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Mineragao

Analysis of the

impacts of slope angle
variation on slope stability
and NPV via two different
final pit definition techniques

The traditionally and widely used Lerchs-Grossmann algorithm presents well-
known limitations that newer propositions attempt to overcome. The direct block
schedule (DBS) methodology, which has gained relevance with computational advanc-
es, obtains the final pit as a natural result of production sequencing, different from
Lerchs-Grossmann-based algorithms. This process flow applies constraints in the final
pit definition stage attempting to provide a more realistic result and to minimize risks.
Slope instability is a common and inherent risk to open pit mining and may affect the
project’s net present value (NPV). A study of the impacts of slope angle variations on
safety indexes and final pit NPV provides an auxiliary tool for the overall slope angle
definition process. This article presents a case study in which the effects of variations
of the overall slope angle on the safety factor (SF) and project NPV were analyzed. A
total of 25 pits were generated by each studied final pit definition methodology, and
each pit had the sections with the varied slope angles analyzed in the stability assess-
ment, resulting in a total of 150 slopes analyzed. A comparison between the results
obtained by the two different methodologies implemented in commercial software is
presented. The results show no relationship between the NPV and the overall slope
angle using the DBS methodology. An analysis of the results for each geotechnical
sector obtained by the traditional methodology was conducted and may contribute to
the trade-off analysis between the best slope angle to achieve a reasonable SF and the
maximum NPV.

Keywords: overall slope angle, direct block schedule, optimization, net present value.
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1. Introduction

Constant pursuit of the maximum
economic return on mining projects leads
mine planners to look for alternative tech-
niques, such as minimizing overburden
removal, improving the stripping ratio
and mining of high-grade blocks; these
techniques are very common and usually
feasible alternatives for achieving this ob-
jective. Anticipated mining of high-grade
blocks has gained special attention with
the recent computational and technological
advances that made application of the direct
block schedule (DBS) methodology possible.
The DBS attempts to achieve enhanced and
more realistic net present value (NPV) by
scheduling the production block by block,
in multi-period stages, based on mixed in-
teger programming through the application
of an objective function, constraints and
heuristics. The formulation applies proper
discounts according to the period each block
is supposed to be mined and results in a top-
down sequence of the block model, such as
actually happens in a mining operation. It
differs in many aspects to the traditional
Lerchs and Grossmann (LG)-derived algo-
rithms (Lerchs nd Grossmann, 1965), which
define the final pit using the graph theory, by
defining the blocks to be mined in a single
mining stage in order to maximize profits.
Therefore, the pit limits are defined before
the sequencing stage, which is conducted
by applying progressive reductions of the
commodity value to obtain the nested pits,
used as limits for the pushbacks in each
mining period.

Mine scheduling has a significant
impact on project value since mining
high-grade blocks in early stages tends
to ensure higher present values at these
stages, and the discounting effect with
time enhances the importance of ensur-
ing higher present values at early mining
stages. Production scheduling methods
have been the focus of research in the past
years resulting in the development of dif-
ferent methods. Examples of production
scheduling research include: Ramazan
(2007) who developed a new algorithm
based on linear programming to optimize
production scheduling in surface mining;
Yasrebi ez al. (2017) who proposed fractal
models as an analytical tool for determin-
ing an optimal extraction sequence; and
Souza et al. (2018a) who conducted tests
to compare the traditional LG-derived and
DBS methodologies, specifically focusing
on the algorithms’ avidity. Researches
such as these highlight the relevance of
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researching different scheduling methods
for achieving more accurate and higher-
valued projects.

The uncertainties are commonly
referred to as the geological uncertainties,
such as grade, lithology, contaminants and
material contacts, but they also involve
many other variables in the process, such
as ore recovery by the extraction process
and by the processing plant, cycle times,
water table and hydrogeological condi-
tions, rock mechanical properties and
maximum slope angle. Treating uncer-
tainties is one of the mainstream paths in
recent mine planning studies. There are
numerous research studies with different
approaches to different sources of uncer-
tainties, such as Burgarelli et al. (2018),
Carvalho et al. (2018) and Ramazan and
Dimitrakopoulos (2018). The first study
presented the impact of market uncer-
tainty by evaluating the influence of iron
ore price simulation on mining sequencing
using the DBS methodology; the second,
compared models in terms of sensitivity
to the spatial variability of the ore grades
using both the LG algorithm and the DBS;
and the later, integrated deposit variability
and uncertainty directly in the production
scheduling optimization process. In all
these studies, quantifying the analyzed
parameters was fundamental to conduct
comparisons and to approach uncertainty.

DBS also attempts to consider the
operational constraints at the time of the
definition of the final pit, which can be
considered an advance in comparison to
the traditional algorithms and may pro-
vide more practical results. For instance,
Benndorf and Dimitrakopoulos (2013)
developed a stochastic integer program-
ming formulation accounting for practical
mining, deviation from production targets
and other aspects, Richmond (2018) pro-
posed an open pit optimization algorithm
that accounts for commodity price cycles
and uncertainty, and Souza et al. (2018b)
proposed a formulation for scheduling
taking into account stockpiling, cost and
blending constraints.

Comparisons with traditionally used
methodologies are also common in scien-
tific literature and are required to prove
the efficiency and the potential gains of
newer propositions. Some relevant recent
comparison studies with the DBS method-
ology include Beretta and Marinho (2014),
Campos et al. (2018a) and Campos et al.
(2018b). The first authors compared two
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different slope-angle approximation meth-
ods in terms of reported mineral reserves
and cashflows through a method based on
block precedence and another based on
mining surfaces, while the second authors
compared medium-term mine scheduling
results through the conventional method,
DBS and a combination of both. The later
ones compared the results obtained by the
traditional and the DBS methodologies for
an iron ore mine in terms of the resulting
economic value. Despite the diversified
studies in literature with method compari-
son, there is still little research quantify-
ing the variations of the NPV and safety
criteria in terms of overall slope angles by
each of the analyzed methodologies.

The practice of increasing the slope
angle to obtain greater ore recovery and
NPV involves serious risks, and the analy-
sis should be very detailed and performed
for each scenario to ensure safety. There
are few studies related to quantifying the
NPV variation and the safety criteria,
whereby Parra et al. (2018) is an example.
The authors integrated the admissible SF
into mine planning and concluded that
the NPV of an open pit mine project can
be increased by steepening the slopes of
mining stages before achieving the final
pit wall. Other studies focus the analysis
on financial results rather than on safety
criteria. Malli et al. (2015) and Golestani-
far et al. (2018) evaluated the effects of the
overall slope angle variation. The former
compared the resulting NPV taking into
account the ore production capacity and
the machinery investment cost, while
the later described the consequences of
varying slope angles on final pit walls in
terms of four aspects: economic, techni-
cal, strategic and regulatory compliance.
An example of the implementation of
steeper slope angles in open pit mining is
described by Madowe (2016), resulting
in a 6 Mt/a reduction in the peak waste
mining rate and an increase in NPV and
the life of the mine.

There is no clear, exact limit between
asafe and an unsafe slope angle but rather
a transitional range. Considering the
variability and the implicit uncertainty
of the rock mass parameters involved
in the slope stability calculation. Safety
factor (SF) values above 1.0 are typically
applied as the minimum required for the
excavations, commonly with an error
margin such as 1.3 or 1.5. Variations in
the overall slope angle imply SF variations.



The expected trend is to decrease the SF
as the slope angle increases. Quantifying
this relationship may be useful to identify
the regions in the mine that deserve special
attention for both safety and preventing
slope failures, as well as to identify which
mine region can have the maximum slope
angle enhanced to achieve a higher NPV
and maintain a minimum safety level for

2. Methodology

The proposed methodology con-
sists of a slope stability assessment
through rock mass characterization
using both continuous (finite element
method - FEM) and discontinuous (ki-
nematic and limit-equilibrium) analyses
using the Rocscience software package.
For the continuous analysis, the soft-
ware Phase2 was applied and for the dis-
continuous analysis the software Dips,
RocPlane, Swedge and RocTopple were
used. The geotechnical sectorization
was pre-established as the division cur-
rently in use by the mine geotechnical
team, and therefore, the current study
did not conduct any analysis or propose
any alteration for it. The definition of

employees and equipment. Analysis of the
effects on both NPV and SF is useful to
quantify the possible gains and to evalu-
ate the possibility of investing in slope
monitoring techniques to ensure safety
in reduced SF regions. An analysis of the
influence of variations in the overall slope
angle in a real mine is presented for two
different long-term open pit mine plan-

the geotechnical sectors considered the
geological and geomechanical proper-
ties, the hydrogeological conditions and
the planned pit geometries. The rock
mass present in the mine is classified
according to Bieniawski (1989) clas-
sification from classes II to V, in which
the compact ones are classified between
classes IT and IIT and most of the exist-
ing lithotypes range from class III to V,
according to the rock mass properties
and position relative to the slope face
and discontinuities. The initial objec-
tive was to define the maximum overall
slope angles for each geotechnical sector
of the mine individually to keep the SF
above the desired minimum of 1.5. The
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ning methodologies: the traditional and
widely used LG algorithm implemented on
Micromine software and the DBS meth-
odology from MiningMath SimSched.
The main goal of the study is to evaluate
the resulting variations in SF and NPV
derived from the variation of the overall
slope angle for each mine region and for
each methodology.

overall slope angle was selected rather
than the inter-ramp angle or face angle
due to its higher relevance in the long-
term mine planning and to the lower
interference from manipulation by the
user in the final pits that were obtained.

The block model and the current
slope angles practiced in the mine were
used in Micromine software to generate
an initial pit from where cross-sections
were extracted to an initial analysis.
A top-view image of the block model
used for generating the initial pit is
shown in Figure 1(a). The geotechnical
sectors were divided into subsectors
according to the mean orientation of
the slopes for each part of the mine.
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Figure 1 - (a) Block model divided by geotechnical sectors with the
defined lithology and (b) initial pit with the 10 geotechnical subsectors and the defined lithology.
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The resulting initial pit and the sub-sec-
torization are shown in Figure 1(b). For
each geotechnical subsector, one cross
section was extracted and analyzed using
Phase2 software. To find the maximum
angles, the overall slope angle was set
for a deterministic minimum SF of 1.5
for each subsector. The SF was selected
rather than the failure probability, since

1000Z
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there was not enough rock mass property
data available at the time of the study for
a consistent statistical approach. Figure 2
illustrates one of the analyzed cross sec-
tions, the C3, obtained by the LG meth-
odology for the initial pit that had the left
slope analyzed for stability assessment.
The initial overall slope angle for this
section was 27° and after the stability

assessment, it was increased to 32°. The
resulting maximum overall slope angles
were used as inputs into the two mine-
planning software to obtain pits with
maximized NPV for each methodology,
named as Pit 0. The Micromine software
applies a variation of the LG algorithm,
and the MiningMath SimSched applies
the DBS methodology.
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Figure 2 - C3 cross section obtained on Micromine software for the initial pit.

Rock mass characterization was
conducted to satisfy the Hoek-Brown
failure criterion described by Hoek et
al. (2002). The rock mass was classified
individually for each geomechanical
group in terms of Geological Strength
Index (GSI) (HOEK, 1994), unit weight,
Poisson’s ratio, Young’s modulus, uni-
axial compressive strength (UCS) and
material constant mi. The residual pa-
rameters were considered as suggested
by Ribacchi (2000). Detailed and care-
ful characterization of the rock mass
properties and surface conditions are
required to ensure data reliability for
the practical application of the proposed
methodology. The analysis should also
be performed for each particular case
that involves local properties that vary
even inside the same mine. Despite its
importance, the characterization is not
within the scope of this study, and it is
not described in this article.

In order to execute the discon-
tinuous analysis, the geological struc-
tures divided by geotechnical sector
were set in a stereonet plot, as well as
the mean orientation of each subsec-

tor. The resulting sets were simulated
and analyzed individually for each of
the three classic types of rock slope
failure: plane, wedge and toppling
failure. Slope failures may occur on
either a bench scale or up to the over-
all slope, and it is not unusual to find
these failure modes or combinations
of them in an open pit slope (Hoek,
2009). For each subsector, these three
failure mechanisms were analyzed
for bench and inter-ramp scales. The
overall slope was not taken into con-
sideration this time due to the low
probability of discontinuities that
persist through the height of the whole
slope, in some cases above 600 m. The
acceptable range considered for defin-
ing the maximum slope angles was the
most conservative limit proposed by
Read and Stacey (2009) for bench and
inter-ramp slopes, which was a failure
probability of 25%, or SF of 1.1, for
bench failure, and 10%, or SF of 1.2,
for inter-ramp failure. However, as
the main objective of this study is to
analyze the overall slope angle, these
values were only taken into consider-
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ation for geometrically validating the
angles obtained in the FEM analysis,
considering a minimum catch bench,
as recommended by Call (1986) after
Hustrulid and Kuchta (1995), of 7.5
m for a 15 m bench height. Finally,
the slopes were tested in RockFall
software for evaluating the prob-
ability of rock fall with the planned
slope geometry. Due to the rock mass
conditions and the low bench angle,
there were no effects in the previously
obtained results.

In the following stage, the maxi-
mum slope angles were varied individu-
ally for each geotechnical sector over
regularly spaced intervals (+ 10,20 and
30 %) and new final pits were gener-
ated using each methodology for each
individual variation. There are four
geotechnical sectors practiced in the
mine, which resulted in 25 pits for each
methodology. The economic envelopes
were analyzed, as well as the transverse
sections for the stability study. Finally,
the SF of each cross section was related
to the NPV resultant from the corre-
sponding slope angle variation.



3. Results and discussion

The angles defined in the previous
section were set as inputs for the final pit
definition processes. Initially, one final
pit was generated by each methodology
with the angles defined as Pit 0. Later,
new pits were generated following the
proposed variations, 10,20 and 30%, for
each methodology. These pits were used
as a comparison base for the sensitivity
analysis. The variations were considered
individually for each geotechnical sector,
i.e., there were 25 new pits, including Pit

0, for each methodology. The pits were
named according to the varying sector and
the amount of variation, so, for example,
pit A-30 was generated with the angles
of the -30% pit for the A1, A2 and A3
subsectors and the angles of the Pit O for
all other sectors.

The final pits obtained by the tra-
ditional LG-derived algorithms were
subjected to a sequencing tool to obtain
the discounted cash flows for the pits. The
DBS methodology does not require this
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stage, since the result is already sequenced
and the final pit is obtained as a product
of the production sequencing. The only
constraints used for both methodologies
were the production target, which was
set to 54 Mt per year, the discount rate of
10% and the slope angles. All the results
were visually validated in the adequate
software. The obtained results are listed
in Table 1 for the two methodologies and
show the difference between the obtained
result and Pit 0 in each case.

Table 1 - NPV sensitivity analysis to the slope angle variation results.

Variations in sector A Variations in sector B

pit LG DBS Pit LG DBS
Variation %  Variation % Variation %  Variation %
A-30 -0.64 +1.36 B-30 -0.20 +2.78
A-20 -0.37 +2.80 B-20 -0.14 +0.91
A-10 -0.06 +2.30 B-10 -0.08 -1.75
A+10 -0.01 +0.67 B+10 +0.07 +1.47
A+20 +0.03 -0.59 B+20 +0.10 +1.16
A+30 +0.06 +1.45 B+30 +0.16 +1.26
Variations in sector C Variations in sector D
' LG DBS ' LG DBS
Pit Pit
Variation % | Variation % Variation %  Variation %
C-30 -0.49 -0.98 D-30 -0.11 +0.22
C-20 -0.31 -0.41 D-20 -0.03 +1.45
Cc-10 -0.11 +1.10 D-10 -0.03 +0.28
C+10 +0.15 +3.67 D+10 -0.01 +1.35
C+20 +0.22 -0.57 D+20 -0.01 +0.80
C+30 +0.33 +0.21 D+30 +0.01 +1.44

The resultant final pits provided
new cross sections, which had the SF re-
calculated through the Phase2, and are
in the same position as the previously
analyzed pits. The SF was established
through the shear strength reduction
method (Hammah er al., 2005). The
sensitivity obtained for the SF as a
function of the slope angle variation
is presented in the charts of Figure
3, as well as the NPV variation for
each methodology.

The different pits resulting from the
slope angle variations provided different
slope profiles for the same position of the
cross sections, resulting in a different

SF for each angle variation. The results
show that the SF determined by the
initial cross-sectional analysis did not
guarantee the minimum SF of 1.5 in the
newly generated sections. This difference
may be related to the three-dimensional
variance in the slope morphology when
varying the maximum allowable slope
angle, which was optimized through a
two-dimensional analysis.

Overall, the results of the LG-
derived algorithm provided the ex-
pected pattern of decreasing the SF and
increasing NPV with increasing slope
angle. The results obtained for the DBS
methodology did not show any pattern
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for the NPV variation, but there is a
similar trend of decreasing SF with in-
creasing slope angle. However, despite
the unexpected lack of trend in NPV
variation, the resultant pits presented
visual and geometric compliance with
the expected trend.

The results of the LG-derived algo-
rithm show that two of the four sectors
may be worth a more detailed analysis.
Sector B and especially sector C have
shown a significant increase in NPV
with increasing slope angle, represent-
ing regions of interest for an arbitrary
decrease in safety requirements and an
investment in slope monitoring.
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The optimization process considered
3 different ore types producing the same
product, with the same revenue price but
with different processing recovery rates,
whereby the processing recovery for Ore
1 is the largest and that for Ore 3 is the
lowest. Visually, the slope angles defined
for Pit 0 already reflect high ore recover-

4. Conclusions

The results show an expected
trend of SF reduction with increas-
ing slope angle, and the SF presented
more sensitivity to the slope angle
variations than NPV. The NPV results
presented relatively low sensitivity
to the slope angle variations, from
-0.64% to +0.33% in the traditional
LG algorithm and -1.75 to +2.80%
in the DBS methodology. However,
even these low relative values rep-
resent significant absolute values in
such types of ventures. The obtained
charts may contribute to the trade-off
analysis between the best slope angle
to achieve a reasonable SF and the
maximized NPV.
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Figure 3 - Sensitivity analysis results.

ies, and there is very little ore in the final
pit walls, so the increase in slope angle
has little effect on the ore recovery for
the other two sectors. The slope angle
variation in sector B has shown little effect
on the waste tonnage in relation to the
others, but it does show higher recoveries
from Ore 1 and Ore 3, which is the likely

The great amplitude and oscil-
lation of the results and the lack of a
pattern in the NPV variation for the
DBS methodology may result from a
combination of factors:

e The high variability in the
angles between nearby blocks may
prevent the algorithm from determin-
ing the ideal solution;

e The DBS method presents in-
stability because it is not based on the
final pit predefinition;

e The relative values of the sensi-
tivity analysis are too low, near zero;

e The algorithm implementation
requires the use of stochastic heuris-
tics, which in many cases involves
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D2
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—NPV

NPV variation
related to pit 0

0.40%

0.00%
30

cause for the higher sensitivity. Addition-
ally, for the variations in sector C, the ore
recoveries seem very close to those from
the other pits and from Pit 0, but the waste
tonnage is highly affected by the slope
angle variation, thereby indicating that
sector C is the most sensible sector for the
slope angle variations.

nonlinear constraints in the algorithm
and does not ensure optimal results.

The comparison between a con-
solidated methodology and another
with emerging applicability has shown
more regularity for the traditional LG
methodology. Theoretically, the time
consideration and the implementa-
tion of real constraints at the time of
the final pit definition are advantages
of the DBS methodology and favor
more reliable and assertive results.
The methodology is still under de-
velopment and shows good potential
for entering the industry, but it still
requires additional efforts before it
can be utilized.
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