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Deformation Behaviors and Acoustic Emissions of
Rock Joints in Direct Shear

Tae-Hyok Kim, Sang-Don Lee and Chung-In Lee

ABSTRACT

Direct shear tests were conducted in a laboratory setting in order to investigate the shear strength
and deformation behavior of rock joints. Also, the characteristics of acoustic emissions (AE) during
shearing of rock joints were studied. The artificial rock joints were created by splitting the intact
blocks of Hwangdeung granites and Iksan marbles. Joint roughness profiles were measured by a profile
gage and then digitized by Image analyzer. Roughness profile indices (R,) of the joints were calculated
with these digitized data. Peak shear strength, residual shear strength, shear stiffness and maximum
acoustic emission (AE) rate were investigated with joint roughness. The peak shear strength, the
residual shear strength and the shear stiffness were increased as roughness profile index or normal
stress increased in the shear tests of granites. In the tests of marble samples, the shear deformation
characteristics were not directly affected by joint roughness. As the result of two directional shear
tests, the shear characteristics were varied with shear direction. AE count rates were measured during
the shear deformation and the AE signals in several stages of the deformation were analyzed in
a frequency domain. The AE rate peaks coincided with the stress drops during the shear deformation
of joint. The dominant frequencies of the AE signals were in the vicinity of 100 kHz for granite
samples and 900 kHz for marble samples. The distribution of amplitude was dispersed with increasing
normal stress.
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Table 1. Mechanical and physical properties of
Hwangdeung granite and lksan marble.
Rock T
ock Lype Granite Marble
Property
Specific gravity 2.641 0.008 2.71+ 0.004
Apparent porosity 0.776+ 0.018 0.274% 0.022
(%)
P wave velocity 2510+ 400 2850+ 110
(m/sec)
S wave velocity 1780+ 220 1910+ 78
(m/sec)
Uniaxial compressive 170.8+ 11.0 587+ 2.6
strength (MPa)
Young’s modulus 403+ 5.0 55.1+ 9.0
(GPa)
Poisson’s ratio 0.215+ 0.038 0.377+ 0.056
Tensile strength 7.06t 0.8 576+ 0.5

(MPa)
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A view of fracturing in specimen for shear
test.

Fig. 1.

Granite

Fig. 2. A view of fractured specimen for shear test.



Fig. 3. A view of measuring of the joint roughness
profile.
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: Controller
: Load cell

Stroke LVDT

® :
@® : Hydraulic pump motor
: Servo valve ® : AD convertor

: PC ® : Computer hard disk

: Printer @ : AE transducer

: Amplifier @ : Oscilloscope DATA 6000
: Floppy diskette @ : AE analyzer

: Recorder

Fig. 5. Block diagram of the overall testing system.

X-NNCRCRONCEC)

ukel 7k o] AY7A FAEFL 208 &%
fotalol o8l 83(Yoke)ol RXE Folo] FHoR
Rl A, fobae g5 Wzl ol AEHch A
el e AMEA A2 7l Ed, AgkelE - A
W9 AL ANeAH7 A v HFEER
AR AR Zol] WA FA U vho]d
AR E o] Bste] FA3IUct

Ak Zof] WAsh= w43 S(AE)Z B & K
Akl AE ZA7)7|(Acoustic Emission System)& Ab
351} 249} AE AE 7= Askdate] Swo
IF IEE o] fslo] Ratsigic) & Aol A= 0.25
V, 05V, 1.0V, 20V$] threshold level& 7FA+ 4
M) Aol 7S5 ZHES PAtslol AE A1
ZAE FAsHE Weight moded AREsto] AE
Ase] FAUAE A od, 1 F 715A
(Model 2307)&8 ®WA 7]1&3stgch

AE A %9 Fal 4 AsEA7)(Data Preci-
sionAk¢] DATA 600008 AHEsto] Fas3ich AE
Ap o] 2H7+AL 200 ns, Z2AHZFE 27T 20483 2
st} o] 71719 E4o] 7Hed H Fahl Ny-
quist FIE 2.5 MHzol 1, Halls& 244140|c)

3.4 AWy

AA g Holsh & sl AIUHE

[
19)]

100

GeleE

et
® ®
AN SN EETTTEONERASESSSNSY §
® N o0
® 100 | @

<Unit:mm>

@ Load cell ®Rope

® Loading plate @ Hydraulic ram
© Spherical seat @ Yoke

@ Upper shear box ®Dial gage

©Lower shear box S : Shear force

@®Frame .
® Bushing N : Normal force

Fig. 6. Schematic diagram of the direct shear test-
ing apparatus.

T3 5 AAR7IS EAE st A Ak
o|¥ A9 7t BE-5 Zaldo Axea &
s A FALTHE it aEln AY
A7 FAHY FA L cloldAlo|xE =AM &
SE719k AE #1477, AZEA7E AFFAA AEE
REsi=s

B Ao e Ak dst A7kl wel dFEA
LR F5E HLT E 0.008 mm/secE LABCH
Algoi| 4] pre amp.&] $%EL 34dB, main amp.9
ZZgo A8dBE 2 Ay Aol ulE
AEQ] =3 Arzhyl DATA 60008 A3E Ry &3
Aol AE #¥& Aasiich M)z 10 mm
ol dolutx 1mme| Hubwglo] dF Hghe-H
H7l 5% ollolw #AFHUAE o] Ao
B AP Fobsigich

4. d¥4dn ¥ o@

41 $ESH| wE MY SO Wt
Fig. 7014 Fig 97bxols $282ol mg og



5
— -
&

4 w
g .
c 3
& /
2
»n ]
5 2 rd _
2 & -
[77] Hwangdeung Granite
x 3
3 ! lksan Marble |
K san Marble

0

0 05 15 2 25

Normal Stress (MPa)

Fig. 7. Relationship between normal stress and
peak shear strength.

|

-
Hwangdeung Granite

-

Iksan Marble

15

A -1

Residual Shear Strength (MPa)

0 05 15 3 25
Normal Stress (MPa)

Fig. 8. Relationship between normal stress and re-
sidual shear strength.

(Tl

Aehdy EAle] Wyt AlAlsle] Qlck of7lel] A
23 AB5L 2 FZ A AT A9 wlssH
AgEg ARgsidckabgetel 29 R,=10271~
1.0284, thel49] 79 R,=1.0252~ 1.0260). 3-7+2)
Aol gutdez Adzuy HAAA Fol A
7)ol BAIgle] FA-SHo| AXH Ao APHoE
Z7ksle], digl4e] AR 3bdetel 792k u|
223 %S R ey #7deke ol

o] 7ol vlsl] x| FAto] Aw, 53] HHA
e BAle]l wlmA o] 4% A, o=

2 Agugsel ol AHawl zAe] A
ol AL AE & AgE W] affeld 5
Ze R, & 7 sdgie 71e77F o 3%
Aol 2FoletE gl Helwold o & A

-~

¢

A g

e

Elda x3Fzk 279

35 »
g ] =
2 25 .

.

0 -
0 g
o 2 [
£ -
B s - — =
o Hwangdeung Granite
o 10 1 «
£
72 tksan Marble

0

[4] 05 1.5 2 25

Normal Stress (MPa)

Fig. 9. Relationship between normal stress and
shear stiffness.

4% vehiz) v, del4dsk el e 2
Ao} ETF A A Aol A Zre) LA
shaloh wlad A A § YA, St ol
HEA B AR AP BPelE oA HAA
Folall Yok Rebr| wigos wags el
Holl N E ole) Ay SAo] 521.52Holl mhe} Ao
qYRo2 Frste olRt Htel Al W
A A W, HENe FEAE/AATH vt
shzekel 1/3 ol 9IA) ghot AZWL 7} 347
ol xc G4 4 Yojuhmz HHY AFol
vlAE SHgHel Aol AR e WA B 2
8% 37 wEeld

4.2 HAl ulg HHY KMo w3

Fig. 10014] Fig. 157}A1% 4212 o] 0.55 MPas}
166 MPaZ A ¥3AE ol R, Floll whE Aty &
Aol Wats HojFch o] agoll4 B $23Ho)
YA w ARNHAAF ALFE ARG E,
AeARRE, AP ghol F/HE ¢ 5 Ut
AL HPADAES] 25~75% Atole] Ackg
e A E e HE 71EVE ARt

sote] A, 4 $8EE ol BR4EREY
/10005 w) XA Rshe g 2589 zpo]7t Ak
i BIE oy, AR uid A=
BEARYE] F7t Aol £2gHol 166 MPa?l
Ao A 0.55MPaQl ARl A¥3H A e
71871014 A RE okt FA Jdebdeh AR
42.8-Ho] 0.55MPaql 7% AH7)o) BHE F7t



280

Peak Shear Strength (MPa)

Fig.

Residual Shear Strength (MPa)

Fig.

Shear Stiffness (MPa/cm)

l | |
6 1 Normal Stress = 1.66 MPa |-— i
s _
4 N

—
1 { Normal Stress = 0.55 MPa }

T
] | |

I 1.025 1.03 1.035 104

Roughness Profile Index

1.045

10. Relationship between roughness and peak
shear strength in Hwangdeung granite.

I I

2-J Normal Stress = 1.66 MPa l

—] Normal Stress = 0.55 MPa

9.32

1.025 1.03 1.035
Roughness Profile Index

11. Relationship between roughness and resid-
ual shear strength in Hwangdeung gran-

ite.

40

o L]

TNormaI Stress = 1.66 MPa

301 _
25 I — Pt S -
20 - e
/
- Lo -
/

Normal Stress = 0

S
-

.55MPa}

5 e f e

=

({‘IYZ 1.025 1.03 1.035

Roughness Profile Index

104 1048

. 12. Relationship between roughness and shear

stiffness in Hwangdeung granite.

zZA Jebke,
2o ol A A

T T 1

51 1 Normal Stress = 1.66 MPa i* 7

S S

Normal Stress = 0.56 MPa

Peak Shear Strength (MPa)
w

({‘.31

1.015 1.02 1.025 1.03
* Roughness Profile Index

13. Relationship between roughness and peak
shear strength in lksan marble.

Fig.

25
. ]
% 2 l Normal Stress = 1.66 MPa | - )
f o -
£
& - "
=
O 15— -
17
©
L L e _
7] I Normal Stress = 0.56 MPa J
g .
B o5 - = -
(724
@
o
1% 1.015 102 1025 103 1.035

Roughness Profile Index

Fig. 14. Relationship between roughness and resid-
ual shear strength in Iksan marble.
T T 1
’g 4(,,,,,IiNormal Stress = 1.66 MPa !_ -
3 R I e
S -
2 - - N e
w
w
[
& -
£ 2 SR D
&
®
e b r [ I
2 1 Normat Stress = 0.56 MPa
{o 1015 102 1025 103 1.035

Roughness Profile Index

Fig. 15. Relationship between roughness and shear
stiffness in lksan marble.

7o) wstoll wh dgke] Ao AT £HE
#ol 2 wlelli= 71471 neks S5 g el Sl gkl

A A wEebd FEsE lew dggh ol



Shearing direction

|
s A -

Hwangdeung Granite | |

@

R

-_{ Iksan Marble

[#]

21

e b

Peak Shear Strength {MPa)

0

0 5
Shearing Number
Fig. 16. Effect of shear direction and repeated
shearing to the peak shear strength.

N
|

#2484 » <« #1143
- -

Shearing direction

Hwangdeung Granite
osd—o L e

iksan Marble

[

Residual Shear Strength (MPa)

. Shearing Number

Fig. 17. Effect of shear direction and repeated
shearing to the residual shear strength.

wlal el e ARsle) Mshsh ATy EAo)
FE 9 Az Aoz JehgEdl, olzd &4t
Weld ARe) YFFEA spgetel 173 FEdol
S|A] ot Al szl AHo g folstnz
Al )2 4] Aol szetallAn
o W A7) WiFfes ek

(‘lO of

Eld AshEzk 281

Shearing direction

g

L

250 -
—_ —
8 200————{ Hwangdaung Granite
o @ -
£ ¢ lksan Marbile
§ g 150 -
w 100 ———+ e e
) \

50 - N

Q
0 4 5

Shearing Number

Fig. 18. Effect of shear direction and repeated
shearing to the max. AE counts/sec.

4.3 7 Y¥ol g wEy FUAlEe Hn

QERe)He] Akl i AxkAdte] Hslol)
Hatod opR 7] el Hcke] WekE Mg nlpo] 4
o) WHE AR ARk AlellA2] ) W9
10mmZ 33, HHAGAE, AFAARE, 29
Hdl AE g 59 AAE uvlwsigic)

Fig. 160114 Fig. 187} 3174 & tig]4] Al 2ol
W3 ¥ W Ao Eel4] de A4 akE
Ay 5459 wistolch getel 2¢ AAA
o2 A7 Egte] Mehdern) Aket Aao] 9128
Holx gk iy g Hdl AE ZhollA: olad

4ol Mol gfx 2xpHTh o]fof] WA= 2o}
o} AE Zre] 1z2hd%h o] AFAYLRE 514
Uehbs o2 Holx=dl, ol AEd] HyHew
BxEE AL Frel 2234477} 14 Ak A
3] SaE7l iEo s fekch gzl Hex

= 9 AFARAES Achigfo) oS
Fe AE E o UAW HAEg vl o
A2, o)t Wy Huwe ¢27ss}
i}z}%}nﬂl H]slo] op ztoba] HekA Aol 712‘3‘21«]
st7b sl G Helell Zx dAstr] uiE
Ao Hlch



282

5 —1®

Normal Stress = 1 67 MPa, Ap - 1 0279 _]

3

Shear stress (MPa)
{Thousands)
AE counts/sec

20

ey DA At s s s Oy I a—a]
] 1 2 3 a4 5 6 7 8 9 10
Shear displacement (mm)

Fig. 19. (a) Test resuits for Hwangdueng granite
GH-2.

5 5000
A

4 A L4000
. / A
a / 8
2 3l ! 3000 @

/ . 4

g N 5
2 / 3
@O
5 2 / t2000 =
o 37}
£ <
@ i

14 i 1000

0 - ; —— LA Lo

0 i 2 3 4 5

Shear Displacement (mm)

Fig. 19. (b) Enlargement of AE counts/sec.

4.4 M3 AES| BHA|

Fig. 19(a)& 3p7dte]l AAPA] A== 2%
AE & AHxhHsl-Aked F43 A 2A% A
olth Fig. 19(b)y= Al Algd+7F & Ak ] 5mm
el AgARE 2 AE 22 200 Soislo] gl
aglelat. #7kgte) Ae ARG EE BE 2mm
el HebHdol|l A el HiAREE ol %
A3 w97t AL gl wel gk
E2 FHE o, AFAGE FEdA 9 Hehsg
A E A A ") FrHew
veldth ol REAHQ AqE AW ghald
71”kste] dolhs Ao s B 4 gluh Aok
Z7ldl 2% AES] WAZFE 5~50 HEE obF
zhoket., SRt AT 2] 60~90% Tl A4
Bl x93 AE 3ol F7lslr] Albsted HujHhzt
ol¥ Al A2 w Hule] 23 AE 3
vrebiiekFig. 19(b)). Axhg-Ho] AiAddids

oy

P b

W

B
AN

3 200
180

25 Imrmal Stress = 1.11 MPa,.Rp = 1 026]
' F160
2] F140
F120

Shear stress (MPa)
i
8
AE counts/sec

0 i 2 3 a4 5 6 7 8 8 10
Shear displacement (mm)

Fig. 20. Test results for lksan marble MM.

o2 "o AMuhgelo) zhaagl zhael st
of W2 49 AE Aol BEEIQedl, 1aiE A
A B o FETA dojus AHeA 2% AE
ko) W3l Qe B ¢ Urk ol WA
8ol 22 Aol HrhE £353o)
A " EHsAl e

Fig. 202 diz]4o] Achiag o)) wAx]= AEQ)
FA Aot 33} npvb g gAY
2mm wWelo Aty fAEE|YAt AEE 3
2t vl Adoldt kg Holm itk wlElAe
A5ole ANADHAE o)F S2lo] ZA4E w wy
s AES] 43t ARAGAE FFold wAAEE
AE?] o] Aol mdt hg Har, vkt 349
2% AE Zto| HARLE oA E B25]Qct
E3 AAH]) 23 AES] WAEEE 3l7ketel 1/500
AEgrh

HHAGE A fol] FHRA} WY o 37
Qroll Al 1,000~240,000812) =2} AE Zte] &%)
Kot digldel A4l 30~6,0008 Axe] 2
AE Zkol FASIAUE F hEdllAlg] o)efdt Xol=
spetat dield Feldg 7Ask= AE Al 7
Sxpolel]l ZiQlsl= QAog Ad7bElch whael} AFA
DR FElA Ydojubs 849l AE e
Hele HaHeg Axse g 2y

S
o AR
T

7350l

O

iy

=

4.5 AE0| CHEF X283 U HEY| A

Fig. 213} Fig. 22 373<tat digj Aol A AA 7|9}
25 ol whE el 23 AE g viebd ZHojrh
Sell A= didl R ez HejHe) AAFE #3x



80
-
701~ - *”/
60 - -
6 .
@ . ] _
L e e
o 9
g 2
W o 7 kaan Mt T
< san Marbile
20 S S - - _—
Hwangdeung Granite
104 e b RS N S
0
102 1025 1.03 1.035 1.04 1.045
Roughness Profile Index (Rp)
Fig. 21. Relationship between roughness and max.
AE counts/sec.
150 .
|
|
1204-—-- | = e I
Hwangdeung Granite
) «
% ] S— Iksan Marble —
€ §
LS £ eof-— . ]
w
<
30— -t e
0 05 15 25

Normal Stress {MPa)

Fig. 22. Relationship between normal stress and
max. AE counts/sec.

£ 2% A0 AE gtel 37HHe & 4 ek ole
Sge) ek Aoz 2o AB ol FeHE
o), AR S4% el LB s}
o Hol $uHEE Slujels ol $H o) e

=9 HU AE ge) ol A% Aol A
#4820 AXW AES| Hoigle o & Zog 2
e # 5 Uk ol Wake £H8Ho) AL A
Suche A9l AZWS 37} o
& Fuz Yol olujdh,

2EG dedel Aol Aoz ANrs
#2122l dstel AE WAIZe] W} S
tehdA) gk gleh ol thel Aol shpetabs
o) HHAREE HFoll S2o) 22 w Hoe|
2% AE gho| vpehta) g Algel A7l v]
£ o) 2% AE & ekl Aol 4 ) £E,
YR Qe A A2 F 2 N AR} B

zloao] Z

oz BFAM AZWEE

B3} 587k 283

084 [ Normal Stress = 0.56 MPa

Reiative Ampiitude

1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency {KHz)

Fig. 23. Results of AE frequency analysis for Hwa-
ngdeung granite specimen GL-2.
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Fig. 24. Results of AE frequency analysis for Hwa-
ngdeung granite specimen GM.
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Fig. 25. Results of AE frequency analysis for Hwa-

ngdeung granite specimen GH-2.
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Fig. 26. Results of AE frequency analysis for lksan

marble specimen ML-2.
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Fig. 28. Results of AE frequency analysis for lksan
marble specimen MH-2.
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