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ABSTRACT
Received: December 10, 2020 This paper performs laboratory experiments for borehole stability considering temperature and
Revised: December 23. 2020 true triaxial stress condition, and observes a thermo-mechanical behavior of the rock under stress

and temperature conditions of deep underground. China yellow sandstone and Hwangdeung
granite specimens were used to perform a true triaxial compression test. Mechanical tests were
carried out under nine confining pressure conditions, and thermo-mechanical tests using granite
samples were carried out under six confining pressure conditions at 60-100°C. In the mechanical
tests, maximum principal stress at borehole breakout was proportional to intermediate principal
stress. In the thermo-mechanical tests, it was confirmed that thermal stress is added to the stress
field of the borehole with the increase in temperature, resulting in additional breakout progress.
To analyze the results of the laboratory experiment, Mogi-Coulomb failure criterion was used.
The results of traditional triaxial compression test on cylindrical specimens and borehole breakout
under true triaxial compressions matched well with Mogi-Coulomb failure criterion.

Accepted: December 23, 2020

Keywords: Borehole stability, True triaxial compression experiment, Mogi-Coulomb failure
criterion, Thermal stress, Borehole breakout

z5

2 IROA B2 Qo] AAE S3 22T S WSLE N2l B oY AHS SR, AR
A5to] 2 274 212 20| M| AHBIH IS BB BB B AL 2 BS 3t
U2 NRE 018310 FANZUZ MBS UHBSACE A3 UL 2124 9712 PAY Z20|K 4]
2T Fest ML 51U RS OIB3101 6712 T2 22014 ARE 60°C~100°CR 7H5H0f
SUBICE o3t AB 2T Y DIVt LSS ) 232 2 230l Bj2sts 22 Holst
HCH S AFOME RE S710f Tf2t BHo| S| BSH0| 271E(0) B T2 271K o2
UASHS 22 HOISHACH AL AE HDIE BAEH| 95 27|12 TH| 7|FAIS ALB S0l 2415
Cf YE3 AR0 Chet HEZOl AZRIZAIE 2ot ANZ 221 50| B T1| A3 21} BE 2
A% T4 7|24 27|22 THY 7|ZA0] 2 SEES OISRt

HAO: Y A, UNZUSAUY, 2IIBE I 7I1F, Y3, 3 14

® @ (© The Korean Society for Rock Mechanics and Rock Engineering 2020. This is an Open Access article distributed under the terms of the Creative Commons Attrib-
—— ution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/4.0/) which permits unrestricted non-commercial use, distribution, and reproduction in

any medium, provided the original work is properly cited.



560 ° Jeonghwan Yoon, Ki-Bok Min, Eui-Seob Park, and Yong-Bok Jung

1LME

[ —

ﬁ%ﬂﬂiﬁwﬁNﬂﬂézﬂﬁ%%ﬂiﬂEJWHH°dﬂ%ﬂ%%é1%%HM%%E%HL% 2517 Fe.
AlF-5-& 221 ] o]l ZheiA|ar Q| o] 32 ZdHiell skt A7
&wnmmlmmﬂlgﬁL@Hﬂﬂ@ﬂﬂﬂﬁ%ﬁﬂﬁ“@WﬁﬂO%%éﬁ%mMe
breakout)U 2-E(Spalling) |2t F-E2rt. 54 mja]7t JojupH =2] Al = e
5= PARS 7S 4= Qlth(Zoback et al., 1985, Guenot, 1989). ©]215+ @ARS 7Hko 2 29 nll 2 THaslo] @x] -3 Hgkar
Lo it ARE Ao 4 V] izl 22352 590, 38 thE ] 532 A= E-83ti(Barton et al., 1988) £3],
Pt LT oI 7| 5] Aol of2fe] 3 o] AX] -3 A B2A ] Aol HE F skt
AT 570 7 A 2, AR Aol EASHE A, A7 2 A E -5 ofldA] e lu a9 'R w71 A1 2R
AR A 2R A A58 P frAlehe Zlo] BaAolnt A5 Al W dHI= =

Kis Z
T F-g3o] Al 7“%’5}71] k. OE ?Ish /\]%%

ll

uﬁ

1987)

-8 2o} Hte] 2 Hale] whet Mot 5 w IAgs Eﬂ—f'c, AZ] o F7 =M A5 g ol e v
A =5a7t 99lo] Hrh(Jansen et al., 1993). Al 0] YAMS °“11ﬂ =& Al5toll A 737 w7 |=2] 2 dof| ofsf] a0 2
Aotal T QA 0 7 FAtlo] ] 1A 0] 2% HSHE st 714 02 F-gH o] HAleitt Tol AR 2| douR] o] -
A= IPof| A TSk o= QIsl] AR 257 oA AlSg FR0]| 17 Adie] F-8-2o] 'ASHA Hrk A 2] Feld
2= 1~5 km A0 A7 Q6hH, 2% 414l(Geothermal Gradient) 2 Q15| 2|5} FHHe] &L

Zerh 4o k] el F-91] o]t AR 0] ShEe Wzl IR, A% ol Bl Wzt 25t ohte] L7k A
s o] Fulo] L7} oha) SRt ofefet Bgel A G Eo] WA Hl, S @ gelo]

A T dolub] 41 A2 REETHE 5, 2019).

=Bl AR A 30) 3 nha] A5 7} A 8l 0] 2 g Aol e ke Slelst] 1) AAIEUE AR S B o
of ojstA] At dofsiH A5 B SRlshe AL SRR
) whao] /)2 w7 7)eAlo] 2 HgteheA SkIsiet. ofe] w 71 Bl 27t e ee efsls

Zvjo} u|mste] 4] vhle] 7 F-32lo] nlAj oS SHISHACE

2, 02 iz

39 )] ek 52 Qg wuz ofs] Aok 71 QA0 2 Tkl nhy) wglol . Fig. 1914 V-4
@ ofck, A4 B} Holel A 2K Aol Bk AR 2110 of kgt

@
[
>
i
4
x0T
no ¢
O
KL

TUNNEL & UNDERGROUND SPACE Vol. 30, No. 6, 2020



561

A Basic Study on Borehole Breakout under Room Temperature and High Temperature True Triaxial Compression

1710] AP ] th-e] T 23] mAL

489

1
.

A ellM

f| FZE o1 Ewy, 1999, Mogi, 1967, Single et al.,

9|

et A

], ofe] 7] o

=
ne

T
oie]
N

N

Nfo

= HRE

Zlo] vl F-85JH. o] oA

L
—

F&= sk

1998). WA 35 mh]of] o

=]t Haimson & Song, 1993,

o=

A

Lee & Haimson, 1993, Fakhimi et al., 2002). T}A] £ oA5Lof|A]

Fig. 1. V-shaped notch observed in indoor experiment with granite (Haimson, 2007)

2.2 OE(t2| 7|5)

sfief

ZAX(Kirsch)

e

14

=t Zheng, 1989).

==

sl chgat 2ol

94

(M

S, —2v(8y— 8, )cos20

Opp — SH+ Sh - Q(SH_ SIIV)COSQQ

o.,.=0
O—ZZ

1 AA

S,

ol

l:lo}-

T
+— Su

S, 1= o14o] solg Hlolet. ¢

L =
Eju 0z =

O
o

Q]

=Rk

sfoq afzlo]

o]
H

o

TUNNEL & UNDERGROUND SPACE Vol. 30, No. 6, 2020



562 ° Jeonghwan Yoon, Ki-Bok Min, Eui-Seob Park, and Yong-Bok Jung

FA 9] wha] Z27A4] 0 2= WojEF(Mohr-coulomb), ZHZk2(Hoek-Brown), =217-Z&|o|%|(Drucker-Prager) 5] 9.2
S 58S e}t ok A4 0 2= 1Y|EF(Mogi-Coulomb), $HE-={Wiebols and Cook) 5°] AAE 8} S
(Colmenares & Zoback, 2002, Al-Ajmi & Zimmerman, 2006). 2 AL = AW A AE 451 218l Mogi-Coulomb

uhy] 7]z ] AREE] ]I
1967'd°] Mogi+= @412 wharjo]] 24> F=g-2of| Hlolixl= 2R e, S+ F8-219] ko] k= AR 1A, 4 8
g Tefohs &5 mt 714 NSt Mogi, 1967, 1971). B71E% ot 7|84l ohgat .

T %\/(01—02)24-(02—03)24-(03—01)2 ©)
O =0y +05)/2 3)
Toet = F(00.2) “
T = a+bo,, (5)

- ]

A7 012 FH T8, 5= FHh T8, 0= T FEHOIY, a®t be A C=RE TRl Aot Al-Ajmiet
o

Zimmerman's |4 9 F715-530] TN AT RN ASAH O ZHE L AT a2t bE 18 5 U2 HAU oM Hga, b=

22 22

c * COSQ, b= 3 8ing (6)

Martin(1997)& %) FkScale Effect) 2 215 3] 27]7H ol 848 AgAo|H S47 F= et drja o 2 47
o] gelolx] skt PEBE 81 v QI oleet 53 fh o] v 7|72 34 v Fuje] 27 A gk A Brhsst
ok, nfebd] 2 ol P 52 Gk Fig. 2)8 Tefsto] 2 ] Bmg wastol sk 714 A gstict

3
. Carter 1992
o - !
o 25| - o Haimson and
~§ . ’ Herrick 1989
& a « Mastin 1984
& 8 a2 - Martn 1993
s g =
% 15 3 3 -
i N 5
< - o
& 05
0
20 40 60 80 100 120

Borehole Diameter (mm)

Fig. 2. Scale Effect according to the diameter of borehole (Martin, 1997)
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Fig. 3. China Yellow Sandstone (left), Korea Hwangdeung Granite (right)

Table 1. Mechanical properties of yellow sandstone and granite

. Average . Average
Property Unit Value Property Unit Value
Elastic Modulus (E) GPa 23.1 Elastic Modulus (E) GPa 53.8
Poisson’s ratio (V) 0.28 Poisson’s ratio (V) 0.23
Density kg/m® 2132 Density kg/m® 2650
ixcial . iacial .
China Yellow Unlalztrizgt}})lressmn MPa 53.7 Hwangdeung Umaxu;trizgtiresswn MPa 237
Sandstone Granite
Brazilian Tensile Brazilian Tensile
MP 32 MP 9
Strength a Strength a
Friction angle ° 46.8 Friction angle ° 56.7
Cohesion MPa 9.8 Cohesion MPa 28
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Table 2. Loading conditions of Mechanical Tests

Rock type Sandstone Mechanical Test Rock type Granite Mechanical Test
Sv Sh Sv Sh
Number (MPa) (MPa) Number (MPa) (MPa)
SHB#1 15 GM1-1 5
SHB#2 20 GM1-2 7 5
SHB#3 15 25 GM1-3 10
U s W ow
SHB#5 35 GM2-2 7 7
SV#1 20 20 GM2-3 10
SVi#2 25 25 GM3-1 5
SV#3 30 30 GM3-2 7 10
SV#4 35 35 GM3-3 10

Table 3. Loading and heating conditions of Thermo-Mechanical Tests

Rock type Granite Thermo-Mechanical Test
Sv Sh Temperature
Number
(MPa) (MPa) (O]
GT1-1 s 5
Hwangdeung GT1-2 10 Room temperature
Granite GT2-1 5 — 60
7
GT2-2 10 — 80
GT3-1 5 — 100
10
GT3-2 10
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Fig. 6. Cumulative AE absolute energy and peak counts per second obtained from SHB#3 experiment

Fig. 7. Borehole breakout (left), CT scan of borehole breakout (right) from SHB#3
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Table 4. Sandstone Mechanical Experiment Result

. Confining Pressure Sy at failure
Specimen
Number Sy Sh SH#1 SH#2 SH#3
(MPa) (MPa) (MPa) (MPa) (MPa)
SHB#1 15 56.31 53.27 52.5
SHB#2 20 57.63 56.12 -
SHB#3 15 25 59.19 61.12 -
SHB#4 30 59.75 63.06 -
SHB#5 35 64.05 65.39 -
SV#1 20 20 57.31 - -
SV#2 25 25 59.68 - -
SV#3 30 30 60.15 60.9 62.47
SV#4 35 35 64.08 - -

Table 5. Granite Mechanical Experiment Result

Confining Pressure

Specimen SH at failure
Number S S (MPa)
(MPa) (MPa)

GM1-1 5 5 120.7
GM1-2 7 5 123.27
GM1-3 10 5 -
GM2-1 7 120
GM2-2 7 7 124.86
GM2-3 10 7 130
GM3-1 5 10 130
GM3-2 7 10 130
GM3-3 10 10 130

27 A el niAlE Pk o] el ot A o] 2 T ARt A9t 22001 FH 0] 2E 60°C~100°C
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Table 6. Granite Thermo-Mechanical Experiment Result
Soeci Confining Pressure Sy at T ; Sy at failure
13: ::S:rn Sv Sh Initial Crack em(p;ecr:;t ure (Severe Crack) Note
(MPa) (MPa) (MPa) (MPa)
GT1-1 5 94.08 60—80—100 (0] L .
5 *If initial crack does not occur during the
GT1-2 10 94.39 60—-80—-100 0 loading process, we fixed SH to 100MPa.
GT2-1 5 ; 100* 60—80—100 X "O" is when crack occurs or expands during
GT2-2 10 96.83 60—80—100 (6] temperature increasing
GT3-1 5 100% 60—80—100 o) X" is When cra'ck didn’t occur during tem-
10 perature increasing
GT3-2 10 100* 60—80—100 (6]
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O True triaxial data
o Traditional triaxial data

80 Mogi-Coulomb failure criterion

China Yellow Sandstone
1 a=5.8730
709 p=0.7658
] r*=0.9907

o, 2(MPa)

Fig. 8. Mogi-Coulomb failure criterion (black line), fitted to sandstone triaxial data (solid circles), and then compared to sandstone
true triaxial test data (open circles)
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Fig. 9. Mogi-Coulomb failure criterion (black line), fitted to granite triaxial data (solid circles), and then compared to granite true
triaxial test data (open circles)
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