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Abstract

To extract ore from open pit mines, the associated waste material must also be
removed. In most mining operations, the amount of waste rock is greater than
the amount of ore. Waste from the pits is usually disposed of in piles, which
results in environmental impacts, such as alterations in the natural landscape,
possible contamination of soil and water, and the generation of dust and par-
ticulates. One way to reduce these environmental impacts and achieve a circu-
lar economy (CE) is to use waste rock to construct the pavement layers of mine
roads. Another possibility would be to move only the amount of waste neces-
sary to release the ore of interest; in addition to reducing costs, this approach
would reduce the volume of waste disposed of in piles. In this study, to reduce
the movement of this compact waste, a change in the planned slope is pro-
posed, and the compact waste and surplus material in a long-term mining plan
are evaluated. The new optimized geometries, which meet the requirements for
road pavement material and remain stable, as indicated by 2D geotechnical fi-
nite element modeling, were incorporated into the mining plan of Pit A, an
iron mining complex in northern Brazil. The new mining plan was further sub-
jected to economic analysis, which revealed the variations in the tonnage of ore
and waste rock (mostly fresh mafic), as well as the change in the net present
value (NPV), compared with the original mining plan. The results indicated
that the change in geometry led to a reduction of 4.42 Mt in fresh mafic move-
ment. This reduction directly impacted the NPV of the mine plan, with an in-
crease of US$6.88 million.
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1. Introduction

According to Robertson (1987), waste rock is a type of waste composed of natural
aggregates formed by one or more minerals without economic value. This mate-
rial is removed from mines to allow access to the ore of interest, and although
waste rock is extracted during operation, it is not sent to processing. Instead, it is
usually disposed of in waste piles.

Aragido (2008) reported that the movement of waste material can negatively im-
pact mine development, with economic, safety and environmental consequences.
This is due to the large volume of waste material handled during operation, the
limited availability of suitable areas for waste disposal and the requirements im-
posed by regulatory agencies.

The MMA (2009) and Gomes (2017) suggested that to minimize the amount of
waste sent to piles, five basic principles of environmental education should be
adopted: reduce, reuse, repurpose, recycle and rethink. In addition, Gontijo
(2021) noted that mining companies can adopt strategic alternatives, such as part-
nerships with cooperatives, public agencies and consumers, to realize the use of
waste material. Some potential uses include dam rockfill, embankment filler,
pavement material, civil construction aggregates, etc.

Given the constant generation of waste rock in large volumes during mining
operations, as well as the environmental impacts associated with the disposal of
waste rock in piles, any alternatives that can reduce the amount generated or reuse
this material are of great interest to the sector. Thus, reusing waste rock has
emerged as an essential strategy to minimize environmental impacts, promote
sustainability in the mining industry and stimulate technological innovation (Car-
neiro & Mendes, 2024).

According to authors such as Castro-Gomes et al. (2011), Akbulut and Giirer
(2007), Yellishetty et al. (2008), and Hebhoub et al. (2011), waste material can be
used in asphalt pavement and in the production of concrete. Benarchid et al.
(2018) emphasized that although waste material can replace common natural
coarse aggregates, civil engineering regulations and environmental requirements
must be met. However, the reuse of waste on a large scale is still limited by trans-
portation and other economic factors. Therefore, it is necessary to seek value-add-
ing solutions to promote the reuse of waste material.

Waste use methods in which the high value of the product is not mitigated by
transportation costs have strategic potential. Mun et al. (2007) reported that waste
fines from abandoned mines can be used in polyester mortars. Raupp-Pereira et
al. (2008) reported that waste calcium carbonate can be used in the production of
Portland cement.

According to Kirchherr et al. (2017), the circular economy (CE) is based on the
principle of minimizing waste and reintegrating materials into the economic sys-
tem. Thus, this approach can simultaneously promote economic growth and re-
duce environmental impacts. The main objective of the CE is to achieve financial

prosperity while preserving environmental health. Therefore, it is necessary to
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adopt strategies such as reusing waste (waste rock or tailings) from one process in
another process or reintegrating this waste into the original process to reduce en-
vironmental damage.

The ICMM (2017) reported that mining operations have great potential for
adopting a circular approach. In addition to considering the environmental and
social impacts of their activities, companies in this sector can implement actions
to minimize negative effects, share good practices and reduce waste. Mining gen-
erates a significant amount of waste, and many of these materials can be reused,
either within the production chain itself or in other applications. For example,
waste rock can be used as backfill, in landscaping or as aggregates in road con-
struction. Such applications represent how adopting the CE in mining can trans-
form waste into resources and promote a more sustainable industry.

The CE preserves the value of materials by keeping them available, as opposed
to discarding them. In terms of mining waste, the CE provides a means of creating
value from these materials, keeping the resources in use and limiting their wastage
(Antikainen & Valkokari, 2016; Lébre et al., 2017; Ritzén & Sandstréom, 2017).

Young et al. (2021) reported that establishing circular practices creates mecha-
nisms to reduce water and energy consumption, decrease CO, emissions and
eliminate waste generation. Such practices help reduce operating costs, especially
those associated with risk management and resource consumption. Waste rock
that is stored and exposed to climatic conditions can generate significant environ-
mental impacts over time, which often manifest years after mine closure. By min-
imizing the accumulation of waste rock, circular practices reduce these environ-
mental risks and the related costs. The implementation of circular strategies rein-
forces a company’s commitment to sustainable and responsible production,
strengthening its reputation. In addition, it favors access to markets that prioritize
sustainability, attracts responsible investments and improves capacity.

Jose et al. (2024) stated that applying CE principles in waste management can
make the mining sector more efficient and sustainable. By replacing the simple
disposal of waste with the reuse of resources, the industry can transform environ-
mental liabilities into economic assets, promoting more responsible practices
aligned with sustainability.

El Machi and Hakkou (2024) emphasized that overburden accumulation from
mine operations can cause dangerous environmental problems, such as landslides,
agricultural land degradation and acid drainage. Therefore, the authors suggested
that partnerships be formed between the mining and construction industries, with
the objective of reusing waste in various construction projects. The adoption of a
CE connecting these two sectors is a key strategy for solving the above environ-
mental problems while creating opportunities for corporate and national socioec-
onomic development.

The present study proposes an alternative based on optimizing the overall slope
angle while optimizing the bench face angle so that the movement of waste mate-

rial is reduced. The approach will be applied in an iron mine in a mining complex
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in northern Brazil. The change in slope angles allows better management of the
waste material that is moved, reducing the associated costs and increasing the
NPV of the project.

2. Materials and Methods

With the objective of reducing the movement of compact waste material, the pro-
posed methodology was designed to optimize the overall slope angle and, conse-
quently, the bench face angle. Thus, it is expected that in addition to reducing
waste movement, the associated costs will also be reduced, and the NPV of the
project will increase.

The proposed method is based on the use of trigonometric calculations to
define new angles applicable to pit design and is supported by geotechnical
modeling. A general scheme of the methodological approach is given in the
flowchart in Figure 1. The steps of the methodology are described in the follow-

ing sections.

= =

Figure 1. Flowchart of the proposed methodology.

2.1. Geotechnical Parameters

In the last 5 years, several geotechnical studies focusing on the mining complex in
this case study were performed. Years of data were combined to define the ge-
otechnical parameters of the lithologies of the deposit. According to the type of
lithology, the parameters correspond to different failure criteria, such as the gen-
eralized Hoek-Brown (Hoek et al., 2002) and Mohr-Coulomb (Coulomb, 1776;
Mohr, 1900) criteria. Table 1 shows the data that were used to calibrate the ge-
otechnical instruments used for stability analysis. These parameter values were
maintained throughout the study due to compatibility with the block model and
the lithological model.
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Table 1. Parameters used in geotechnical modeling.

Rock Type ID (kl\f/‘ina) (kl\?/m ) (k;a) ( de;"ree) GSI  m  o(MPa) (Mia) v
Fresh mafic MS 29 30 3200 50 70 7 151 29.66 0.22
Semi-decomposed mafic ~MSD 30 32 240 32 45 3 13.98 27.56 0.22
Decomposed mafic MD 18.5 20 86 28 50 2 0.825 0.91 0.30
Compact hematite HC 37 37 250 45 27.56 27.56 0.22
Friable hematite HF 37 39 124 38 0.38 0.28
Jaspilite JP 37 38 3750 48 60 7 167 45.87 0.21
Chemical canga CcQ 30 30 65 43 2.00 0.35
Structural canga CE 30 30 65 43 2.00 0.35

Manganiferous hematite ~HMN 37 39 75 30

v« dry specific weight; v, saturated specific weight; ¢: cohesion; ¢: friction angle; GSI: geological strength index; m;
material constant for the intact rock; o unconfined compressive strength; E: elastic modulus; v: viscosity coefficient.

2.2. Stability Analysis of the Original Scenario

Stability analysis was performed using the finite element method (FEM) in two
dimensions (2D), prioritizing the pit areas with compact rocks, especially in the
fresh mafic region. The FEM is the best approach for elastic considerations of
slope changes.

FEM modeling is based on geological, piezometric and structural models and is
used to evaluate long-term mine plans, where suitable rocks are more common.
Finite element models need to obey geometric rules that often do not apply in real
geological scenarios; therefore, the geometry of the lithologies must be modified
to sensitively adapt the geological models to the FEM.

To represent the behavior of compact rocks such as fresh mafic and jaspilite,
the generalized Hoek-Brown failure criterion was used. For the remaining friable
materials, the Mohr-Coulomb criterion was used. Figure 2 shows the fresh mafic
region in the eastern portion of Pit A, with the cross-sections indicated.

Six cross-sections were defined for the 2D finite element stability analysis. To
evaluate the degree of stability of the overall slope, acceptability criteria based on
several studies were used, such as those by Swan & Sepulveda (2001), Hoek (2007),
and Read & Stacey (2009), which consider the factor of safety (FoS) as a reference.

Table 2 summarizes the criteria considered.

Table 2. Acceptability criteria for stability analyses.

Criterion FoS: Overall slope angle
Unstable FoS<1.1
Stable, does not meet the acceptability criterion 1.1 <FoS<1.3
Stable, meets the acceptability criterion 1.3<FoS<1.4
Stable, conservative FoS> 14
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Figure 2. Fresh mafic region in Pit A.

2.3. Availability of Compact Waste

The Pit A mining complex is characterized by a significant amount of material
movement, which is associated with very long access routes for off-road trucks.
With more than 100 kilometers of access routes in the complex, there is high de-
mand for suitable material for maintaining the pavement of mine roads, access

routes to tailings deposits and other access routes to the complex (Campos & Pe-

roni, 2023).
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Figure 3. Final pit tonnages.
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Pit A is predicted to be fully exhausted by 2030, and the tonnage of compact
waste, represented by fresh mafic rocks and jaspilite, can be estimated on the basis
of the mining plan. Thus, Figure 3 shows a graph of the planned tonnages of ore,
friable waste and compact waste accumulated annually during the remainder of
the mining period.

The graph shows that the amount of compact waste in Pit A in the last 5 years
of operation will be 36.24 Mt. This value was used to determine the need for com-
pact waste to construct pavement for roads in Pit A, as will be demonstrated in

the next section.

2.4. Requirement for Compact Waste for Road Pavement

A common approach for designing the total thickness of pavement layers on min-
ing roads is based on the California bearing ratio (CBR). This method evaluates
the bearing capacity of the pavement layers to avoid plastic failure in the subbase
under static loading.

According to Kaufmann and Ault (1977), CBR is calculated as the percentage
ratio between the pressure applied by a piston to compact a soil sample under
analysis and the pressure exerted under the same conditions on a standard refer-
ence soil sample. This reference sample is usually composed of high-quality, well-
graded crushed stone with a CBR equal to 100%.

The CBR for a given material (pavement layer or subbase) must be precisely
determined in the laboratory. In this process, different wet conditions are consid-
ered to represent seasonal variations and obtain the corresponding CBR values.

According to Thompson et al. (2019), it is essential to use a strong structural
layer to protect the weaker layers of the subbase. A common material for this
structural layer is blasted rock, which is often available in mining operations, be-
cause it provides the strength necessary to withstand the high loads applied by
large off-highway trucks.

Design methods based on empirical data have a theoretical foundation sup-
ported by the literature, but they are also supported by results obtained from de-
terministic calculations and by analysis of performance under the different oper-
ational and climatic conditions of each mine. Historically, mining complexes have
well-defined rainy and dry seasons. The variation in the volume of precipitation
between these periods directly impacts operations and influences the performance
of equipment, increasing the need for the maintenance of roads.

The CBR, the dynamics of equipment allocation, daily observations and sea-
sonality can be used to determine the amount of material required for pavement
construction to meet short- and medium-term operational demands. For the long
term, an estimate based on previous experience is made. Figure 4 shows a graph
comparing the amount of compact waste material required for pavement with the

amount of compact waste material available in Pit A.

2.5. Determination of the Overall Slope Angle

The original geometry planned for the final slope of Pit A intersects outcrops of
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fresh mafic rock. Because these outcrops are composed of waste rock, a new ge-
ometry is proposed here in which the new slope reduces the movement of waste
material without affecting the amount of compact material required for the

maintenance of mine roads.
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Figure 4. Required vs. available compact waste.

To address this challenge, a simplification was adopted in which the volume of
surplus fresh mafic is located between the original face and the new face of the
proposed slope. This volume is estimated through parallel sections along the fresh
mafic outcrop. The geometry of this section corresponds to the scalene triangle

ABC formed between the original face and the new face, as shown in Figure 5.

Figure 5. Sketch of the geometric problem.

Considering that the internal mass of material in the triangle propagates in a
line, since the density of the material and the area of the scalene triangle are
known, the excess mass of fresh mafic can be calculated to determine the angle a
needed to increase the slope angle 6. Equation (1) shows the calculation of a,

which is derived from the sine law, the equation of the area of the scalene triangle
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and the trigonometric identity.
1
(x:tanfl a2><L><p+ 1 (l)
2xm tan (180" -6)

where:
a: angle added to the overall slope angle (degree);
0: overall slope angle (degree);
a: length of the side adjacent to 8 and a (m);
L: length of the propagation line of the parallel section (m);
p: density of the material in situ (t/m?);
nr: mass of compact fresh mafic material in excess of the required amount of

compact material (t).

2.6. Determination of the Bench Face Angle

To achieve the calculated overall angle for fresh mafic, additional horizontal space
is needed. However, bench heights, operational berm widths and geotechnical
berm widths are fixed in the mining plane and should not be modified. Therefore,
the geometric aspect that can be changed to provide horizontal space in the fresh
mafic range is the operational slope face, which is currently set to a 70° inclination.

Considering that the overall slope is a right triangle, the length of the base of
this triangle can be trigonometrically determined from the overall angle and the
slope height. This measure includes a certain number of benches, operational
berms and geotechnical berms. Likewise, the face slope can also be considered a
right triangle. Thus, from the length of the base of the triangle of the overall slope
and the number of benches, operational berms and geotechnical berms, the length
of the base of the triangle of the face slope can be determined. The new bench face
angle is determined by trigonometry since the height of the bench is known and

the length of the base of the triangle has been calculated (Equation (2)).
h

—(my, xb )—(nngbg) ()

o

¢o= tan”’

tan 0’

N

where:
¢: new bench face angle (degree);
h: bench height (m);
H: overall slope height (m);
N: number of benches;
0': overall slope angle (degree);
1p0: number of operational berms;
g number of geotechnical berms in the section;
b,: width of the operational berm (m);
by width of the geotechnical berm (m).
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3. Results and Discussion

3.1. Stability Analysis of the Original Scenario

In this section, the results of the 2D FEM stability analysis are presented. To define
the initial in situ stress conditions, the current topography of Pit A, the material
characteristics and lithological distribution obtained from the geological model
and the water table position obtained from the hydrogeological model were used.

Figures 6-11 show the stability analysis results for each of the 6 cross-sections.
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Figure 6. Stability analysis of original Pit A—Section 1-1'.
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Figure 11. Stability analysis of original Pit A—Section 6-6'.

The stability analysis indicated that the fresh mafic has good strength and will
not fail. Thus, the stability of the slopes is not a determining factor influencing
changes in geometry, but related analyses were performed to guarantee and con-

firm slope stability.

3.2. Determination of Slope Angles

Considering the control variables for Pit A, Equation (1) can be applied. Table 3
includes the overall slope angle to ensure that the fresh mafic mass meets the com-

pact material requirements of the mine.
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Table 3. Boundary conditions and result of additional a.

Parameter Value

a(m) 382.00

L (m) 862.00
p (t/m?) 3.00

0 (degree) 41.25
Excess of fresh mafic (Mt) 4.76
a (degree) 3.20

6'=0 + o (degree) 4445

In Pit A, a change of 3.20° in the overall fresh mafic slope angle would not affect
the supply of compact material. Thus, the amount of waste material can be con-
siderably reduced.

To determine the new bench face angle of Pit A, Equation (2) was applied. Ta-
ble 4 presents the inputs and the results for the proposed geometry.

Table 4. New bench face angle calculation results.

Parameter Value
A (m) 15
H(m) 165

6' (degree) 44.45

npo 9
Nbg 1
b, 12
by 20
N 11
¢ (degree) 76.30

On the basis of the above calculations, a change in the face slope in fresh mafic
regions was proposed. In Pit A, the bench face angle will change from 70° to
76.30°. The geometric criteria adopted were as follows: maintain the elevation of
all benches, including the 20 m wide geotechnical bench, which is located at an
elevation of 610 m; and maintain the integrity of the access route to the bottom of
the pit. Figure 12 shows a plan view, where the optimized slopes are indicated.
Figure 13 shows a section with a change in slope compared with the original pit
conditions.

3.3. Stability Analysis of the Optimized Scenario

Stability analysis was performed using the same methodology as described above,
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with the same basement and cross-sections. The results of the 2D FEM stability
analysis of optimized Pit A in the six sections are shown in Figures 14-19.

The results show that the stability does not change significantly with the change
in bench face angle. In addition, the lowest FoS values are observed in friable li-

thologies, whose geometry was not changed. Nevertheless, these FoSs are in an
acceptable range.
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Figure 15. Stability analysis of optimized Pit A—Section 2-2".
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Figure 16. Stability analysis of optimized Pit A—Section 3-3".
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Figure 17. Stability analysis of optimized Pit A—Section 4-4'.
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Figure 18. Stability analysis of optimized Pit A—Section 5-5".
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Figure 19. Stability analysis of optimized Pit A—Section 6-6".

3.4. Economic and Comparative Evaluation between Scenarios

In this section, the original pit scenario is evaluated and compared with the
new proposed scenario, considering the change in geometry of the fresh mafic
slopes of Pit A. Regarding the potential benefits of applying the proposed
methodology, a tonnage assessment of the resources contained in the original
and optimized pits was carried out to quantify the masses of ore and waste of
the lithologies, as well as to compare their variations. An economic analysis
was also performed to compare the variations and verify the impacts on the
NPV.

To provide a representative comparison, first, the technical-economic parame-
ters for Pit A provided by the planning team were used. Table 5 summarizes the
parameters used.

In addition to these economic parameters, some additional factors, such as the
mineral inventory class, where reserves include only the measured and indicated
classes, were considered. Regarding the lithologies, all ore of the measured and
indicated mineral inventory classes is considered a product, which would result
in 100% recovery in the crushing process (in the plant).

The results of the evaluation of the scenarios of the original and optimized Pit
A, organized by lithology, are shown in Table 6. The NPV evaluation results are
presented in Table 7. Notably, this NPV calculation does not consider capital
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costs, only operating costs and the other parameters mentioned above. This value
represents a more general picture, as if the ore from the entire pit were mined at
once, without considering pushbacks and sequencing, which, due to their re-

strictions, tend to reduce the NPV at each stage.

Table 5. Technical-economic parameters used in pit optimization.

Parameter Value
Annual production 55,000,000
Mining cost* 1.93 + 0.195 x ATD/1000 US$/t moved
Processing cost 1.8948 US$/t fed
Additional costs** 34.7240 US$/t product
Ore price*** (1.1 x Fegl + 7.289) x (1 - 0.09) US$/t product
Processing recovery 100%
Discount rate 7.5%
ROM moisture 9.0%
Annual production 55,000,000

* Mining cost: This cost depends on the average transport distance (ATD) that the mined
block needs to travel to its destination. ** Additional costs include port costs, railway costs,
overhead, taxes, selling expenses, product handling expenses, etc. ***Ore price: This value
is based on the percentage global iron (FeGl) content.

Table 6. Evaluation of tonnage for the original and optimized Pit A scenarios.

Original Pit A Optimized Pit A

Rock Type Tonnage (t) Tonnage (t) Variation (t)  Variation (%)

CE 55,484 55,484 0 0.00
CQ 3,188,939 3,190,439 1,500 0.05
FMN 171,000 171,000 0 0.00
HC 323,438 323,438 0 0.00
HF 67,009,848 66,948,387 -61,461 -0.09
HMN 242,559 242,559 0 0.00
JP 16,329,473 16,264,639 —64,834 -0.40
MD 35,893,065 35,899,160 6,095 0.02
MS 32,095,999 27,672,690 —4,423,308 -13.78
MSD 7,116,012 6,970,610 —145,401 -2.04
Total 162,425,816 157,738,406 —4,687,410 -2.89

Table 7. Evaluation of NPV for the original and optimized Pit A scenarios.

Original Pit A Optimized Pit A Variation (US$) Variation (%)

NPV (US$) 1,990,313,907 1,997,190,784 6,876,877 0.35

DOI: 10.4236/gep.2025.135008 122 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2025.135008

E. R. Aquino et al.

The proposed change in bench face angle in fresh mafic regions meets the ob-
jectives. In Pit A, the fresh mafic mass was reduced by 4.42 Mt. This value was
relatively similar to the fresh mafic surplus of 4.76 Mt. Regarding other lithologies,
there was an increase in other waste materials, such as chemical canga and de-
composed mafic, and a reduction in jaspilite and semi-decomposed mafic. In ad-
dition, there was a reduction in ore, represented by friable hematite, of a total of
61.46 kt. These variations resulted in a higher NPV of US$ 6.88 million compared

with the original scenario.

4. Conclusion

The incorporation of 2D geotechnical modeling in mine planning offers a prom-
ising methodology for optimizing operational stability. Evaluation of the slope
stability conditions of Pit A via the 2D FEM revealed that the pit has good stability
and that smooth changes in the bench face angle will cause no problems.

The new approach proposed in this study was designed to reduce the excess
movement of compact material, specifically fresh mafic rock. A mathematical
model was developed to optimize the slope angle on the basis of the difference
between the available amount of this rock and the amount required for paving the
mine roads.

A change in the overall slope angle in fresh mafic could only be achieved by
changing the bench face angle, since the bench heights and berm widths are fixed
for operational reasons and to ensure safety of the pit. Therefore, a back calcula-
tion was performed to obtain a new bench face angle and to optimize the overall
slope angle.

The optimized Pit A reduced fresh mafic waste by approximately 4.42 Mt. Thus,
this change resulted in a 0.35% higher NPV when considering the same technical-
economic parameters used to generate the original Pit A plan. In absolute values,
this percentage is equivalent to US$ 6.88 million.

In general, the proposed slope angle optimization contributes to the CE, as it
reduces the amount of material moved. The use of waste rock, specifically fresh
mafic rock, to build the pavement of mine roads is already common in this sector.
Reducing the movement of this material is important for reducing environmental

impacts because it reduces the need for locations to set up new waste piles.
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