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Process Flow for 
Design and 
Implementation of 
Slopes in Mining 
Applications
Ref: J. Read and P. F. Stacey, Guidelines for Open Pit 
Slope Design, CSIRO Publishing, Melbourne, 2009
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Why is it important?

Safety and 
Stability

Economic 
Optimisation

Optimise the economic value of the mine by:
Å Maximising ore recovery by designing steeper slopes where 

possible
Å Minimising waste rock removal
Å Balancing slope angles with operational costs and risks

The primary objective is to ensure the safety and stability of 
the pit slopes. This involves:
Å Designing slopes that will remain stable throughout the life 

of the mine
Å Minimising the risk of slope failures that could endanger 

workers or equipment
Å Implementing appropriate monitoring and management 

systems to detect and respond to potential instabilities

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

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

Kinematics Analyses

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

Analytical methods: 
Limit Equilibrium 

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

Probabilistic 
Methods

иThese create a detailed 
numerical model of the 
slope to analyse stress-
strain relationships 
under different loading 
conditions.

Numerical methods: 
[E~ЯШ[?~ЯШ?E~ЯШвШ

ÅRequires a detailed understanding of ground conditions
ÅCan account for natural complexities in the system (ie complex geometries, ground conditions, or loading mechanisms)
ÅOffers improved accuracy in results
ÅNumerical models such as FEM can capture progressive failure and stress redistribution effectively
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Fundamental Elements of Numerical Modelling

ÅSeveral factors must be carefully considered 
in every numerical simulation to ensure 
accurate and meaningful results: 
ÅHaving a good understanding of the physical 

phenomena being simulated.
ÅSelection of mathematical models that 

represent the underlying physics.
ÅAppropriate discretisation methods based on 

the nature of the problem.
ÅA constitutive model that provides 

representative material behaviour. 
ÅAppropriate boundary conditions that reflect 

the physical constraints of the system being 
simulated.
ÅValidation of the numerical model by 

comparing results with measurements, 
experimental data, or known analytical 
solutions.
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Mechanisms involved in 
Slope Stability
ÅA 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. 

ÅIn the absence of any triggering event, 
degradation in the strength of the rock 
mass may result in progressive failure. 
This mechanism is time-dependent 
and often results from:
Åweathering and degradation of rock 

mass over time
Åchanges in groundwater conditions

Planar or Wedge failure

Circular failure

Toppling failure

Complex failure on 
circular or near 
circular failure

Classes of failure in rock slope
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Model Setup
The model needs to incorporate:  

ÅRelevant geometric representation: 2D vs 3D

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

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

ÅMaterial model representing rock mass 
behaviour

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

ÅSmall mining steps are essential to recreate 
the representative stress path

©2024 BECK ENGINEERING



Similitude*

ÅSlope stability problems are, by nature, a 3D 
problem.

Å2D simulations analyse a single cross-
section of the slope with assumptions that 
affect the outcome. These are:
Åuniform conditions along the out-of-plane 

direction.
Åa planar or cylindrical failure surface extending 

infinitely in the out-of-plane direction.
Åneglect end effects at the lateral boundaries of 

a slope.

ÅTherefore, 2D simulations underestimate 
the safety factor due to assuming unrealistic 
failure surface geometry.

Å2D simulations are only suitable for slopes 
with relatively uniform cross-sections.

Plastic Strain Horizontal Displacement DisplacementMagnitude

2D No 
fault, 
No PWP

3D, No 
FLT,NO 
PWP

3D, 
WITH 
FLT,NO 
PWP

BASE-
CASE: 
3D, 
WITH 
FAULT, 
WITH 
PWP

5 %0

Plastic Strain

0.2m0

Horizontal Displacement

0.4m0

Displacement Magnitude

Plastic Strain Horizontal Displacement DisplacementMagnitude

2D No 
fault, 
No PWP

3D, No 
FLT,NO 
PWP

3D, 
WITH 
FLT,NO 
PWP

BASE-
CASE: 
3D, 
WITH 
FAULT, 
WITH 
PWP

5 %0

Plastic Strain

0.2m0

Horizontal Displacement

0.4m0

Displacement Magnitude

Plastic Strain Horizontal Displacement DisplacementMagnitude

2D No 
fault, 
No PWP

3D, No 
FLT,NO 
PWP

3D, 
WITH 
FLT,NO 
PWP

BASE-
CASE: 
3D, 
WITH 
FAULT, 
WITH 
PWP

5 %0

Plastic Strain

0.2m0

Horizontal Displacement

0.4m0

Displacement Magnitude

Plastic Strain Horizontal Displacement DisplacementMagnitude

2D No 
fault, 
No PWP

3D, No 
FLT,NO 
PWP

3D, 
WITH 
FLT,NO 
PWP

BASE-
CASE: 
3D, 
WITH 
FAULT, 
WITH 
PWP

5 %0

Plastic Strain

0.2m0

Horizontal Displacement

0.4m0

Displacement Magnitude

Case 1: 
2D, Dry, 
No Fault

Case 2: 
2D, 

Wet, 
Faulted

Case 3: 
3D, Dry, 
No Fault

Case 4: 
3D, Dry, 
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With Fault * Similitude refers to the geometric and dynamic 
similarity between a model and its full-scale version.

©2024 BECK ENGINEERING



V=5% Axial eI II III IV

Minor Sign.ModerateNone Very Sign.

12m

INCREASING SEISMICITY IN 
PILLAR IF APPLICABLE

SOFTENING 
PILLAR ς

INCREASING 
EFFECT ON 

SYSTEM

YIELDED PILLAR 
ς

DECREASING 
LOCAL 

SEISMICITY
AND 

INCREASING 
CLOSURE IF 

LOAD IS NOT 
TAKEN BY 
ADJACENT 
PILLARS

FAILED PILLAR ς
NO SEISMICITY 
IN PILLAR BUT 
INSTABILITY OF 
AREA AROUND 
THE PILLAR MAY 
LEAD TO EVENTS

54321

0.00% 2.00% 4.00%
Equivalent Plastic Strain

0.00E+00

2.00E+07

4.00E+07

6.00E+07

8.00E+07

1.00E+08

1.20E+08

0.00% 2.00% 4.00%
A

x
ia

l S
tr

e
s
s
 [

P
a

]
Axial Strain

s2=s3=30MPa

s2=s3=10MPa

s2=s3=5MPa

I

II

III
IV V

High Stress

Low StressStrain 
softening
Dilatant

Discontinuum
LR4

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.

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

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

Å Plastic strain potential (Menetrey and Williams), 
capable of simulating brittle to ductile behavior

Å Large strain capacity to simulate Strain softening or 
hardening and dilatant or non-dilatant behavior

Å Fully transiently non-linear hydromechanically coupled
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3D failure criterion and accounting 
for post-failure behaviour of the rock 
mass is essential for capturing 
progressive failure. 
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The Menetrey/Willam strength criterion can 
match all commonly used strength criteria: 

For example, for e=0.5, the Menetrey/Willam failure 
function represents a perfect match to the Hoek-Brown 
(1980) strength criterion. MC, clay models etc can all be 
matched: 

Brittle

Ductile

All behavior 
from brittle to 
ductile can be 
matched, 
including as a 
function of 
confinement



Effect of intermediate stress

I. ōŜǎǘ ŦƛǘǘƛƴƎ ǘƻ άǘǊǳŜέ ǘǊƛŀȄƛŀƭ ǘŜǎǘ Řŀǘŀ (Colmenares/Zoback 2002). 
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Very large 
strain

Large strain 
dilation and 

softening in the 
homogenised 

rock mass

LR4
The model must be large strain to 

adequately capture the 
connectedness between the 
different parts and the stress 

strain response.
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As-build regional faults

As-build shear zones and volume faults

Defects smaller than inter-
ramp scale should be 

represented to capture bench 
scale or inter-ramp instability.

91,107,075 
degrees of 
freedom

>3000 rock mass 
defects explicitly 

modelled

>40 pit shells
As-build discrete fracture surfaces

+
+

+
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LR4 ANISOTROPY
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Implementation of anisotropy is 
critical for highly laminated or 

schistose material where behaviour is 
not same in all direction.
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Active 
Pressure 
[Pa]

Hydromechanical 
Coupling

The presence of water can compromise 
stability through several mechanisms:

ÅShear strength reduction: Increased 
pore water pressure reduces effective 
stress, weakens cementation, and 
lowers cohesion.

ÅReduction of friction: Water reduces 
friction along existing fractures or 
potential failure surfaces, increasing 
the risk of slip failure.

ÅSeepage forces: Groundwater flow 
generates forces that destabilise the 
slope.

Å Increased loading: Water adds weight, 
raising driving forces that may trigger 
failure.
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ÅMost pit models consider 
sub-surface water as a 
"bathtub" mapped from a 
hydrological model, which 
often does not have 
matching temporal or 
spatial steps. 

ÅThe near-surface and 
seasonal flow are often 
not modelled; 
consequently, the near-
surface may be excessively 
drained.

ÅThis approach is contrary 
to the assumptions 
typically made by mining 
engineers about the 
model's behaviour. EXAMPLE OF PWP IN A 1=WAY  MODEL

Uniform draw down 
and no near surface 
flow? No flow on 
defects?

!

Why so much trouble?
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Piezometers vs 
modelled pore 

pressure

Uhor

DEFECTS AND DILATED ZONES SHAPE 
NEAR SURFACE FLOW AND PRESSURE

Active pressure 
in Spring

Uhor and 
failures in 

spring

Past failures

The capacity for 
ingress through 
dilated zones is 
important, but  
dilation and 

defects have to 
be modelled 

sufficiently too
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