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ABSTRACT
The objective of this study is to integrate the admissible factor of safety (FoS) 
into the mine planning. The analysis showed, as expected, that a lower net 
present value (NPV) is obtained with the increase in the admissible FoS. 
Most importantly, it demonstrated that the FoS of the slopes of the adjacent 
phases, which are not part of the final pit, are considerably greater than 
the admissible FoS. Therefore, the NPV of an open pit mine project can be 
increased by steepening the slopes of adjacent phases that are not part of 
the final pit walls.

1.  Introduction

Over the last decades, the depth reached by some open pits has grown considerably (Figure 1). With 
the deepening of the pits, particular focus has been placed on slope angles, because of their influence 
on the economic and safety of the mine: increasing the slope angle leads to less waste removal but it 
may also lead to slope’s instabilities and may result in considerable losses of material, equipment and/
or personnel [1,2].

An example of the dangers of slope instability is the slope failure incident at Bingham Canyon 
copper mine in Utah, United States, during which 165 million tonnes of rocks plummeted over more 
than a half mile to the bottom of the pit (Figure 2) and the mine’s production was cut in half [3]. This 
example clearly shows the importance of safety to ensure a continuous operation throughout the life 
of the mine [4].

Several factors must be taken into account during the mine planning process to fulfil the main 
goal of the open pit mine planning to maximise the value of the business according to the strategic 
objectives of the mining company. These factors include the economic parameters, such as, costs and 
commodity prices that allow the mine valuation of all ores present and the extraction costs of ores 
and waste materials. Furthermore, the geometrical characteristics, used to design and optimise the pit, 
are highly relevant to the project’s economics and safety, as they are associated with acceptable design 
criteria, which determine the stability of the open pit’s walls. Among these characteristics are bench 
face angle, bench height, berm width, inter-ramp angle, overall angle, overall height and ramp width.

The determination of the geometrical components of a slope is based on acceptable design criteria, 
typically expressed in terms of the Factor of Safety (FoS), which is the relationship between resisting 
and driving forces of the rock mass [5], and in terms of the operational requirements, such as, loading 
equipment, which generally determines the bench height.
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Slope stability is significantly influenced by the slope angles, the parameters of the rock mass 
strength, the geological structure of the rock mass, the geometry of the pit slope, the conditions of 
stress, groundwater, discontinuities, blasting and seismic events or conditions of weathering and cli-
mate. In addition, time is an important factor influencing the slope stability as many specific factors 
change over time, the groundwater level changes with seasons, the excavation and seismic phenomena 
are irregular, weathering may cause changes in the chemical and structural characteristics of the rock 
mass and continuous small-scale activities change the stress and load on the slope. Understanding of 
all these factors would assist in better design and prevention of slope instability.

The influence of slope angles on the pit value and design and its dependency on the depth of the 
pit is well known [16].

In this paper, the aim is to investigate closer the relationship and the integration between geome-
chanics and mine planning. Therefore, the impact of the FoS on mine planning is studied. Specifically, 
the variation in the final pit shell, mine designs, mine scheduling and mine plans’ economical evaluation 
are studied when changing the admissible FoS of the slopes at an open pit mine.

This paper is organised as follows. Sections 2–4 provide a review of the Hoek–Brown failure crite-
rion, the methods of slope stability analysis and the aspects of open pit mine planning that are relevant 
to this work. Section 5 presents the case study and Section 6 presents and discusses the results of the 
application. Finally, Section 7 contains the conclusions of this research.

Figure 1. Historical evolution of open pit mines’ depth [4].

Figure 2. Landslide at Bingham Canyon copper mine in Utah, United States [3].
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2.  Rock mass strength failure criteria

Commencing with the first failure criterion proposed by Coulomb at the end of the eighteenth cen-
tury, a number of empirical studies related to the strength of intact rock have been published and the 
empirical failure equations have been proposed based on laboratory tests of intact rock specimens [6]. 
Some of the equations have been developed as rock mass failure criteria, with suitable adjustments 
related to the rock classification indexes, such as, rock mass rating (RMR), geological strength index 
(GSI) classification, and Hoek and Brown criterion [6]. The failure criteria for rock masses are based 
on large-scale and laboratory testing, experience and/or empirical analysis.

The most known and most used of these criteria is the Hoek–Brown failure criterion, which has 
been updated several times [7–13]. The original Hoek–Brown failure criterion was developed for both 
intact rock and rock mass in 1980. The peak triaxial strength of a wide range of rock materials could 
be reasonable represented by Equation (1):

where σ1 is the major principal stress, σ3 is the minor principal stress, σci is the uniaxial compressive 
strength of the intact rock mass, m and s are constants dependent on the properties of the rock and 
on the extent to which the rock has been broken before being subjected to the stresses σ1 and σ3.

The modified version of the Hoek–Brown criterion for jointed rock masses can be written in the 
following form [14]:

where mb and a are constants for the broken rock.
A general form of the Hoek–Brown failure criterion (Table 1) [10] incorporates both the original 

and the modified criteria for fair to very poor quality rock masses and which introduces a new index 
called the GSI (Figure 3).

In 2002, the modifications of the mb, s and a were introduced according to Equations (3)–(5):

where D is a factor dependent on the degree of disturbance of the rock mass (between 0 and 1).

3.  Methods of slope stability analysis

The methods used for the slope stability in this chapter are divided into three types: empirical, limit 
equilibrium and numerical.
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3.1.  Empirical methods

Empirical methods for slope stability analysis are based on the knowledge of mine personnel about 
slope behaviour acquired at various mine sites around the world. This knowledge was gathered to create 
a database, which was used by Hoek and Bray [16] and, subsequently, by Sjoberg [1] to determine 
the relation between the slope height and the slope angle based on the steepest and highest slopes at 
specific open pit mines and to indicate the stable and unstable slopes (Figures 4 and 5).

However, these approaches did not recognise the differences in the failure mechanism, which con-
trols the rock mass. Rock mass classification was applied to slope stability design charts by Bieniawski 
[17–19] using RMR and by Laubscher [20] using mining rock mass rating (MRMR). One of the best 
known and most widely used charts for determining slope stability was published by Haines and 
Terbrugge [21], which is based on the MRMR scheme (Figure 6).

The limitations of using design charts are related to their experimental and semi-quantitative nature. 
However, they allow the preliminary estimation of slope characteristics, especially, at the conceptual 
and pre-feasibility stages of a project development.

Figure 3. Estimation of GSI [15].
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3.2.  Limit equilibrium methods

The limit equilibrium analysis determines the slope safety factors based on a set of simplifying mechan-
ical assumptions. In Limit equilibrium methods (LEM), measure of slope stability is the FoS, which is 
defined as a ratio between the sum of the forces acting to induce sliding of parts of the slope (driving 
forces) and the sum of the forces available to resist failure (resisting forces) (Equation (6)):

(6)FoS =

∑
�

Resisting Forces
�

∑
�

Driving Forces
�

Figure 4. Relation of slope height vs. slope angle [16].

Figure 5. Rock slope stability designated by rock strength [1].
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The FoS can also be formulated as a ratio between the tangent stress related to the shear strength of 
rock mass and shear stress induced weight and other factors influencing the rock mass behaviour:

where τr is maximum shear resistance estimated by Mohr–Coulomb Failure Criterion, τs is shear stress, 
c is cohesion, σ is normal stress, φ is friction angle.

In LEM, the ore body is divided into slices above the candidate surface often assumed to be cir-
cular [22]. The forces acting on individual slice are shown in Figure 7. The associated equations and 
unknowns are shown in Table 2. Additional details of these methods can be found in a number of 
different literature sources [1,23,24].

3.3.  Numerical methods

Rapid advances in computer science have increased the use of numerical methods in geoengineering 
analysis to evaluate rock mass behaviour, geological models, failure mechanisms and slope designs 
options. Moreover, these methods can model many of the complex conditions found in rock slopes, 
such as, non-linear stress–strain behaviour, anisotropy and changes in geometry. Generally, there are 

(7)FoS =
�r

�s

=
c + �tg�

�s

Figure 6. Chart for determining slope angle and slope height [21].

Figure 7. Forces acting on an individual slice in the Method of Slices [1].
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three possible approaches to model any individual rock-engineering problem: continuum, discon-
tinuum and hybrid (Figure 8).

Continuum models are based on the assumption that the rock mass behaves as a continuum 
medium, i.e. it cannot be broken into pieces. Continuum codes, widely used for slope design, include 
finite element codes: PHASE2 [26], ABAQUS and finite difference codes: FLAC 2D and FLAC 3D [27].

Discontinuum models imply that the rock mass behaves as a discontinued media consisting of a 
finite number of interacting bodies (faults, joints, blocks). Two widely used discontinuum codes for 
slope stability studies are UDEC and 3DEC [27].

Hybrid approaches attempt to maximise the advantages of continuum and discontinuum methods 
by combining them into one model, which represents the near field of object investigated with dis-
continuum elements and the far field using continuum material, therefore, improving computational 
efficiency. The codes of hybrid approaches are ELFEN [28], PFC2D and PFC3D [27].

These numerical methods are most useful for comparing the results with the observation, moni-
toring and measurements. However, the possibility of widespread application of numerical methods 
is limited mainly due to poor knowledge of the input parameters, such as, strength and deformation. 
In addition, a significant obstacle to the utilisation of numerical modelling is insufficient verification 
against real conditions.

From the reviewed literature, it can be seen that no individual method of design is completely 
satisfactory for the design of slope in open pit mining. In fact, the choice of design method is often 
less important than the choice of the input parameters.

Table 2. Equations and unknowns associated with the Method of Slices.

Equations Condition Unknowns Variable
n Moment equilibrium for slice 

�
∑

M = 0
�

1 Factor of safety, FoS
2n Horizontal and vertical equilibrium for slice 

�
∑

Fh&
∑

Fv = 0
�

n Normal force, N

n Mohr–Coulomb equation n Position of N on sliding plane
4n Total number of equations n Shear force, T

n − 1 Horizontal interslice forces, Ei and Ei + 1
n − 1 Vertical interslice forces, Xi and Xi + 1
n − 1 Line of thrust, position of Ei and Ei + 1

6n − 2 Total number of unknowns

Figure 8. Numerical approaches to model rock engineering issues [25].
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It is worth noting that for most problem geometries, Bishop’s routine method has proven to give as 
accurate results as more rigorous slice methods. In fact, LEM with circular slip surfaces can be used 
in many situations for prediction of stability, without any great loss of accuracy [1].

Therefore, in this paper, the Bishop’s Method based on the Method of Slices for slope stability 
analysis and the Hoek–Brown failure criterion is used due to its simple and popular application in 
geoengineering practice.

4.  Open pit mine planning process

Open pit mine planning and design is a decision-making process that leads to a realistic and actionable 
plan to profitably extract mineral resources. Planning can be carried out for a wide range of durations 
from the very short (next shift) to the very long (life of mine) [29]. This section of the paper briefly 
describes the long-term mine planning.

The mine planning practice in open pit begins with a block model that contains ore and waste. 
Together with the block model, it is necessary to prepare the input parameters. These parameters 
include slope angles, costs, prices and the metallurgical recovery.

Some of the costs are market based, for example, the costs of oil, shipping, equipment and con-
struction services [29]. These costs are strongly influenced by the daily production of the mine and 
by the type of equipment being used [30].

Commodity price is the most difficult input variable to predict, yet it is the most important input 
variables impacting mine planning decisions as it has a direct influence on the optimal rate of produc-
tion, the final pit size and the desired degree of operational flexibility that is built into the operation [29].

With the introduction of the input parameters, the optimisation process is carried out and the 
final pit is obtained. The final pit limit defines what is economically mineable from a given deposit; it 
identifies which blocks should be mined and which ones should be left in the ground [31].

Together with the determination of the final pit, a necessary step is to develop the mining sequence. 
This could be done by producing a nest of pits corresponding to various cut-off grades, which is 
accomplished by varying the price of the metal being extracted [32].

After obtaining the final pit and nested pits, mine designs are made through mine planning, which 
is usually an iterative process between the geotechnical engineer and the mine planner [33]. Mine 
designs break the overall pit reserve into manageable planning units called phases, which are com-
monly based on the sequence determined by the nested pit, although the following considerations 
must be taken into account [32]:

• � The probable maximum ore and waste mining rate required in a given phase.
• � The size and type of equipment to be used. This determines the required minimum operating 

bench width.
• � Appropriate working, inter-ramp and final slope angles.

Based on these considerations, the mine planner proceeds to the design of phases ensuring that 
ramp access to each active bench is provided.

After mine designs are completed, the determination of the annual mining schedules based on mill 
feed or product requirements is made. It may be necessary to repeat the process of mine design of 
phases before an adequate plan is developed [32]. Schematically, the mine planning process is shown 
in Figure 9.

5.  Case study

The case study chapter is divided into the following sub-sections: block model and cost parameters, 
geotechnical domains, geometrical components of a slope and the open pit mine planning process.
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5.1.  Block model and cost parameters

The block model used in this work corresponds to a real deposit that contains copper ore. Due to a 
confidentiality agreement, the name and location of this deposit cannot be disclosed.

The characteristics regarding the dimensions of the model are as follows:

• � Regular blocks of 10 m × 10 m × 10 m
• � East–West length: 1625 m
• � North–South length: 1630 m
• � Depth: 360 m

The economic parameters and the metallurgical recovery values used are listed in Table 3.
From the values in Table 3, the marginal cut-off grade was calculated using Equation (8).

where toni = tonnage for block i [mt]; reci = metallurgical recovery for block i [% ]; 
gi = marginal cut − off grade for block i [% ]; P = copper price

[

US$

lb

]

; Cs = selling cost
[

US$

lb

]

; 
Cp = processing cost

[

US$

mt

]

.

Using values from Table 3 in Equation (8), the marginal cut-off grade was calculated to be 0.151%.
To understand the ore deposit, Figure 10 shows the distribution of the ore with grades above the 

marginal cut-off grade, which tend to be located in specific zones of the ore deposit.
For the scheduling stage, an annual movement of 5 million tonnes of ore from the mine to the 

processing plant and a total movement of 10 million tonnes of material was considered. Capital 

(8)toni ⋅
reci
100

⋅

gi
100

⋅

(

P − Cs

)

⋅ 2204.62

[

lb

mt

]

= toni ⋅ Cp

Figure 9. Mine planning stages.

Table 3. Economic parameters and metallurgical recovery.

Copper price (US$/lb) 3
Mine cost (US$/mt) 3.4
Processing cost (US$/mt) 6.1
Metallurgical recovery (%) 85
Smelter and refining costs (US$/lb) 0.85
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investment of mining equipment was not considered as it was assumed that all mining was done using 
contractor’s equipment, the cost of which has already been incorporated in the mining cost. For the 
processing plant, an investment of US$164 million was assumed.

5.2.  Geotechnical domains

Two geotechnical domains were considered as presented in Table 4. The disturbance factor D was 
considered equal to 1 according to the geometric zone defined by Hoek and Karzulovic [12].

Figure 11 shows a representative plan view for the geotechnical domains in the block model. For 
clarity, only blocks above the marginal cut-off grade are displayed.

5.3.  Geometrical components of a slope

Three scenarios of acceptance criterion were considered as shown in Table 5.
It was assumed that the stability was controlled by rock mass strength at all scales (bench, inter-

ramp, global). A limit equilibrium analysis in two dimensions was carried out to determine the stability 
of the slopes.

A general guide in designing the benches is that the bench height should be matched to the loading 
equipment. For example, for small gold deposits, a typical value of the bench height is 7.5 m while a 
common bench height in today’s large open pits is 15 m [34]. In this study, a bench height of 10 m was 
used, which is consistent with the material movement described in sub-section 5.1 of this work. In 
addition, a double bench was considered whenever it was possible. For the berm width, the Ritchie’s 
formula was applied as follows [1]:

(9)bench width [m] = (0.2 ⋅ bench height + 4.5)[m]

Figure 10. Representative profile view of an east-west section.

Table 4. Rock mass properties for each geotechnical domain.

UCS (MPA) GSI Mi
Domain 1 65 45 15
Domain 2 50 45 12
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The resulting value for the berm width when replacing the bench height in Equation (9) was 6.5 m. 
When considering a double bench configuration, i.e. a bench height of 20 m, then the resulting bench 
width was 8.5 m.

According to the geotechnical domains defined, for a double bench of 87° for domain 1, the result-
ant FoS at a bench scale was 1.46, which is higher than the admissible FoS for all scenarios. With this 
face bench angle (which is practically vertical), it is possible to obtain the inter-ramp heights for the 
different scenarios according to the admissible FoS at inter-ramp scale as described in Table 5.

To determine the global angle in accordance with the admissible FoS defined in Table 5, it was 
assumed that the maximum overall depth was 310 m, which was the maximum depth of the block 
model from the surface to the bottom of the block model. Because the depth of the pit shell is not 
known, in the first step of the optimisation, the overall depth must be assumed to be equal to the 
maximum block model depth from the surface to the bottom of the block model. After the first pit 
shell is obtained, a pit height (or depth) can be measured. Using Limit Equilibrium Method Analysis, 
a global slope angle according to an admissible FoS is obtained. With this slope angle, a second opti-
misation step is undertaken to obtain another pit shell. This iterative process must be performed until 
the global angle and pit depth have an admissible FoS (Figure 12). The results of the optimisation 
process for domain 1 are shown in Table 6.

The width criteria for the travelled lane of a straight haul segment should be based on the widest 
vehicle in use. For the two-way traffic, which is most common in open pit mines, the rule of thumb is 
that the roadway width should be at least three times the truck width [33]; Couzens recommends at 
least four times [34]. In this case study, a ramp width of 30 m was used, which is consistent with the 
hauling equipment for the material movement as described in sub-Section 5.1 of this work. If three 
ramps are assumed to be present within the slope, i.e. an inter-ramp height of approximately 100 m 

Figure 11. Plan view for level 1040.
Note: The line corresponds to a division between the two defined domains.

Table 5. Different scenarios of acceptance criteria.

Scenario Global FoS Inter-ramp FoS 
Conservative 1.4 1.3
Neutral 1.3 1.2
Aggressive 1.2 1.1
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for every case, and considering a berm width of 8.5 m (Equation (9)) then the global angle obtained 
is higher than the one calculated using the admissible FoS for each scenario. In this specific case, the 
bench face angle must be decreased until it is consistent with the global slope angle calculated with 
the admissible FoS for each scenario. For Domain 2, the same methodology was carried out as the 
one described for Domain 1.

5.4.  Open pit planning process

After the determination of the geometrical components of the slope and the final pit shell, the designs 
of the mining phases were undertaken. Ramps were designed with a grade of 10%. This value was 
supported by the literature review, which showed that a number of pits operate at 10% [34].

For the evaluation of production schedules, a discount rate of 10% was used. After obtaining the 
schedules, an evaluation in terms of the net present value (NPV) was carried out, and the Equilibrium 
Method analysis was performed for every three periods of each schedule to analyse the stability of 
the slopes of the mine designs.

6.  Analysis of results

The analysis of results is divided in four parts: pit optimisations and phases’ definition, pit designs, 
scheduling and economical evaluation and stability analysis by period.

6.1.  Pit optimisation and phases’ definition

For the final pit shells, the results shown in Table 7 were obtained.
Figure 13 shows the differences between the scenarios in terms of ore, waste, stripping ratio and 

copper contained with respect to the scenario of an admissible FoS of 1.4 based on the values shown 
in Table 7.

As can be seen from Figure 13, the greater the admissible FoS, the greater the stripping ratio but 
the lower the copper contained.

Figure 12. Iterative process to obtain the pit shell with a global slope angle adjusted to the admissible FoS.

Table 6. Overall FoS and slope angle.

Domain 1

Scenario Aggressive Neutral Conservative
Admissible global FoS 1.2 1.3 1.4
Global slope height (m) 310 310 310
Global slope angle (°) 50.8 47.2 43.5
Global FoS 1.20 1.30 1.40
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6.2.  Pit designs

As a result of the optimisation stage, the pit was divided into five phases. For all the scenarios con-
sidered, the phases were very similar in terms of the geometry. Figure 14 shows the final pit shape for 
an admissible FoS of 1.3.

The walls of phase 1 were fully mined by phases 2 and 3. This is the reason why phase 1 is not shown 
in Figure 14. The differences in percentages of ore, waste, stripping ratio and copper contained with 
respect to an admissible FoS of 1.4 are shown in Figure 15.

Table 7. Tonnages, copper grades, stripping ratios and copper contained for the different scenarios.

Admissible 
FoS

Total tonnage 
(kT)

Ore tonnage 
(kT)

Waste tonnage 
(kT)

Copper grade 
(%)

Stripping 
ratio 

Copper contained 
(Mlb)

1.2 184,106 116,046 68,060 0.43 0.59 1104 
1.3 180,254 112,083 68,171 0.43 0.61 1063 
1.4 183,694 110,415 73,279 0.43 0.66 1037 

Figure 13. Differences in ore, waste, stripping ratio and copper contained between different scenarios with respect to the scenario 
of an admissible FoS of 1.4.

Figure 14. Final pit design for an admissible FoS of 1.3.
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As can be seen from Figure 15, the tendency of the variables analysed in the final pit designs were 
very similar to the ones obtained in the optimisation stage for the final pit shells shown in Figure 13. 
It is, thus, possible to conclude that the results obtained are consistent in the optimisation and design 
stages.

Figure 15. Differences in ore, waste, stripping ratio and copper contained between different scenarios with respect to the scenario 
of an admissible FoS of 1.4.

Figure 16. NPV contribution by phases.

Figure 17. Sections for measuring the FoS in the final pit for the scenario of an admissible FoS of 1.3.
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6.3.  Scheduling and economical evaluation

The contribution to the NPV by phases according to the different scenarios of admissible FoS are 
shown in Figure 16.

As can be seen from Figure 16, phase 1 is the one that gives the greatest contribution to the NPV 
due to its high benefit related with a higher copper grade and its low stripping ratio. The other reason 
is that phase 1 is extracted first, which means it has less discount rate than the other phases.

6.4.  Stability analysis by period

In Figure 17, the final pit for an admissible FoS of 1.3 with the sections for analysing the slope sta-
bility is shown. The measurement of the FoS in the profiles was conducted every 3 years of the mine 
schedule. The locations of the sections for the cases corresponding to admissible FoS of 1.2 and 1.4 
are very similar to the ones shown in Figure 17.

(a) (b)

(c) 

Figure 18. (a) FoS for the scenario corresponding to an admissible FoS of 1.2. (b) FoS for the scenario corresponding to an admissible 
FoS of 1.3. (c) FoS for the scenario corresponding to an admissible FoS of 1.4.
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As shown in Figure 18, the FoS of the slopes have a decreasing tendency as the pit goes deeper, 
converging to the admissible FoS. Nevertheless, there are certain periods in which the FoS of the 
sections increases as occurs in year 12 for Section 3 and in year 15 for Section 4. This occurs because 
the incorporation of ramps in those sections makes the slope angle decrease considerably during 
those periods.

As can be seen in Figure 19, the FoS between adjacent phases is considerably greater than the 
admissible FoS at a global scale. If an admissible FoS at an inter-ramp scale is considered, this differ-
ence is even greater. As a result, it would be possible to increase the slope angles that do not belong 
to the final pit wall between contiguous phases.

7.  Conclusions

This study of integration of the FoS into the mine planning was carried out using Bishop’s Method 
based on Method of Slices and Hoek–Brown failure criterion to determine the geometric components 
of a slope for different scenarios of FoS.

(a) (b)

(c) 

Figure 19.  (a) FoS for adjacent phases corresponding to the scenario of an admissible FoS of 1.2. (b) FoS for adjacent phases 
corresponding to the scenario of an admissible FoS of 1.3. (c) FoS for adjacent phases corresponding to the scenario of an admissible 
FoS of 1.4.
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In general, different admissible FoS for the determination of slopes angles of an open pit, impact 
the entire mine planning process and affect the final economic value of a project. The most important 
outcome of the analysis presented in this paper shows that, in pit walls that do not correspond to the 
final pit, it would be possible to increase the slope angles. The impact of increasing the value of tem-
porary slope angles would certainly imply an increment in the NPV of a project. For this reason the 
possibility of increasing those slope angles should be included in the methodology of every project.

Additionally, the following conclusions may be drawn:

• � The NPV increases as the admissible FoS decreases, as expected.
• � The main difference that occurred in each scenario of the case study was in the stripping ratio 

where the greater the admissible FoS, the greater the stripping ratio because, as the admissible 
FoS increases, the amount of ore decreases. The reverse situation tends to occur with waste.

• � In the pit walls that belong to the final pit, the FoS in the mine schedule converges to the admis-
sible FoS.

In future studies, other factors should be taken into account, such as, rock mass properties, presence 
of water and discontinuities, among others, which may influence the slope stability to various degrees. 
In addition, probabilistic aspect of rock characteristics affecting slope stability, which are not part of 
the scope of the present work, should be studied.
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