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Study of Brittle Failure
Dae-Sung Cheon, Chan Park, Joong-Ho Synn and Seokwon Jeon

Abstract Failure around an underground opening is a function of in-situ stress magnitudes, intact rock strength and
the distribution of fractures in the rock mass. At high in-situ stress, the failure process is affected and eventually
dominated by stress-induced fractures preferentially growing parallel to the excavation boundary. This fracturing
is often observed in brittle type of failure such as slabbing or spalling. Recent studies on the stress-induced damage
of rock revealed its importance especially in a highly stressed regime. As the constructions of underground structures
at deep depths increased, the cases of the brittle failure also increased and furthermore spalling was occurred in
Korea at low depths. To improve the stability of the underground structures at highly stressed regime, the charac-
teristics of brittle failure should be examined, but they have not yet been properly investigated. Therefore in this
report the characteristics of brittle failure such as types, failure mechanism and modeling methods etc. were consi-
dered in all aspects, based on the previous researches.
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* low values of elongation of grains

+ fracture failure

» formation of fines

* higher ratio of compressive to tensile strength
* higher resilience

* higher angle of internal friction

+ formation of cracks in indentation
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Fig. 1. Quantities participating in brittleness classification
(after Andreev, 1995)



Table 1. Brittleness index
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Index

Description

B= ¢, » 100(%)

An absolute index based on the absolute irreversible longitudinal (parallel to ¢,) strain
e,; until failure (Mogi, 1974)

B,= Se_ e DE The ratio between the elastic and the full strain until failure (Hucka, 1974)
€y €T e OF

B W, _ _Dbcr A coefficient of brittleness the ratio between the elastic W, and the full work W, during
S W, oAcr the loading of a specimen until failure (Baron, 1962)

B W, _ OACD A coefficient of plasticity the ratio between the irreversible W, and the elastic work
W, DCF W, .(Kidybinski, 1981)

B=n= R, The ration between uniaxial compressive strength and tensile strength. A qualification
° R, scale does not exist.(Beron,1983; Kouznetsov and et al.)

By = f{i +Z’[ The difference between R, and R, (Hucka, 1974)

B.= sing= a7/8, Mohr’s of strength envelope.

T 1+ (o7/00,)?

In case of a straight line envelope B, = B;.(Hucka, 1974)

The inclination of the failure plane v to o,(Hucka, 1974)

—gp=r_ 9%
Be=v=79"73
B (R,— a3)—(R,— o,) The ratio between difference between the peak and the residual strength deviators and
’ (R,— o3) peak strength deviator (Smoltczyk, 1979)
R, ~ R,
Byy= "’Rm . A partial case of B, at o,=0 (In Russian, 1983)
R, . .
By, = The ratio between R, and £,(In Russian, 1983)
Bj,= (17?” The ratio of fracture initiation stress o;to the peak strength &,(In Russian, 1983)
By= 6_“'6 The ratio of residual strain «,, to post-peak strain(e,,— ¢,,) (In Russian, 1983)
1 1t
Bo—a= M OACD The ratio of the descendant modulus M to the modulus of elasticity E.
e E~ FCN At X\ > 1, the rock is unstable and, therefore, brittle (Bergan, 1983)
B.= EM The product of £ and M expressed as an angle
- The specimen is unstable and, consequently, brittle, if B;; <1. (Batougina, 1983)
The rock is unstable and, therefore, brittle, if B; > 0.5, By, can be expressed as
B M __ DCF B
6" B+ M OACF+FCN = i
+ o + By Vv — (Batougina, 1983)
B H,—H After an indentation of indenters with different diameters into a polished rock surface,
7 k the hardness of the ‘macro-indenter” H(H, > H) (Hucka,1974).
From Protodiakonov's test of a drop-hammer for rock crushing due to impact. The
Bjg= ¢R, percentage of fines below 28 meshes ¢ express brittleness through the index B, = qR.
(Protodiakonov, 1964).
w
By i The work for rock crushing related to tensile strength (Hucka, 1974)
't
d After sound drilling, very often the core is divided into discs with a thickness » and
By=h < — . { . .
w=h =g a diameter d. If By=h < g», the rock is brittle (Hucka, 1974)
€P — el’
B = &—e A strain dependent brittleness index expressed by B, = - s = in CWFS model
2= > c
K (Hajiabdolmajid, 2001)
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Fig. 2. Examples of tunnel instablity and brittle failure as
a function of RMR and the ratio of maximum far- field
stress(o,) to the unconfined compressive strength(c,) (after
Hoek et al., 1995)
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Location of Rockbust
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Fig. 3. Example of brittle failure in Korea; (a) oil storage cavern, (b) waterway tunnel (after Lee et al., 2004)

@ ' ®)

Fig. 4. Examples of brittle failure in oversea; (a) AECL's Mine-by circular test tunnel at the URL (b) Rectangular shaped
tunnel in a mine.(after Martin, 2001) (b) deep excavation in South Africa (after Ortlepp, 1997)
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Fig. 5. The dominant mechanisms involved in failure of
cohesive geomaterials in various loading environments (after
Hajiabdomajid, 2001)

Strength Component

Confinement

o)

Fig. 6. Schematic representation of the strength components
in a cohesive geomaterial with interlocked structures; a)
individual strength components and their dependency on
confinement, b) the contribution of each component toward
the overall strength(after Hajiabdomajid, 2001)
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Fig. 7. Modes of failure in hard rocks as a function of
confinement (after Hoek, 1965)
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Fig. 8. Measured failure around the Mine-by test tunnel
based on measurements and observations compared to the
predicted failure using various constitutive models in the
finite element program Phase2 (after Read & Martin, 1996)
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2 wizjodelnt WSS SHBHIch CWES RS ARCL
o URL wtolld] 2 3Pdmiane 2 masigle
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9] AAEA T} Bt gell 29-Elo] AuiAE |2
A2 EE BAEoof = ZAF0] Utk
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a17] $J5te] Eejmd(physical model)Z ©]-§3 =¥
Ajgo] o] AAbEel o8l allETE ZHAE-S o
HE d&zdEx7 9 o|EUERdA Y=g,
55 FlolA A o] g o] XA 7] At
o st A7t £2 $3E 9t Hoek, 1965; Mastin,
1984; Haimson & Herrick, 1989; Ewy & Cook, 1990;
Carter, 1992; Martin, 1993; Fakhimi et al., 2002; AJ4}
2, 2004; HjAJE, 2004). 5T Kol &l A LAY 13
Az RE dAxSYe] A71E Hrlehr] %t A7t
4395 QjtHLee & Haimson, 1993; Haimson & Song,
1993; Haimson & Chang, 2000; Haimson, 2003).

2959 0|47 o] ATAES BolE FY
i T 71X Hefjo] % (primary fracture, remote
fracture)d} 7] 22 o)A 2] breakouto]| BHAYSITISL H
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Fig. 9. Types of fractures found around circular openings in
laboratory model tests (after Martin et al., 1994)
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Fig. 10. Uniaxial testing of blocks containing a circular
borehole (after Martin et al., 1994)
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Fig. 11. Hoek-Brown failure envelopes for Lac du Bonnet
granite, in situ seismic activities and crack initation stress
fevel in the laboratory compression tests (after Martin, 1997)
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Fig. 12. Estimation of damage based on the ratio of the far-field
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