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Characteristics of Brittle Failure of Rock-like Material
around a Circular Opening under Biaxial Loading Condition

Ao, ANY (LR ATRHA 2
WA (ALY A4

1. M2

Folu Eldo] AL Axd FAHE ZAF A Aol A& FREC ALA HH
FE7F 2 o, Ry ¢gdto] ERHOFE FHIE rockburst @AolY BEHORE
dRte] stHo] Holx Qo E spalling® el #F P oA yte] iE o vi
g go] LAY, G vlady s THHoZ of&3tE Wyl A7y Uk T
293¢ (acoustic emission ®=¥ microseismicity)ol & EA7I S HAY AEE o A
st wlAgolet w3 Hgd £ Jovy, A5t gut FREY gAY HEHE AHA 45
AV 3 w7t ES A7) fEiA AT So] ERHeR o &2 5 Y
gAM ol gipte] mimaFe i AFE 1940d W] =7 F4delA rockburstE
71 At 39 ol B AT dNer, 53] Meglis 5 (1999)2 93 &
AF% Lac du Bonnet EES o8F ©F % o)54F IS Y 1
vagy s FA3d of WA WFtYES TR %, Fakhimi 5 (2002)%
A o&nk el =249 ZAYe7) 9§ °] 4 NPE T3 A
g Ale} stgEe] A 54 Ofl—?o}%i‘ﬂr
: e 279 ":}‘%‘_“ B30 o) AAo] Hu
78 N gfo] JFoer Hoin
spallmg)?‘i’b‘"] TAsHA =

P £ o2
) FE OH
n] Lo

I

e oy 2
ox o2 M
o2 o

{1 go tob
0>i
n?—

ol e

ﬂll

ot o o
o}
s
&

Jh ol [
o
2
ol
oX
flo
B
N

" N
)
i
.y

B
ich

o
_\‘:L

oX

z o

\)‘ o
—_ no

slabbing)ol\ Z7}o] #

P oae A SR EREH
dutel A HY F99 giae 2EY9 FHE LAYse Aol e, Ortlepp
(1972)2 dolZest F32 AP YNz RY BAdS FHT 2+, 5do A
4= (Uc)°ﬂ e g 2718F(0)9] Hlo oz FrtE & Jva s IE
o] &A= H4a vlE&E 0/0. > 028 3%, Hoek-Brown (1980)& Fig. 1.17 &
A EFE AANSAT 2 WEE A¥EYE g Ao

e o
ot ot A of

0./0c<0.1: FAR Az A, &4 ¢S
0,/0c=0.2: Lol 2% sy ST F Jow e A8 g

- 119 -



01/0c=0.3: A% 23 3 B, FIAFEY AR >gQ
0,/0c=04: F5& AA&7] Y4 B X8 g
0,/0c=0.5: FF] Aol oJf3, vi¢ B AX g

o

&

~ >
a 3850 ”Q ’I z. y SO {’qc'.’"

S H 0, (A0 \O L

.2 ¢ 4 -

Swo| § &  hu® o o
N 04 ° - \ -

) -
ﬁ} b.\"' ," "" 9’3" %
[ ) 4 # - b
§asof F Y C eSe . o & qgosi

) / Q- * /4' a3 e
a 7 S . -~ - -
g 200 / P I
- ,l ‘l‘ ﬂ”. o.". ""'
-
§ 150 / e -
- [ i Pid e '0” ‘,o" 20
% / "' 4" ———— ,"'— e
8 100} S T e o8
O 'l' /’ ol ,a","" e'ﬂ“e‘“e
# Pl
B i a’:— :‘- -
& sof S
S sl

= 170%™
8 o . " .
5 20 40 60 80 100 120

Far-Field Maximum Stress ¢ (MPa)

Fig. 1.1 Empirical stability classification developed for square tunnels in South Africa at
K=0.5 (from Hoek and Brown, 1980)
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Fig. 2.1 View of block specimen for biaxial test

Table 2.1 Mixing ratio of mortar by weight

Specimen Sand Cement Water Curing time after casting (day)
Mortar 55 28 17 > 10
Table 2.2 Mechanical properties of mortar
S| Pt erah | | et oSl S 3RS g
P wave | S wave (MPa) (MPa) (GPa)
S21-1 50.0 100.8 3150 1530 217 30.8 2.8 124 0.16
S21-2 50.0 100.3 3130 1570 2.08 31.1 2.7 149 0.19
S521-3 50.0 100.7 3050 1480 2.09 31.9 23 12.1 0.10
S521-4 50.0 1004 3240 1480 2.09 29.9 26 20.3 0.21
S21-5 50.0 98.3 3170 1730 2.02 28.8 2.6 224 0.17
S21-6 50.0 99.1 3300 1680 2.07 36.0 21 14.0 0.17
S21-7 50.0 100.4 3240 1760 2.01 32.0 25 271 0.21
S521-8 50.0 99.5 3020 1690 2.03 28.1 25 155 0.16
S521-9 50.0 102.2 3100 1760 ~ 201 274 2.0 159 0.18
S21-10 50.0 100.9 2970 1770 2.03 26.8 26 10.7 0.18
\1\,4532 500 | 1003 | 3140 | 1650 | 206 30.2 2.4 165 0.17
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Table 2.3 Triaxial test result of mortar specimen

Confining pressure Maximum Stress Internal Friction Cohesion
(MPa) (MPa) Angle (°) (MPa)
0 35.2
5 57.1
35 9
10 79.2
15 89.8
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(a) (b)
Fig. 2.2 Biaxial loading apparatus: (a) biaxial frame and (b) flat jack
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Fig. 2.3 Position of AE transducers and strain gauges
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Fig. 2.4 Schematic diagram of biaxial compression testing system and measuring system
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Fig. 3.1 View of progressive failure of specimen B-4: (a) 01/6. < 0.4 and
(b) 01/0. = 0.50~0.55
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(©)
Fig. 3.1 Continued: (c) 0,/0. > 0.65 and (d) 0,/0c > 0.80

NRGTO Cracks

(d)
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Fig. 3.2 Relationship between strain and normalized maximum principle stress of the

biaxial specimen (a) B-3 and (b) B-4
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Fig. 3.3 AE counts for specimen (a) B-3 and (b) B-4
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Fig. 34 Cumulative AE counts in specimen (a) B-3 and (b) B-4
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Fig. 35 AE counts in the function of K(0,/0.) for specimen (a) B-3 and (b) B-4
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Table. 3.1 Micro crack initiation and spalling failure initiation level of biaxial specimen

el Micro Crack Initiation Spalling Failure
Cotrj;lrgsé(slgilve P-wave AE Level Initiation Level
Sample Velocity
Strength (m/sec) Parameters
(MPa) sec 0,/0, | K(0,/03) o,/0, | Ko, /03)
Counts 0.42 2.50 0.72 5.20
_ Cumulative
B-3 34.1 3560 AE counts 0.48 0.76
Duration 0.42 0.76
Counts 0.44 2.60 0.82 4.10
_ Cumulative
B-4 30.2 3220 AE counts 043 0.82
Duration 0.45 0.8
Mean 32.2 3390 0.44 255 0.78 465

2 AT e ol594F AT vanI e SRR, S vadds Nzey
B o9 =7 ) T Az @5 4F 7

0
APE¢ F 01079 SUE FHAT
01/0:=0.4 (0,=12 MPa)¥ 71X S9F4 A x7] &F GAdAM Wi Fgo] 23]
P B SYo2 FAHAY FFUA 0/0.204°1A AE AFAlY] L& A &
Qe Fagz dAs. 28y 0/0.=0401F2 S99 $rt F78t7] A &RES 0y/0. =06
(01=18 MPa)e] AYH HAA F7tstd o™ 6/0.=0.7 ~ 08 (0:=21 MPa ~ 24 MPa) o|¥ =&
B2P F7HE EQt 01/0.=08 ol FE diFEY o] vEeElUA =HH Fig. 369 &4
AFe A7l wa HFAHA Y& =AU
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Sample: B4

Fig. 3.6 Plot of AE source by the magnitude of amplitude in the specimen under biaxial
compression after 01/0.=0.8 and 03=5.4 MPa
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Fig. 3.7 Finite difference meshes for numerical analysis
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Fig. 3.8 Contour plots of differential principal stress around a circular tunnel at 0,/0.=0.7
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Table 3.2 Input parameter for numerical analysis

Young's Poisson’s Densit C . Fricti Tensile
Modulus : }’ ohesion I‘lCthl’g Strength
(GPa) Ratio (v) (kg/m?) (MPa) Angle (°) (MPa)
16.5 0.17 2.06 9 35 2.4
0.005 ——r . . T . . —

0004 [—w—ch#21 ]
{ |—e—ch#22 .
00039 |.-a-—ch#23 B
0002 |—Y—ch#24 ]
) —t
0.001 - 7
E 00007 \L‘:“:’ P =}
9 -0.001 + A .
E T A, A S 1
-0.002 \ -
-0.003 ] S ~ ]
-0.004 1 ~
-0.005 1 . . : . . T , ]
00 0.2 0.4 06 08 1.0
o l/cx

Fig. 3.9 Relationship between strain and normalized maximum principle stress from the

numerical analysis (ch#21 ~ ch#24)
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259 F9Ro HAFHY HLFEH Aolrt 7HF A etz len, dA &F
Po] wAstE FEH} FAUT 2Z P ¥ ITF A e Ad %ﬁ°ﬂ o w3
o] 7] W&ol Fig. 389 B ZAe 23 A dAs= Aoz #FHUT
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