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The necessity of 3D analysis for open-pit 
rock slope stability studies: Theory and 
practice
by A. McQuillan1 and N. Bar1

Synopsis
Geotechnical models developed during the planning stages of open pit mines are three-dimensional so as 
to capture the spatial variation in lithological, structural, hydrogeological, and geomechanical conditions. 
Geological models that describe the lithological and structural (faulting and folding) characteristics of a 
deposit are always 3D. Likewise, boreholes and piezometers used to develop geomechanical properties and 
groundwater models are drilled at spatial offsets across the deposit to understand the lateral and vertical 
characteristics. Yet when geotechnical analysis is completed, often the three-dimensional geological, 
hydrogeological, and structural models as well as geometrically complex 3D mine designs for optimizing 
economic mineral recovery and overburden removal are simplified to two-dimensional sections. In this paper 
we demonstrate that this simplification can lead to the wrong failure mechanism being identified, analysed, 
and/or a conservative factor of safety being calculated and hence an over-estimation of slope stability. 
Through case studies we show how three-dimensional analysis methods are more suited to rock slopes, 
particularly those with anisotropic material strength, when singularities such as geological faults are present, 
and nonlinear slope geometry. When the same slopes are analysed in two dimensions, the failure mechanism 
calculated is often fundamentally incorrect. The case studies further reveal that the factor of safety calculated 
in three dimensions is not always higher than the two-dimensional factor of safety.
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Introduction
Several methods exist to analyse slope stability. Available methods can be broadly categorized into 
empirical, kinematic, limit equilibrium (LE), and numerical methods. Stability analyses can further be 
calculated in two dimensions (2D) or three dimensions (3D) using deterministic and/or probabilistic inputs. 
All of these methods have their advantages and limitations.

Of the available methods, 2D LE analysis is traditionally the most widely applied to slope stability, with 
stability being assessed and reported in terms of a factor of safety (FOS) (McQuillan, Canbulat, and Oh, 
2020). 

In this paper we demonstrate the variation in FOS calculated between 2D and 3D slope stability analysis 
methods. Through case studies, it is shown how 3D analysis methods are more suited to rock slopes, 
particularly those with anisotropic material strength and nonlinear slope geometry. When analysing the 
same slopes in 2D, the failure mechanism calculated is fundamentally incorrect. The case studies presented 
further demonstrate that the 3D FOS is not always higher than the 2D FOS. The only way to determine the 
3D FOS with confidence is to analyse the scenario in true 3D, not by applying a rule of thumb or assuming a 
general percentage increase to 2D FOS. 

If the slope under investigation includes any of the following features, 3D stability analysis should be 
included in the geotechnical design review process.

i. Nonlinear slope geometry (Bar and Weekes 2017, Dana et al., 2018)
ii. Spatially or laterally varying geological and hydrogeological conditions
iii. Spatially varying material strengths, including anisotropic material behaviour in the same unit
iv.  Singularities and persistent geological structures, striking and intersecting up to 50° from the slope 

orientation (McQuillan et al., 2018)
v.  Highly variable 2D results within close spatial proximity to each other (Bahsan and Fakhriyyanti, 

2018; Chakraborty and Goswami, 2021).
The recommendation of 3D analysis is not limited to 3D LE and 3D numerical analysis. Empirical 

methods that consider the 3D geometry of slope stability can be just as valuable (Romana, 1993; McQuillan 
et al., 2018).
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3D modelling for slope stability analysis
3D LE analysis methods were first presented in 1969 (Anagnosti, 
1969). Kalatehjari and Ali (2013) provide a summary of the 
development and application of 3D LE analysis from Anagnosti’s 
(1969) publication through to the developments in the early 2010s. 
Dana et al. (2018) further provide a summary of the developments 
of 3D slope stability analysis methods (LE and FE) from the 1960s 
to 2010s and comment on how the different methods affect stability 
results. 

To have confidence in the results of 2D or 3D models, validation 
should be completed with a fundamentally different type of analysis 
(e.g. finite element, finite difference). Similarity in results between 
methods should increase confidence in the results of either analysis 
method (Ugai and Leshchinsky, 1995; Kainthola et al., 2013).

Results of 3D modelling should also be validated against the 
known behaviour of slopes. Recent examples of 3D back-analysis of 
excavated slopes with complex failure mechanisms are presented for 
Venetia diamond mine (Bar et al., 2022a),  Bingham Canyon copper 
mine (Telfer and Schumacher, 2022), and Pueblo Viejo gold mine 
(Bar et al., 2022b).

Case studies
Three case studies are presented to demonstrate real-world 
examples of the following scenarios.

i.  Simplifying real-world geometry to a 2D section does 
not model the true failure mechanism, and results in 
a mechanistically incorrect analysis of the slope under 
investigation.

ii.  3D analysis does not always result in a higher stability 
factor, especially where the slope under investigation has 
variable surface geometry and sub-surface geology

iii.  Analysing the slope using two different methods, 3D LE 
and 3D FE, can be useful to validate predicted failure 
mechanisms and stability factors. 

The case study sites exhibit the following conditions:
i.  Nonlinear slope geometry.
ii.  Anisotropic material behaviour, including singularities 

(bench-scale geological structures) intersecting the slope 
excavation at acute angles.

3D LE (Slide3), 3D FE (RS3), 2D LE (Slide2), and 2D FE (RS2) 
modelling software from Rocscience, Inc (2022) were used to 
calculate the 3D and 2D FOS and SRF respectively. 

Case study 1
Case study 1 presents an example of where simplifying slope 
conditions to 2D results in a mechanistically incorrect analysis of 
the real-world problem. Case study 1 is sourced from an open-cut 
coal mine and features a near-90° elbow in the slope design. The 
multi-bench slope is excavated using truck and shovel operations 

for the weathered horizon, and dragline operations for the main 
pass horizon down to the target coal seams. The weathered horizon 
consists primarily of a matrix-cemented coarse sandstone. The main 
pass  overburden is interbedded sandstone and siltstone. Persistent 
bench-scale joints are present in the main pass highwall, with 
joint sets oriented 87°/169° and 87°/093° (dip/dip direction). The 
intersection of these sets contributed to a wedge-mechanism slope 
failure (Figure 1). The stability of the main pass highwall is assessed 
using 3D LE analysis to show the limitations of 2D analysis for this 
type of 3D failure mechanism and slope geometry.

In Slide3, joints can be accommodated in the slope stability 
calculation as either a ubiquitous material model (e.g. Generalised 
Anisotropic function) or as explicit joints (e.g. Weak Layer 
function). This model applies explicit joint orientations as measured 
from post-failure field survey (McQuillan and Guy 2022). Material 
properties applied are summarized in Table I.

Results of this analysis method are displayed in Figure 2. A 
critical FOS of 0.78 is calculated. The failure mechanism is predicted 
to be sliding along the subvertical joint planes and shear through 

   Table I 

   Material properties – Case study 1
   Material Failure criterion Unit weight (kN/m3) Cohesion (kPa) Friction angle (o)

   Fresh coal measure rock (CMR) Mohr-Coulomb 24 110 30
   Joint Mohr-Coulomb 15 2 12
   Joint orientations Weak layer  Joint set 1: Dip = 87o; Dip Direction = 169o
     Joint set 2: Dip = 87o; Dip Direction = 093o
   Coal Mohr-Coulomb 15 35 30

Figure 1—Slope failure with wedge-style back scarp failure mechanism

Figure 2—Perspective view of 3D LE results applying joints as explicit weak 
layers (lime planes), at orientations defined in Table I. Critical FOS 0.78. 
Critical slip surface is bounded at the sides by subvertical joints and projected 
to shear through the CMR at the base
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the rock mass at the base of the critical slip surface. As the joints 
applied in this model are true to their actual field location, the 
model is indicating that failure at this measured intersection of 
joint sets is possible (i.e. FOS < 1) and risk management strategies 
should be applied. Controls may include exclusion zones based on 
the critical failure surface volume (or volume of failure surface with 
FOS < 1.0), which are readily calculated using 3D analysis. 

The modelled failure mechanism in Figure 2 is three-
dimensional. For comparison, multiple 2D sections were cut 
through the critical failure surface to show the difference in FOS 
between 2D and 3D analysis methods. Sections were cut at the 
intersection of the two joints, and then either side of this central 
section. Results of the 2D LE analysis for each 2D section are 
presented in Figure 3.

Simplifying this wedge failure mechanism to a 2D problem 
(i.e. by cutting a section through the line of intersection of the two 
joints) results in a FOS of 0.63, section B. This is less than the FOS 
of 0.78 calculated using 3D methods, but is not directly comparable 
as the mechanics and forces in the 2D and 3D models are different. 
Most critically, simplifying to a 2D section for analysis does not 
represent the actual failure mechanism realized by the intersection 
of the two persistent geological structures. 

Where sections are cut either side of the line of intersection 
of the two joint sets, these sections similarly result in a lower FOS 
than the 3D analysis, and are again not representative of the real 

mechanics and forces involved in the failure that will form at the 
intersection of the two joints. If such conditions exist, 2D analysis is 
not suitable for slope stability analysis, as 2D analysis is modelling 
apparent dip and dip direction only. 

Case study 2
Case study 2 presents a situation where the 3D SRF is lower than 
the 2D SRF. The study is representative of a mine waste dump being 
extended over natural mountainous topography to take advantage 
of a short haul-dump circuit. The natural slope geometry consists 
of competent bedrock material, below an approximately 10 m layer 
of colluvium soil. Material properties applied to 3D FE modelling 
are summarized in Table II. Dump design and slope dimensions 
are illustrated in Figure 4. Dump stability was assessed using 3D FE 
methods. 

In case study 2, both the downslope and cross-slope natural 
topography vary significantly, leading to a situation where the local 
2D conditions resulted in lower shear stresses than the combined 
3D section of the slope that the dump was to be constructed over. 
This resulted in the 3D SRF being lower than the 2D sections cut 
through the same section of slope.

A comparison of SRFs calculated from 3D FE and 2D FE 
analysis, at four different locations across the dump design is 
summarized in Figures 5 and 6. In three of the four 2D sections 
analysed the critical SRF was equal to or greater than the 3D SRF. 

   Table II

   Material properties - Case study 2 
   Material Failure criterion Unit weight (kN/m3) Peak cohesion (kPa) Peak friction angle (o) UCS (MPa) GSI mi D

   Waste rock Mohr-Coulomb 20 21.5 38.5    
   Colluvium soil Mohr-Coulomb 20 0 33    
   Bedrock Generalized Hoek-Brown    95 55 10 0.5

Figure 3—2D LE slope stability results. Top: images display plan view location of 2D sections cut. Bottom: images displays Slide2 analysis results. A: Section offset 
south of intersecting joints, FOS 0.63; B: section at intersection of joints, FOS 0.52; C: section offset north of intersecting joints, FOS 0.55
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Case study 3
Case study 3 shows an example of how 3D FE analysis can be used 
to validate the results of 3D LE analysis. The study is representative 
of a mine waste dump of relatively low strength material. A portion 
of the dump is constructed over a residual mud pile. The stability 
of the waste dump is evaluated using 3D LE and 3D FE analysis. 
Applied material properties are summarized in Table III.

The 3D LE analysis results are presented in Figures 7 and 8. The 
critical FOS is 2.24, with the critical slip surface sliding through the 
ponded mud at the base of the dump. Another low FOS and larger 
slip surface, also sliding through the ponded mud, is identified with 
a FOS of 2.39.   

The results of 3D FE analysis are presented in Figures 9 and 
10. A critical SRF (Hammah et al., 2005) of 2.41 was calculated. 
Maximum shearing is modelled to occur primarily through the 

Figure 4—Perspective view of final dump design (left), natural topography is displayed by green contours. Section view of final dump design (right) showing spoil 
material to be dumped over natural colluvium soil and bedrock units

Figure 5—Perspective view of 3D FE analysis results, showing a critical SRF of 
0.88 through the spoil material. 3D results display contours of predicted total 
displacement. Warmer colours (red, yellow, green) indicate higher predicted 
displacement, cooler colours (blue) indicate lower predicted displacement 

Figure 6—2D FE analysis results, showing variance in critical 2D SRF across the 3D model. 2D SRF through the centre of the 3D model (top left), 2D SRF 45 m from 
the centre slice (top right), 2D SRF 75 m from the centre slice (bottom right), 2D SRF 100 m from centre slice (bottom left)

   Table III 

   Material properties – Case study 3
   Material Failure Criterion Unit weight (kN/m3) Cohesion (kPa) Friction angle (o)

   Subsoil Mohr-Coulomb 19 28 19
   Waste rock Mohr-Coulomb 20 26 15
   Mud Mohr-Coulomb 12 0 8
   Basement Mohr-Coulomb 22 121 29



The necessity of 3D analysis for open-pit rock slope stability studies: Theory and practice

67The Journal of the Southern African Institute of Mining and Metallurgy VOLUME 123 FEBRUARY 2023

mud pile at the base of the dump. A difference of 17% was observed 
between the 3D FE critical SRF and 3D LE critical FOS. However, 
a comparison of the results of 3D LE (Figures 7, 8) and 3D FE 
(Figures 9, 10) shows that there is reasonable correlation between 
the results of these different methods, as regards both the size and 
location of predicted shearing and displacement. A lower critical 
SRF is expected with finer mesh settings (Bahsan and Fakhriyyanti, 
2018; Dana et al., 2018) and 10-noded elements applied. A 5 m, 
4-noded element, graded mesh was applied to this case study.  

Discussion

Case study summary 
The three case studies show the advantages of 3D stability analysis 
and limitations of 2D stability analysis.

The case studies have demonstrated that for slopes with (i) 3D 
failure mechanisms, resulting from anisotropic material strength 
and/or persistent geological structure and (ii) slopes with nonlinear 
slope geometry, 3D analysis methods provide a more realistic 

Figure 7—Perspective view of 3D LE results. Critical FOS slip surface = 2.24 (light blue polygon). Larger area low FOS slip surface = 2.39 (green polygon)  

Figure 8—Section view through critical slip surface, showing the majority of the critical slip surface is sliding through mud at the base of waste material

Figure 9—Perspective view of 3D FE results. Critical SRF = 2.41. 3D results display contours of predicted total displacement. Warmer colours (red, yellow, green) 
indicate higher predicted displacement, cooler colours (blue) indicate lower predicted displacement
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evaluation of the failure mechanism and estimate of failure volume, 
and as such provide a more realistic FOS and subsequent indication 
of risk to an operation. 

For the first slope case involving a critical sliding surface along 
persistent geological structure (bench-scale joints), comparison with 
2D stability methods showed that the 2D FOS is lower. However, 
the 2D analysis does not accurately model the failure mechanisms 
in play, and the validity of the 2D FOS for assessing these types of 
slope stability problems is discounted. 

The second case study presented a scenario where the 3D SRF 
is lower than the 2D SRF. Such cases, where the 3D FOS is lower 
than the 2D FOS, are generally rare and more difficult to predict. 
This case demonstrates that the only way to truly understand the 
difference in 2D and 3D stability factors is to assess both scenarios. 

The third case study provided an example where FE analysis 
can be used to validate the results of LE analysis in both two and 
three dimensions, by comparing both the location of the critical 
failure surface and the critical FOS (or SRF). This validation process 
ensures a robust geotechnical review of slope stability by applying 
two different analysis methods to evaluate stability. In this third 
case study good correlation between 3D LE and 3D FE critical slip 
surface results was observed. 

3D LE and 3D FE analysis both have their advantages and 
limitations. The selection of LE or FE, in 2D or 3D, should depend 
on: (i) slope geometry;  (ii) predicted failure mechanism; and (iii) 
required accuracy of the stability analysis.. 

Reliability of 3D analysis
The accuracy of 3D FOS (or 3D SRF) analyses should be regarded 
with caution if (i) material strengths back-analysed using 2D 
methods are applied to 3D models; and (ii) if the 3D model is highly 
laterally constrained. These considerations are discussed further 
below.

Where 2D models have been applied for decades, the strength 
parameters have typically been based on the back-analysis of 
2D sections. It is critical to note that back-analysed 2D material 
properties cannot be explicitly applied to 3D models without 
rigorous validation. Back-analysed 2D parameters are based on 
plane  strain conditions and are generally higher than actual, which 
will lead to an unconservative overestimation of material strength 
(Stark and Eid, 1998; Arellano and Stark, 2000; Griffiths and 

Marquez, 2007; Saeed, Maarefvand, and Yaaghubi, 2015; Pyke, 2017; 
Cala et al., 2020; McQuillan and Guy 2022). If 2D back-analysed 
parameters are applied to 3D forward analyses, the resulting 
FOS will likely be higher than the actual FOS (Lu, Fredlund, and 
Fredlund, 2013). 

However, in a scenario where 3D back-analysed material 
strengths are not available (e.g. either limited in the literature or 
when initially transitioning to 3D analysis), engineers can apply 
back-analysed 2D values but should then interpret the results as 
relative indicators of slope instability until 3D back-analysis can be 
completed to determine representative material strengths. Relative 
stability can be determined by identifying the sections of slope with 
the lowest FOS, regardless of the absolute value of FOS calculated 
(McQuillan and Guy, 2022).

Material parameters suitable for 3D analysis can be determined 
from the downgrading (or upscaling) of laboratory data using 
empirical methods (e.g. Hoek and Brown, 2018), or back-analysed 
using known-performance slope geometry and reconciling to 
observed slope movement. Examples of such back-analysis are 
presented by Saeed, Maarefvand, and Yaaghubi, (2015), Bar et al. 
(2019, 2020, 2021), Bar and Dixon (2021), and Figueiredo et al. 
(2021). 

It is also important in the 3D modelling process to ensure 
that the model is not constrained laterally. 3D models that are 
highly laterally constrained will produce a higher, unrealistic FOS 
than longer, laterally unconstrained 3D models. Examples of this 
behaviour are given by McQuillan, Bar, and Yacoub (2021) and 
Hammah and Awuku-Asabere (2021), and described by Ugai and 
Leshchinsky (1995) and Griffiths and Marquez (2007). 

Conclusion
The calculation of FOS is fundamental to geotechnical design 
review and acceptance criteria. To adequately calculate the FOS, 
geotechnical engineers need to representatively model slope 
geometry, geology, material strength, groundwater conditions, and 
structural conditions, all of which inherently vary in 3D. Three-
dimensional slope stability analysis is the only way to truly represent 
spatially varying slope geometry, geology, material strengths, and 
structural and hydrogeological conditions, particularly where 
material strengths are anisotropic, or persistent geological structures 
are present and aligned at angles acute to the slope orientation. 

Figure 10—2D section through 3D FE model displaying contours of total displacement (top). Warmer colours (red, yellow, green) indicate higher predicted 
displacement, cooler colours (blue) indicate lower predicted displacement. 2D section showing geological conditions through zones of maximum predicted 
displacement (bottom)
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Although more often than not, FOS values obtained from 3D 
analysis will be higher than with 2D analysis, black swan cases exist 
where the 3D FOS (or SRF) is lower than the 2D FOS (or SRF). 
Such cases are difficult to predict without analysing in both 2D and 
3D. Combinations of analysis (i.e. 3D LE and 3D FE) are always 
recommended to validate model results.
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