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Abstract

Shear behavior dependent on the shape and roughness of rock joints can greatly influence the stability
of the ground and rock structures. The efficient design of rock structures requires understanding of the
shear behavior due to joints and accurate calculation of the shear strength. This work reports numerical
shear tests using PFC2D on No. 1 (JCR-1), with smooth joints, and No. 7 (JRC-7) and No. 9 (JRC-9),
with relatively rough joints, for the 10 shapes of standard joint profiles proposed by Barton and Choubey
(1977). The aim was to investigate the shear behavior of rock joints with respect to their roughness.
The results show the maximum shear stress to be about 3.2 to 5.0 times greater in the rougher JRC-7
and JRC-9 joints than in smoother JRC-1. The maximum shear displacement was approximately 4.1 to
5.8 times greater at the first normal stress than at the second. The rougher joints showed friction angles
of the rock joints that were approximately 1.8 to 3.9 times greater than that in the smooth joint.
Overall, increasing the rock joint roughness increased the maximum shear stress and friction angle.
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REE HE Extdstal ool 5201 A d-E 2t A1 s onjof A EA5H-2 o Uof
S(fault), A2](joint), 52|(bedding), H=l(foliation), 7 H(crack), B{fissure), 71 (fracture) 502 THAS =
o} oA 5514 omfofA= fFF tlofl EASH= QP AU A Q] gl Aot Ao = et Leh =
AoRet WS g 0 = onfopr| ke qht. oyt Ujof el Q= EaE o] B4 2= EASH WUk
A, 205, FRE, v, 295U 4, o 9] =27] 502 A 4= Ytk (Brown, 1981). ]| E
TEEo| 713 o (e A2 5G] EA) of Rof wet ZA Eebd 4= Qlok webA o5 o
AeksiA B7Fshr| ffalixle olEoll Y v 4= Qe S5 AHIE AldsHA mfefst
Ao ol it Fae F2lolr] flote] B Q7P A5 €7] 9t of 2] 712 W 2 A E A
oo} tH(Patton, 1966; Barton et al., 1974; Barton and Choubey, 1977; Kulatilake et al., 1995; Cho et al., 2013; Lee et
al., 2019). Patton(1966)> -5 Tl et 7187] 2] ) 7150] v vehtes ded 2iase o2t @< 23
sh=t| o A3t o|FAFuty] 7|52 (bilinear failure criterion)S A|QFSFITE. Barton et al.(1974)2 Q-syteml| 4] A 2]
0] A& 7](joint roughness)2} A 2] 2] A joint alteration)= 1 2ot FEZHo| F3IH EAEHO H S 4HI513]
Barton and Choubey(1977)= A 2|H 27| Al<(Joint Roughness Coefficient, JRC)2} A2 H =7 (Joint Compre-
ssive Strength, JCS)E A&t SX1=0] §l= Ao npaho] tieh i AIE AIAISHSITE. Kulatilake et al.(1995)-2 ©]
W A38S 2= R o] tigt A2 2o A 71541& A9FsE3IT! Cho et al.(2013)-2 d2He] A2 7] ¥3}
7 A o n| 2= FFe AL ] fIcte] T A DA S 4-a3sto] A-7] Al-E Aot ulA] A2 7]’k H
3= ZAISIIT. Lee et al.(2019)2 2HATAR, 7189 A9, SHAR-S AAISHe] 229 7] @npazb-s Z76k 4
shotal &1 AAHHES AAskAr # 2ol 7HE 24 (Distinet Element Method, DEM)Oll A gF 52| o414
Q1 RS ARgSto] oA el o] Aot s B of et A7 &Es] 1% 1 Qlth(Park and Ryu, 2005; Park and
Song, 2009, 2013; Kim et al., 2012; Lazzari, 2013; Lambert and Coll, 2014; Chiu et al., 2016). Park and Ryu(2005)+=
PFC2DE ©|-&5to] Aejelte] ot 245 B7 ok A+ 435I Park and Song(2009, 2013)<>PFC3D2] 2
-2t HELS o]-gsto] oA Aefo] tigt A1 AT At oF A A e] o] HE wA-E pAliA A 0 7 BElRel= A E
2Y5HATE. Kim et al.(2012)> PFCE ©|-85to] T A7 o] whE ARt H|uhaf] HHIRe] EHo| A o] At 5=
BA510] 912 Ato] AeAS EAJo] m)2)= GRS SFel5tt). Lazzari(2013)= PFC2DE o] 85to] ¢H4 drjo] A

5 A6k AT 4 Q= AIAISHIT. Lambert and Coll(2014)- 7HH @ AR-& AR8-sto] mlj 1122 de] %

.

mE

fll.
0]

=N

H
rln

r\l
I
re

S

i
2
)
ot

i

9
P

_>|:

I

i)

iy
2 o Jpx

—_

q_

¢

rr
WY
o,
ofN
ko
_0|L
Ko

+ 94 e A7) GFs Yol 7] 915l Barton and Choubey(1977)7F AI9Fet 10712 FH| o] B
o] m2uk] F A A7 Hgsta wTiele 1A} deH A7 XFo] vl d F 799 e tisf 2]t
2 HQ A4S 7HEo 2 Sh= AR5 sl &2 18821 PFC2D(Particl Flow Code
2D, Itasca Consulting Group Inc., 2008) 5 AF8-0FTt. =2 HTHA| 9] A2 BE] H2|H A2 7] o] Fefof m2 -5-2-H 9]
TAIE 2451, o] o821 Mohr-Coulomb 7] 7|541-E o] 85te] Aa|H npazh Abdatolet. #6222 PFC2D
£ ol-&sto] duH A7 S Tt =N deH A-Z7E HuA sl v|A= FokE A ESIT.
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el 77|

Barton and Choubey(1977)7} At 10712] Fej Q] H& Ae] 2 ubel At wht0~20 Afo]o] gho g BT
A 7id o] 2|3k Alg=e|th(Fig. 1). Barton(1987)2 Q-systemOl|4] Fo{x]= A2[H A 7|(Ir)e} &5 37|
JRC O] TAIE Al d(stepped), 7= d(undulating), FEHd(planar) 522 251 Fig, 29} Zo] AAsFITY.

1

Zko -F’rEJ Q% (uneveness)ﬂr o] & 7F29] Th(waviness) 22 A O H T Brown, 1981). 22| HZ7] A4(JRC)=
ol =3

of| ot

TYPICAL ROUGHNESS PROFILES for JRC range:
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Fig. 1. Roughness profiles corresponding the typical range of JRC values (Barton and Choubey, 1977).

Description Profile Jr JRC | JRC
200mm| 1m
Rough T 4 20 11
Smooth —_——
3 14 9
Slickensided —_—
Stepped [ 2 1" 8
Rough T T 3 14 9
Smooth
2 " 8
Slickensided
Undulating | 1.5 7 6
Rough T | 15| 25 23
Smooth
1.0 1.5 09
Slickensided
Planar| 05| 05 | 04

Fig. 2. Relationship between Jrin the Q-system and JRC for 200 mmand 1 m samples (Barton, 1987).



2|

e
2
ju
N
1

Q.0 2 b4 IR Afo] o] Ak A9 7HA] 4 SelA] M 210 & etelA Sl 1 shb 5 b4 3w

o] m| 11} uf Leh b nh Rt o2 SR ok siuu ot 5o 2 19 ol Aol 2l
2]

O A 27|= A S5, delH 2188, A SX1E, Ao A7 53 e BAIE Z=rt. A5 &9, A3

717} gl AR oFA] Wi e oA o] e, *E(T)f 21 (1)2] Mohr-Coulomb 2] 7]E4] 0 = T 4= QItk(Fig.

3a). ¥, #2717} Q1= Ae]H A3 = Patton(1966)0] AIAIGH 4] (2)9] ) 7|&0 2 TR CKFig. 3b).
T=c+o,tan¢g M
T=o0,tan (¢, +1) 2

o714, ¢ : Z4ZF(cohesion strength), o, : 52152 (normal stress), ¢ : TF&Z(friction angle), ¢, : 7] =02} (basic

friction angle), i : U™ Z}(saw-tooth face angle)

shear
displacement

— —— .
1 ¢ i f
shear e 1
— stress T — - @
! :
T normal

siress O,
(a) (b)

Fig. 3. Shear strength of (a) planar surfaces expressed by the Mohr-Coulomb failure criterion and (b) rough surfaces
expressed by the Patton failure criterion.

JHE 4% PFC2D

olw 3t TS A AQ] 0] YA = 2E3lsl7] $15ke] Cundall and Strack(1979)] 2Jaf 7= 7 @ 4
(Distint Element Method, DEM)-2 12t o} 0] A|Z}slE F+3s)7] S8l @2 o] 8517 Qict 7/fE @ A 7|Hto 2 5
= Y-S ol =] PFC2D(Part1cl Flow Code 2D)= A7 @ 2 75 84| 2 sk 3-8 A& Fch
PFC2D HE= O] A2 Fig. 491 Zo] AR A 7t @4 Yako] 57 A1 2 9 & AR S0l A 3-1
9 BAA] O] FHEAQ] 2G| ool $13dw} wh] O] Alrto] et It Ak ¢ T UA Byt At A9 BEll
S (clump) B S| AF(cluster) HHE Uiz 4= QUek 7F AL 9] Aot el 2t Q1A 84 Afolo] HEollA o
52 B ek 73 o) A e] 755 2= 35 A3 (contact bond) HET I7F @ 47t AR FHIE oL AL
A HE 7152 k= B A (parallel bond) R @ = LFERH &= QITKFig. 5).
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Update particle + wall positions and set of contacts

L
>

. Force-Displacement

Law of motion .
(applied to each contact)
(applied to each particle) . .
relativc motion

resultant force+moment ..
constitutive law

Contact forces

Fig. 4. Calculation cycle in PFC2D (redrawn from Itasca Consulting Group Inc., 2008).

models adhesion over vanishingly small area of contact point model additional material deposited after balls are in contact
(does not resist moment) (does resist moment)
breaks if normal or shear force exceeds bond strength breaks if normal or shear stress exceeds bond strength
(a) Contact bond (b) Parallel bond

Fig. 5. Bonding logic of (a) contact bond and (b) parallel bond models in PFC2D (Itasca Consulting Group Inc., 2008).

A& A e =219 (normal component)2} A EHdE (shear component) 0.2 L-0] ARFETE HEZof| A 1%F
2lo] Saae] ARES) QP Eo] ERshA Aol /X1 5 9 AT W52 e A HckFig. 6a). AT E52)
o] Meheke] Aed el Aol ol Ak MAARE &2 Oz EARTHFig. 6b). LRI A2 4
AR F > 00 O, U2 AR HHR U > 008 F 247 SRHES iRt

Fa
(tension) bond
bond Fl breaks
breaks . | F ‘
&,
%0/ 5, &
= slip model
; a7 A
-« slip model . when U
L7 {owverlap) .
Als
TSN .
1
v
(@) (b)

Fig. 6. Constitutive behavior for contact occuring at a point (a) normal component and (b) shear component of contact
force (Itasca Consulting Group Inc., 2008).
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PFC2D°1W A Y5t= °‘Z}L iP%J%J 789 T ZE Zh= 715, 3 MY A9 = o] mElE] =, 7} izt
1= PRl Ui, Qizke] A7), URFe] A E, URF ALl AR Fol Sl
1 el A *F‘lﬂ °‘1} Oé*o% Joé & 912t B el -2 one ball) ZE-S AFESHIT] B 9JAte] 37)= Ay o] uf
T|FARS AP TS 5 QT2 U E-20.15 emE SFITE A WEE= 2,200 kg/em’®, YA 3AEL-2.0, 944
Z A9~20.18 GPa, HE 2T 53 9 A7 = 18 MPa g AAste] HehA%-S BT} 2 ATHA|flo)] AL-E
AA7)= 747] A=2 1245191 Barton and Choubey(1977)7} A|SKe 10714 Fefo] ¥ de] 20} FAF 5 JRC
0~20]l &5k 19, JRC 12~149] 74, 12|31 JRC 16~189] 98 5 371x] 2 A45H5IthFig. 1). PFC2D R Elo] Achut
2:9] A7) % 100 mm, ¥°] 25 mm=Z LRSI K Fig. 7). RHA s H-2 2 20] AlghS T 1gA7]
AR ot o5 o] 2AH-E7 oto] - Z02 o FAF] 0 24 FEHA) O] Ztko] s ST ofnf) 421§
22 XX AEE A AH|(servo-controlled system, Itasca Consulting Group Inc., 2008)°]| &J5l] A5 G-Al5HES o

ot

L.
IL:

¢

E

Shear
direction

Fig. 7. PFC2D model for numerical shear testing.

PFC2D [T 2t

Fig. 82 Barton and Choubey(1977)7} AIQFeH 10714 Fejo] = Ae] T2ute] F X HAHAE-S A
A5 151, 751, 9xi o] TRt PFC2D Mk HofErt, TI oA B Hieh o] el JRC-1-2 F 2| Ho] ulifEs}al ZlZo] 7|
O] $1="HFH, JRC- 7JJ'JRC 9= AR ZEE vl @ F-5 o 4= Itk 247 39] Rk o2 -2 27104 PFC2D 4]

4']{Lﬁl" ﬁJJrE‘:' Bl Ae-g=- ki o] YAIE a2 e Fig. 99F 2T Figs. 9a, 9b2] 7187] 1%0]
A 9] gl w118 FHE YEU= JRC-19] 73-¢, Aehielof] oheg e-g-o] wi-e- Ef2lsHA 22lol= As & 4
tH Figs. 9c~9f2] 27| Z13&0] & JRC-7 -99] 7, -3 o] F|dighol] Rt o] 5o YA gtz
Tk & o 4 Qlok Fd) -3 9] 7, 19 74% | Aot dglo] A WA A4S it = A7t o 2
-8 UEITh SHAIRE 71 Zpol= u-- minjehs & 4= Qletk. Fof AthE-Eo] 2715 B, 5o A7
Z1Zo] & JRC-7°] BHS}T uj718-E JRC-1HT} F 3.2-3. 4HH JRC-92 °F 4.6~5.08] A YERHATKTable 1). =,
Barton and Choubey(1977)7} A|QFet He|H o] A-7 7} ALSE 2o D32 F71ok= A 0= Yepedeh 2o A
THALQ)Y] A, A WA 25 w7 = S o E ot oF 4.1~5.88) B IA YEES & 4= Ak
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%

re

d



PFC2DE 0|8%t

2t Ze2|o|

FAUTA[HC 2RE

100 mm

JRC-1

JRC-7

4

100 mm

JRC-7

JRC-9

Fig. 8. PFC2D model for numerical shear testing on JCR-1, JCR-7, and JCR-9 suggested by Barton and Choubey (1977).
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Fig. 9. The relationship between shear stress and shear displacement obtained from numerical shear tests by PFC2D: (a)
firstand (b) second of JRC-1, (¢) first and (d) second of JRC-7, and (e) first and (f) second of JRC-9.



Table 1. Maximum shear stress and maximum shear displacement derived from numerical shear tests

JRC-1 JRC-7 JRC-9
Model No.
Ist 2nd Ist 2nd Ist 2nd
Max. normal stress (Pa) 1,967.0 2,123.0 3,178.0 3,369.0 1,200.0 1,373.0
Max. shear stress (Pa) 9.89 11.06 33.19 34.99 49.30 51.22
Max. shear displacement (mm) 0.0053 0.0015 0.0057 0.0014 0.0052 0.0009
Friction angle (degree) 17° 31° 66°
Fig. 102 31 ¥ 9 57 154 2] 92 St A] AR A ATA 0 2 ] Q1.8 2o Achg 2wt 2] 52328 1
Aol FAIRE Zo]et. o] 1S o] gsto] A Ao whE defH npdZRS APslth 1ol By aiet
o] 77| 71Zo] F7ieto] uhet upEzo] F7Ishs ke K o o itk AR npdzte] 271= HEH e 1
7] 1Zo0] & JRC-7°]| HEHo] M5l v 718]-¢ JRC-11c} 2F 1.84], JRC-9+= 2F 3.94] A= ¢ 371 E]"’H:](Table
1). 27t 0 2 FelHel et Weivte] BEmeld Yol B A delw A87] WBo] 248 Z7b o)
ol A A-7)7F ot B e-H e A% et deE ks 2 vhes QI Aew ﬁ&‘i‘r%ﬁ}.
12.0 I 35.0
(@ 200
10.0 - RVZ:OQQQSNN S ’
© 3 ; ; T 250
L 800 |- N G P N a
2 | | | @ 200
L eo0L i L S | 2
2 3 3 ; ® 150
400 RS O
» | § § 5 100
200 : :
§ —e— JRC-1 [ 5.00
0.00 ‘ | ! | 0.00
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 3000 3500
Normal stress (Pa) Normal stress (Pa)
60.0 — I — 60.0 I Y A R B
() : § )
o oY 50.0
= R2 =0. 9966 ! =
L 400 b . o 400
0 : f »
173 ‘ ; 173
L o300 S - - £ 300
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Q 2001 S e - 2 200
w : } (%]
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Fig. 10. The relationship between shear stress and normal stress obtained from the numerical shear tests by PFC2D: (a)
firstand second of JRC-1, (b) JRC-7, (c) JRC-9, and (d) all.
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b4 el 7 27] 9] GRS Lot 7] 915]l Barton and Choubey(1977)7F Aot 10714] Fefe] E& Aa] T2u}td
% AajHo] w118} 1'H(JCR-1)T 7122 7TH(JCR-7)79H(JCR-9)0]l T3] LA1-5-5 a4 =2 13491 PEC2DE ARE-

Sto] FRATHA S Aot 1 AHE A =]ohH o3t Pt
Z|of Ahgel2 o] AR 7] Aot Adatglo] A MR &3-SRt = W7} o 2 2] Ad-32S e o
1 37)1= Aame] AF7) ZZo] & JRC-70] HEelal v 718 JRC-1 Er} 2F 3.2-3 44}, JRC-92 ©F4.6~5.08] =7

WPt 2o e eke 3 WA 2e R d o W TR oF 4.1~5.88H o S vpeRdt e uhzte)
371 HEH] A7) 71Zo] FJRC-70] 35 Ho] Wgotal mf 712} JRC-1 2t oF 1.88f, JRC-9+= F3.94 A= o]
A e, o] 22 HelHo A ARt Frte] HErolA iAol ShEH /g2 Helu 7] 11Fe] S5 57t
517 wizoll el AR |7 wiet Z-Eet AX] e AEw v zbe A T 8R191 A0 2 ek,

AF A}

o] 4= R (I S H EEAIT) o A 08 k= AT AEe] A9 ot =30 AHINO. 2019R1F1A1048854)
oH, ol A=t
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