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Mohammadi, M. and H. Tavakoli (2013). "Efficiency Investigation of Hoek — Brown Criterion in

Prediction of Stresses on Failure Plane." Journal of Analytical and Numerical Methods in Mining
Engineering 2(4): 71-78 [In Persian].
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Dynamic air separator

CFD Summary

DEM This study focuses on improving the performance of a dynamic air
Characterization separator in the pelletizing plant of GoleGgohar Mining and Industrial
GoleGohar Company. The research combines simulation tools such as Computational

Fluid Dynamics (CFD) and Discrete Element Method (DEM), laboratory
measurements, and field observations to analyze the separator's performance and identify operational issues. The
study investigates the impact of various operational parameters on the separator's efficiency and sensitivity to
each parameter. Two control strategies for adjusting the cage rotation speed were tested, revealing that constant
cage speed resulted in a finer product with less fluctuation in the Blaine number in compare with the variable cage
speed (from 11544240 to 1195472 cm?/g). The accumulation of fine particles (average size of 7 um) in the volute
chamber was identified, attributed to issues such as improper discharge valve operation, uneven air distribution,
and reduced bag filter efficiency. Corrective measures, including adjusting the cyclone discharge valve,
repositioning damper plates, increasing air velocity, and modifying the cage guide vanes, reduced material
deposition in the volute chamber from 30% to 10% of the cross-sectional area. DEM simulations highlighted the
importance of uniform feed distribution on the separator’s efficiency, leading to a proposed design modification
that improved feed distribution and improved particle distribution relative standard deviation from 30% to 5%.

Introduction

The characterization and performance analysis of industrial equipment in mineral processing plants is crucial for
advancing the field, as it provides a deeper understanding of system performance and facilitates process
optimization. Dynamic air separators are increasingly used in dry grinding circuits due to their ability to efficiently
separate fine particles, which is essential for achieving high product quality and operational efficiency. These
separators have evolved through three generations, with the latest high-efficiency separators offering advanced
rotor designs, improved air circulation, and better control over product quality and operational parameters.

Previous researchs have demonstrated the potential of high-efficiency separators to reduce energy consumption
and improve separation efficiency in various industries, including cement and mineral processing. This study aims
to provide a comprehensive performance analysis and troubleshooting of a third-generation dynamic air
separator used in GoleGohar pelletizing plant. The separator's self-regulating nature, while advantageous for
continuous operation, presents challenges in maintaining consistent product quality, necessitating precise control
and optimization strategies.
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Methodology and Approaches

The study employed a multi-faceted approach to analyze and optimize the performance of a dynamic air separator.
A detailed 3D geometric model of the separator was developed using SolidWorks™, based on technical drawings
provided by the manufacturer. This model served as a foundational tool for understanding the separator's internal
structure, enabling accurate Computational Fluid Dynamics (CFD) and Discrete Element Method (DEM)
simulations. DEM simulations were conducted using an in-house developed software package (KMPC-DEM) to
analyze the distribution of materials on the distributer plate, focusing on achieving uniform material flow to
enhance separation efficiency. The simulations revealed challenges in maintaining uniform distribution, leading
to the proposal of a modified distributer design to improve performance.

CFD simulations, performed using Ansys Fluent™, investigated airflow patterns within the separator's volute
chamber and dampers. The Reynolds Stress Model (RSM) was used to capture turbulent and swirling flows, with
boundary conditions set to replicate real operational scenarios. The results, including velocity contours and
pressure fields, were correlated with field observations to identify areas of material accumulation and wear,
guiding design modifications to optimize airflow and reduce wear.

Field monitoring and measurements were conducted to validate simulation results and assess the separator's
performance. Physical inspections, imaging, and sampling were used to track wear patterns, material
accumulation, and operational changes. Particle size analysis, using sieve analysis, cyclosizer testing, and laser
particle size analysis (LPSA), provided detailed insights into material distribution and separator efficiency.
Pressure monitoring, using a calibrated pressure gauge, helped evaluate the impact of damper settings and airflow
variations on separator’s performance. These combined methods provided a comprehensive understanding of the
separator's operation, enabling targeted optimizations to improve efficiency and reliability.

Results and Conclusions

The study through the investigation of operational parameters revealed that maintaining a constant cage
speed led to higher fluctuations in product fineness, whereas implementing a variable-speed strategy
significantly improved product stability, increasing the Blaine number from 1154 + 240 cm?/g to 1195 + 72
cm?/g. These findings highlighted the importance of precise control strategies in achieving consistent product
quality.

Field inspections identified excessive fine particle accumulation in the volute chamber, with an average
particle size of 7 um. This issue was attributed to improper cyclone underflow discharge mechanism,
suboptimal damper configurations, reduced bag filter efficiency, and non-uniform airflow distribution caused
by incorrect guide vane settings. A series of corrective measures, including optimized damper arrangements,
improved dust collection efficiency, and guide vane modifications, reduced material accumulation in the
volute chamber from 30% to 10% of its cross-sectional area.

DEM simulations indicated that the initial feed distribution on the distributor plate was non-uniform. A
modified distributor design was proposed, which significantly improved feed uniformity. It was testified by
the reduction of the relative standard deviation of particles distributed around the plate from 30% to 5%,
ensuring more consistent particle interaction with aerodynamic forces and enhancing overall separation
efficiency.

Overall, this research demonstrated that a systematic approach combining computational modeling,
experimental validation, and field observations can effectively optimize separator performance. The findings
provided valuable insights for improving classification efficiency, reducing material buildup, and stabilizing
product quality in industrial dry grinding circuits.

Improving the performance of the dynamic air separator of the pelletizing plant of the GoleGohar Mining and
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Fig. 1. The grinding circuit of the GoleGohar pelletizing plant
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Fig. 2. A cross-sectional view of the detailed 3D model of the dynamic air separator
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Bifurcation

Stability analysis Summary

Induced stress The demand for underground infrastructures has increased
Plastic zone significantly in recent decades due to urbanization, industrial needs,
Finite difference method and mineral extraction. In coal mining, the design and construction of
Parvadeh Tabas coal mine intersecting tunnels, especially bifurcated intersections, pose unique

challenges. These intersections are often subject to complex stress
redistribution, displacement, and plastic deformation. Failure to address these conditions can jeopardize the
overall stability and safety of the mining operation.

This study presents a numerical investigation into the stability of a bifurcated tunnel intersection (H16) in
the Parvadeh coal mine, Tabas, South Khorasan, Iran. The intersection, formed by S2 slope tunnel and MG5
access tunnel, is situated at a depth of 570 m, within a geologically complex and mechanically heterogeneous
rock mass. The Finite Difference Method (FDM), implemented in FLAC3D, was used to model excavation
sequences, stress redistribution, plastic deformation, and the effectiveness of proposed support systems. A
sensitivity analysis examined the influence of critical geotechnical parameters. Results highlighted key areas
of instability, optimal reinforcement strategies, and practical implications for mine design. Field validation
also confirms the reliability of the numerical model.

Introduction

With the continuous advancement of society, the need for the construction of underground structures has
significantly increased. Depending on the function of the civil structure or the mine design, some tunnels are
inevitably excavated in an intersecting manner. With the growing reliance on underground resources and
infrastructures, the stability of complex tunnel has gained strategic importance. One type of intersecting
tunnel is the bifurcated tunnel, whose stability analysis is of particular importance due to its complex
geometric conditions and induced stresses [1]. The span width of bifurcated tunnels at the intersection point
is generally greater than that of the regular tunnel section, which leads to increased displacements and
reduced structural stability at the intersection. Tunnel intersections are highly vulnerable to instability,
which can compromise operational safety and lead to significant economic losses. Therefore, any instability
occurring at the tunnel intersection can affect the overall structural stability, making it a critical issue from
an engineering perspective [2].

In this study, the stability of a bifurcated intersection in the Parvadeh coal mine—formed by the intersection
of S2 slope tunnel and MG5 access tunnel—is investigated as a case study. The aim of this research is to
analyze the structural stability at the bifurcated intersection by examining the induced stress field, the
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intensity of stress concentration, and the extent of the plastic zone around the intersection area.
Methodology and Approaches

Numerical modeling was carried out using the FDM within the FLAC3D software environment. Figure 1
presents the geological column of the study area. The tunnel cross-section in the bifurcated intersection zone
mainly consists of sandstone, siltstone, and silty-sandstone layers, with the C2 coal seam also observed in the
roof. As shown, the H16 bifurcated intersection is characterized by a wide cross-section and an asymmetric
geometry, connecting the S2 slope tunnel to the MG5 access tunnel at an angle of 78 degrees at a depth of 570
m. Due to the mine design and ongoing extraction operations, various structures are located around the H16
bifurcated intersection. The excavation of each tunnel disturbs the in-situ stress field, resulting in overlapping
induced stresses. Moreover, the considerable depth of this intersection generates relatively high in-situ
stresses, with the vertical stress reaching up to 15 MPa. Additionally, the inclination angle of the S2 slope
tunnel is about 15 degrees from the horizontal, while the MG5 access tunnel has an inclination angle of
approximately 6 degrees. To ensure that the modeling conditions closely resemble the actual ground
conditions, the model dimensions were selected in such a way that the influence of boundary conditions on
the overall model behavior is minimized. The physical and mechanical properties of the rock layers within
the study area are summarized in Table 1.

N §A——————AY Thickness (m) Rock Strata
A e 233 Siltstone
e 4.6 Sandstone
N P 5 35 Siltstone
WS Intecsection = 0.9 C2 Coal seam
B 15 Sandstone
Y ”&‘___/ ; A L = 0.8 Sandy siltstone
— S = == 5 Siltstone
I 1.9 C1 Coal seam
— < 4 Siltstone
7 MGS Intersection T 1.9 Sandy siltstone
= S 2 il 4.2 Sandstone
S latwrsecR e 1.7 Siltstone
\ g 1.2 Sandstone
________ 99 Siltstone
———t

Fig. 1. Geological cross-section of the H16 intersection area

Table 1. Geomechanical and physical properties of rock strata in the study area

Rock Strata Ul(lli‘fgv/v::f)ht defol\flglg}cjil;ﬁ E) é Pa) Cohesion (MPa) Frict(i;engz;ngle Poisson’s ratio
Siltstone 2400 1.268 0.72 18.23 0.25
Sandy siltstone 2600 2.167 0.21 27.05 0.25
Sandstone 2700 2.164 1.22 27.03 0.25
Coal seam 1600 0.621 0.43 11.83 0.32

Given that the maximum tunnel span at the intersection is 6.9 m, based on Saint-Venant’s principle, the model
dimension in the Y-axis direction was chosen to be five times the tunnel width on each side, resulting in a
total width of 70 m. The model length along the X-axis, which aligns with the tunnel advance direction, was
set to 100 m, with the intersection located at the center of this axis. The model height in the Z-direction was
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also set to 100 m, incorporating 30 m below and 70 m above the intersection to account for immediate roof
and floor interactions.

Groundwater effects were not considered in the analysis, and only in-situ stresses were applied as initial
conditions. The overburden weight was modeled as vertical stress acting on the top boundary, while the side
boundaries were fixed against horizontal displacement, and the bottom boundary was fixed against both
vertical and horizontal displacements. Additionally, the horizontal-to-vertical stress ratio was set to 1.15, and
the Mohr-Coulomb failure criterion was adopted to simulate the mechanical behavior of the surrounding
rock mass.

The support system of the slope tunnel consists of 22 mm diameter rock bolts with alength of 2.4 m, arranged
in a regular pattern with 1-meter spacing. These bolts are fully grouted with resin and installed in
combination with wire mesh. In addition, sliding steel frames of type TH36 are used at 800 mm intervals to
ensure the stability of the S2 slope tunnel; the space between the steel frames and the tunnel wall is filled
with backfill material. The mechanical properties of the support systems are summarized in Table 2.

Table 2. Specifications of the proposed support system

Parameter Unit Roof Anchor Cable Roof flexibolt Rock bolt
Diameter (mm) 42 21.7 22
Length (m) 9 6 2.4
Tensile Strength (kN) 590 490 310
Compressive Strength (kN) - - 250
Pretension (kN) 250 - -
Allowable Strain (%) - - 18
Anchc;;aggfdl),ength (m) 5 4 24
Grouting Material Grout Resin Resin

As the slope tunnel approaches the intersection, due to the increased span and cross-sectional area, a
reinforced support system is employed. Specifically, within a 9-meter radius from the center of the
intersection, denser-patterned rock bolts with a length of 2.7 m are installed in the slope tunnel. At the
intersection itself, the support system includes 9-meter prestressed anchors, 6-meter flexibolts, and rock
bolts spaced at 800 mm intervals.

Due to the increased cross-sectional area at the bifurcated intersection, IPB260 and IPB320 beams were used
instead of sliding steel frames. The arrangement of grouted rock bolts in the roof and walls of the access
tunnel follows a square pattern with 800 mm spacing. Additionally, 6-meter flexibolts were installed in the
roof, and IPB260 steel frames were also used as part of the support system in this tunnel.

Results and Conclusions

Nephogram showing the distribution of vertical stresses in the right wall of the slope tunnel is presented
in Figure 2. As observed, the vertical stress initially increases with distance from the right wall of the
slope tunnel and begins to decrease at approximately 14 m from the center of the intersection, eventually
stabilizing. The maximum vertical stress in the stress concentration zone reaches 25.5 MPa. By comparing
the contour lines around the tunnel cross-section, it is evident that the stress concentration at the
intersection is effectively controlled through the installation of the proposed support system.
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High Stress Concentration Zone

Stress Release in Intersection Area

Fig. 2. Nephogram of vertical stresses in the right wall of the slope tunnel

With increasing distance from the bifurcated intersection, greater stress concentration occurs in the
access tunnel. For greater clarity, a 3D view of the induced vertical stresses on both sides of the bifurcated
intersection is shown in Figure 3. According to the stress distribution curves, the vertical stress levels in
the rock mass on the left side—where the intersection angle is smaller—are significantly higher than on
the right side. Moreover, the zone of maximum induced vertical stress on the left side occurs closer to the
sharp corner of the intersection compared to its counterpart on the right. Additionally, both the peak
value and the extent of the area with more intense stress distribution are greater on the left side.

Also, based on the stress concentration contours in the area between the slope tunnel and the access
tunnel, on the left side of the bifurcation, the stress concentration was increased to 1.65 near the slope
tunnel, and to 1.71 near the access tunnel. Moving away from the intersection at the roof of the access
tunnel, the stress level increases, which can be due to its non-circular and wide cross-section. Overall, the
trend of induced vertical stress initially increases continuously, then decreases with increasing distance
from the intersection, and finally stabilizes. This distribution forms dome-shaped iso-stress contours
with a peak value at the center, gradually diminishing as the dome expands.

Based on the shear stress curves in the rock mass on the left side of the intersection, the shear stress
reaches 7.98 MPa at a distance of approximately 12 m from the sharp corner of the intersection (Figure
4a). Additionally, within 2 m of this corner, the shear stress field increases to 5.87 MPa. Overall, it can be
concluded that the intensity of shear stress concentration is higher in the rock foundation on the left side.
According to Figure 4b, the shear stress on the right side of the bifurcated intersection reaches 7.11 MPa
at a distance of 11.3 m from the corner. Furthermore, the trend of shear stress variation in the rock mass
on the right side increases in the direction of the access tunnel. In contrast, the shear stress distribution
in the left-side rock mass tends to be more symmetrical relative to both the slope tunnel and the access
tunnel.

Stability Analysis of Intersection Resulted from Slope and Access Tunnels in Tabas Coal Mine using Finite
Difference Numerical Method


http://anm.yazd.ac.ir/

Vol. 16, No. 46, Spring 2026, Pages 17-30

Journal of Analytical and Numerical
Methods in Mining Engineering

Analytical and Numerical
Methods in Mining Engineering

. -

Yob—11 Journal home page: http://anm.yazd.ac.ir/ v

Induced Vertical Stress (Pa)

Left Pillar

10

<107 Right Pillar i

tduced Vertical Stress (Pa)

05

Shear Stress (Pa)
x10*

@

Shear Stress (Pa)
tof

Fig. 4. Shear stress variation curves in the zone between slope tunnel and access tunnel (plan view)

The extent of the plastic zone in four areas of tunnel roof, tunnel floor, right wall, and left wall decreases
with increasing distance from the center of the intersection. However, the depth of the plastic zone is
greater in the left wall of the slope tunnel. Similarly, in the access tunnel, the spread of the plastic zone—
particularly in the walls—continuously decreases as the distance from the intersection increases.

Due to the existence of rock strata with different strengths, the plastic zone at different distances from
the intersection is almost asymmetric. This phenomenon is illustrated in Figure 5, which shows the
positioning of a weak coal seam located 20 m from the intersection. By comparing various distances and
the relative position of the coal seam to the excavation profile, it can be concluded that the plastic zone is
smaller when the weak layer lies in the roof of the excavation, compared to when it lies in the floor. In
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other words, the presence of a coal seam at the tunnel floor intensifies the spread of the plastic zone,
which in turn increases the risk of floor instability and heaving in both the tunnels and the bifurcated
intersection.

Iope before the J'Brlfureute«'l Intersection Slope After the Bﬁlmted Intersection

Fig. 5. Plastic zone at 20-meter distances from the center of bifurcated intersection

Considering the influence of input parameters on the results of the numerical model, this study
investigates the effect of variations in three key input parameters—namely, deformation modulus,
internal friction angle, and tunnel depth—on the maximum vertical displacement of the intersection roof.
It is evident that in all cases, an increase in the deformation modulus and internal friction angle leads to
areduction in vertical displacements in the numerical model. Additionally, as the tunnel depth increases,
the maximum displacement also increases, resulting in a decrease in the stability of the intersection.

To address excessive displacements and intersection instabilities in this mine, several practical measures
are recommended. To control floor heave in tunnels, it is proposed to excavate tunnels with an inverted
arch or modify the tunnel cross-section to a circular shape, accompanied by the installation of a floor
support system. To manage displacements caused by access tunnel excavation, reducing the excavation
step size is suggested to control the induced stresses around the intersection. Additionally, to mitigate
deformations resulting from stress concentration, studying the behavior of tunnels with modified cross-
sections—particularly circular profiles—is recommended. Implementing partial-face excavation instead
of full-face excavation in the intersection zone may also be an effective approach to enhance the stability
of bifurcated junctions.
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SMOTE algorithm

ADASYN algorithm Summary

RUS algorithm The geochemical data exhibit an imbalance, with a high number of
0SS algorithm samples belong to the low-grade or background class, and a low
SMOTE-Tomek algorithm number of samples in the high-grade or anomaly class. This imbalance
ADASYN-CNN algorithm in the dataset can lead to the development of a biased model,
Qayen Sheet decreasing the likelihood of new samples belonging to classes with

fewer representations and resulting in reduced accuracy and
precision of the model. This paper introduces oversampling techniques such as SMOTE and ADASYN,
undersampling methods like RUS and OSS, and hybrid-sampling approaches such as SMOTE-Tomek and
ADASYN-CNN to address this data imbalance. The performance of these algorithms on geochemical data from
the Qayen sheet is evaluated using SVM and ANN classification methods. The results demonstrate that data
balancing leads to a significant increase in metrics such as accuracy, sensitivity, specificity, precision, F-score,
F-value, G-mean, and AUC by 10 to 50 percent, while reducing error metrics by about 10 percent. The
oversampling, hybrid-sampling, and undersampling algorithms exhibit high performance levels in improving
the classification results, respectively. The geochemical anomaly maps generated with the help of these
balancing algorithms show a greater number of anomaly areas in the study area, effectively aligning with
mineralized rock units. Notably, oversampling techniques like SMOTE and ADASYN, followed by the hybrid-
sampling method ADASYN-CNN, demonstrate superior performance in this regard. Therefore, this paper
recommends oversampling and then hybrid-sampling algorithms before classifying exploration data to
enhance model accuracy and better identify geochemical anomalies in the target area.

Introduction

Classification is a supervised machine learning technique that seeks to build a model from a dataset
comprising multiple classes by analyzing the statistical relationships between them, determining the
probability of a new sample belonging to each class. The accuracy of model estimation heavily relies on the
distribution of samples within the dataset. A balanced dataset indicates an equal distribution of samples
across different classes. However, in real-world data, we often encounter imbalanced datasets. Various
approaches have been proposed to address the issue of classifying imbalanced datasets, including data
sampling, algorithmic modification, and cost-sensitive learning methods [1,2]. This paper focuses on the
algorithms associated with the first approach. To achieve this, geochemical data from the 1: 100,000 Qayen
sheet in South Khorasan Province were utilized, employing support vector machine (SVM) and artificial
neural network (ANN) classification methods.
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Methodology and Approaches

In a two-class training dataset with n samples, if the number of samples in the first class (n1) significantly
exceeds the number of samples in the second class (n2) such that n1>>n2 and n=n1+n2, we are faced with
the challenge of classifying an imbalanced dataset. The majority class is represented by the first class while
the second class is considered the minority class, and the ratio n1/n2 is referred to as the imbalance ratio.
Three approaches have been suggested to address this issue: oversampling techniques, undersampling
techniques, and hybrid methods. This study introduces oversampling methods such as SMOTE and ADASYN,
undersampling techniques like RUS and 0SS, as well as hybrid-sampling approaches including SMOTE-Tomek
and ADASYN-CNN, in order to achieve dataset balance [3,4,5]. Furthermore, the performance of these
methods on the geochemical data of stream sediments from the Qayen sheet has been examined using SVM
and ANN classification methods. Accuracy, sensitivity, specificity, precision, F-score, F-value, G-mean, and
AUC metrics have been employed to assess the confusion matrix of the classification techniques [6,7].

Results and Conclusions

Initially, the dataset is randomly split into two parts: training data (comprising approximately 80 percent of
the data, specifically 450 samples from the majority class and 71 samples from the minority class, totaling
521 samples) and testing data (comprising around 20 percent of the data, which equates to 113 samples from
the majority class and 18 samples from the minority class, totaling 131 samples). The classification outcomes
of the imbalanced dataset reveal that despite the high average classification accuracy in both methods,
approximately 87 percent, the classification accuracy of the minority class is notably low. Consequently, there
is a necessity to balance the training data. Tables 1 and 2 exhibit the classification outcomes of the testing
data using balanced models and the metrics from the confusion matrix, respectively. These tables illustrate
that data balancing has succeeded in enhancing the value of all metrics and diminishing the error metric's
value. Overall, the ADASYN-CNN algorithm within the SVM method and the SMOTE algorithm within the ANN
method can be recommended as the top methods, as they possess the highest cumulative metric values.

Table 1. Classification results of testing data with balanced models using the SVM and ANN methods

Predicated samples
Type of data SMOTE ADASYN
SVM ANN SVM ANN
Background | Anomaly | Background | Anomaly | Background | Anomaly | Background | Anomaly
1'2. Background 102 11 111 2 100 13 112 1
§ Anomaly 1 17 2 16 1 17 3 16
E Accuracy 90.3 64.4 98.2 89.9 88.5 94.4 99.1 89.9
RUS (O
Lz Background 88 25 95 18 89 24 99 14
§ Anomaly a5 13 2 16 5 13 2 16
E Accuracy 77.9 72.2 84.1 89.9 78.8 72.2 87.6 89.9
SMOTE-Tomek ADASYN-CNN
% Background 93 20 107 6 101 12 110 3
§ Anomaly 1 17 1 17 1 17 2 16
E Accuracy 82.3 94.4 94.7 94.4 98.3 94.4 97.3 89.9
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Table 2. Values of the confusion matrix metrics for the testing data
Type of data
Method Balanced
Imbalanced
SMOTE ADASYN RUS 0SS SMOTE-Tomek | ADASYN-CNN
AC 0.809 0.908 0.893 0.771 0.779 0.839 0.901
ER 0.191 0.092 0.107 0.229 0.221 0.161 0.099
S 0.867 0.903 0.885 0.885 0.779 0.823 0.983
SP 0.444 0.994 0.994 0.994 0.722 0.994 0.994
SVM P 0.907 0.990 0.990 0.946 0.947 0.989 0.990
F-Score 0.887 0.945 0.935 0914 | 0.855 0.898 0.986
F-Value 0.889 0.971 0.967 0.933 0.908 0.951 0.989
G-Mean 0.620 0.923 0.914 0914 | 0.750 0.934 0.963
AUC 0.656 0.923 0.915 0.750 0.755 0.884 0.919
AC 0.855 0.969 0.977 0.847 | 0.878 0.947 0.962
ER 0.145 0.031 0.023 0.153 0.122 0.053 0.038
S 0.903 0.982 0.991 0.841 0.876 0.947 0.973
SP 0.555 0.899 0.899 0.899 0.899 0.944 0.899
ANN P 0.927 0.982 0.974 0.979 0.980 0.991 0.982
F-Score 0.915 0.982 0.982 0.905 0.925 0.969 0.977
F-Value 0.922 0.982 0.977 0.948 | 0.957 0.982 0.981
G-Mean 0.708 0.939 0.943 0.870 0.887 0.945 0.935
AUC 0.729 0.936 0.912 0.865 0.882 0.946 0.931

In the following, models generated from a balanced dataset utilized to produce a composite geochemical
anomaly map of the study area. To achieve this, we employed the inverse square distance method to estimate
the concentration of each element in 500x500 m cells. The Qayen sheet comprises a total of 12221 cells,
resulting in a data matrix of 27x12221. Figures 1 and 2 display the geochemical anomaly map of the study
area generated using SVM and ANN classification methods, utilizing imbalanced and balanced datasets,
respectively. The anomaly zones in the SVM and ANN maps cover approximately 16 and 50.25 km2,
respectively. Figure 1 highlights that the identified geochemical anomalies exhibit limited overlap with the
igneous rock units within the study area. The balancing algorithms utilized in modeling the geochemical
anomaly maps expanded the anomaly areas and effectively aligned them with mineralized rock units.
Furthermore, oversampling algorithms such as SMOTE and ADASYN, followed by the hybrid ADASYN-CNN
algorithm, demonstrated superior performance in achieving this outcome.
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Fig. 1. Map of composite geochemical anomalies estimated with the imbalanced dataset along with the location of igneous rock units in
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Fig. 2. Map of composite geochemical anomalies estimated with the balanced dataset (Legend is the same as in Fig. 1)

Hence, this paper recommends balancing the dataset before classification to enhance the accuracy, precision,
and efficiency of the classification model. Additionally, another suggestion outlined in this paper is to utilize
oversampling algorithms followed by hybrid-sampling algorithms prior to classifying the exploration data.
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Cable bolt

Cable bolt Pattern Summary

Stability analysis One of the most important challenges in underground excavation
Optimization projects is ensuring stability in weak ground conditions. Cable bolts
Tunnels and Underground spaces are widely used as a reinforcement system due to their high load-

bearing capacity and flexibility in various geological environments. In
this study, numerical modeling using FLAC3D was conducted to evaluate different cable bolt patterns,
including conventional, short-long, and spiral arrangements. The results showed that the short-long pattern,
with alternating bolt lengths of 5 and 7.5 m at a spacing of 1.5 x 2.2 m, reduced tunnel displacement from 7.0
cm (Sakurai’s allowable limit) to 5.5 cm while lowering cable consumption by about 10% (equivalent to 175
m in a 28 m tunnel). The spiral arrangement using 7.5 m bolts achieved the lowest displacement (3.5 cm),
although it required more complex installation. Overall, the short-long pattern was identified as the most
practical and cost-effective option, balancing stability improvement and material savings, and is therefore
recommended as the optimal support design in weak ground conditions.

Introduction

The stability of underground excavations is one of the most critical issues in mining and civil engineering.
Among the available support systems, cable bolts are widely applied due to their high load-bearing capacity
and suitability in weak ground conditions. However, inappropriate design or arrangement may lead to
unnecessary material consumption or insufficient support. This study focuses on determining an optimal
cable bolt pattern to enhance tunnel stability while minimizing material usage.

Methodology and Approaches

A continuous medium was numerically modeled using FLAC3D software to simulate the behavior of
underground tunnels supported by cable bolts. Several bolt patterns were investigated, including the
conventional arrangement, the short-long alternating pattern, and the spiral arrangement. The analysis
considered tunnel displacement, plastic zone development, and material consumption to evaluate the
efficiency of each support scheme.

Results and Conclusions

Simulation results showed that the short-long cable bolt pattern significantly reduced tunnel
displacement compared to the conventional arrangement, achieving stability with about 10% less
material consumption. The spiral arrangement further decreased displacement but required more
complex installation. Overall, the short-long pattern was identified as the most practical and economical
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option, providing improved stability while reducing support costs.

References

[1] Bagheri, M;; Jalalifar, H.; R. Rahmannejad, R.,(2008), The Evaluation and Applicability of Rock Bolts in Coal Mines
with regard to the Kerman Province Mines. In: Proceedings of the Aachen international symposium on Roof-
bolting in Mining, March 2008. Publisher: Wissenschaftsverlag Mainz in Aachen; pp 257- 274.

[2] Sanmarian Esfahani, N., Azari, A.,, Baghbanan, A., Hashem Al-Hosseini, H. (2023). Evaluation of optimal rock bolt
arrangement for the stability of a jointed rock mass using 3D DEM-DFN method - Case study: Kolab 2 cavern.
Analytical and Numerical Methods in Mining Engineering, 13(34), 67-81. [In Persian]

[3] Croney P. Legge T. and Dhalla A, (1978), Location of block release mechanism in tunnels from geological data
and the design of associated support. Computer Methods in Tunnel Design. Institute of Civil Engineers. London,
pp 97-1109.

[4] Everling G., (1964), Model test concerning the interaction of ground and roof support in gate roads. Int. J. Rock
Mech. Min. Sci., Vol. 1, pp 319-326.

[5] Fahimifar, A; Soroush, H. (2004): A theoretical approach for analysis of the interaction between grouted
rockbolts and rock masses. In: Tunnelling and Underground Space Technology, 20(2004), Issue 4; Publisher:
Elsevier Press; pp 333-343.

[6] Farmer IW, Shelton PD. (1980), Factors that affect underground rockbolt reinforcement systems design.
Transactions of the Institutions of Mining and Metallurgy (1980);89:68-83.

[7] .Goodman R. E.and Shi G., (1985), Block Theory and Its Application to Rock Engineering. Englewood Cliffs, New
Jersey.

[8] Habenicht H., (1983), The anchoring effects - our present knowledge and its shortcomings - A key note lecture.
Proc. of Int. Symp. on Rock Bolting, Abisko, pp 253-268.

[9] Hobbs D.W.,, (1968), Scale model studies of strata movement around mine roadways. Int. J. Rock Mech. Min. Sci.
Vol. 5, pp 219-235.

[10] Hoek E. (1963), Experimental study of rock stress problems in deep level mining. Proc. 1st Congr. on
Experimental Mechanics, New York, pp 177-193.

[11] Hoek E.,(2007), Model to demonstrate how bolts work. In: Practical rock engineering;.

[12] Itasca Consulting Group, (2015), FLAC-Fast Lagrangian Analysis of Continua, Version 5.1., ITASCA Consulting
Group, Inc, Minneapolis, MN.

[13] Junly, L. (1999): A new rockbolt design criterion and knowledge expert system for stratified roof. The Faculty
of the Virginia Polytechnic Institute and State University; Dissertation. In: website:
www.eng.unsw.edu.au/faculty /publicat/2007 /Eng%20Research%20Guide.pdf.

[14] Kaiser PK, Tannant DD, McCreath DR. ,(1996), Canadian rock burst support handbook. Sudbury, Canada:
Geomechanics Research Center.

[15] Li C. C, (2017), Principles of rockbolting design, Journal of Rock Mechanics and Geotechnical Engineering, pp
396-414.

[16] Kovari, K. (2004): History of rockbolt and the sprayed concrete lining method. In: Proceedings of the Aachen
International symposium on Roofbolting in Mining (2004); Publisher: Wissen-schaftsverlag Mainz in Aachen;
pp 39 - 85.

[17] Rabcewicz, L. V. (1964). The new Austrian tunnelling method. Water power
[18] Panek LA., (1964), Design for bolting stratified roof. Transactions of the Society of Mining Engineers ;229:9-13.

[19] Coates DF, Cochrane TS., (1970), Development of design specifications for rock bolting from research in
Canadian mines. Research Report R224. Mining Research Centre, Energy, Mines and Resources Canada.

Numerical Modeling for Determining the Optimal cable Bolt Pattern in the Stability Analysis of Underground
Spaces


http://anm.yazd.ac.ir/

Vol. 16, No. 46, Spring 2026, Pages 49-68

Journal of Analytical and Numerical
Methods in Mining Engineering

Joumal of

Analytical and Numerical
Methods In Mining Engineering
. -

sb—Ts Journal home page: http://anm.yazd.ac.ir/ \_/'

[20] Lang T.,(1972), Rock reinforcement. Bulletin of the International Association of Engineering Geology;9: 15-39.

[21] Barton N, Lien R, Lunde ].,(1974), Engineering classification of rock masses for the design of tunnel support.
Rock Mechanics;6(4),pp 189-239.

[22] Schach R, Garschol K, Heltzen AM., (1979),Rock bolting: a practical handbook. Oxford: Pergamon

[23] .Farmer IW, Shelton PD., (1980), Factors that affect underground rockbolt reinforcement systems design.
Transactions of the Institutions of Mining and Metallurgy (1980);89:68-83.

[24] Crawford AM, Ng L, Lau KC.,(1985), The spacing and length of rock bolts for underground openings in jointed
rock. In: Einsenstein Z, editor. Proceedings of the 84 5th international conference on numerical methods in
geomechanics. A.A. Balkema. pp 293-300.

[25] Stillborg B., (1994), Professional user’s handbook for rockbolting. ClausthalZellerfeld: Trans Tech Publications.

[26] .SchubertW., (2001), Recent experience with squeezing rock in Alpine tunnels. In: CUC erock support in medium
to poor rock conditions.

[27] Li CC,, (2012), Design principles of rock support for underground excavations. In: Eurock 2012. Stockholm,
Sweden.

[28] Ziping, H. (2001): Stabilizing of rock cavern roofs by rockbolts. Department of geology and mineral resources
engineering; Faculty of applied earth science; Norwegian University of Science and Technology; PhD thesis.

[29] NgCW.W.,, Lee G.T.K, (2002), A three-dimensional parametric study of the use of soil nails for stabilising tunnel
faces", Computers and Geotechnics, Vol. 29:pp 673-697.

[30] .Fellin W., King J., Kirsch A., (2010), Oberguggenberger M., "Uncertainty modelling and sensitivity analysis of
tunnel face stability”, Structural Safety Vol. 32 402-410.

[31] Sakurai, Sh.; 2010; “Modeling strategy for jointed rock masses reinforced by rock bolts in tunneling practice”.
Acta Geotechnica, Vol. 5.2, pp. 121-126.

[32] Kaya, A.; Bulut, F.; and Sayin A.; 2011; “Analysis of support requirements for a tunnel portal in weak rock: A case
study from Turkey”. Scientific Research and Essays, Vol. 6(31), pp.6566-6583.

[33] Lorig, L.].; Varona, P.; 2013; “Guidelines for numerical modelling of rock support for mines.” Proceedings of the
Seventh International Symposium on Ground Support in Mining and Underground Construction. Australian
Centre for Geomechanics, pp. 81-105.

[34] Mark C., (2015) , Design of roof bolts systems, Ergonomics in Mining project.

[35] Boon, C. W.; Houlsby, G. T.; Utili, S.; 2015; “Designing tunnel support in jointed rock masses via the DEM.” Rock
mechanics and rock engineering, Vol. 48.2, pp. 603-632.

[36] Shreedharan, S.; Kulatilake, P.; 2016; “Discontinuum-equivalent continuum analysis of the stability of tunnels
in a deep coal mine using the distinct element method”. Rock Mechanics and Rock Engineering, Vol. 49.5: pp.
1903-1922.

[37] Skrzypkowski, K., Korzeniowski, W., Zagérski, K., & Zagorska, A. (2019). Flexibility and Load-Bearing Capacity
of Roof Bolting as Functions of Mounting Depth and Hole Diameter. Energies, 12(19), 3754.

[38] Sarfarazi, Vahab & Asgari, Kaveh & Nasrollahi, Mehdi. (2021). Interaction between rock bolt and rock bridge
under tensile loading. Geomechanics and Geoengineering. 25.455-471.10.12989/gae.2021.25.6.455.

[39] Fu, ]., Sarfarazi, V., Haeri, H,, Zarei, A. S., Bahrami, R., Imani, M., & Marji, M. F. (2024). Experimental and Numerical
Analyses of Shear Failure Mechanisms of Rock Bolt Surrounded by Bedded Rock. International Journal of
Geomechanics, 24(12), 04024276.

[40] Longji Guo, Zhigang Tao, Manchao He, Massimo Coli. (2024). Excavation compensation and bolt support for a
deep mine drift,Journal of Rock Mechanics and Geotechnical Engineering,Volume 16, Issue 8,Pages 3206-
3220,ISSN 1674-7755.

[41] Chenglei Du, Yong Cheng, Quansheng Liu, Zitao Cheng, Yiwei Liu, You Lu, Haitao Jiang. (2025).A new type of
rockbolt model in 3D FDEM and its application to tunnel excavation,Tunnelling and Underground Space

*Corresponding author: E-mail: mosleh.eftekhari@modares.ac.ir


http://anm.yazd.ac.ir/

Vol. 16, No. 46, Spring 2026, Pages 49-68

Journal of Analytical and Numerical
Methods in Mining Engineering

Joumal of

Analytical and Numerical
Methods In Mining Engineering
. -

sb—Ts Journal home page: http://anm.yazd.ac.ir/ '\_/'

Technology,Volume 155, Part 1,106210,ISSN 0886-7798

[42] Sarfarazi, V., Zhou, L., Haeri, H. , Salehipour, P., Elahi, A., Moayer, A. and Fatehi Marji, M. (2025). Failure

Mechanisms of Concrete-Bolt Attachment Surface: Impact of Cable Bolt Indent Number and Shape. Journal of
Mining and Environment, 16(1), 223-239.

[43] Karami, M., Abreh, B., Faramarzi, L. (2012). Practical training in FLAC3D software. Isfahan University of
Technology - Academic Jahad Publications. [In Persian]

[44] Hosseini, M. Afzal Aghaei, A. (2012). Back analysis of Siyah Bisheh dam power plant cavern using
instrumentation data. Journal of Mining Engineering, 7, [In Persian].

Numerical Modeling for Determining the Optimal cable Bolt Pattern in the Stability Analysis of Underground
Spaces


http://anm.yazd.ac.ir/

Vol. 16, No. 46, Spring 2026, Pages 69-87

Journal of Analytical and Numerical
Methods in Mining Engineering

5,2, 4 Journal home page: http://anm.yazd.ac.ir/

Research article

Enrichment of low-grade Hematite sample by gravity and magnetic
methods (Case study: Red soil of Sahel mine)

Seyed Hamzeh Amiri!, Marzieh Hosseini Nasab?*, Mohammad Noaparast!, Seyyed Ziaodin Shafaei*

1- Dept. of Mining Engineering, University of Tehran, Tehran, Iran
2- Dept. of Mining Engineering, University of Sistan and Baluchestan, Zahedan, Iran

(Received: 04 March 2025, Revise: 06 September 2025, Accepted: 09 September 2025)
DOI: 10.22034/anm.2025.22874.1669

Keywords English Extended Abstract

Red soil

Hematite Summary

Shaking Table In this research, concentration of red soil ore located in Bandar Abbas
Magnetic Separation west was investigated. Mineralogical studies showed that iron
Full factorial minerals in sample contain Hematite and Goethite, Calcite and Quartz

are main part of gangue minerals. According to chemical assaying, the
average iron grade of ore was 44.71% Hematite (31.3% Fe) and our aim is achieve to grade above 55%
Hematite. Gravity (Shaking Table), Wet High-Intensity Magnetic Separation, and Dry High-Gradient Magnetic
Separation tests were carried out on sample for concentration and reducing gangue minerals. The tests of
Shaking Table were designed by use of full factorial method and effect of dip, cleaning water and feed water
flow rates were investigated. For Shaking Table tests in size fraction +150 microns with feed water flow rate
81/min, dip 8° and wash water flow rate 11.5 1/min -regarding as best performance condition- concentration
assay and recovery were 55.87% Hematite and 63.25% respectively and it can be used for pre-concentration.
According to assay distribution after feed disliming, Dry High-Gradient Magnetic Separation for two-size
fraction -2380+1000 and -1000+150 microns was used. For size fraction of -2380+1000 microns
concentration assay and relative recovery were 57.6% Hematite and 95.11% respectively and for size
fraction -1000+150 microns concentration assay and relative recovery were 64.34% Fe203 and 75.14%
respectively. For Wet High-Intensity Magnetic Separation, concentration assay and relative recovery were
57.53% Hematite and 64.9% respectively. Also after using more tests related to Wet High-Intensity Magnetic
Separation and applying two cleaner stages, concentration grade reach to 80.17% Hematite.

Introduction

Today, the extensive applications and needs of various industries for red soil have led humans to exploit new
reserves of red soil and even to produce artificial red soil due to the low quality and quantity of natural red
soil [1-3].

The sample studied in this research belongs to the Sahel mine in Hormozgan province, which is located 20
km west of Bandar Abbas. This mine is an example of the numerous and low reserves in the region that are
not economically exploited. The present study aims to increase productivity and benefit for mines whose
extracted products are currently sold without processing and only in the form of granules to cement
production units in the region and the southern Persian Gulf countries.

Since the difference in specific gravity is significant for iron-bearing and waste minerals, most physical
enrichment methods can be applied to iron ores [4]. The common method of concentrating iron ores,
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especially deposits such as red soil that contain iron oxide particles in the form of Hematite that have weak
magnetic properties, is magnetic concentration, which is the cheapest and most efficient method of
concentrating and removing iron impurities [5].

Methodology and Approaches

All materials were crushed to a size smaller than 2.35 mm. After crushing the sample using a roller crusher,
the sample was mixed and homogenized. The d80 of the final product is approximately 1110 pm.

The results of XRD analysis showed that the main minerals in the sample were Hematite, calcite, and quartz.
The Titration analysis showed that the amount of iron in the sample was 31.3 percent (44.71% Hematite).
The Bond work index and the optimal grinding time of the sample were determined.

Processing tests include shaking table, dry and wet magnetic tests performed to enrich the red soil sample.
Design Expert 7 software was used to design the experiments.

Results and Conclusions

As the slope of Shaking Table increases, the grade increases, and as the feed water flow rate increases, the
grade decreases. To achieve high grade, the slope factor should be selected at a high level, the feed water ata
low level, and the wash water factor (due to the interaction) at the opposite level of the slope.

By increasing the feed water parameter, the retention time of the particles in the magnetic separator is
reduced, so completely valuable particles enter the concentrate and increase the grade.

Considering the initial sample dimensions, which were smaller than 5 mm, the Bond work index of the sample
was 8.29 kWh/short ton, which indicates low energy consumption for achieving dimensions smaller than
150 microns.

In 4 minutes, 90% of the material passes through the 150 pm screen, and therefore the optimal grinding time
can be considered to be 4 minutes.

In the experiments with the table separator, the parameters of table slope, feed water and interaction of slope
and wash water were the most effective parameters on Fe:03 grade and slope was the most effective
parameter on Fez03 recovery, respectively, and finally a concentrate with a grade of 55.87% Fe203 and a
relative recovery of 63.25% was obtained.

The best results were obtained using high wet intensity magnetic separators. With an enrichment step, a
product with a grade of 57.53% Fe203 and a recovery of 64.9% was obtained. Also, in the continuation of the
supplementary high intensity wet magnetic separation experiments, a product with a grade of 80.17% Fe203
and a recovery of 36.5% was obtained after two cleaning stages.

High gradient dry magnetic separation was performed for two dimensional ranges of -2380+1000 microns
and -1000+150 microns, where the dimensional range of -2380+1000 microns had a product with a grade of
57.6% Fe203 and a relative recovery of 95.11%, and the dimensional range of -1000+150 microns had a
product with a grade of 64.34% Fe203 and a relative recovery of 75.14%.

Considering the fineness of part of the sample, it is recommended to conduct flocculation experiments costs.
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Photogrammetry S

Unmanned Aerial Vehicle (UAV) ummary

3D Rockmass modeling A digital photogrammetry has become a widely utilized technique for
Joint mapping mapping geological features and characterizing rock masses in mining

operations. Despite its advantages, challenges persist in capturing
geotechnical data in remote mining areas, leading to incomplete models that could result in significant risks,
such as collapses in underground excavations. Kinematic analysis of discontinuities can help predict potential
failures, addressing data gaps. The integration of unmanned aerial vehicles (UAVs) has improved data
collection, enabling high-resolution imagery and accurate topographic data even in difficult conditions. In
this review study, an introduction to the significance of investigating jointed rock masses and the factors
influencing their formation mechanisms is first presented. Subsequently, case studies of modeling jointed
rock masses using aerial data collected via drones are provided. Additionally, the challenges associated with
utilizing various types of drones in the mining industry for future studies are discussed.

Introduction

The integration of drone technology into mining operations has revolutionized the way geological surveys
and resource management are conducted in both open-pit and underground mining environments. With the
increasing demand for efficient and precise data collection, drones have emerged as a vital tool for enhancing
operational efficiency, safety, and environmental sustainability in the mining sector. This review synthesizes
insights from over 60 scholarly articles, highlighting the current state of drone applications in mining,
encompassing various methodologies and technological advancements that have shaped contemporary
practices. The primary objective of this study is to critically evaluate the existing literature on the utilization
of drone technology in mining design and extraction processes. By examining both open-pitand underground
mining contexts, this review aims to identify key challenges that practitioners face when implementing drone
technology, such as regulatory compliance, data processing complexities, and operational limitations.
Furthermore, it seeks to explore future prospects for drone applications in mining, offering recommendations
for overcoming existing barriers and enhancing the efficacy of this transformative technology in the industry.

Methodology and Approaches

This review article utilizes a systematic literature review methodology to assess the current applications of
drone technology in the design and extraction processes of both open-pit and underground mining. The
research commenced with a comprehensive search for relevant scholarly articles published in peer-reviewed
journals, conference proceedings, and industry reports. Academic databases such as Scopus, Web of Science,
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and Google Scholar were employed, focusing on keywords including "drone technology,
"geospatial data,” "mining," and "rock mass modeling .

photogrammetry,"”

The selection criteria for the articles included relevance to mining contexts, recency—favoring publications
from the last decade to capture the latest advancements—and peer-reviewed status to ensure credibility.
This approach ensured that only high-quality studies were included in the review.

Key information was extracted from the identified articles and categorized thematically. The extraction
focused on several critical aspects: technological innovations, including types of drones and sensors used;
case studies illustrating practical applications of drone technology in various mining scenarios; challenges
faced in implementing these technologies, such as regulatory compliance and the need for specialized
training; and future directions that highlight potential advancements like artificial intelligence integration for
enhanced data analysis.

The findings were organized into categories such as application phases (exploration, exploitation,
reclamation), technological advancements (e.g., LIDAR and multispectral imaging), challenges related to
operational training and regulatory compliance, and future directions emphasizing Al integration and real-
time data processing optimization. This thematic analysis facilitated a structured synthesis of findings that
underscores best practices for integrating drones into mining design and extraction processes.

Additionally, the review highlights the importance of accurate geotechnical data acquisition for effective rock
mass modeling. It emphasizes that precise data collection significantly influences various aspects of
engineering design, including slope stability assessments and resource estimation. The study also
acknowledges limitations in encompassing all emerging technologies or regional practices due to the
dynamic nature of the field. Future research should continue to explore innovative applications of drone
technology as they evolve within the mining industry, aiming to enhance safety, efficiency, and accuracy in
mining operations through advanced data collection techniques.

Moreover, this review aims to provide a comprehensive understanding of how photogrammetry can enhance
rock mass modeling by integrating high-resolution aerial imagery with advanced analytical techniques. By
addressing various methodologies employed in drone-based data collection, this study seeks to inform future
research directions and practical applications in mining engineering.

Results and Conclusions

The findings of this review highlight the significant advancements in drone technology and its applications in
both open-pit and underground mining. The analysis of over 60 scholarly articles reveals that the integration
of drone-based photogrammetry has substantially improved data collection efficiency, accuracy, and safety
in mining operations. The results indicate that drones facilitate rapid surveying of geological features,
enabling the creation of high-resolution three-dimensional models that are essential for geotechnical
assessments. The use of Structure from Motion (SfM) techniques has emerged as a particularly effective
method for generating detailed point clouds, which can be utilized for various engineering analyses, including
slope stability evaluations and resource estimation. The accompanying figure illustrates the comparative
advantages of drone-based photogrammetry over traditional surveying methods. It depicts the time
efficiency, cost-effectiveness, and data quality improvements achieved through drone applications. Notably,
the figure emphasizes the ability of drones to access remote or hazardous areas safely, thereby mitigating
risks associated with manual data collection. As a result, the review concludes that while challenges such as
regulatory compliance and the need for specialized training persist, the future prospects for drone technology
in mining are promising. Continued advancements in sensor technology and software development are
expected to further enhance the capabilities of drones, making them indispensable tools for modern mining
operations. This study underscores the importance of adopting innovative technologies to improve
operational efficiency and safety in the mining industry while paving the way for future research and
development in this rapidly evolving field
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