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Samples of Hangdeung granite and Berea sandstone containing sliding planes were prepared by saw-cutting and polishing using
#100 or #600 grinding powders. Their basic friction angles were then measured directly in direct shear tests and triaxial com-
pression tests, and also in tilt tests, which measure the angles indirectly. Although the angles measured by the direct methods were
generally accurate, those measured along certain planes were greatly different from the others depending on the condition of the
plane. The tilt tests yielded similar angles regardless of the sliding plane condition or the rock type; however, the error range was
relatively wide. Sliding planes polished by the grinding powders yielded more accurate results than those cut by the saw and
tested without polishing, as polishing ensured consistent conditions among all the planes. Sliding planes polished using #100
grinding powder yielded better results than polishing with #600 grinding powder. Therefore, the basic friction angles measured
along the sliding planes polished using #100 grinding powder, as obtained in direct shear and triaxial compression tests, were the
most reliable. The angle could also be measured satisfactorily by tilt testing along sliding planes polished with #100 grinding
powder.
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o7 A HHe wg- tefetal 5349 FeE 7t
AaL oA e o] AAAE 7S o|BH o AYst
© A ulg- ofHr} o] o] wiEe] B2 A Aat

2} A4 whHoz HzHo|
A= 71552 AM8] Stek(Patton, 1966;
Goldstein et al., 1966; Ladanyi and Archambault, 1969;
Barton and Choubey, 1977; Maksimovic, 1992; Kulatilake,
1995; Papaliangas et al., 1995; Grasselli and Egger, 2003;
Jang and Jang, 2015). HE|H HAdo| tigh 7] A+
M= Hol-ZF 17|15 (Mohr-Coulomb failure criterion:
r=c+ gangye S-&std FETHSY o A= &
2ol FAZ et o, a7z}t g= dEd AR

o] AGEAS AuisHA Eoh(Kulatilake et al., 1995).
)
2]

)

==

Bz (g)e] el whe 3ol e A=t A
2ol glo] wpEzterk JFS W= whHd,
golMe E718°] dEws dades
I AR HHE ()2 FAHJTH(Newland and Allely,
1957). B35k W& Helo 7439 2ddMe ddidi=st
T WA E717F A A Fehe FA8EH S
7o R s e 718717t vHlE olF A4S
2 A=A cH(Patton, 1966; Goldstein et al., 1966).
ey o]y gk AgaAle] AHE 7|Ee] AtE 7] o]
Aoz B2 A7 Adagolx dEe 57159
3 wZol] 3-8 Ao AAZE H e AAL
ofd el FAE zhethe AS g A ThH(Jaeger,
1959; Krsmanovic and Langof, 1964; Lane and Heck,
1964; Patton, 1966; Byerlee, 1967; Ladanyi and Archambault,
1969; Barton, 1973). EAI7HA] 78 & &&zl vAsy 2
G #A ]S Barton (1973)3 Barton and Choubey
(1977)2] Q7llA ARKE HAA 0=, o] 252 He|He]
A v}z (total friction angle)’2] 7NES 71 2v}azH(4,),
7159 AZ7IeH AEd AHEeA(d,) 2Blal =715 9%
o} FHHEE AT (s, Tolgtx 7F43siHk. Barton
(1973)2 1% delg o|8% A= AF2ZHE ‘d,+s,)
S Al AR AF JRC, AelHe] A= JCS 22

F488 g0 FFE Tt A= HAF2, r=gtan
[JRC log (JCS/c,)+ ¢ & AQFSIIAL, Barton and Choubey
1977y F3EAY HaE dedelre FFuEzH(g)e]
HAA AGHA=E dFEIh2 71T Barton and
Choubey (1977)2] 7Ag2jo] A|otd & @e AFxse A
gue] AR7IE Jellle A4 Al JRCO 531
o] JRCE BFAoE SHsP| g A+ &3] 13
3L, olEgh A& viEeE 4% JRCE Barton and
Choubey (1977)¢] 7d@2ldl A&t 84 A2 E0] A
o= 9l th(Reeves, 1985; Kulatilake, 1995; Grasselli and
Egger, 2003; Jang et al., 2010). 2ol Eojef= de
ol S A FASE e Ve ddE A
Dk AR AR 0] ThselAA AR FEje] A
H AT AL E0] A== sIth(Belem et al.,
2000; Yang and Chiang, 2000; Grasselli et al., 2002; Park
and Song, 2013, Jang and Jang, 2015). Z&4 5 F
< A7 AGEAE oo dejd A #A14
ol FEAoR deuel AR a4t 7|zt
F3Eo] Utk Aot} olgfdk AR F 947t At
[¢]

Lo o} Tk 9FS ke AE SHE F= sloH,
= -
=

Hejwe] AVYEE Y3 SshA dlEs] slsirde
o] % 928 Y ZFsjolditks A vidith B
AR Eo] BAHAAAE B YL 2k FeE
A28 A7) dste] BAMA BE wH L 718
SFoL, Tt S 2 JlEeEzke WA e A
Homw 24Y & Urke A7 Ui AR Ao

H|glA F-E3h A7F XA Kt

A7 A5 AFAE el 7] EnpEzte] gk A+
7F Ko ghont, tiFe] A+E 7Y Al (il test)
S AFE-3AtHHom and Deere, 1962; Stimpson, 1981;
Cruden and Hu, 1988; Bruce et al., 1989; Wines and
Lilly, 2003; Alejano et al., 2012; Ruiz and Li, 2014
Gonzdlez et al., 2014). o] AFEdAM = AL 7€
AR S 71EY 78 TARSE Ak dAE
EE3I9 o, Fest 7| npdzt 248 9siale Bt Al
et AAAR] F7F A77F Besithal AFetar vk &
sk ebel Oisk = A1A ZEAIFHS AABIAL J= A
Wk 83 (International  Society of Rock Mechanics,
ISRMpPIAE of2717] 7]dntzdzt SA4S 918k EFA1EW
< AL JA LA QT wEhA] o] Aol 7]Ee}
27t Z4o] 7hsst o2 Uz AP, A4S
o 2EaL 71ES NS ARSsled Tk 271 ofeellA



oM HelRie] 7\eldzt
ol=y Y
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soz B8] Ansh 24l weh AGEE ) TR

& o|thPatton, 1966; Barton, 1973). Barton (1973, 1976)
60, 70tholl ohst ?:1'%—‘31]*1 S 7EnpEts 7
3] AeiEih, S0 shte) Weke A2 21°
oA o 38°%°]oH, AZ3 HETl= e He| 7|Hn}
7L7L°] O A Zo® vl B2k 25°-30°9] Hel
Hol|a, spddat AN 30°~35°9] HHE B HH
‘”4’% 1‘?‘;-9] PHERT i oR v 7] EnpEzt
1= Aoz BIFScHAlejano et al., 2012).
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oL} A= Ea) ( and-blasted) Ho] A At

A w11 HE AR F9l= /\Qé‘% (stlck-shp) ]

Zgolut Ak 97t STkl whet nhE 43w 3 St

= A58 7JsHhardening) E/de] WA o] gt 7S

7] oJHThs Ha% SItHBarton, 1973; Stimpson, 1981).

TS Y7 AL APATN PR S4G 7]dapEzt

I} 7S] AReR S 7)EnEzRE vaEsls o, 2

PHG o] AP e FHSHORE Q3

TR E7150] viRHo 712 AlEE Sl

2zt E 2 S 3

71EnpEz} ke 471 flelx

AL Ak 1= 31 THCoulson, 1970;

2003; Ruiz and Li, 2014).

Sejol= Z)euiazt 2] 7199 AdHol T2 A
H3 3lem, o] AW 1960t E Fig. 13+ Zo] th
U FEle] ANEES YR o] AFelA aviEAL AR
Fo] ¢thHorm and Deere, 1962; Stimpson, 1981;
Cruden and Hu, 1988; Bruce et al., 1989; Wines and
Lilly, 2003; Alejano et al, 2012; Ruiz and Li, 2014;
Gonzilez et al, 2014). 712 AlgHel st A4 A
= Stimpson (1981)°] ¢Jafl HFo2 FP=|oH, 2=
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Wines and Lilly,
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Tests performed on a cylindrical
sample longitudinally cut

Test performed on square
based slabs

d

O

Stimpson type tests

Tests with disks

Fig. 1. Different set-ups for tilt tests performed in the
experimental study (Alejano et al., 2012).
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Fig. 2. Theoretical conditions ensuring full stress compressive
contact between the sliding plane and the sliding slab (Alejano
etal., 2012).

L3 gt AAE 9E ZAE] JEH= Aol A
HEBE, Qo] 5780 2a3E el o) 1% 4
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P30k
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Omax =

Z2=7]

olwl, I/} tanp ok BISHA [V} AR FolEW F4
82 BXE] EollA A A-gg o= EAlsAl =l g
BE 24w} E52 mlze|ge] obhd Hwrt s
Fth(Hoek and Bray, 1981; Sagaseta, 1986). Alejano et
al. 2012y o]&&t [/ h3} tanpe] BAIE Fig 29 7o)
UERL, Fig. 1(b)oh 22 2504 2] E5A18S A
23t Aol 1/ h>3tanf Z7L, Fig. 1(d)2+ 7o)
7F holal A7l Rl Y2s(dise) ZFe] NEE ARE 7
Fo= 1/ h>4tanf 2715 D=aljof |1 zlol oJ3h A
Al 71&9 Aol 7hs e B3t

T2y Stimpson (1981)3} Alejano et al. (2012)S X%
g o] A7AelA 712 AFeR S4E 71Ent
T dolgte SAUES] FAtel AAY
Bzt obd 797t wskth olg 4
Al #He H¥E gl Ant g, 7159
, AEAIA B 2E5-2H(vacuum
2 A7 (static) & 5, oFF] 71 AolA
h ThFeE 2915 Wil BAE Zlow yvkd
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T EA

(b)

(a)

Fig. 3. Samples used for tilt tests and direct shear tests: (a)
Hwangdeung granite, (b) Berea sandstone.

o Z2EER 7129 AR eE oSt Vlemts &
A ST 5 ks 71E9] AN Yo A1Re] 2
FAIE Fola AFAS e AAE 7] AT B W
A A7t Zasich
AE A=
o] drdMe Wk 5 AdelN Aese I5 3

A4 vl OhioT9] Berea AMHS AlRE AREEFITH
(Fig. 3). &% P> 4=kl =717F F 0.6~2.0 mm 78
T AHE sPdgko s Mo, APEA, KA B SRR
TAEo] o™, Berea Al YA =717} 0.1~0.8 mm
ol FARES A, TP, 7 B 24 0]
Th(Dehler and Labuz, 2007). 35 334} Berea AF2]
B3, 93ty EAor We, 3FE, dUSUE, Py
&5, JE, XolE HlE FAIUNI S| (ISRM)ellA Akt
A EHE AMEste] S8 tH(Table 1). F5 Pk &
T 263 glem’, 35 0.52%, YEUEAE 183.86 MPa,
Y& 5748 GPaZ 0] Ha =rt & HA g |
Fo %383, Berea AMYFE Wk 220 glem’, ¥

14.77%, 4E5UF7% 79.2 MPa, Y& 20.49 GPa= 3177}
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10 cm, F7(h) 2em?] FFe] ASAA 2 A 2= Ack(Fig.
d4a). o)A AFE AF= 1/ h 7} 52A 712D Z(pol
59° ol3lRl 7oA gl mlaze 27421 1/ h>3tanf
o] 27& ZF=ZX7ItKAlgjano et al., 2012). A&=4EA]3

of 1S
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Table 1. Physical properties of the granite and sandstone.
Sample Density Porosity ucs A\ Young’s Modulus Poissons’
p (g/em’) (%) (MPa) (m/s) (GPa) ratio
Granite 2.63 0.52 183.9 3957 57.48 0.28
Sandstone 2.20 14.77 79.2 2650 20.49 0.33
o o o
o e —
D=54cm
w=10cm E
I=10ecm 3
)
h=2cm
a=40° a=50" a= 60"
oy S S Mg DT t? A S
(a) (b)

Fig. 4. Shapes of samples used for (a) tilt testing and direct shear testing, and (b) triaxial compression testing. D and H are the diameter
and height of the core samples, respectively. is the angle of the pre-cut plane measured upward from the horizontal plane.
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Bruce et al., 1989; Grasselli and Egger, 2003; Alejano
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Fig. 5. Shear stresses measured during direct shear tests for granite samples polished using (a) #100 and (b) #600 grinding powder.
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Fig. 6. Peak shear strengths with respect to normal stresses measured by direct shear tests for (a) granite and (b) sandstone shear planes
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(labeled G and S, respectively) polished using #100 and #600 grinding powders (labeled 100 and 600, respectively).
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pression testing.

Table 2. Basic friction angles determined by triaxial compression testing.

Angle of Type of plane
Rock type i . -
sliding plane polished by #100 polished by #600 Saw-cut
40° 28.1° 25.2° 26.3°
. 50° 28.1° 28.8° 22.9°
Granite
60° 27.5° 26.2° 22.4°
Average 27.9° 26.7° 23.9°
40° - - -
50° 30.9° 27.2° 29.9°
Sandstone
60° 29.9° 22.7° 29.0°
Average 30.4° 25.0° 29.5°
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planes polished using #100 and #600 grinding powders, respectively.
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Fig. 9. Photograph of the tilt test machine used in the present
study.

Table 3. Basic friction angles measured by tilt testing with a range of normal stresses.

Normal stress, o;,
Rock type Type of plane
0.50 kPa 0.75 kPa 1.00 kPa 1.25 kPa 1.50 kPa

. Mean 28.2° 28.1° 28.9° 29.1° 29.1°

polished by #100
o 1.68° 1.54° 1.55° 1.89° 1.89°
. . Mean 30.7° 29.9° 29.5° 29.2° 29.2°

Granite polished by #600
o 2.29° 1.90° 1.44° 2.08° 2.08°
Mean 26.9° 32.4° 32.6° 30.1° 30.1°

Saw-cut

o 2.82° 2.15° 1.27° 1.90° 1.90°
. Mean 28.9° 28.0° 28.1° 28.1° 28.1°

polished by #100
o 1.35° 1.20° 1.84° 1.82° 1.82°
. Mean 28.1° 29.3° 29.0° 30.3° 30.3°

Sandstone polished by #600
o 1.89° 1.96° 1.52° 2.44° 2.44°
Mean 25.2° 25.0° 25.8° 27.8° 27.8°

Saw-cut

o 0.99° 1.22° 1.30° 1.13° 1.13°

o : standard deviation
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457

saw-cut
30.0°
3.20°

26.5°

Type of plane

polished by #600
29.7°

1.87°
29.2°

2.07°

oM e 7]
1.86°

7| Bupdztng 3
oﬂ/\ﬂ =A% 7]En}
o o o 3

polished by #100
28.6°
1.63°
28.1°
1.56°

Table 4. Basic friction angles determined by tilt testing
Mean
RE AT u}
CEE ]
7o) AR O R FT #10 ]_
yos) A @ AR
7| &npEz2 #100 Ant
PﬂH
o

o
thFig. 11a). &
]@2& =
oz 27
=0
o H D \:l

Rock type
Mean
)\1-:771_%1-__,11_/\
A A3 F AEI #600 ArpAcA] v
Ho, ?1}%%‘

Granite

1%‘4%
Hoj)
& Holal Sith 3 7EA9] Al
S #100 ArPHNA 27.00~28.6°2 7HF
SlaL Qlon}, #600 APFHS 26.7°~29.7°2] HA,
.0°9) W HAE
njzzte #100 AnpH S o]8E )l 37X A
— 7]—
%

23°~35° Aolof|A] oF g°

itk & A
EfollA ek Blojyt
R

ol
o
¢

Lt A

Sandstone
standard deviation

o, B AlEM=
Bakslo] B
A
J5k Aoz BE A 84 A
ek
FBA

ro
T ood (i

i
i 3

Wk
9]
N E58 7)Redte] A
[©)
10° 919 SA%; &

217

7o

HH-2 23.9°~30.0°9] 71

Hole
SAS Hol oA 71EwpEze
ZoF olu A
AtH(Cruden and
qJ

1

I

lo o Mo
N

o]

ofN r}m

10°2] 2%
o=
171& 38X
ok
o}
Q%
HOIE Holx
1989; Alejano and Conzalez

e

o o2
o
&

detEH,
A 7]

gl

o

A
N

o7

|\

)

:
i _l 1
X
o > rlo

*1 oA

10 ]IHn JIN‘ _&
o

==k
o 77k
A =4
7129 Agel &
AP M= HZE Bk
1988; Bruce et al
2012, Gonzélez et al., 2014; Jang and Jang, 2015)
71ed Ao w 349 &5 YT Berea AF] 71
#600 $AnpH o] 7]iu}i1—7Lo] #100 AnpE B
01:'0 % =

=]
pus

r;’L

oM o=
e
}\1-:,%_
T}, #60
I AEUEAIHAA ol

Hu,
e
o} oF 1° Ax FA EAH901}, dAnfE
o] A9 FAFIATHTable 4) 5}7 *"’*«]
= By ok § 2 S JeRiQon), Alele)
woeE AU
o ARl fJste 249
AHAGAE B A= Holzx|&
o, #600 ArbEst F o AHARAY
> Y7o R Holx] ot 7%
H 7|8 npEzke b2 247k fAsCHFig. 11b).
Szt 4100 AebHelr APATN B HSASAY
ST
#100 AmpHoA 28.1°~

=1

Fgksl =%
_9.5}0:] _X4E] 7|18 153, Z_}-o 740] o1;<]o}o:] ]:]]“77(4 ;d:d
=710,
Hola, & AeHeA 265~
22.7°~29.2°9] 714 4
#100 AvpA-S o]&

FrekET), 7] 2}
Azt
Y Aoz Wekum,
st

o #ARN
& Zé%ﬂd" ol¢} WE 7Pg W
(Table 4). #100 AvpHAAN 7]
33
ro= o
7P Fe HAE
u‘l’]aa #600 Oﬂu}-U:]o]]/H
Hol, Algke] 7]&Eu}
A=
o5 Age B Aow dokEnh 1y
PATA NN éﬂ

HI\

30.4°2]
29.5°¢]
HeE ,
]‘r;ﬁ ;d:‘d@].ﬂ] th‘;}
glee
g=gpzkelo] 7|EnlAzte 7189 Ao TE A|g R
0T

L Anpd
]Eu}zl—z]rg 20 o]g]_g] zLo. X}O] =
EREENCEE
AohdolA] 718 Al 2sle] A 7| Enldzte &
QIZ=A A = 2k HA 20 oA
ArjHo) & =A7ke] A
AN}

g

] 2 A=

,4E g

FAS 27171 olE YTt
LIRSS

e NEERIES
Ao ek ©

R )
=1

EHﬂ 1 rlo

TTTHY W

rq] H
U #6000.2 dufal AJel A|8ojA] 7] Ea}
2~
B
=49
A1 Z THA

HAGA

o] zpelE Ho|x

A2 el Au

o} 3A EH=E v, Berea Al 7]EulEzRe AH
& HollM 2744

AR} AEUqSAIFollA vlws FA
Holx= whHol Berea A}

k-,
A g R A gl
Berea ALHe] 7]&nkdzte vlasly] §lsho]
FEASAE, 71ed Aol S48 7enEds o
A= Al eSS Fig. 11). AL #100 °4u}tﬂo]
A, #600 Arbd AR )
SAFeNE ARZI7E 2 A
= A% Bolx 3§t
o] Ad7] el
ok ok #100 Awhd %
Aol 7} glo] vl g5opdetel F el thste] Ajgd
AEUFAIEANA F7g5 71 Eepdzke
7 epdztst wfe- 2 2polE

— % }\
o ol we} 2
& ghoz Z4Egr.
Sl 7129 AHoR 238 Slunaze

41
] =4
o O

= [e)
AjRoes 71 AR & A
k. AN G} A5
oA 7] dnpEzte] A4 SAEHE
our x%ﬂ};ﬂ_j }\]-64,] Zzz1}
o = o)o}
W

U;}E Etazla} THRAL Holx
FaztEe A9

o) 7]



458 A - AE

36

Granite m  Diret shear test
344 O Triaxial compression test
& Tilt test (mean value)

— 32
N
5 30 A
™ 304
o A
o A
5 28 o
E=4 . o
2 264
- ]
]
‘B 244 o
o
m

224

20 : T T

Saw-cut #100 #600

Type of plane

(a)

ARt
36
Sandstone ®  Diret shear test
34 4 O Triaxial compression test
A Tilt test (mean value)
— 324
N
]
D 304 ]
§ . A
£ 28+ a
S
2 264 &
- o
o
‘B 244
o
m n
22
20

Saw-cut #100 #8600
Type of plane

(b)

Fig. 11. Basic friction angles determined using three different plane types and test methods for (a) Hwangdeung Granite and (b) Berea

Sandstone.

Table 5. Comparison of basic fiction angles of granite and sandstone from previous studies and this study.

Rock type Baisc friction angles Reference
31.0° - 35.0° Coulson (1972)
. 26.2° - 39.6° Alejano et al. (2012)
Granite
26.0° - 32.0° Gonzalez et al. (2014)
27.0° - 28.6° This study
26.0° - 35.0° Patton (1966)
31.0° - 33.0° Krsmanovic (1967)
Sandstone
32.0° - 34.0° Coulson (1972)
28.6° - 30.4° This study
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