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Outline

AProcess flow and objectives for
slope designs in mining

AFailure mechanisms and critical
factors influencing slope
behaviour

ACommon methods used for slope
stability assessments

AKey considerations for numerical
analyses

ACase study
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Why is it important?

Ref: J. Read and P. F. Stacey, Guidelines for Open Pit
Slope Design, CSIRO Publishing, Melbourne, 2009
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Methods for Slope Stability Assessments

nAnalyse the orientation
of discontinuities in the
rock mass relative to
the slope face to
assess potential failure
modes.

nThese methods
compare the driving
forces causing
instability to the
resisting forces keeping
the slope stable.

A Requires a detailed understanding of ground conditions

A Can account for natural complexities in the systemié complex geometries, ground conditions, or loading mechanisms)
A Offers improved accuracy in results

nProbabilistic methods
help quantify the
probability of slope
failure by assessing the
sensitivity of stability to
uncertainty in data.

A Numerical models such as FEM can capture progressive failure and stress redistribution effectively

©2024 BECK ENGINEERING

nThese create a detailed
numerical model of the
slope to analyse stress
strain relationships
under different loading
conditions.
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Fundamental Elements of Numerical Modelling

A Several factors must be carefully considered
In every numerical simulation to ensure
accurate and meaningful results:

A Having a good understanding of the physical
phenomena being simulated.

A Selection of mathematical models that
represent the underlying physics.

A Appropriatediscretisationmethods based on
the nature of the problem.

A A constitutive model that provides
representative materiabehaviour

A Appropriate boundary conditions that reflect
the physical constraints of the system being
simulated.

A Validation of the numerical model by
comparing results with measurements
experimental data, or known analytical
solutions.
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MeChanismS invglved in Classes of failure in rock slope
Slope Stability

AA slope failure process is either
triggered by an external force or
occurs because the redistributed shear
stresses within the slope exceed the -
strength of the ground. Jointed rock slopes. :I':;t;a_"wo-nted rock

mass over time

AlIn the absence of any triggering event,
A changes in groundwater conditions Soil or heaw,”omted

degradation in the strength of the rock
mass may result in progressive failure.
rock slopes. Landslides.
QEHENIQJPSB n ©2024 BECK ENGINEERING

This mechanism is timgependent
and often results from:

A weathering and degradation of rock




Model Setup

The model needs to incorporate:
A Relevant geometric representation: 2D vs 3D

A A geological model that is representative of
the rock types and alteration distribution
within the mine

A A structural model encompassing both the
major structures and fabric (bedding,
foliation, jointing)

A Material model representing rock mass
behaviour

A A hydrogeological model and properties that
represent the drainage and depressurization
characteristics.

A Small mining steps are essential to recreate
the representative stress path
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Plastic Strain
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Horizontal Displacement

Displacement Magnitude
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Case 1:
2D, Dry,
No Fault

Case 2:
2D,
Wet,

Faulted

Case 3:
3D, Dry,
No Fault

Case 4:
3D, Dry,
Faulted

Case 5:
3D, Wet,
With Fault
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Similitudé

A SIoBe stability problems are, by nature, a 3D
problem.

A 2D simulations analyse a single cross
section of the slope with assumptions that
affect the outcome. These are:

A uniform conditions along the owtf-plane
direction.

A aPIanar or cylindrical failure surface extending
infinitely in the outof-plane direction.

A neglect end effects at the lateral boundaries of
a slope.
A Therefore, 2D simulations underestimate
the safety factor due to assuming unrealistic
failure surface geometry.

A 2D simulations are only suitable for slopes
with relatively uniform crossections.

* Similitude refers to the geometric and dynamic BECK n

similarity between a model and its ftdtale version.
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Constitutive
model

A constitutive model must represent the mechanical
behaviour of materials under various loading conditions. It
defines the relationship between stress and strain,
capturing the material's response to external forces.

‘
. . . . Moderate
LR4 represents discontinuous rock mass in mine scale
simulations. It is:

ey

A Modified Hoek Brown or MC or any other failure
criterion with 3D (including s2) confinement
dependency

A Plastic strain potential (Menetrey and Williams),
capable of simulating brittle to ductileehavior

A Large strain capacity to simulate Strain softening or
hardening and dilatant or nedilatant behavior

A Fully transiently no#linear hydromechanically coupled

Strain

I 2 softening
L ‘ Dilatant

Discontinuum

BECK &2

©2024 BECK ENGINEERING ENGINEERING



(< o 3D failure criterion and accounting
for postfailure behaviour of the rock
mass is essential for capturing
progressive failure.

All behavior
from britleto Brittle
ductile can be
matched,
includingasa ¢ |
function of E
confinement

200

The Menetrey/Willam strength criterion ca
match all commonly used strength criteria

0

0 2 4 6 8 10 12
rair

[1]2 +m EaidR(e, e)-L]-s=0

ci Oci

For example, for e=0.5, the Menetrey/Willam failure
function represents a perfect match to the HoekBrown
(1980) strength criterion. MC, clay model®tc can all be
matched:

(w)2+m3—s: 0

Oci Tci
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The model must be large strain [t

adequately capture the
connectedness between th

different parts and the stress

strain response.
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Defects smaller than inter
ramp scale should be
represented to capture benc
scale or interamp instability.

- /) | >3000 rock mass
; < | defects explicitly
modelled

>40 pit shells

91,107,075
degrees of

freedom
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Hydromechanical
Coupling

The presence of water can compromise
stability through several mechanisms:

Active A Shear strength reduction: Increased

Pressure pore water pressure reduces effective

[Pa] stress, weakens cementation, and
lowers cohesion.

[ ig;ggigigg A Reduction of friction: Water reduces
+1.585e+05 friction along existing fractures or
ST potential failure surfaces, increasing
+1.000e+04 the risk of slip failure.
+3.981e+03
iégﬁgﬁgg A Seepage forces: Groundwater flow
n Elre405 generates forces that destabilise the
+1.000e+02 slope.

-6.3620+05

A Increased loading: Water adds weigh
raising driving forces that may trigger
failure.
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Why so much trouble?

A Most pit models consider —
sub-surface water as a Uniform draw downy S RS EEEEE
"bathtub" mapped from a and no near surfacg - |
hydrological model, which flow? No flow on
often does not have defects?
matching temporal or
spatial steps.

A Thenearsurface and
seasonal flow are often %5 S
not modelled; 3 S ARaEE
consequently, the near
surface may be excessively
drained.

A This approach is contrary
to the assumptions
typically made by mining
engineers about the
model's behaviour.

EXAMPLE OF PWP IN A 1=WAY MOPD
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DEFECTS AND DILATED ZONES S
NEAR SURFACE FLOW AND PRES

APE
SURE

The capacity for
Ingress through
dilated zones is
important, but

dilation and
defects have to

be modelled
sufficiently too

Past failureso
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