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Abstract

Rock bolts play a crucial role in reinforcing rock slopes. However, a poorly grouted
rock bolt occasionally occurs, potentially compromising the stability of a rock slope.
The purpose of this study is to evaluate the integrity of a rock bolt using sound waves.
In experiments, a total of five rock bolts are prepared, one of which is intact while the
other four are poorly grouted. The grouted ratios of four poorly grouted rock bolts are
80%, 70%, 60%, and 50%, respectively, and nongrouted sections are introduced at the
upper part of the rock bolts. Rock bolts are installed in a concrete block to simulate
rock bolts embedded in a rock slope. Sound waves are generated by impacting the
head of the rock bolt and measured using the built-in microphone of a smartphone.
Measured sound waves are analyzed in frequency domain through Fourier transform.
Results show that the predominant frequency of sound waves decreases as the grouted
ratio decreases. This study suggests that the predominant frequency of sound waves
can be an effective indicator for evaluating the integrity of the rock bolt.
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319}, TIER9E Slo] Helgh LS SEE o] £ Ho) mAlSIon], ek FHULES 80%, 70% 60%, S0%E

B A 2 e AR T 22 el Axsle] el 2elslo] s BT AP 24stct
SHRES 92 ol ehiolol §E BAen, Aol o] sl gl }oa&%ﬂ_wowu} zxg

S ks Folo] Mgk Bl S Aol EAlstArk, 11 An, SREC Dt S
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220§ DA%, SRR, SRE AnlEE, S}
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1.ME2

SEL B S Boyoke o) Wel Al ok SREE AR, A, H5A7 545 o
o 1zol ) cleabl B RS 9lo ], Aol b Sl o 2 HErgAY, ARuAY, 299 S
B 1Ee % ekKimetal, 2009). AEFIEE S BRE0] A8k chilo] 42417 7 chilr} 2 2] 4
B B2 28417 RO Qtel 52 kel QE WSk ol HRA e SREe bt
RS AHE, 71 22 T2k EARE o]-§sto] HatebAY B3 4 22 =g of-§sto] ofRtate] 7]
A% o ol golo] Qe Hgek Wpolck BRI HE AT AR S A ES el S nol
HHH 0 2 Aeks 71AIA] B TS EE o 85to] HEA7| 1L EEE ZYAEHAE 75| o] oA
= SRR 2 At RO AR MU SEES o= gith

SEEE JutA o= ohito] HyHl Sof REE IS A}IehL, E WRE 18 EAR St w4
f‘] Ho}, SRR, 1REAR L] SR, E5RR B-AHIE 1], 224439 I (pumping), &2 (bleeding) &

02 Q5| 12k EVEwe M S 4= Qlek. T3 ot sk cl(fracture zone), & (jonint), G (crack) 5
VAL EEEH O DS EAN ANE F9HH5] TR ERR] b 4 Sl Al i 52
S| ISR EAPT YR Aol =9 Io] FHE= - ollk o] B Hrt. oleh o] I ESL &
o FAE HHe 2HE. 7k E ok TR E 7HO] B2 (bond strength) o]l FS &S 57| Hck A
A2 AAE BBE 0] JekeE EAo] Baet A7} the B a1Elo] 1k Kelly and Jager (1996)9] ofstet
ofxz|zto] FAtoll A AAE FEE 5 2 50%2] SEE7} 12eEo] A= F]2] 942 202 AR
Thurner (1996)+= 2910 A2 FEES TASIAAL, o] F 2t 50%7H 4] &2 e Balor, dF=
- £7] h2 F8S Aol B 7513t Hartman et al. (2010)-2 @ AE gL 2]ofg4te] 2] H 191719 =

Eof tof] AHE H7FE $17F HlmH A F(nondestructive test, NDT)= 5851911, ©] & 144712 SEE
(75.4%) 2] 129E A7} Beksll1, 51719 2EE(26.7%)= AUZ 7152 $-3512] gFR=tial H 115}9]
o}, 9], ARtAPH| AR H SEE ] -9, Wk 0 = 1715 H(potential failure surface)ol] 2] opd T

“E
‘“@
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he 71 2 A ErhWyllie, 2017). ©] 7%, S| 902 T2k EA E2W= Fig. 17} 2o SEE &+
3ol T2k E7} F7IR A R o] A7 4 ik ER, ghvie] EAishs Bl 2 BasoR ek Ed)
7t AHEE A9 TR E EFJ %E SEE TR 289 EZE SAER] g2 FE-& A7 = 88lo]
ok, Thurner (1988 2= E7} ko & Qivbatge] A2 o “1ako-Er} Ay S w1 A7t ‘ﬂ‘ﬂﬁ}ﬂl
Qolddra ot oot e O]%i% A5
7% BES el

Smartphone Hammer impact

Rock slope

Fig. 1. Sound wave measurement for the rock bolt installed on the rock slope

EEES| AHLE F7lolr] Yol MeH oz @I oj¥(overcoring) E QIHA] A (pull-out test)©] =]
o] grh. eI ol W2 Ik E, REE, oo FEIE Tl 2 AlZHA o= Elshr] ffol AA|
o] 2FH(Sundholm, 1987). QIHEA| -2 U4EA © 2 [SRM standard®f] w2t =34 =H, AX|5H SEE F X4 5%
oA} Algo] 4=3=|ofof SHrtal Aotslal JThBacié et al., 2019). SHAIF, o]2{3t HHHEL A7k} v]-go] ik
o] A Q =, m}v] A Q1 ¥ (destructive method)0| B2 t}=0] SEEZ ZAlSH | o= A7} JItHZou, 2004;
Madenga et al., 2006).

71| BEE T B7F o] TS SESEAL TR Bluf] Al o] A|QtE| QI o] & 'HIuRE o
B AR ek E Fdo) et MupEAdo] FESisHA Wshy| wliZel]l 7Y E ] ARSE] L QT Zou et al.
(2007)2 £ AHEE Ad SEE LGS THute] o | 2] 47 A1, 7F 215 (excitation frequency) ]|
S0 St £k = REE O TIRRRE S0l mt Eeble BT Wu et
al., 2012; Yuetal., 2013; Zima and Rucka, 2017; Yu et al., 2019). 53|, ZHtAbHo| AX])H SE2E 0] 3.9 FH
of Y 1eR9E FH-E0] dolof| et S EE O] 17357 kR 7Y d ] delxl /do|thGodfrey
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and Kuchar, 1977; Holland, 1993; Milne, 1999; Ivanovi¢ and Neilson, 2013). S}A|qF, EMJutE o]-835F 7HH-2
7SR, ABAIA, 220} ERARA, ATTEATMY, A0557], QAR AT T F3} ko 717E0] A|SAgH]
7} D Qs X2 A2 |E olgste] S EE Q] AAEE Hrtohs WHE0] AEAl AlRbE L IRT, 715 2]
QA= W2 117he] MR\ 5441 )71 E Q51 (Yu and Lee, 2020; Lee and Yu, 2024). 0]} -2

ol e (s A SRE AR ok o] et @77} aFlo] sick

2 =rollAe 71E0] Hint Al o] TS B ko] floiA] gl do] £ vl A A et AnfEES o] §
Sto] SEEO] AXEE Wrishs S AXRI. siHE ARSI SEEC] 7o) 545 7isto] 2uhE T
A Z o, A SRS ARFEES] Y nlo] 3-E o]-g-5to] 57514 1“)r 5% S| Sl BAS 16l
F2]of] HeKFourier transform)= F5I3tE SEES] 1M k= T29E $3-&0] e AT ks

ol-gste] 75kt 2 =] YA Fat=2 ol 22 v, A, Ant 2 24, @oF H A o2 A5

2, 0|23 g

21 22E0| 22

[=J =

E2EEO| 1U5S FAZAT 5152 A0 wet tiekst 2102 FdE o] 9t Milne, 1999; Ivanovié et al.,
2001; Giurgiutiu, 2014; Bagi¢ et al. 2020) Fig. 28} o] FHof 12k E SH-g0] 255t RO =S EE
o] FHE ZHIeko 7 elAso] TS FUL A9, EEE ] Zo|E uet E75(longitudinal vibration)©] &
Attt wtof REE o] TR AThS 717 At A Tho & TR, FRO| ek E F3tgo] SRt
%—E_—_E_O Z75-2 A3 e B (uniform elastic bar) 2] U AH+715(free longitudinal vibration) 2.2 A

Z= QJthBagi¢ et al., 2020).

& W\N Radiation ﬂ Reflecﬂon
ct 50\“\
pwe Rebar Grout
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\i”“j |« >le >
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Fig. 2. Sound wave propagation
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o, AT E, B p, B 4 2he wt A SAS2 atEsl At 7] xob ARE oA Bo] 7 2>
[e)

8 A(element) ] THHY Z-85= S P(x,)E T2 Z€THRao, 2011; 2019).

P=cA=pEA2% (1)

AV

A7IM, 0= 58, us FUT RS, 0w/ 0x= FYT HFECIH. o|=4E 5o FFl it 25 H44

Is] 0
EAa—;;(x,t)-&-f(ac,t):pA 6; (x.,t) 2)
1 Aol 212 £= 091 A9, thaah 7o) BT AR5l it 442 P2 Z ek,
82u(x,t 8%u(x,t
p2tulat)  o%ula) G

ox ot

o714, i o] ATeRe B} S5 2 1/ p O] AB 0= O, B Q7o H ZE el 5,034 misol. 4]
(5)2] &F438ll(complete solution)= T} 2t}

wlz,t)=Ux) - Tt) = Acos%%— Bsin% (Ccoswt+ Dsinwt) 4)

A7|A, w2 Bis 2P < (angular frequency)©lH, Ulx)= §H3-8-2] 11775 (natural frequency)
9} =8/ (mode shape)©ll et JHE Zd 7] =257 A)(fundamental equation)< YEFH, T(1)= 2ok
(harmonic motion)= WFEHATE A 9F B= ZAIZ A PRP/AJ=olal, 09F D& Z715700) PRt /Ad=roltt. ntef
300 x =04 WS, x = 104 - ELHE, 737 220L et o] 5EE 2 ek

w(0,t)=0, t >0, LA 5)

axial force = AEg—Z(l,t) =0, At (6)
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_x(l’t)zo’ t>0 (7)

(52 A (@)l st 4 =00] 11, 4] (6)S AHE 5P, thoat 2o b WA S masith
w wl wl
B—cos—=0 or cos—=0 ®)
~ C C C

webA, TAAER o,) Tha} o] FofAict,

_ (2n+1)me
w'll 2l

n=0,1,2, ©)
o714, 2 tfeRRE X5 REE b}E‘r‘HUﬂ n=1¢ BE 7|2 X =(fundamental mode)&} 5tal, v 7| 2F0}4
(fundamental frequency) T=7

SRR IRk PE S HEE 1o A o] 2] WAl 012 A9, o] SelAle] B BEE
H 57 A HJ%*O}O =5kl fé‘%”\]?#/ﬂ 571 ¥=lo] 7121 HIshE Y o717 W, o] = Qlsf| Suk(4-2)
shupigict. ujebd], SRE o] SHa 2050 ofd] WAlEl Sute] Fulis SHEC| TokoE F 8o ulehg
2FA]A| Fok.

2 2_._7| |_7.-_ZIE

SUS
2 Ao ZEE FRESUIFC R T4S
3 R EEE Afo|o Hl F3h] EAet= V1S %ﬁﬂ oJESle Suto] EAL o] @5t AAEE W}
t}. o] AJAELe §HE Fo] F Q1 thE Z Fo| &4 gl= H T closed pipe) Ul TAIH 42]o] Ak
(standing wave) 5-d3} Aottt HlHe] AE & ZollAf=-g7] B2 W7 FE 2A R E 2 =+
FYsllopeitt. &, M7 IS et ol dAsliok qttt. whebA], oF HSk= 00]7]ofl HE-2 AYSER] €
=t He] 2Rl & BollM=57] Bt W= 7 Atk siAIRn, of 82 X[t ] 7, X4 Qo] d uf |
A 712 Z50] HAYSHA| Hth(Kinsler et al., 2000; Rossing et al., 2013; Fahy and Thompson, 2015; Photinos,
2017). TiepA], gltol| A 9] gdut= d7l 352 vli(antinode), B371 352 Ul (node)E ZHA =, Hlte] dol=
1HH(wavelength) 2] 459 13} Tt
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%(2n—1)/\n =L, n=1,2,3," (10)

of71A, L2 we] Ao, A= ne vEhiT) J12]a, piA RE O] gl vaalt Zo] TAHUTE

(2n—1 )7700

”:T7 n=172,3,-~~ (11)

w

A7|A, cor= 21 20°C, H71400A 371 T 530 £ 2 343 ny/solt}. O] /-0 2= mke] dd & EollA
o] DA -AAIE) 11, -23F Y] H A(acoustic impedance) 7} 00] Flojok gtet, 1LY, AA| wjol A=
w7} w 5] - wiE(E 7)) = AR Hulslr| ulzell &9F m e A7t 00] oA ot whEhA, wje]
B Z oM a7 IAsHR] L, wite] E7 & EoflA ot Ee] "ojA o] 00 F= 37| 5717
gho 2 defuel 37175 FAdste] A7t o] wfl, ¢fglo] 0ol=)= X7kA| ] A e, &, HlitkEtel
AH 5717159 dolet Hhe] Aol ehS /] Zo(L.») ekl ditk(Kinsler et al., 2000; Rossing et al., 2013;
Fahy and Thompson, 2015). 5V o] 9&8 HTHe] -2, L2 Lyy=L + 0.61r2 HAH. o] HA-S T~

"0 i
(end correction)o 211 ghck, EHI S A 834, 4] (1S The 3} o] thi] BT 4 ek

do rir

—_

b

=

(2n—1 )7rc(J

"~ 2(L+0.61r) n=1,2,3, (12)

w

I:II-IL'I

3. 4%

3.1 S2E ARA| AR}

Se—

o2

2EE A)Zto]| AFRH o] AT} Zo]=254 mm, 3.01 mo]th IR EE AJHE Ho| AER B AHE
4] 0.5= vigSEITh. 2174 25.4 mm<l E-E A }Ioh] ol Ate]l g == 9] 7o) YRFH 2 2 38 mmo]
o2 JSQES 5= 6.3 mmE s3It Ste] S74o] Bolole F SEE F59] 10 mm= 18- EE 514
a1 371 Foll .lwE3AIFE. whA], eHds] JekeEl A SBES Aoli=3.01m 4
3.0 mo|th A2 Fig. 37 2] Z0]3.01 m&] Al 7Ho] SEE] thofl =30 ™, Tk EFR] gk o]
7} Z¥ZF 1.5 m, 1.2 m, 0.9 m, 0.6 m31 Y] 7]e] SEEL At SEE SRS ZalsIt) 2 Afox=FEE
ek E o] 24 AL E ZH-8(grouted ratio, GR)E LFEF 0 W, 12k E ] Zol2 AXg SR E O] JJe}QE
H 40](3.0 m)Z o] TSI whEta], JeR-ER 2] ¢k ol7F .5 m, 1.2 m, 0.9 m, 0.6 mQ SEE]
ZHE2 50%, 60%, 70%, 80%C ™, 7T EBE O] F3-&2 100%0]ch ARt SEE= fytel Z9d

1

= L
S RAS}7] 94 Fig. 49} 20] £, 0], Zol= 212 1.1 m, 1.1 m, 3.0 mg] 22 E 22 ol Ax]aloict,

mr

Y ol
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£ AN Fig, 39} o] TokS EH SBES ARG Fol o] S Ao AXske, AFH A EAE
2 A Fig. 49} 22 AGAS ST Wb, TekSE SRS S0 2 SISt AgAE 24
sholck. A% SREL el B2 F4o] $HA/]I, FHEo0] Bt SREL AUG ZRERYY
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o & no
J
ok
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Fig. 3. Rock bolt specimens
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1o,
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H E2E 7ol AR JE} E7FSAEA] ok F2e 4 V= 1313}04 Z’fll:cﬁ% olgsty o, F5
TREA717] Sfell ZEE FH-E 77 500g9] 2~ SH(steel hammer) S ©]-85to] S0 = BFASIGIH. S&
EO| Tk ETF FAER] RS Fatoll k& o] 508 AH Suks AntEES] W nte| 35 o]
85101 44.1 kHzo] A2 HIE=2 é—ﬂ St 71 94991 20 Hz~20 kHz H9lollA Adn}t /}li(sinusoidal
signal) 2] FIRpE 10% B A2 0 = Z7HA7|H W mto] o] thigt = &%(frequency sweep)=

3?93\3—’, 71 AYE Fig. 5ol HER ATk, Ui wto] 2= 2551, 1.0~2.0 kHzolA 7 R1zdsa "}Eﬂﬁ—i e
2t St B3 flat response) & H o= .0 2 VFERITE S7g0]| AREQF ARFE 2 o ZALS] iPhone XSOt
ZA% 1= Ylo]E 2t @ xd(waveform audio format) Sl wavitd 2 PCo]| 41461991, MATLABS ©]-§&

% M
20 F

20 200 2000 20000
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Fig. 5. Frequency response of the built-in microphone
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S Sl 132 ol O] A, s 2] o[ 7], B4 Wk Foll Faks e 4= qlrh Ao X ol |

o Ade AT AASHA ARESIZ 1ol E Aol tiet Yk 135t efote &3l

AR EFA S5 QA f-Alsk7| oF7 1ol B ol |2l A7 okA] etk ERt, BHA ko] ehH st

Al ZEE O SHEo] HE 5F7 = o Rtk 2 AtollA= of=Iet @ glo] 74 o] - HE-gof| s
= YEHeE 4= QI et SEA|RL -2-A|Fmk(predominant frequency)oll= 712] FE-S

T2 o= 2 0 2 e o|eh 2 ol & BFA o | R ob ieks YASHA Ao | ffet AU FA 2 E 4

askA] grotte A7gRt gha Uehlle A& 245k

2 Ao M= =Y (sound source) 2= S FAO] ARREHTE FEE 0| FH-E S = EfAsto] 4274
g THO] 3719} e ETL FHER] ofot 471 ¥l g7t = HRARE QLT o w, 3¢l o 2 HE] WA
A7} 3718 Bl ufol A2 vl2 ML= = 425 213 3(direct sound)©|2}al Sttt =R EV SH ]
A] 92 Rl g7l A o] fub= 51 EA P Ev ddih= 57 YudArohar] mhof A S/44S Bl =
O] A= A (12)0f] ebd A o] gifE Tek¢ErF SR A] 952 dolof] 3k 'L, 20 2173
5, I EZFSAEA] 92 W 37 A7) ol tha: Fda ettt 12k BV SAEA] ot kg A
O T35Sl BFA e ofgh2 4] (9)2F o] do] Aot oyt A o] e iAot W o el ehdu}
O £Lrof| i FFe W=t AL TS FH 5710 b= W2 oplehal, A= d FX1E 0 Af5n
Frof| wheh b7 ARt o[ FA AN Sk Al i EA P Eof A WEARE ‘—4'. 2 511 1‘3}—?—57 [k
A] 92 Rl g7l M= s 4 o= 2Rt 5
S EAGH| . whEbA, AntEE o] i nio]a= S A5 o] %ol S45= —I—EHZ— O]‘—i"—éﬂ] 1‘1}—?—
EZ} A=A grob AR 1l F1tol| A S E A THE St kAR o] 2 Zlo]t. o]e} o] AntEE U ut
olAell= A3daat Hl Sl A A HiAR(reflected sound)©] 2| :

HEARS-O] A WA 152 27|93 (early reflection) F4= ol Z(echo)©] ™, ©]%-f|
S{reverberant sound)©]l SR HRossing et al., 2013). FF22 o5 015.51 | VERLF= ‘ﬂ}/\]-—j 2o
2 IR g0l B ol FH FA| 2 QIR HIAP T 2| o] Bt =, S 33 Hie 2Alld AR
& I8l Yrehb= vk multiple reflection)”F AJ7to] 2] w2t ofiu] 7\] —4 717F &0l Ak HhA
oIt} & o= IR EZF SRR o2 T W o] A = EAR E R Qls) WARSS] TR AR}
LERG o™, 2-3(original sound)a}t T4 FCt

ato] ol S S Fig. 601 HEF I S 208 B, 7Fg 25 UEhd 23 o9 E(sound event)

r
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Fig. 6. Measured sound waves (left) and frequency spectrum (right)
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71714 228G 7 Sk o] o[EE se7t S RE ol Ruls] WAt £ 8] st o] Ftet
L o|HIES-L HIAFL o] suisit. 18], o] HRARSO] 2] A|7Re S 4 -80] LR SR T ¢ &)l A& E= AL
S O, o5 Fig. 6| LRI SIt}. et =
EEO| A0 71 2 oUAE 7|1 Qi Fol QAR 2,17 kHzo|th, IO E ZA-80] 80%,
70%, 60%, 50%%] SEE O] $AHIF}4-=1.63 kHz, 1.26 kHz, 1.01 kHz, 0.89 kHz= Fig. 77 Zo] 573-&°] &
7taE AT SIS

bJ

2.50

N
o
S

Frequency [kHz]

50% 60% 70% 80% 90% 100%
Grouted ratio, GR

Fig. 7. Variation in the predominant frequency according to the grouted ratio

TIRRE S3E0] B SEE | 7250t 310] 71 X EE A (9)9F Al (12)F ol-8ste] Aktst
FaL, 71 ATE Fig. 80 UFEIRLOH, Fig. 9l mlolaz Z77t 3] @A|lFuka-e} vlwsioict. S48
80%, 70%, 60%, 50%C1 ZEE o] ZEo]| 3t 7| EAES=2 10 kHz, 1.40 kHz, 1.05 kHz, 0.84 kHzo|™, &
lof| gt 7| ER15 = 0.14 kHz, 0.09 kHz, 0.07 kHz, 0.06 kHzo|t}h, 4% -Suto] 24-gof| k2 L A|Ful4
O] T4 7t A 2 SEE O] XA -gate] vigh 72X 5 B S-80] Al we gashe
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