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Abstract. Slopes in open pits exhibit fracturing around excavations, often
initiated by extension strain which results from a combination of principal
stresses adjacent to the slope boundaries. This extension strain is commonly
described using minimum principal strain or minimum principal stress equa-
tions. These equations show that the extension strain can expand and fracturing
occurs if the extension strain exceeds a critical value. Anisotropic rock masses
with multiple and complex structures increase the potential of the development
and coalesce of cracks with pre-existing discontinuities for further potential
failure.

This paper presents finite element analysis to model the extensions strain
implementing the criterion of Stacey (1981). The distributions of extension
strain are predicted around slope of Handlebar Hill open pit mine at Mt Isa,
Queensland, Australia. Around the pit wall, fracturing near the excavation
boundary is often the result of extension strain of the rock. Through the mining
activities, fractures in the slope face can manifest into slabbing and spalling.
Extension strain may develop circumferential fractures close to the slope sur-
face, the closer to the excavation perimeter, the more open the cracks. The result
of the extension strain distribution simulated in this paper is in accord with
failure events observed on site. The numerical modelling and the discussion of
this study focused on the prediction of potential fracturing zones within the
critical values of the extension strain around the slope.

Keywords: Extension strain + Stacy criterion - Rock slabbing - Numerical
modelling

1 Introduction

Extension strain in rock can cause minor cracks (initially microscopic crack in rock)
that initiated under tensile or minimum compressive stress. It may extend within the
elastic zone and become an observable fracture as a result of changing in-situ stress
conditions or natural softening material deformation. Deformation and strain are clo-
sely related distinct terms. Deformation describes the complete manifestation from
initial to final geometry of rock, the strain describes the alterations of points in rock

relative to each other.
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Laboratory tests detected two main types of fractures in brittle materials including
the extension fractures or so-called opening modes and shear fractures (Ramsey and
Chester 2004). Other approaches with more experimental studies on rocks showed that
a pre-existing fracture does not extend as a single flaw within the rock mass. For
example, Brady and Brown (2006) reported that fractured rock should include a large
number of very minor extensional fractures that developed before the process of the
final propagating.

The transition of extension strain from tensile to shear fracture as being a function
of confining stress by a unique laboratory uniaxial compression tests was described by
Hoek (1968). It illustrates the estimated fracture condition for rock including the
extension of the strain from the initiation, until the complete rock fracturing.

Stacey and de Jongh (1977) reported that the Griffith and Mohr-Coulomb criteria in
terms of fracturing initiation were ineffective to predict the extent of fractures associ-
ated with underground boring in hard rock mass. An equation to calculate the extension
strain magnitudes of different rocks was required. The equation has to be effective in
predicting the extent of fracturing zones together with the localised orientation of these
fractures around slope and underground excavations.

The rock failure criteria included only the major and minor principal stresses in
their equations, in which the failure dominated by shear stress. But, in many open pit
slopes and underground tunnels it was noticed there were parallel fractures near
excavations like spalling or splatting. Ndlovu and Stacey (2007) reported that this rock
failure shows tensile nature, but not related to shear fracturing. Several criteria were
suggested to determine the rock critical strain e.g. Sakurai (1981) in underground
excavation and Stacey (1981) in excavated slopes which accounts for the three prin-
cipal stresses. Therefore, this criterion included that tensile failure can occur even if the
applied stresses are compressive.

In studies focusing on the mechanisms of compound rock failures, Eberhardt et al.
(2004) argued that processes relating to extension strain, internal degradation of rock
mass strength, brittle fracture damage and shearing are also instrumental in the kine-
matics of step-path failure in massive rock slopes. Many studies Liang (2003), and
Yang et al. (2008) presented results of triaxial extension experiments on rocks show
that a continuous transition from extension strain to shear fracture with an increase in
confining pressure, which formed under compression. This combined fracture mech-
anism has been considered under compressive and tensile stress states at critical angles
to the maximum principal compressive stress.

Kwasniewski and Takashashi (2010) presented a new strain criterion to calculate
the mean normal strain for conditions of low confinement. They found that the highest
extension strain (the least principal strain) at strength of failure is changeable under
triaxial compression with different values of confining pressure used in triaxial com-
pression laboratory tests.
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The source of stress in the slope is a combination of the pre-existing tectonic
stresses and the stress reduction normal to the slope as well as stress concentration in
some locations of the slope. The extensional fracturing occurs when the intermediate
and major principal stress components are large enough or the minor principal stress is
small enough to result in minor principal strain component to be extensional and in
which exceeds a critical value.

Fracturing possibly occurs at the stage that the bench is a part of the floor, ramp or
the toe of the slope. Conditions for extensional fracturing are expected within the
benches in the slope when they are close to the haul road and the toe. Rock masses of
fresh quality, which is existed at the west slope of the open pit, would be more
susceptible to extensional fracturing.

Extension strain can be described by all three principal stresses, therefore, sug-
gesting that tensile strain will occur when all stresses are compressive. This criterion
proposed that the extension can occur through indirect tension if the tensile strain goes
beyond a value, which is reliant on the condition of the rock units. While, the failure
criteria developed by many authors, e.g., Mohr-Coulomb (Coulomb 1779) and gen-
eralised Hoek-Brown criteria (Hoek et al. 2002) included only major and minor
principal stresses in their equations involving the rock failures by shear deformation.

Due to its development and flexibility, the finite element stress method is pro-
gressively being applied to slope stability analysis (Mahtab and Goodman 1970) and
(Stacey et al. 2003). Non-linear finite element models using elastic-perfectly plastic
material strength have been used to obtain factor of safety of slopes, which offers a
number of advantages over general limit equilibrium method (Hammabh et al. 2004).

This paper studies the application of finite element stress method to the determi-
nation of the extension strain of rock slope in open pit for which rock strength is
modelled by the generalised Hoek-Brown failure criterion. The paper first utilises the
standard finite element method used for slope stability analysis of Hoek-Brown slopes.
It then demonstrates the distributions of extension strain through application of the
method, and uses the user defined data dialog to inputs mathematically the extension
strain equation of Stacy.

One of the major advantages of Phase? finite element slope stability is the analysis
parameters can be customised if required. Using the user define data after the inter-
pretation of the finite element model to illustrate contour of user data. This code is able
to create a new user data definition for variable inputs with plotting results of defined
equations to solve complex non-linear problems.

Figure 1 shows a view of the Handlebar Hill open pit at Mt Isa, Queensland,
Australia. The extension strain and the influence of their distribution on the stability of
the pit slope stability are modelled using the finite element stress method implementing
the criterion of Stacey (1981) of principal stresses.
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Fig. 1. View of Handlebar Hill open pit, photo taken from the south in February 2011

2 Review of Extension Strain Criterain Proposed by Stacey
(1981)

The extension strain criterion is a fracturing initiation criterion and not a shear strength
criterion of ultimate strength. It explains that the confining stress does not cause the
fracturing. Confining stress always works against the generation of rock fractures. The
extension strain criterion, in fact, states that it is the lack of confining stress will result
in extension strain within elastic limit of rock material. Once the extension strain
exceeds a critical value, tensile fracturing can develop plastically. Therefore, the high
level of confining stress detects the threshold of rocks, grain size porosity and min-
eralogy. This will inhibit the initiation of extension strain and, subsequently, the
developments of cracking events.

Stacey (1981) described the first empirical criterion for extension strain and frac-
turing initiation of brittle rock. It was a new method proposed to obtain the critical value
of extensions strain from many laboratory tests by plotting axial strain against lateral
strain. He applied his criterion in two cases: in an open cut pit for haulage road side-wall
bulging and in underground mine for rock spalling. His work proved that the extension
strain could occur when the major principal stresses are compressive stresses. The ini-
tiation of a fracture in the rock mass will occur in a direction normal to the extension
strain and corresponds to the least compressive stress path, when the strain exceeds a
critical value, which is rock type reliant. The expression of this criterion is as follows:
e > e, where (e.) is the critical or limiting value of extension strain for the rock. The
extension strain may expand in different directions within rock slopes. When strain
exceeds a critical value, which is a characteristic of that rock mass, imitation of extension
strain will occur and the developments of these fractures are likely (Stacey 1981).



56 M. Al Mandalawi et al.

However, the critical magnitudes of extension strain in rock masses could be evaluated
by this criterion. This way of obtaining the extension strain can be designated crack
initiation by strain as this corresponds to the stage at which the crack starts within the
rock. Louchnikov (2011) stated that it has to be noted that the first term of the extension
strain criterion was limiting tensile strain criterion, hence emphasising the tensile nature
of the extension strain.

The criterion of Stacy for a linear elastic material is an out of plane strain analysis
to define the minimum principle strain (o3) which calculates the three principal stresses
by using the following three dimensional elastic equations:

&3 = [()’3 - l)((il +O’2)}/E (1)

Where G, 6, and o5 are the three principal stresses

€; = Extension strain, which is the strain in the direction of the minor principal
stress

v = Poisson’s ratio

E = Modulus of elasticity.

This criterion allows defining the three-dimensional principal stress directions,
including stress, displacement and strength factor and, therefore, the results are more
accurate compared to the plane strain assumption. Stead et al. (2007) stated that Stacey
et al. (2003) and Stacey (2006) used 3D elastic extension strain criterion in the analysis
of large scale open cut slopes to present the significance of considering the extension
strain as a potential rock fracture. Ndlovu and Stacey (2007) reported that this
extension strain criterion can be implemented for a wide range of rocks, from strong,
brittle to soft rock such as coal. Furthermore, extension strain is not limited to deep
open pits and high slopes, the effect will be more noticeable in brittle rock condition in
which fractures can develop rapidly (Stacey, personal communication, June 2 2015).

The extension strain criterion can be described in three dimensional strain space
within a cubic state boundary surfaces condition as illustrated in Fig. 2. The inner cube
presents the extension strain initiation and the outer cube describes the manifestation to
crack damage strain. The principal strains are defined in terms of in plane by €1 and €3,
and the out of plane strain by €2 as shown in the cubic strain spaces. Principal strains
are €1, €3 and €2 (major, minor and intermediate principal strain) are oriented with
respect to stresses redistribution by excavation. In the three dimensions cubic, €3 is not
necessarily the minor principal strain, if the value of €2 is less than €3 at the same
location, then the in plane €3 is the three dimensional intermediate principal strain.
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Fig. 2. Extension strain failure criterion in three dimensional cubic strain spaces (after Wesseloo
2000)
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3 In Situ Observations

The following examples of rock failures occurred at Handlebar Hill open pit, where the
extension strain expected to be developed and initiated the slope face failures. These
failures included rock spalling from the face of the slope (Fig. 3), and sidewall slabbing
below the ramp (Fig. 4), which involved a thin extent of detached rocks.

The fractures of rocks will progress as far as allowable by the distribution of
extension strains, and their existence inhibited by the compressive confining stress. It
follows that the presence of extension strain is likely to be limited to the proximity of
openings in stressed rock. This happens in excavated locations of rocks and, hence,
prediction of rock fracture is necessary (Stacey 1981). The extension strains then
developed to rock fractures, and these fractures propagated to slope faces failure, and
slabbing in the sidewall on the least compressive stress extent.

Martin et al. (1999) stated that slabbing and splatting in a rock may occur in a stable
manner or violently in the form of tensile strain bursts in underground tunnels having
low confining pressure similar to that at an excavated slope. These slabs can range in
thickness from a few millimetres to several square metres in surface area, and the
formations and thicknesses of these slabs could be related to strain energy.

The propagation of cracks extends into rock masses and may coalesce through pre-
existing discontinuities during stress loading. In a heterogeneous slope, tensile cracks
that propagate in their own plane and out of plane are normal to confining pressure
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2011

Fig. 4. Side-ramp failure (slabbing) at the open pit ramp, photo taken from the south in Feb.
2011
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direction (the minimum principle stress). Tensile cracking could be initiated, also, by
compressive stress. Therefore, adding compressive stress on the rock masses, the
possible shear movement on rock plane with less strength zones would be a potential
mode of tensile failure. Hoek (1968) indicated that the tight connection of asperities can
increase the differential shear stress displacement that results in the propagation of
existing vertical cracks, which lead to vertical tensile rupture.

3.1 The Source of Extension Strain in Open Pit and the Orientation
of Potential Fractures

The increases of confining stress inhibit fracture propagation and should induce a move
of the rock towards the ductile field (Valenta 1988). In an underground mine when rock
is exposed to an applied differential stress in deeper excavation, the tight connection of
asperities and increased differential shear stresses can arise. The geological structure
where dilation is normal to the sliding surface is restricted by adjacent blocks under
high confining stresses. This confining stress is presented by several hundred meters of
overlying rock resisting block mobilisations.

In open cut mines, all of the earth’s crust is in a state of three dimensional stresses.
When an excavation is made, it changes the stress distribution locally and usually there
is some stress concentration around the openings. It is these stresses that contribute to
the confinement, or lack of it around the excavation. With regard to open pits, the
geometry of the slopes in plan and section will influence the redistribution of stresses.
The materials of the geological units can also influence local stresses, for example,
stronger beds will attract more stress than the weaker or more ductile layers, which
could lead to localised failure. In such cases, stress redistribution will extend deeper
into the rock mass unaffected by blasting. However, at low confining stress, rock will
be brittle and tends to crack sooner (Nelson 2003).

Extension fractures in rocks form in planes normal to the direction of the extension
strain that corresponds with the direction of the minimum principal stress. In excavated
slopes the directions of the minimum principal stresses are normal to the confining
pressure of slope and because of the direction of the confining pressure being normal to
the slope surface. Therefore, the orientations of fractures are likely to be sub-parallel to
the slope surface behind the slope face and the inclined extension fractures can
propagate near the slope toe. The simulated levels of extension strain contours make
the development of extension fractures possible and that could considerably reduce
slope stability.

3.2 Extension Strains Around Two Dimensional Numerical Models

This section describes the numerical modelling of the extension strain zones and tensile
failure around the first and the second stage of slope excavation. The existence of
extension strain indicates that the rock masses have the potential to expand in one or
more directions in the slope. Critical extension strain will be calculated according to
Stacey criterion (1981), which proposes that rock fracture can be developed from
extension strains that exceed the critical value of —0.0003 or greater. The pit depth is
180 m, overall slope angle of 45° and (K) ratio, which is the horizontal to the vertical
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in situ stresses ratio values of 0.6 for in-plane and 0.86 for out of plan stress ratio, a
value of 0.2 for Possion’s ratio, and rock mass modules of 8,248.32 MPa.

Two dimensional finite element stress elastic analysis modelled the results using
Phase® software. The simulation of the two excavation stages slope shows zones of
extension strain near the slope toe and the floor of the pit. Zones of extension strain
occur alongside the lower benches of the slope and upper benches located above the
ramp. The extension strain is concentrated around the benches located above the ramp
and behind the slope crest (Fig. 5).

The model in Fig. 6 illustrates the development of strain near the toe and along the
floor surface, and zone of strain extend behind the crest of the first stage of excavation.

Although the extension strain values obtained are low, due to the limited height of
pit slope, the extension strain will act normal to the foliation planes and stimulating
extension fracturing (opening up deformations) on these rock planes (Stacey et al.
2003). These predicted extension strains in the pit, at any stage of excavation may
change through mining operation to develop more fractures.
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3.3 Tensile Stress around Two Dimensional Numerical Models

The condition of stress distribution is conductive to the propagation of the extension
fracturing adjacent to the slope. The two dimensional analyses allowed modelling the
tensile stress distributions and magnitudes around the slope. Zones of tensile stress are
concentrated near the crest and adjacent to the upper benches of the slope of two stages
of excavation as shown in Fig. 7. The tensile stress distribution within the first stage of
slope excavation of 80 m height is shown in Fig. 8. The tensile stress is concentrated
near the upper benches, but no tensile zones presented near the toe of both stages of
slope excavation.
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3.4 Combined Failure Mechanism in Open Pit Slopes

Several types of slope failures are often attributed to the development of the extension
strain have other causes. In open cut pit slopes, extension strain can be considered as a
contributor to slope failures. Complex rock failure involves mechanisms related to
extension strain initiation around a slope, which propagates to the fracturing of intact
rock and the deformation along geological structures. An example of large scale rock
failure involving the extension strain in a complex mechanism of failure is the two
massive rock-slides of the 1991 Randa town cliff in Switzerland. While some
geotechnical investigations did not refer to the role of extension strain in the complex
failure mechanisms in Randa rock failure, Sartori et al. (2003) did not identify whether
these series of rock mass failure events combined, acted as an exceptional failure
trigger. On the other hand, Eberhardt et al. (2004) pointed out that the results showed
that the rock slope failure of Randa involved the initiation and propagation of brittle
tensile fractures driven by extensional strain that interacted with natural pre-existing
discontinuities to form internal shear planes.

If the role of extension strain is over emphasised, then this may lead to missing the
real cause of slope failure. This suggests that more than one mechanism of rock behaviour
may contribute to final slope failure. This failure is a function of combined mechanisms,
namely the extension strain imposed around excavations, may, manifest itself and notch
expansion through faults and joints. It is the strain, which is stored within the elastic limit
of the rock. Because of the low confining pressure around slopes of an open pit, the
extension strain will progress and extend to one or more directions and develop a network
fracturing in the rock masses. This extension may interact with the natural large scale
discontinuities to form a critical failure in the slope surface and increase slope instability.
The extension strain may coalesce with minor or major geological structures in rock mass
and this will possibly lead to a localised slope failure (Louchnikov 2011).

Joint sets often have deep impacts on elastic and strength properties in rock masses
and then on open pit slope stability (Pariseau et al. 2008). In slopes of jointed rock mass,
the extension strain is influenced remarkably by the joint orientations. Then, the joint
spacing can coalesce with the opening of extension strains, and propagates within the
orientations of joints. In heterogeneous rock excavations subjected to stresses, tensile
cracks may not propagate in their own plane, but they may propagate near the joint surface
and spacing. The extension strain that progresses to brittle fracturing in intact rock will be
associated with the opening of joints. Hence, this provides the deformation of rock along
the orientations of joints, bedding, geological contacts or any other discontinuities.
Significant cohesion loss could occur along this path, which possibly could result in the
formation of different scales of blocks, which disadvantages the slope stability.

As confining pressure decreases in excavated slope, rock permeability increases.
This explains the common incidence of reducing porosity and permeability of rocks
with the pit depth in sedimentary basins (England et al. 1987). Joint spacing and cracks
opening escalating in response to the decreasing of applied normal stress (Brown and
Scholz 1986). Rock permeability increases at highly strained slopes due to micro-
cracking of extension strain at low effective pressure, therefore, slope stability could be
sensitive to the growth of pre-existing micro-cracks, joints, and faults relative to the
principal stresses.
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4 Conclusions

This paper discussed the modelling of extension strain in the slope of Handlebar Hill
open pit at Mt Isa, Queensland, Australia. The extension strain around two dimensional
finite element elastic models is applicable using the criterion of Stacey (1981). This
paper demonstrates that extension strain is the most probable starting point for the
fracturing mechanisms. It was shown that the extension strain develops around the toe
presenting in a larger magnitude behind the crest and is limited in the upper benches.

There is an agreement on the influence of the extension strains on slope stability
between the in-situ observations and the predicted fracturing distributions of this study.
As presented, the out-of-plane principal stresses extension strain criterion assist in
understanding the probable initiation and orientation of extension fractures in the pit
rock slope.
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