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Although significant advances have been made in understanding the mechanics of pit slopes, numerical
modelling hasn’t significantly impacted on the reliability of the design process. It iswell known that legacy
modelling approaches don’t ssimulate large slopes well.

In recent times, the emergence of very large Finite Element (FE) models with more than ten million
degrees of freedom and the ability to simulate a large number of discrete structures, has allowed a step
change in the simulation precision for slopes. The model size allows global and local effects to be
realistically simulated in one model for the first time and the process can be better integrated into normal
open pit slope engineering processes.

Some examples of simulation of very large open pits are shown that demonstrate the challenges and
some recent advances in modeling large slope behavior. Significant limitations in the current
measurement and observation regimes of open pits have been identified.
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There isa trend for open pitsto be mined to greater depths than ever before, and for surface operationsto
continue after major underlying caving operations commence. These trends are leading to higher
underlying strains in the slope and failures arising from rock mass instability have become more
prominent. These failures include instabilities resulting from combined induced slope damage and pre-
existing structure, aswell as structurally controlled failures that pure kinematic analyses cannot predict.

These mechanisms of large slope failure are sufficiently complex that neither empirical techniques nor
numerical modelling in isolation can handle the problems. There isin fact a step change in unreliability
for traditional simulation techniques for affected large slopes; the common problem is difficulty
representing realistic scale rock mass deformation and deterioration. Even in discrete element modelling,
where structural movements should be simpler to handle, the element formulation and a reliance on
poorly meshed, overly simplified models has limited the ability to simulate underlying movements,
leading to unrealistic results for large slopes.

The emergence of large 3D, Non-Linear Finite Element (3D NL-FE) modelling tools with higher order
elements and the inclusion of faults and geological contacts with an improved capacity to simulate
dislocation and block movements allows much better simulation of many of these mechanisms.

In the modern 3D NL-FE analysis, model geometries are based on orebody models, as mined models and
digital terrain models (DTMs) provided by the mines. A view of the geological detail incorporated into an
example model is shown in Figure 1. A comparison of structure in the FE model and the geological
model is shown in Figure 2, highlighting the near exact re-creation of the structural model. The model is
from Jwaneng Mine, which is considered a complex and very large pit.
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Figure 2. Example discretisation of some geologica | features in the model

Resilient design of large slopes requires an ability to simulate the damage which accumulates as a
consequence of the progressive excavation of the slope. This accumulation of damage is due to the
‘stress-strain’ path for every point in the slope, which means that every location in the slope will see a
complex history of stress and strain which will change as the pit extends and deepens. Sections of the
dopes which are now in the wall may once have been at the toe of the slope, and will have experienced
stress conditions resulting from being in both locations.

To simulate the effectsthe model must have very small excavation steps. Slope calibration exercises at a
number of mines have shown that up to 100 steps may be required, which isan order of magnitude more
than hastypically been used in historc non-linear modelling. In the past, it was unfortunately the case that
computer resources and modelling packages were inadequate for the problems and there was no way of
guantifying the error-inducing effects of overly-large model excavation steps.

There is also a requirement that the smulated damage and structural movements are largely correct; if a
model of a slope is unable to replicate damage very well, it will not have captured the nature of
displacementsin the slope, and vice-versa.



Experienceswith 3D NL-FE modelling of large slopes suggest:

A 3D representation of the mine geometry is essential. Large slopes cannot be
properly appreciated using 2D models as the results are not scalable. It is often
thought that long, planar dlopes may be simulated using 2-dimensional
approximations, but the stress path for large slopeswill not be 2-dimensional.

The model must incorporate geological structures and domains on scales relevant to
the problem. Structure and the 3-dimensional geometry of the pit are at least as
important as the material properties for correct simulation of slope behavior.

Material models and analysis frameworks must be sufficient to simulate the stress-strain
behavior of rock from the intact to significantly yielded states. Even where failures are
fault driven, developing the correct strain in the rock is essential to correctly simulate
movement.

The behavior of the rock material model should also be dependent on the amount of
confinement.

An ability to simulate the softening behavior and very large strains that can be
induced in rock masses is essential, particularly for the largest sopes. This meansthat
‘higher order elements are required. The alternatives are lower order elements and
approximations of higher order elements, but more of these types of elements are
required, and ultimately the behavior will not be sufficient to model most large slope
problems.

Recent step changes in 3D NL-FE model size and speed using the commercially available package
ABAQUS immediately translate to an ability to satisfy these requirements. Compared to legacy non-linear
modelling, the improved capability allows more realistic estimates of the nature and extent of yield, as
well as the dislocations and distortion on sufficient pre-existing structures. Asdamage and movement are
forecast more accurately model interpretation is simplified asthe quantities that are interpreted are more
directly related to observations of the pit.

The step changes in model capability are highlighted in a simple example in Figures 3 and 4. Figure 3
shows some conceptual slope failure modes for large slopes and the yield mechanisms that contribute to
them. Figure 4 shows a 3D NL-FE ABAQUS model simulating many of these mechanisms. This is a
comparatively small 3.5 million Degree of Freedom (DOF) model, but it shows that a properly formulated
modern FE model can replicate the most common large slope phenomena, include failures through rock
bridges, toppling and slip on faults.
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Figure 3 Failure modes to be simulated in proposed conceptual model (Haile 2006)
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The stress field used to apply boundary conditions to the model is based on measurements and if
necessary, a simulation of the geological history, which ensures that a realistic pre-mining equilibrium is
reached between the known geological structure and the pre-mining stress field

An example of the results of simulating geological history at a mine is shown in Figure 5 . At this
example mine, stress measurements suggested that the stress conditions varied significantly. The extinct
volcanic pipe is the orebody, and it was believed that the geological history contributed to a low stress
state inside the pipe. This was simulated in the equilibrium steps for the model, with results as shown in
Figure 5. The model results not only closely matched measurements at the mine, but the nature of the
damaged pipe boundarieswere also simulated directly.

Figure 6 shows the modelled rockmass damage at a mining step for this special stress case and a
‘standard’ stress field. The pre-existing damage to pipe boundariesisclearly visible. The simulated stress

path, with a better match to measurements produced more realistic interaction phenomena, and
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importantly shows an increased interaction with the pit that is relevant for planning decisions at the mine.

initial stress state after equilibrium final stress state
. geological history : equilibrium > pipe melting > solidification > surface erosion a Stress o,
- 0.010% MPa
-1.0<10% MPa

approx. position of the pipe decreased stress concentration

Figure 5. Example of the simulation of the geologic al stress-strain path
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Figure 6. Plastic strain induced in the vicinity of an open pit by caving operations for a base and a

stress case due to a simulated geological stress-st  rain path

The material strengths and properties are calibrated by comparing observed behavior and measured
deformation to the model results, or the material properties are benchmarked against properties from
mines where calibration hastaken place. This meansthat large-scale rock mass properties can be derived.
The best measure of the realism of material propertiesisthe quality of the calibration.

Two material models are typically used to represent rock masses. For most rocks, it isassumed that each
material has peak and residual strengths and dilates and softens as a result of yield. The other commonly
used model is the Levkovich-Reusch model, which simulatesthe complete stress-strain relationship for the
material. The dependence on confinement can be fully captured and the relation between strain and
material properties can be either isotropic or anistropic. Importantly, joints may also be simulated.



Figure 7. The Levkovich Reusch Material model simul  ates the stress strain behavior

shown in the Figure



The recent increases in model size, speed and material behaviour have more significant effectsthan just
short run-times and improved model complexity. The rapid run times allow economic simulation of large
numbers of model cases. The potential for calibration is improved because a large number of material
property cases can be tested in the same time assingle model runsfor comparable ‘status quo’, historical
non-linear analysis.

Small time steps also give more opportunities to match model data to field measurements. Most data
hasn't been collected for the purpose of model calibration, so without small time stepsitislesslikely that
the measurement dates will correspond to model time steps. It is usually possible to utilize a very high
percentage of the collected deformation data at client mines. Some case studies have utilized up to
20000 measurements in the calibration phase to achieve true statistical quantification of the model
calibration.

The calibration of the model is usually based on measurements of movement in the pit slopes and
interpretation of a number of dope failures, damage and instability in the model using a number of
factors and experience. Stability, failure and damage are all different things, and understanding these
modeled performance indicators in pit slopes is critical for understanding the results. In an open pit
context, damage or yield is simply degradation in material properties. Failure implies that a feature or
aspect of a design isn’t performing its planned function. Damage in a pit slope can occur for a number of
reasons and by a number of mechanisms. The damage can be on existing structure or through a rockmass,
or by a combination of damage on structure and in the rockmass. In deeper slopes, the contribution to
overall damage from rockmass degradation will increase.

Damage in the rockmass and to structures is modelled very well by the large ABAQUS models using
plastic strain, which is a measure of the damage or distortion of the rock based on the Common Damage
Scale (Beck and Duplancic, 2005). Increments of damage, for example occurring over a particular time
period are also sometimes measured by the amount of energy released due to damage. The energy
released this way is called the Dissipated Plastic Energy or DPE. DPE is also the best factor for correlating
with seismic event probability. Even in seismically quiet environments, DPE isworth considering asit can
help understand how the rockmassis adjusting to mining.

The most important point about damage is that it doesn’t automatically imply instability or failure. It is
quite possible to have a stable pile of completely rubbleised material. The best measure of stability is
actually velocity, so changesin displacement in a model are very relevant. An example of the correlation
between modelled velocity, displacement and an observed failure in an pit slope are shown in Figure 8.
In many models of pit slopeswhere the extent and magnitude of failure isnot replicated, movements and
the nature of damage in the slope are not captured, so these direct measures of instability cannot be
relied upon. The small model steps and material model used in the ABAQUS model allowed the direct
calibration.

The main limitation encountered for most open pit FE modelling projects is a lack of calibration data.
Data collection seems to be a a problem because most measurements are undertaken with a tactical
objective, and for measurements of movement, too many survey locations are maintained for only a
relatively short period before being discontinued. This data is difficult to use for systematic back-analysis
for many reasons. Some examplesare:

Only observations of failure events are recorded — very few non-failures are positively
recorded.

The timeframe of the measurements is limited. Model steps sizes are usually limited to 6-
12 months, so the monitoring must span at least thistime frame.

There is a habit of recording surface effect failuresinstead of underlying slope movements.
Measurements of underlying slope movements are required for rockmass and structure
calibration.



The problems are simply overcome by undertaking a program of systematic radial and future pit crest
traverses in addition to normal measurements. Another very useful source of calibration data is satellite
interfferometry. An example of satellite measurements of a pit slope is shown in Figure 9. The satellite
measurements are especially useful asthey can give continuous (across the surface) measurements of the
influence of a slope, which isimportant for identifying the effects of large structure, and also because it is
sometimes possible to get historic records of movement for slopes where no useful land-based survey data
has been recorded.



Figure 8 Correlations between slope failure and mod  eled displacements and velocities at

an an example mine
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Figure 9 INSAR survey of surface movements at Perse  verance Mine (Jarosz, 2007)

An example of a well constrained model can be seen in plots of plastic strain and displacement simulated
for Debswana’s Jwaneng Pit in Botswana in Figure 10 to 13.

Three observed failures are indicated in Figure 10. Two of the significant failures correspond very well to
significant but shallow plastic strain and large displacements. Large displacements and high plastic strain
correspond to an upper bound for stability; that is, where there are large movements and high underlying
plastic strain, instability of some form should be expected. A third failure in the plot only has plastic strain
on its margins, and the displacements are highest there too. For that failure, the collapse has already
occurred in real life as well asin the model and a stable equilibrium hasbeen reached inside the ‘scar.
This stable equilibrium was achieved when the slope broke back to a stable shape. The model would
have to be rebuilt with the pre-failure geometry to properly assess thisincident.

In the other figures, there are a mix of high levels of rock damage and large displacements. The presence
of both indicators is a upper bound for stability —i.e. instability isthe only interpretation of such a model
result. In these cases it is the depth of the damage or bounding structures that controls the size of the
failure. Where only large displacements were visible, these were bound by structure, or a failure surface
and the failure was usually more significant.

The fourth interesting observation is that there are a number of other locations in the modeled pit with
high plastic strain where no failures have been reported. Visual inspection shows that these areas
correspond very well to visible damage in the pit, but instability on a scale that would be termed a failure
hasn’'t yet occurred. Areas of high plastic strain with low displacement are either stable, show damage that
is too shallow to be termed a failure or else represent a lower bound for stability, that is, they will be taken
to represent a lower estimate for instability potential and might be most commonly associated with slumps
of finely fragmented material or other shallow damage mechanisms.

Confounding factors such as local conformity of the bedding, blast damage, water or weathering would

strongly affect whether these areas of high strain became unstable and should be considered carefully
when assessing the stability of these areas. In some of these cases blast damage was considered a factor.
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It is self evident that that blast damage influencesthe expression of strain driven and structural failures.

It is concluded that there is a very good match between the modeled and actual conditions in the pit.
Importantly the model described the conditionsin relatively stable areas of the pit as well.

Figure 10. Modelled plastic strain and displacement in a portion of the east wall of an example pit
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Figure 11. Modelled Failure in Dry, Weathered Mater ial
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Figure 12. Modelled Failure in Moist, Fresh Rock

14



Figure 13. Modelled Planar Failure in Fresh, Moist  Rock

The continuum assumptions of the code are becoming less important with developments in ABAQUS.
Where continuum assumptions are no longer valid, for example where blocks or wedges have been
formed by a combination of structure and induced shear zones, a factor of safety approach incorporating
limit equilibrium analyseswould need to be applied.

Generally, three categories of failure can be identified for the purposes of stability interpretation using the
model:

Failures directly interpreted from deformation in the model as discussed above. These can be
plotted directly and are easily visualized within the modelling package. These failures usually
affect global stability of the pit, though some small scale failures are able to be simulated.
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This failure category isable to be modelled asthe model incorporates structure that occurs on the
scale that influences this type of failure.

Conditions indicated by the model to be compatible with failure, but requiring further
kinematic/limit equilibrium analysis. This category of failures is usually smaller than wall-scale.
‘External’ analysis is required because numerical models either don’t incorporate structures of this
smaller scale, or else because the interpretation of failure is purely based on kinematic potential
for movement.

Surface effect failures, limited to kinematic analyses, but where model results can be used to
derive the evolving rockmass conditions for analysis. These are failures that wouldn’t occur, except
that the rockmass has been affected by the stress and deformation induced by the pit.

For example, conditioned rock at the toe of a slope may not provide enough confinement to
prevent sliding of material above. In this case, the 3D NL-FE model can provide an estimate of
the conditioning of the toe and this can be used to adjust input parameters for the kinematic
analysis.

For all three categories, it is likely that certain quantities either drive the failure, dispose the slope to
instability, or directly measure the magnitude of instability (for example velocity and displacement). If the
guantity is a measure of deformation and the relation with stability is known, it is possible to apply the
Alternate Point Estimate Method (Harr, 1989), or APEM to true regional scale, non-linear, Life-of-Mine
(LOM) numerical modelsto assist in quantifying the likelihood of failure.

An example of application of the APEM, applied to simulate the potential fo instability in a slope is
shown in Figure 14. In this case the stability indicator isvelocity, and the model shows correlation with 2
oberved failures, and a forecast of a range of estimates for the unstable volume due to subsequent
excavation. The good correlation of the model with the measured instability is very clear, even for the
upper and lower limits forecast by the APEM. This for example, suggeststhat the instability is caused by
the geometry of this small section of the pit wall, and only the magnitude of the instability is affected by
the material properties.
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Figure 14. Example of the application of the Altern  ate Point Estimate Method to assess the

unstable volume in a pit slope

Step changes in non-linear FE modelling capabilities allow models as large as 15 million degrees of
freedom with 50-100 mining steps and solution times of less than 24 to 48 hours. This immediately
translates as an ability to economically build more detailed geometries that capture the true geometry of
the problems, and for the first time in any mine modelling an ability to properly simulate the complete
stress-strain path.

Compared to previous non-linear, predominately Finite Difference modelling available to the mining
industry, the improvements allow significantly more realistic estimates of the nature and extent of yield, so
deformation is forecast more accurately and with better reliability. The accuracy and precision is
quantified using measured field data, and there are cases where tens of thousands of data have been
used to calibrate the model. This represents an improvement in calibration data quantities of several
orders of magnitude and the realistic simulation of deformation means true causes and effects can be
tested.
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The immediate impact for mines isthe availability of an accepted analysistechnique (FE modelling) but
now with unparalleled quantification of the precision and fitness for purpose of deformation forecasts. The
large ABAQUS models, coupled with accepted rock mechanics principals and clever mining engineering
will be a significant enabling technology for deep open pit excavations.
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