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Abstract

This study presents a novel method to evaluate the safety of open-pit slopes by
means of three-dimensional numerical modeling with the finite difference
method. The method presented here uses a block model as a vehicle to carry
relevant information from the rock mass and automatically construct the nu-
merical model. The results suggest that the method is promising because of its
capacity to accurately incorporate a large amount of high-complexity rock data
by considering spatial location and material behavior. It is expected that the
innovations in this method will make the design, construction, and operation
of open-pit iron mines safer and more economical.
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1. Introduction

Small changes in the global slope angle of a pit can significantly influence the
economy of the entire mining operation (Ning et al., 2011); however, any change
must ensure the global stability of the slope, ensuring the safe and effective move-
ment of personnel, equipment, and materials during mining operations (Zevgolis
et al., 2018; Steffen et al., 2008; Wyllie & Mah, 2004). Because open-pit mines can
reach great depths (Hustrulid et al., 2013), global disruption events are expected
to occur. The global slope angle and the height of an open pit mine can be related
to the failure mechanisms that may occur. Sjoberg (1999) presented the relation-
ship in Figure 1.

Regarding the probability of failure, maximizing the slope angle is also considered

DOI: 10.4236/gep.2025.132010

Feb. 20, 2025

136 Journal of Geoscience and Environment Protection


https://www.scirp.org/journal/gep
https://doi.org/10.4236/gep.2025.132010
https://www.scirp.org/
https://doi.org/10.4236/gep.2025.132010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

V. F.N. Torres

900 T T T T
" @ Toppling
@ Circular
800 A Wedge
W Plane
700 X Planet+Rock Mass Shear
@ || 1 Aznalcollar
600 X Unknown
E
= 500
2
[}
P 400
[0] [ ]
g ¢
[=]
® * %
300 e
X @
200 3
A
100 =
- A
0

0O 10 20 30 40 50 60 70 80 90
Overall Slope Angle [°]

Figure 1. Relationships between the height and angle of pit slopes
and associated failure mechanisms (Sjéberg, 1999).

when studying pit optimization because although the annual probability of failure
occurrence is relatively high, on the order of 10" to 1072, the number of fatalities
associated with such failures is relatively low, less than 0.1 per event, as shown in
Figure 2. In this regard, efforts to predict geotechnical behavior, given the maxi-
mization of the global slope angle, are essential to ensure economically profitable
and safe operations.

Wryllie and Mah (2004) indicated that the behavior of mining slopes could be
evaluated using 1) limit equilibrium analyses, where the slope safety factor is cal-
culated for different failure mechanisms, the most common being planar failure
in wedge, circular and toppling analyses, and 2) numerical analyses, where the
stresses and deformations developed in the slope are compared against the re-
sistance of the rock, using sensitivity analysis or probabilistic methods to evaluate
a wider range of conditions and parameters that describe the strength of the rock.

Singh and Ghose (2006) considered that a better representation of rock behav-
ior is achieved by 1) physical models, where both the dimensions and the strength
and deformation properties are reproduced on a reduced scale to real conditions
to identify the failure constraints on the extensive slope of the slope; and 2) ana-
lytical solutions, where mathematical models of closed solutions are selected to
test their accuracy.

Ning et al. (2011) noted that the method chosen for an ideal project should be
able to predict the location, conditions and mechanisms of an eventual slope fail-
ure, although the limiting equilibrium analysis, numerical analysis, physical mod-
els and analytical solutions may be inadequate for some sites or tend to oversim-

plify the conditions generating excessively conservative solutions.
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Figure 2. Risks associated with engineering projects (Wyllie & Mah, 2004).

He et al. (2013) considered that practical problems of rocky slope stability are
intricate in terms of the topological geometry, anisotropy and nonlinear behavior
of materials, in situ stresses and several processes occurring in a coupled way, sug-
gesting the adoption of numerical modeling as a tool to generate solutions closer
to reality. However, these authors admitted that numerical modeling for rock me-
chanics analysis is underdeveloped in relation to the engineering demand for solv-
ing practical problems related to rocky slope stability. Geological-geotechnical pa-
rameters can increase the representativeness of the rock massif behavior.

According to Franco (2006), the great advantage of numerical modeling over
other methods lies in the discretization process, which reduces a continuous prob-
lem, with an infinite number of variables, into a discrete problem, with a finite
number of variables and a finite number of points belonging to the domain, mak-
ing the problem computationally viable. The main numerical methods used to
solve these equations are the finite element method, finite difference method,
boundary element method and finite volume method (Chapra & Canale, 2016).
The choice of numerical method should consider the limitations, advantages and
disadvantages of each method. Thus, for the analyses presented in this study, the
method chosen was that of finite differences that act directly on the differential
equation of motion.

The main parameters used to carry out the design, construction and operation
of mine slopes are obtained from activities such as the execution of geological-
geotechnical mapping, the geological-geotechnical description of the drill cores,
the application of the rock mass classification system, the elaboration of the geo-

mechanical model, the acquisition of geotechnical parameters of intact rocks, the
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estimation of the stress state, the analysis of slope stability and the monitoring of
groundwater and surface deformation of the slopes.

In this work, we propose a method that automatically incorporates relevant in-
formation using a mine block model as a vehicle. The results show that the devel-
oped method is promising due to its ability to accurately incorporate a large

amount of highly complex spatial and behavioral data.

2. Methodology

The finite difference method (FDM) involves solving differential equations, which
are generated by studying cases of engineering situations. The MDF approximates
each term in the node mathematical model of a mesh through algebraic expressions.

The software for analyzing the behavior of the rock mass based on finite differ-
ences was FLAC3D, as it is suitable for solving the vast majority of problems re-
lated to geotechnical engineering. The fast Lagrangian analysis of continua in
three dimensions (FLAC3D) simulates the three-dimensional behavior of struc-
tures built in soil, rock or other possible materials subjected to plastic flow when
its failure limits are reached. The materials are represented by polyhedral elements
within a three-dimensional grid that is adjusted to be compatible with the object
to be modeled (Itasca, 2012).

A system of algebraic equations that relates the displacements and nodal forces
is constructed from the functions that describe the behavior of the elements. How-
ever, this system of equations is solved by dynamic relaxation, an explicit proce-
dure as a function of time in which the dynamic equations of motion are inte-
grated at each cycle advance. Static solutions are obtained by including amortiza-
tion factors that gradually remove kinetic energy from the system (Michalowski
& Dawson, 2002).

Three-dimensional modeling in FLAC3D is achieved through its internal pro-
gramming language, FISH, which creates functions capable of simulating the pro-
cess of excavation of slopes and monitoring and extracting the desired variables.
Its formulation can accommodate analyses with large displacements, defor-
mations and nonlinear behavior of the material even if it exceeds the levels of fail-
ure, yield or even collapse. It also contains a programming language that makes it
possible to take advantage of the program’s capabilities.

The geomechanical model of the rock mass simulated in FLAC3D considers
that the resistant behavior is represented by the generalized Hoek-Brown (HB)
criterion. However, it is known that this failure criterion is isotropic and conse-
quently cannot represent the anisotropic behavior imposed by the presence of
structural geological features such as foliations. To consider this type of feature,
the ubiquitous joints model was used. Since the base criterion is the generalized
Hoek-Brown criterion, the consideration of a ubiquitous joint model requires the
estimation of equivalent Mohr-Coulomb parameters for the isotropic continuum
and of the Mohr-Coulomb parameters for the foliations. The parameters of the
foliations can be found using the Barton-Bandis criterion, which has parameters

that can be more intuitively correlated with geological surveys.
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The mine block model was used as a database because it contains lithologies
(Figure 3), in addition to allowing the placement of relevant information such as
density (Figure 4), location of persistent faults (Figure 5), geomechanical classi-
fication (Figure 6), and pore pressure (Figure 7).

Lithology

xpf

Figure 3. Mine block model.
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Figure 4. Density.
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Figure 5. Fault location.
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Figure 6. Geomechanical class.
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Figure 7. Pore pressure.

The geometric mesh of the FLAC3D numerical model was constructed by em-
ulating the mine block model. In this process, each zone of FLAC3D was con-
structed with the same block characteristics, i.e., location, size, geomechanical
class (slot 1), density (slot 2), lithology (slot 3), failure indicator (slot 4) and struc-
tural sector (slot 5). This was performed automatically through a FISH function
that reads the data exported by Vulcan into an *.txt file, which was later imported
into FLAC3D and built individually. The mapping of a fault was included in the
block model through an indicator variable: i_falha = 1 when the block is cut by
the fault and i_falha = 0 when it is not cut by the fault (Figure 5). This problem is
highly complex and demanding in terms of computational time.

With all the data entered in the block model and the failure criteria defined, a

3D stability analysis of the iron mine was performed.

3. Routines Generated for Model Optimization

3.1. Meshing Routine

An innovative FLAC3D geometric meshing routine was generated. This routine
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dramatically reduced the import time from 15 days to a few minutes. This is due
to the use of programming in the Python language. The routine consists of build-
ing the FLAC3D mesh file synthetically, including all the desired characteristics
in the form of zone groupings. The object-oriented routine has the zone class as
its main object, which has the following attributes: global index, IJK, centroid,
vertex coordinates, lithology, fault index, and GSI.

The reading process (read_blockmodel() function) consists of creating a list of
zone objects by filling in and calculating the attributes. For this, the block model
must be in text format such as .csv or .txt. The spatial distribution of the GSI was
determined externally using the SGeMS program (Stanford Geostatistical Model-
ing Software). The interpolation of GSI values was performed over the grid of the
block model prototype; that is, each IJK presented an estimated value.

Subsequently, the zones are classified and grouped according to the various re-
quired groupings (group_materials()), such as lithology and classification. These
clusters are finally saved in the FLAC3D model as groups in progressive slot tabs
according to the number of classification criteria, such as lithology in Table 1.

Table 1. Typical SF and Pf values as acceptance criteria.

Acceptance criteria

Scale of Consequences
. FS min. FS min. Max.
analysis of the rupture
Static Dynamic P[FS<1]
Bank Low-high 1.1 NA 25% - 50%
Low 1.15-1.2 1.00 25%
Interrupt Mean 1.2 1.00 20%
High 1.2-13 1.10 10%
Low 1.2-13 1.00 15% - 20%
Overall Mean 1.3 1.05 10%
High 1.3-15 1.10 5%

Source: Read and Stacey (2009).

Finally, the FLAC3D mesh file is synthetically created using the create_grid()
function, which creates the mesh considering the global indices of the zones and

vertices, as well as the clusters created.

3.2. Hydrogeological Properties

The rock classes evaluated were grouped considering that the friable rocks corre-
spond to class V rocks and that the compact rocks correspond to class I to IV
lithotypes. The values used for compact rocks correspond to the averages of the
classes considered. All lithologies present in the model were considered, and the
values are shown in Figure 8. The values presented correspond to the values of
the scalar component of the conductivity tensor corresponding to each family of
discontinuities and to the conductivity of the rock matrix.

The routines for calculating the properties required for the model were pro-

grammed in the FLAC3D Python console. Features such as the orientations of the
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7 hidro.txt - Bloco de notas - o X
Arquivo Editar Formatar _Exibir Ajuda

#lito k1 k2 k3 ka km

xpf 7.79E-07 3.56E-07 3.56E-07 3.56E-07 1.00E-05
Xpc 1.45E-06 6.18E-07 6.18E-07 6.18E-07 0

qpff 9.47E-07 3.56E-07 3.56E-07 3.56E-07 1.00E-05
qpfc 2.31E-06 6.18E-07 6.18E-07 6.18E-07 0

hf 1.51E-06 4.85E-07 4.85E-07 4.85E-07 1.00E-05
hc 2.67E-06 6.79E-07 6.79E-07 6.79E-07 ]

ha 2.67E-06 6.79E-07 6.79E-07 6.79E-07 0

iF 1.50E-05 2.83E-05 2.10E-06 1.55E-06 1.00E-05
ic 2.30E-05 3.79E-05 2.80E-06 2.05E-06 0

in 1.06E-04 2.52E-05 9.11E-06 4.60E-05 ]

ia 1.06E-04 2.52E-05 9.11E-06 4.60E-05 ]

imn 1.06E-04 2.52E-05 9.11E-06 4.60E-05 0

xif 4.50E-04 1.49E-05 2.65E-05 9.25E-04 1.00E-05
xic 8.15E-04 2.01E-05 3.58E-05 1.26E-03 ]

xi 8.15E-04 2.01E-05 3.58E-05 1.26E-03 0

qmf 9.55E-04 7.73E-07 7.63E-07 1.57E-06 1.00E-05
qmec 1.81E-03 1.16E-06 1.14E-06 2.35E-06 0

qpf 9.55E-04 7.73E-07 7.63E-07 1.57E-06 1.00E-05
qpc 1.81E-03 1.16E-06 1.14E-06 2.35E-06 ]

xnlf 1.04E-06 4.11E-07 4.11E-07 4.11E-07 1.00E-05
xnlc 1.83E-06 5.86E-07 5.86E-07 5.86E-07 0

gnf 9.10E-07 1.26E-06 1.26E-06 3.60E-07 1.00E-05
gnc 1.94E-06 2.23E-06 2.23E-06 6.39E-07 0

at [} ] 0 ] 1.00E-05

S0 2] ] 2] ] 1.00E-05

cg %) ] 0 ] 1.00E-05

Figure 8. Hydraulic conductivity values by family of discontinuities.

families are incorporated into the model by calculating the anisotropic conductiv-
ity tensors. Figure 9 shows the complete process of creating and solving the

steady-state flow problem in the context of pit slopes.

+Domains familcs;
+Magnitude of K i the joins;

« Calculate the contribution of the joints;

« Calculate the contribution of the rock matrix;
*Record the full tensor in FLAC3D;
»with piezometric pressures;

* Steady-state condition

Figure 9. Flowchart of the Python routine for creating FLAC3D meshes.

The conductivity tensor was entered into the model through each of the 6
unique and symmetric components (kxx, kyy, kzz, kxy, kxz and kyz) of the
FLAC3D anisotropic conductivity model. Figure 10 shows the logK conductivity
fields for the mine in its component aligned with the Cartesian X-axis (kxx). Some
lithologies can function as natural barriers due to their low conductivity (blue)
compared to the other lithologies. On the other hand, it can also be observed that
there are lithologies that present high values of conductivity (red), as is the case
for friable materials.

The piezometric surface was created via file import and subsequent Delaunay

triangulation. Finally, after fixing the load boundary conditions of the model, the
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model is run until the steady-state flow condition is reached. Figure 11 and Figure
12 show the pore pressure fields initialized and after the calculation of the station-

ary condition for the pit, respectively.

Calculating by: Constant

-2.9013E+00
-3.0000E+00
-3.2500E+00
-3.5000E+00
-3.7500E+00
-4.0000E+00
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-4.5000E+00
-4.7500E+00
-5.0000E+00
-5.2500E+00
-5.5000E+00
-5.7500E+00
-5.9187E+00

y
X

Figure 10. LogK conductivity field of the pit—kxx component of the conductiv-
ity tensor.
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Figure 11. Initial pore pressure field of the final pit.
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Figure 12. Final pit pore pressure field.
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3.3. Geomechanical Properties

The geomechanical quality of the rock mass under study was evaluated in terms
of the geological strength index (GSI). The GSI was evaluated in 821 sections cor-
responding to 83 boreholes (georeferenced). Figure 13 shows the location of the
821 GSI samples in the mine context. These data were used to perform a GSI in-
terpolation to cover the entire domain using the inverse square distance method.
This interpolation was performed on the regular mesh of the block model proto-
type, which has dimensions of 50 x 50 x 10 m. Each subblock within the original
block (even IJK) inherited the GSI of the block. The results of this process are
shown in Figure 14.
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Figure 13. Location of the GSI map.

GSI
Calculated by: Constant
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7.0000E+01
6.5000E+01
6.0000E+01
5.5000E+01
5.0000E+01
4.5000E+01
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3.0000E+01
2.5000E+01
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1.5000E+01
1.4749E+01

Figure 14. Spatial distribution of the GSL.

The rock classes evaluated were grouped by considering that the friable rocks
correspond to class V rocks and that the compact rocks correspond to class I to

IV lithotypes. The values used for compact rocks correspond to the averages of
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the classes considered.

Three constitutive models were used to represent the rock mass failure crite-
rion, namely, the Mohr-Coulomb (MC), generalized Hoek-Brown (HB) and ubiq-
uitous joint (UJ) models. However, all lithologies present in the model were con-
sidered, and the values are shown in Figure 15. The values presented correspond
to the geomechanical parameters necessary to directly save or, if necessary, infer
the parameters of the specific model. When the criterion used was the BM, the
parameters in Figure 15 were used directly. In the case of the HB and U] criteria,
the model parameters were calculated based on the lithotype and the GSI geome-
chanical quality corresponding to each model block. The joint parameters in the

UJ model were used directly.

| geomec.txt - Bloco de notas - [m] X
Arquivo Editar  Formatar Exibir  Ajuda

#lito const dens sigci ei[Gpa] mi phi c phij cjoint
xpf MC 2000 1.00 0.40 20.00 33 0.047 21.8 0.031
Xpc uJ 2333 41.04 16.42 13.23 [ 0.000 26.3 0.780
qpff MC 2000 1.00 0.40 20.00 41 30.000 23.0 0.022
qpfc HB 2333 41.04 16.42 13.23 0 0.000 30.2 0.384
hf MC 3000 2.00 1.00 25.00 30 0.054 28.3 0.027
hc uJ 3400 84.70 43.67 25.72 [ 0.000 31.8 0.506
ha Ul 3175 48.75 24.38 25.00 [ 0.000 29.5 0.968
a3 MC 3000 5.00 2.50 25.00 39 0.082 26.9 0.143
ic uJ 3250 59.90 29.74 24.34 [ 0.000 30.6 1.222
in uJ 3250 59.90 29.74 24.34 0 0.000 30.6 1.222
ia uJ 3250 59.90 29.74 24.34 [ 0.000 30.6 1.222
imn uJ 3250 59.90 29.74 24.34 0 0.000 30.6 1.222
xif MC 2000 4.00 2.40 10.00 28 0.064 20.1 0.116
xic ul 2467 34.27 33.55 17.14 [ 0.000 27.7 0.651
xi uJ 2467 34.27 33.55 17.14 0 0.000 277 0.651
qmf MC 2000 3.00 1.20 20.00 41 0.030 22.9 0.130
qmc HB 2067 83.63 34.79 19.93 o 0.000 28.7 2.328
qpf MC 2000 3.00 1.20 20.00 41 0.030 22.9 0.130
qpk HB 2067 83.63 34.79 19.93 o 0.000 28.7 2.328
xnlf MC 2000 2.00 1.20 10.00 41 0.030 22.1 0.043
xnlc ul 2467 34.27 33.55 17.14 ] 0.000 27.5 0.405
gnf HB 2000 0.80 0.32 28.00 25 0.040 21.6 0.020
gnc HB 2333 38.53 24.16 12.60 ] 0.000 27.2 0.464
at MC 1800 1.0 0.2 %) 37 0.004 37 0.004
so MC 1800 1.0 0.2 %) 37 0.004 37 0.004
cg MC 2000 1.0 0.2 %) 30 0.030 30 0.030

Figure 15. Values of the geomechanical properties of intact rocks for the HB and UJ, MC
massif and U] joints.

The routines for calculating the properties required for the model were pro-
grammed in the FLAC3D Python console. Figure 16 shows the process of defining
the geomechanical properties. The first 14 extra variables of the zones were allo-
cated with the numerical magnitudes of the model as follows: lithology with the
order number in the input list starting from zero (Figure 3), density (Figure 4),
failure indicator (Figure 5), GSI (Figure 14), constitutive model with MC:0 and
HB:1. UJ:2 (Figure 17), compressive strength of intact rock (Figure 18), defor-
mation modulus of intact rock (Figure 19), Hoek-Brown constant m; (Figure 20),
foliation friction angle (Figure 21), foliation cohesion (Figure 22), foliation
plunge (Figure 23), foliation plunge direction (Figure 24), massif friction angle
(Figure 25), and massif cohesion (Figure 26).
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*Imported directly

* According to the table

e Imported directly

«Interpolated from polls

* According to different criteria
* According to table
* According to table
* According to table
+Foliation friction
*Foliation cohesion
+Foliation dip
*Foliation dip direction
* Inferred HB-MC or table
* Inferred HB-MC or table

Figure 16. Flowchart of the Python routine for creating basic geomechanical properties.
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Figure 17. Distribution of the constitutive model.
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3.0000E+07
2.0000E+07
1.0000E+07
8.0000E+05

Figure 18. UCS distribution of intact rock.
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Ei
Calculated by: Constant

7.9390E+10
7.5000E+10
7.0000E+10
6.5000E+10
6.0000E+10
5.5000E+10
5.0000E+10
4.5000E+10
4.0000E+10
3.5000E+10
3.0000E+10
2.5000E+10
2.0000E+10
1.5000E+10
1.0000E+10
5.0000E+09
3.2000E+08

Figure 19. Distribution of the deformation modulus of intact rock.

mi
Calculated by: Constant

2.8000E+01
2.7500E+01
2.5000E+01
2.2500E+01
2.0000E+01
1.7500E+01
1.5000E+01
1.2500E+01
1.0000E+01
7.5000E+01
5.0000E+00
2.5000E+00
0.0000E+00

Figure 20. Distribution of the constant mi of the intact rock.

friction angle - joints
Calculated by: Constant

3.7000E+01
3.6000E+01
3.5000E+01
3.4000E+01
3.3000E+01
3.2000E+01
3.1000E+01
3.0000E+01
2.9000E+01
2.8000E+01
2.7000E+01
2.6000E+01
2.5000E+01
2.4000E+01
2.3000E+01
2.2000E+01
2.1000E+01
2.0100E+01

Figure 21. Distribution of foliation friction angle in the pit.
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Cohesion - joints
Calculated by: Constant

2.9200E+06

2.7500E+06

2.5000E+06
= 2.2500E+06
~ 2.0000E+06
— 1.7500E+06
i 1.5000E+06
— 1.2500E+06
= 1.0000E+06
| 7.5000E+05
1 5.0000E+05
1 2.5000E+05
2.0000E+04

Figure 22. Distribution of foliation cohesion in the pit.

Dip
Calculated by: Constant

5.0000E+01
¥ 4.5000E+01
4.0000E+01
3.5000E+01
3.0000E+01
2.5000E+01
2.0000E+01
1.5000E+01
1.0000E+01
5.0000E+00
0.0000E+00

Figure 23. Distribution of foliation dip in the pit.

Dip direction
Calculated by: Constant

1.5100E+02

1.5000E+02

1.4000E+02
J 1.3000E+02
| 1.2000E+02
— 1.1000E+02
— 1.0000E+02
= 9.0000E+01
£ 8.0000E+01
= 7.0000E+01
1 6.0000E+01
~ 5.0000E+01

4.0000E+01
U 3.0000E+01
2.0000E+01
1.0000E+01
0.0000E+00

Figure 24. Distribution of the dip direction of foliation in the pit.
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friction angle rock mass
Calculated by: Constant

4.1000E+01

4.0000E+01

3.7500E+01
] 3.5000E+01
— 3.2500E+01
— 3.0000E+01
— 2.7500E+01
= 2.5000E+01
2.2500E+01
2.0000E+01
= 1.7500E+01
= 1.5000E+01
= 1.2500E+01
1.0000E+01
7.5000E+00
5.0000E+00
2.5000E+00
0.0000E+00

Figure 25. Distribution of the friction angle of the pit.

cohesion rock mass
Calculated by: Constant

3.0000E+05
2.7500E+05
2.5000E+05
2.2500E+05
2.0000E+05
1.7500E+05
1.5000E+05
1.2500E+05
1.0000E+05
7.5000E+04
5.0000E+04
2.5000E+04
0.0000E+00

Figure 26. Cohesion distribution of the pit.

The following constitutive model parameters were obtained: the Hoek-Brown
constant 11, the Hoek-Brown constant s, the Hoek-Brown constant a, the defor-
mation modulus of the rock mass, the equivalent friction angle HB for the MC to
use in the UJ, and the cohesion equivalent HB to the MC to use in the UJ. The
generalized Hoek-Brown criterion parameters were estimated using the formula-
tion presented by Hoek, Carranza-Torres & Corkum (2002), where the envelope
is described by Equation (1).

’ a
c
o, =0}+0,| m—+s (1)
Gci
where oy, is the uniaxial compressive strength of the intact rock and
GSI -100
m, =m, exp| ———— (2)
28—-14D
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GSI-100
=€ P 3
’ Xp( 9-3D j ©)
a :l_{_l(e—cﬂ/ls _6720/3) @
2 6

where m;is a constant that describes the resistance behavior of intact rock, GS7is
the geological quality index and Dis a constant that describes the blasting quality
(D= 0 for high-quality blasting and D = 1 for low-quality blasting). For the cases
of the massif cut by the fault, the massif was considered to be in its residual state.
Thus, the residual value of the GS/was used according to Cai et al. (2007).

GSI, = GSI exp(~0.0134GST ) (5)

In the case of the ubiquitous joints model, the equivalence of the continuous
portion of the massif was determined through an equivalence between the gener-
alized Hoek-Brown criterion and the Mohr-Coulomb criterion, as proposed by
Hoek, Carranza-Torres and Corkum (2002).

6am, (s +m,03, )117l

¢rr’l ZSIn_l a
2(1+a)(2+a)+6am,(s+m,c},)

= (6)

ol 2a)s 4 (1) mt, J(s 4 mot, )" )

" (1+a)(2+a)\/1+(6amb(S+mbcgn)a_1)/((l+a)(2+a))

v
where 031 = O3max /Gci N

where the maximum confining stress o}, , where equivalence is needed, will
depend on the specific problem. Hoek, Carranza-Torres and Corkum (2002) also
presented specific general and specific recommendations for cases involving tun-
nels and slopes. In the case of the numerical models reported here, the general
equivalence used was due to the large spectrum of equivalence cases for particular
cases. The equivalence for general cases is o, , = 0./4. The deformation mod-
ulus of the rock mass was estimated using the method of Hoek and Diederichs
(2006).

E -E (o.oz+i] (®)

e

((60+15D-Gsr)/11)

where Z; is the deformability module of intact rock, which in the absence of ex-

perimental data can be estimated, depending on the lithotype, as:

E =MR-c, ©)

where MR is the modulus reduction factor.
Finally, the parameters of the Mohr-Coulomb strength criterion of the folia-
tions used in the ubiquitous joint model were estimated using the equivalence

proposed by Prassetyo, Gutierrez and Barton (2017).

¢, =arctan(A4 - B) (10)
c;=0,B (11)
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where
A=tan’ {JRClogw (ﬁj + 4 (12)
GH
JRC
B=(l+4*)— 13
( ) In10 (13)

where Bis in degrees, i.e., it must be converted to radians before use.

Figure 27 presents a flowchart showing the sequence of estimation of the param-
eters of the rock mass strength and deformability models to be used. Figure 25, Fig-
ure 26, Figures 28-31 show the parameters obtained in the 3D space of the pit.

4. Results and Discussion

4.1. Stress Deformation

Three-dimensional stress-strain analyses were performed after the pore pressure
fields were obtained via piezometric surface generation. Next, the results for dis-
placements, stresses and the resistance-to-stress ratio (SSR) are shown to present
the mechanical behavior of the pit. Two stages were evaluated: initial pit and final pit.

4.1.1. Initial Pit
In the initial pit, the displacements were less than 200 mm, with isolated occur-
rence of values above this threshold. Figure 32 presents the displacement field in
the initial pit and details the location of geotechnical section 1-1” to show the be-
havior of the west wall of the pit. This section presents an overall slope 170 m high
in total, with a break slope of 80 m and a 40° inclination. The cut through section
1-1’ showed a maximum local displacement of 100 mm in the region near the
bottom of the pit (Figure 33). However, the displacements generally remained
below 80 mm.

The SSR field (Figure 34) shows that there is a considerable concentration of
stresses on the inter-ramp slope. However, this stress concentration does not gen-
erate a kinematic mechanism properly, but the SSR values certainly show that

safety levels can be found under marginal conditions.

4.1.2. Final Pit

In the case of the final pit, in addition to the 1-1” section, the 2-2” section is pre-
sented (Figure 35) to show the behavior of the northeast wall of the pit. Section
1-1’ exhibited a maximum displacement of approximately 180 mm in the lower
section, corresponding to the first break of the western wall of the pit (Figure 36).
The slope displacement pattern shows solid behavior, without particular concen-
trations that may indicate anomalies.

Section 2-2’ (Figure 37) shows the northeast slope, which has a height of 250 m
and a global slope of 40°. In general, the displacements are less than 100 mm in
magnitude and less than 20 mm in the horizontal direction, with the exception of
the middle region of the slope height, where horizontal movements greater than

200 mm and 350 mm in magnitude can be observed.
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my, +UCS and D (Hoek et al. 2002)
«UCS and D (Hoek et al. 2002)
+UCS and D (Hoek et al. 2002)

*UCS and D and Ei (Hoek e Diederichs, 2006)

*UCS and D (Hoek et al. 2002)
*UCS and D (Hoek et al. 2002)

Figure 27. Flowchart of the Python routine for creating basic geomechanical properties.

constant mb
Calculated by: Constant

8.1897E+00
8.0000E-+00
7.5000E+00
I 7.0000E+00
|| 6.5000E+00
6.0000E+00
|| 5.5000E+00
| 5.0000E+00
L 4.5000E+00
L 4.0000E+00
L 3.5000E+00
| 3.0000E+00
| 2.5000E+00
L 2.0000E+00
L 1.5000E+00
1.0000E+00
5.0000E -01
0.0000E+00

Figure 28. Distribution of the constant mb of the pit.

constant s
Calculated by: Constant

6.2177E-02
6.0000E-02
5.5000E-02
5.0000E-02
4.5000E-02
4.0000E-02
3.5000E-02
3.0000E-02
2.5000E-02
2.0000E-02
1.5000E-02
1.0000E-02
5.0000E-03
0.0000E+00

Figure 29. Distribution of the constant s of the pit.

constant a
Calculated by: Constant

5.7335E-01

5.7000E-01

5.6500E-01
| 5.6000E-01
| 5.5500E-01
- 5.5000E-01
I 5.4500E-01
= 5.4000E-01
£ 5.3500E-01
£ 5.3000E-01
1 5.2500E-01
| 5.2000E-01
5.1500E-01
5.1000E-01
5.0500E-01
5.0000E-01

Figure 30. Distribution of the constant a of the pit.
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Erm
Calculated by: Constant

3.4291E+10
3.2500E+10
3.0000E+10
2.7500E+10
2.5000E+10
2.2500E+10
2.0000E+10
1.7500E+10
1.5000E+10
1.2500E+10
1.0000E+10
7.5000E+09
5.0000E+09
2.5000E+09
7.7306E+06

Figure 31. Distribution of the deformation modulus of the pit.

Zone displacement magnitude

2.0000E-01
1.8000E-01
1.6000E-01
1.4000E-01
1.2000E-01
1.0000E-01 y |
8.0000E-02
6.0000E-02
4.0000E-02
2.0000E-02
0.0000E+00

Figure 32. Surface displacements in the initial pit—section 1-1".

Zone displacement magnitude
Cut plane: on

1.0047E-01
1.0000E-01
9.5000E-02
9.0000E-02
| 8.5000E-02
8.0000E-02
7.5000E-02
7.0000E-02
| 6.5000E-02
6.0000E-02
5.5000E-02
5.0000E-02
4.5000E-02
4.0000E-02
3.5000E-02
3.0000E-02
2.5000E-02
2.0000E-02
1.5000E-02
1.0583E-02

Figure 33. Displacement field in the initial pit—section 1-1".
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Zone Stress-Strength ratio
Cut plane: on
Calculated by: Volumetric averaging

1.0000E+01
1.0000E+01
9.5000E+00
9.0000E+00
8.5000E+00
8.0000E+00
7.5000E+00
7.0000E+00
6.5000E+00
6.0000E+00
5.5000E+00
5.0000E+00
4.5000E+00
4.0000E+00
3.5000E+00
3.0000E+00
2.5000E+00
2.0000E+00
1.5000E+00
1.0000E+00

Figure 34. SSR in the initial pit—section 1-1’.

Zone Displacement magnitude

3.3526E-01
3.2500E-01
3.0000E-01
2.7500E-01
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1.5000E-01  w
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7.5000E-02
5.0000E-02
2.5000E-02
0.0000E+00

Z s
Figure 35. Surface displacements in the final pit.

Zone displacement magnitude
Cut plane: on

1.8468E-01

1.8000E-01 W E
1.7000E-01
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1.5000E-01
1.4000E-01
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1.2000E-01
1.1000E-01
1.0000E-01
9.0000E-02
8.0000E-02
7.0000E-02
6.0000E-02
5.0000E-02
4.0000E-02
3.0000E-02
2.0000E-02
1.0000E-02
1.8032E-03

Figure 36. Surface displacements in the final pit—section 1-1’.
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Zone displacement magnitude
Cut plane: on NE SW

3.2011E-01
3.0000E-01
2.7500E-01
2.5000E-01
2.2500E-01
2.0000E-01
1.7500E-01
1.5000E-01
1.2500E-01
1.0000E-01
7.5000E-02
5.0000E-02
2.5000E-02
9.3760E-04

Figure 37. Surface displacements in the final pit—section 2-2’.

The displacements on the surface showed a concentration of displacements in
the northeast wall of the pit (Figure 37) and a lifting of the bottom on the order
of 100 mm. It can also be observed that there is a concentration of displacements
in the region of the fault outcrop (Figure 38).

Figure 39 shows that the SSR distribution on the west slope was highly concen-
trated only near the toe of the global slope. This is consistent with the mobilization
of tensions for the development of a global mechanism. However, the lack of con-
tinuity in the stress concentration region suggests that the global slope should
have a high safety factor. Occasional exceptions may occur for surface ruptures
caused by exposure of the compact Batatal shale located below the current iron
formation.

The SSR ratio of the northeast slope indicates the presence of two regions of
considerable concentration at the top of the slope and in the middle region of the
slope height (Figure 40). The concentration region near the top is located in fria-
ble Moeda quartzite, and the intermediate region is found in friable Batatal shale
with an extension of approximately 40 m. This same intermediate region is found

in the fault outcrop, as shown in Figure 38.

4.2. Safety Assessment

In the case of safety evaluations using three-dimensional numerical models, there
are still no direct comparison values in the literature. It is worth remembering that
typical recommendations are based on two-dimensional analyses, which provide
values of factors of safety that are intrinsically different from those obtained
through three-dimensional analyses (Albataineh, 2006; Chen et al., 2003; Lu et al.,
2013). In addition, high failure probabilities can occur in locations where deter-
ministic safety factors considered acceptable for open pits are obtained (Torres et
al., 2022). However, the values presented in Table 1 were taken as a reference only
for comparison purposes. More accurate three-dimensional safety analyses should
be based on the target failure probabilities presented in the same table; however,
this type of analysis is not part of the scope of this study. The safety factor was
estimated only for the final pit.

The final pit had an overall safety factor of 1.78, occurring mainly on the
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Zone extra 2
Cut plane: on
Calculated by: Volumetric Averaging

7.4674E-01
7.0000E-01
6.5000E-01
6.0000E-01
5.5000E-01
5.0000E-01
4.5000E-01
4.0000E-01
3.5000E-01
3.0000E-01
2.5000E-01
2.0000E-01
1.5000E-01
1.0000E-01
5.0000E-02
0.0000E+00

Zone Displacement vectors
Cut plane: on

Maximum: 0.319651

Scale: 86.207

Figure 38. Details of the displacement vectors and fault locations in the
final pit—section 2-2’.

Zone Stress-Strength ratio
Cut plane: on
Calculated by: Volumetric averaging
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Figure 39. SSR in the final pit—section 1-1.

Zone Stress-Strength ratio
Cut plane: on
Calculated by: Volumetric averaging
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Figure 40. SSR in the final pit—2-2’ section.
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northeast slope. This is due to the presence of the fault, which cuts the pit and
conditions the presence of low-strength materials. Based on this typical behavior
at the study site, it can be stated that the safety factor of the west slope is at least
greater than those found in these global analyses. The determination of the factor
of safety of the west slope should be performed in isolation from the northeast and
southeast slopes. However, it should be noted that these results correspond to
deep mechanisms and do not exclude the occurrence of small surface events such

as thin planar landslides or buckling or falling blocks.

5. Conclusion

Geomechanical models are typically constructed in a three-dimensional manner
using information obtained from soundings and interpreted based on an under-
standing of the geology of the studied site. These models can be sophisticated be-
cause they incorporate not only geological-geotechnical data but also mining data
such as ore grades. However, simplified models are used during the construction
of predictive models of mechanical and safety behavior.

In this study, a framework was presented to take advantage of the availability of
sophisticated information to reconstruct, generate information and analyze the
three-dimensional behavior of the geomechanical stability of slopes in mining pits.
The routines were applied to the study of the geomechanical behavior of an iron pit.

Both the methods and the results of the analyses presented here suggest that the
method and set of computational routines were shown to be tools with great po-
tential and applicability for robustly and efficiently addressing highly complex ge-
otechnical problems.
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