S 7 RUE
%2l A] S 7FE SIoto] 8511 B8 4 2ke A0 VIdheict
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S} o= g oy 25 ofu &] AAFA) A (underground rock storage cavern) it -2 LEE0| 5 0]
. o]2f3t 25} FRZ oA A 7lo|ut = Z|utZztart A2 o] o] ofsto] &/do] ARt A4t AL E=0)
et g2 AZREARRIAQ] wo7 LIS o Qlet. whebA] ofFF U 2E=2 QPASHAl ARESE] SloiAe 2D
A FEE 0 oA RUE P oA AAIsh= 2o B2 o|thButt et al., 2000; Wang et al., 2018).

= &S (acoustic emission, AE) HUE|H 7[H-& Folo] A& UIF-0] &892 9 H/delE B7Fd - ot
(Wang, 2014; Zhang et al., 2015). 2o 2J5}o] S-S (stress) oL X7} GHt o] FA = H A QIzfe] wta) 2
T -go] oRte] 2ol Zrof| el FAE | A7 HEEEEA 2 1t
7o o]2tHFig. 1). o|uf EAYsH= 23 & 415 = oF 10 kHzO|A] 1 MHZz2] 5-& Ful v o] o] e u} e 2
AT (Park et al., 2013). o] 2{3h 110te] SRFIE A1 7|9 B U 7|2 u|A)gh g o YR 2
7R Q] A4k o]F-S G824 0 2 WIS 4= Ql= A o] @Itk (Helmstetter and Garamobois, 2010; Cheon et
al,, 2014).

A= UF-o] &40 = Qlsto] A= SPE Aloe 578 AAE -551] 513 (waveform) 419 = 44t
SFTE AT =TRRE, o|Z], LEFAIE A5AIZE 2o 213, A agl(root-mean square voltage, RMS),
7] 52 treket EAIRIALE B E 4= QIth(Feng et al., 2019). T3, k= HghS Fo}o] 27| S, 2f
TR, Pt T S 22 Fruk 7[HE 4RI R 24 0] 7HESITHL et al., 2017). o]2RF 5AYIAN=
A 20 =4 Ak (e.g., stress, damage level ) U A= 2] EAJ(e.g., strength) o] et 22k 4= Qlot. whehA] gt
Ul 250 P B7EE fleliie A Alm o] &4 Aot Alm o] B4 mhe 2P E SR EA
= APdel Frlsl= Ao S8 stk
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Fig. 1. Deformation characteristics for rock sample by loading (after Zhang et al., 2015)
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2 AollA= oA Al S| mhajof g SRS AT 442 fI5te] F 471 2] sdet Al F=8Iskel 3t
73 A2 ISRMOllA AARE 3Ftete] o =

strong rock)°ll s 2tH(Brown, 1981) (Fig. 2). AR 4=/3-2 Table 101l A =2I5HTt. A2 50 mm 2] 217,
100 mmO] =05 7 7|5 FHIE 0[S o, Hots 282 1WAIsH ] fIsto] Al HH-S Anfsaitt.

RO R1 R2 R3 R4 R5 R6
Medium Extremely
Extremely weak Very weak Weak ST Strong  Very strong ST
L i o ioonnnl : (T : L, NSRS
0.1 1 10 100

Uniaxial compressive strength, UCS [MPa]

Fig. 2. ISRM classification of rocks according to level of uniaxial compressive strength

Table 1. Properties of rock specimen

Specimen Densit}y P-wave velocity | Young’s modulus | Poisson’s ratio UCS
(g/em’) (m/s) (GPa) ©) (MPa)
S1 2.92 5833.3 53.34 0.2287 1424
S2 2.92 5241.4 48.59 0.2068 143.9
Wi 2.73 2680.7 3.02 0.2612 22.1
W2 2.62 2416.7 3.49 0.3402 21.6
22 4 | L gy

ok AJH o] mhalo] w2 SaPE A5 24 A7 AL A% AR Aot 9gkkE AT =4 A A
© & 7A51rkFig. 3 T

= o
AR A RS H5to] 5152 71 F-2-155 ol @H4) Allo] wI RIS 0.1 mm/min & 451

===}

~—
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Fig. 3. Acoustic emission measurement setup with uniaxial compressive test

Table 2. Specifications of AE monitoring system

Property Specification
Analog AE inputs 8 channels / board
Input Impedance 10 @
Resolution 16 bit
Frequency response 1 kHz to 1 MHz
A/D conversion rate 16 bit, 10 MSPS / channel
Digital processing 18 bit 256 tap digital FIR filter
Waveform storage 15,000 samples / channel

SFE A1 9= PACOIA] 7S Micro-11 Express-Express 8 A| 2817} R 451C AIAE o]-851] =359t
2 Ao AREH AE A|AEC] AJ5-2 Table 22+ T} AR A|ARIS] 2|t 5 7Hs_H Al S.0] 215 57]
=100 dBo]c}. TS =t o] 25 A A 5H | Y8l oF2 2 1 BE(analog filter) S A18-519] 400 kHz low pass

A9 42E(sampling rate)= 10 MPS (mega per second) 2 A5}t 2= 418 4
ol o182+ A= FR Fu57F16.6 kHz, B 1= 1~30 kHzol| s gteh. 2t AlA 2ol uirg=|o]
Q= FE7|(pre-amplifier) o4 5 4155 40 dB F-Z510] 4155 5SS} AAIGK threshold)-2 olH] A&

=2 /17

E3}o] A o2 H|(signal-noise ratio)”} HtI7} &= 40 dBE AA519.0H, 71E B 7% A7 Archer et
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Fig. 4. An example of acoustic emission parameters based on waveform (Feng et al., 2019)

A Al o] A9 o] % oA Ao whE SFYE A2 SN 2 Al A g8 o] sidohe 6
H|-8{(stress ratio, 0/ 0 max X 100, %) 2 BI5GB AolM = 233 E 418 EARJIRTE o[HIE(event), A&
ZHRMS), ol F1Z(amplitude), AT ol Z](absolute energy), TI=(frequency) = 4175t A 2 At
o] A B AT

2 142.4 MPa (S1), 143.9 MPa (S2)2] 9% 9F=711 ATM2 Holon o]9} M2 AA|H-L 22.1 MPa
(Wl) 21.6MPa(W2)°ﬂ —5—H §_1:]- ] ] 1— 4/\]1149,] 71—EE$-1oﬂ =2 O FHEXO zzg %3*7
2 1&g ol 85}o] HAlsiolct
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Fig. 6. Cumulative event with stress ratio
3.2 A=ZHRMS)

8 gk(root-mean-square voltage, RMS)> TS 5= o|HIE 1hed O] Bat () gholl shigeich.
SRYE AN P AN Y ek ghe A AJE & L 2e)

gebrich. wiebd] Aagke sh5ol ofgh AlE o] uby] S48 Bajskd] 489 SAAE B85 Jrk
(Dixon et al., 2018).

ARz 59 Hlgo] S7H mi(0% — 100%) AU tha- 57F51e] ©F100%2] 62 Hlgollx] 7Fd 2 2t
£ B Bl A5 2F 0% 2 vl FollM 7P =8 dhe 7Pl A 082 SRIEQtk(Fig. 7). B7HH £
ol A a gk AGET F oA oF 1.30] =2 2 o2 SRIEIQITt o|2iet Axt= 7ol Aol &gt 2ol &
Holi=710 & peber), 7o) 49 S7H 2o A 872> 2F0.08 V (Fig. 7(a) and 7(b)), AellA=<F0.06 V

s L-H
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Fig. 7. Root-mean-square (RMS) voltage with stress ratio
ol 210 2 515 Z-go] OJsto] A L 2 o] Feo] AE|T A 1Y whRo] Kol Ay
She Zloz Tehdn:. U5 ASATE gellM Aol 2F wha] w2 71Ee] EAIH w2 9] Hidf(crack
closure), 22 B4 #E AJ4d(micro-crack growth), & 22| & 2] A4 L S (macro-crack growth and

coalescence), 5 T} (failure) 02 F-EE= E4J0] 3l

ofefat wgolH 2 | Fho] A4 S B

0o TS oHIET S, o] & 01 S A8E tofl= FFEE oME o= AL T 2
O] oA S ZH= o[HIEZ} S H= E7Jo] QItHMoradian et al., 2016). WA 2 (0] 739k AJHojlA
58 Hl&o] 2F 40% FZolx] o] o 1 AL F 70% M= o] wtdo] 2 3 s
Ao g FAE, o]t it 2 A AlHo A= on] F=o] Hol EA5H ﬂwﬂ ol (BEAH) o]
uby] Huhs, 22 ] why gl 7 ddo] A&z 0= wAeto] 52 HlEo] 100%°] =2 E5 dagho]
4 F7fohe 2 02 FAHE
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3 2|l 21=(amplitude)
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L5 AFAIDA Hh Z52-53 vl S71el mheh Aot Alzoli= ek 57 Ishe Zda Bt | o
= =8 Bl = 100%) 0l EE 8= 2] 7152 60~-80 dB7HA] S7I515IKFig. 8). A% A1 A
2F70% -3 vl wf 2t} MZo] F45] 5715131 01, 52 Hl&0] 100% ¥ W 80 dB o] 1% glo] T

Tt 2o A GEE QP AR T 54 7 4 S-SR E SAIARA B8aplols B}
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Fig. 8. Amplitude with stress ratio
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Fig. 9. Absolute energy with stress ratio
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3.5 Fk(frequency)

Falst o AR Tl Wkoh] Sislel Wel B8EIT gl 54 Q1o shstol e
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Fig. 10. Initial frequency with stress ratio
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749t Ao, o Fak= 271 20% ©l5te] -§8 gl tha: vt 5o T H ]k o
F|f Fafs b 22 AlHoA 27] Fak GEE TR thd W2 45(75 kHz ©[oh ] Fufs= tfHo] 1
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