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_To understand the mechanisms that contribute to stress-induced

__brittle failure (spalling, bursting, etc.), we need to understand the

~basic principals of rock strength and the initiation and propagation
- of ‘briﬂle fractures.

- Traditionally, there have been two approaches to analyzing rock
~ strength:

,,,,,,,, ' ,.,.,.,.,.,.,.abpf‘.'oaéhlfstr!e‘sslbn‘sed,.,.,
Eanaaa "7 (i.e. phenomenological) <_ Strain based
T I energy based

Analysis of Rock Strength
O  ¢ """""""""""" | Mechanistic Approach
Relies on generalization of Derives its theories from
~ large scale observations. - | elements of fracture at the
. ... | microscopic scale.

| Theories include: B .-
,L,L,LL,L,L,‘.,‘.,‘.,‘.,‘.,‘.,‘.,‘.,‘.,‘.,‘.The‘mes'nc'u‘ie:

[ Maximum Stress theory ~ - Griffith Crack theory
* Tresca theory "~ + Linear Elastic Fracture

~+ Coulomb theory -1 Mechanics (LEFM)
| * Mohr-Coulomb failure criterion | | |




R hydrostaﬂc load.

Dieviatoric strass
constant

Fissure elosing

Pore structure collapse

Elastic compressian

Locking

AWV
(hydrestatic compressian)

, Applymg unlform stresses produces a volume decr'ease whlch
~eventually changes the rock fabric permanently as pores are

~ crushed. Although such collapse produces an inflection in the stress
~ -vs- strain response the rock will always accept additional

- T

|| IIT
| Iv

existing cracks close and
minerals are compressed;

elastic rock compression,
consisting of pore deformation
and grain compression at an
approximately linear rate:

pore collapse:

intergrain locking and infinite
compression as the only
compressible elements
remaining are the grains
themselves.

Goodman (1989)
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Deviatoric Compression

Deviatoric stresses are
obtained by subtracting the
mean (or hydrostatic) stress
from each principal stress
(i.e. 0y-0,, etc.). Deviatoric
stresses control the degree
of distortion, allowing for a
material to deform in one
direction more than the
others (i.e. in the direction
of the smaller stress). In
effect, this allows
fracturing, rupture and
shearing of the rock to
occur.,

ORTHOGONAL
STRESS

30—-|;|»30 = 25

HYDROSTATIC DEVIATORIC
PRESSURE STRESS

25 + +5—-|_I__|-_4 S\nu
-5

Goodman (1989)
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Mohr-Coulomb Failure Criterion

G3

failure occurs if :
Tmax > € + otan ¢

e,“‘ Al
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Analysis of Brittle Rock Strength

Mechanistic Approach

Derives its theories from
elements of fracture at the
microscopic scale.

Theories include:

* 6riffith Crack theory

* Linear Elastic Fracture
Mechanics (LEFM)

—[ < 17024 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)

Mechanistic Brittle Fracture Theories

FT TFmax
At the atomic level, the

development of -interatomic

forces is controlled by the

atomic spacing which can be
- altered by means of

I external loading ...

<« 0—0—>
-
=}
®
”

--on-extension, the
structure fractures where
the interatomic force is
exhausted (i.e. the
theoretical tensile strength)

tension
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Mechanistic Brittle Fracture Theories

'l
AR IuET
rO

==E TUT I ? C e

T T In compression ..
F .. displacement is countered

by an inexhaustible repulsive
£ force
(2}
=
0
r Thus, interatomic bonds will
8 only break when pulled apart
3 (i.e. in tension).
g,
g
3
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Theoretical Strength

Strength is therefore a function of the
cohesive forces between atoms, where

if F > F,.. then the interatomic bonds
will break. As such, we can derive the

following:

o = [%+%]C{r—ru]x [%- %]Cﬂ

(N=a? numberof atoms per unii area

_ T, E
. Pt "9 " 10
=
£ é Now for most rocks, the Young's
£ &= 5 modulus, E, is of the order 10-100
= r GPa. If so, then the theoretical tensile
. £ strength of these rocks should be 1-10
; % GPa.
s {1 5
& £ However, this is at least 1000 times
2 greater than the true tensile strength
of rocklll
—[J<— 200r24 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)
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Griffith Theory

To explain this discrepancy, Griffith (1920) postulated that in the case of
a linear elastic material, brittle fracture is initiated through tensile stress
concentrations at the tips of small, thin cracks randomly distributed within

an otherwise isotropic material.

1 ] g
’— — —_ — (tensile) (compressive)
/ /
AN
Y g T i
| ~ //\ / | Gmax e A crack
o | / 0‘;::’1_:2 | propagation
| —
~ 720 Arr -
| 1 N\ // crack
/lII \ [/ | Griftith PEORREATON crack
L — — =4 crack opening |
T *
| | l T
h—1 mm —
—[ < 21024 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)

Crack Propagation in Compression

Under uniaxial compressive loading conditions, the highest tangential
stress concentration on an elliptical crack boundary was inclined 30°
to the major principal stress. As these cracks develop, they will
rotate to align themselves with the major principal stress, o;.

104
| o sia=as Oc
2
6
A crack
4 propagation
1
14! =0
0
Y=90° 1
a4 1
- w:ﬁ)ﬂ, crack angle with ¥
W=30° <" maximum fension
T T T T T T T T
1} 20 40 60 80 100 120 140 160 180
GC
ne

Lajtai (1971)
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Crack Propagation in Compression

Experimentally, it has been shown that brittle

o, fractures propagate in the direction of ;. Cracks
Ll develop in this way to allow the newly forming crack
s | faces to open/dilate in the direction of least

L i« | resistance (i.e. normal to o, in the direction of o3).
e 7| This is most easily accommodated in uniaxial
== =2 compression since o3 = 0. For example, along a free
: i Il
oy = surfacell
Bl
—[ < 230ra4 Erik Eberhardt - UBC Geological Engineering EOSC 433 (2017)

AECL's URL - Brittle Failure

In thin section:
B o s s s s
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rientation of G, & In

.| Potential Ground Control Issues:
| Destressing = wedge failures
Concentration = spalling

stress

concentration T

destressing

stress

concentration

Stresses can be visualized as flowing around the excavation periphery
direction of the major principle stress (c;). Where they diverge, relaxation
occurs; where they converge, stress increases occur.
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Failure Around Underground Excavations

! . GRC Martin et al. (1999)
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| In other words, stress-induced failure
| process begins at stress levels well below
~| the rock’s unconfined compressive strength.

Example: Tumnel Spalling & Depth of Failure

Problem: A 14-m diameter, 100-m deep tunnel is to
be excavated in a weak but massive
sedimentary rock unit with an average
compressive strength of 25 MPa. The
tunnel will be excavated by a tunnel boring
machine. In-situ stress tests revealed that
the major principal stress is horizontal and
three times higher than the vertical stress.
This has raised concerns of potential ground
control problems related to stress-induced

As such, the designers need |
fo estimate the potential
depth of stress-induced
slabbing in order to select
= the proper rock support
"= measures.
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Example: Tunnel

Assuming a vertical
stress of 2.5 MPa
(calculated from the
overburden), and
adopting a horizontal
to vertical stress ratio
of 3, a maximum
tangential stress of 20
MPa in the tunnel roof |
is calculated.

| Using Martin et al.
1(1999)'s empirical
| relationship

 EOSC 433 (2017)

~Tunnel Spalling & Depth of Failure
| Using Martin et al.
| (1999)'s empirical
| relationship
. a ,,,,,,,,,,,,,,,,,,,,
3 = m:z.}m‘;:‘lm i
| =~18} 1 Martin et al, 1094
IO & i >
. é % mma'mmum >
3 1.6 | ¥ Mariin, 1988 A
E |a=m------- T
- s h (o}
514} /g = "y
‘% ( ?fa ‘l I’/’,E|
1812\ / 7 |
\\-\,-/, x’ . v 1
i & w1 | g
0.2 0.4 0.6 0.8 1
,,,,,,,,,,,,,,,,,,,,,,,,,,, o,
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~open (in the o; direction) £ - uniaxial compression
) and 'Therefore propaga‘l'e, = 2201 r - 20MPa confinement, @,
- leading to increased crack & - .
—interactions and an -
acceleration of brittle s 1504 4
failure. In contrast, the £ : ok
_addition of confining 2 197 crack
stress works tomake 2| i |
~crack opening more 3 . H <o,
difficult and therefore % 120¢ |
“suppresses crack < < multiple
 propagation. Confining — '"] o B
-~ stress therefore plays an- 80 ; ; : : iE -
~important role in 10 20 30 40 50 60
_mitigating brittle failure. Stable Crack Propagation Length (mm)
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Ground Control through Confinement

EOSC 433 (2017)

Rockbursting - Strainbursts

Rockburst: A sudden and violent failure of rock where rock
fragments are ejected into the excavation. Energy is released as
seismic energy radiated in the form of strain waves.

# Usually occurs after blasting, as
face is unable to adjust to the
immediately stress increase

+Immediate unloading of confinement
from a triaxial to uniaxial stress
condition, stored energy released as
seismic energy

# Commonly occurs when drifting
through contact between a brittle
and relative soft rock (i.e. highly
dependent on local mine rock
stiffness)

Strainburst: A self-initiated rockburst that develops due to a disequilibrium
between high stresses and rock strength (i.e. dynamic unstable fracturing).
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‘Rockbursting - Slip Bursts

Slip burst: Slip bursts are characterized as a stick-slip shear movement
on a discontinuity. These bursts are less likely to be triggered by a
particular blast, and more likely to occur afterwards. Slip occurs when
the ratio of shear to normal (effective) stress along the fault plane
reaches a critical value (its shear strength).

I

Whyatt et al. (1997)

:»* :Si'm:ilclen —'tb : meéhahics —of : Qn— éaﬁthuake :

~ although some local intensification of
- shear stress may also occur
‘#Changes in stress along a fault are
~often linked to mine activities by

RARE |

B Hazard
,,,,, :| (Energy source) (Vulnerable target)
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