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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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Laubscher, D. H. (1990). A geomechanics classification system for the rating of rock mass in mine

design. JS Afr. Inst. Metall, 90(10), 267-273.
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Kendorski, F. S., Cummings, R. A., Bieniawski, Z. T., & Skinner, E. H. (1983, January). Rock mass
classification for block caving mine drift support. In 5th ISRM Congress. International Society for Rock
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Summary

During a fire, in a short period of time, the temperature in the tunnel
reaches about 1300°c, which itself leads to many chemical interactions in
the structural and non-structural components of the tunnels and changes
their performance depending on the depth and the quality of these interactions, the structure can be seriously
damaged and in the worst case, the stability of the tunnel can be compromised. In this research, an attempt
was made to investigate the behavior of the tunnel concrete lining under fire conditions with the help of finite
element numerical analysis. The ordinary concrete lining of the tunnel was affected by the fire, and the
temperature of the tunnel reached about 1300°c, and the behavior of its concrete lining was investigated.
Then, according to the recommendations of the regulations to use fiber concrete to reduce the effects of fire,
fiber concrete of steel fiber concrete, glass fiber concrete, and polypropylene fiber concrete were modeled
under fire conditions. Considering the effect of fire on the tensile strength of concrete as well as its
deformation, the focus of the current research was on the effect of fire on the tensile damage and deformation
of concrete. The behavior of concrete lining is the same as behavior in normal conditions. The results of this
research showed that steel fiber concrete showed the best performance against fire. The deformation of steel
fiber concrete was reduced by 75% compared to concrete without fibers. The deformation of polypropylene
fiber concrete was reduced by 15% compared to concrete without fibers. Deformation of glass fiber concrete
showed a 10% decrease compared to concrete without fibers.

Introduction

In general, two phases of materials are evident in concrete: the solid phase of which includes a combination
of cement and other stone materials and additives, and the liquid phase of which includes water that is
present in concrete pores. By applying fire to concrete parts, in addition to the reactions that occur in the
solid phase of concrete, changes also occur in the liquid phase of concrete, and gradually, a gas phase is
formed in concrete, which includes water vapor in the holes. In the construction of concrete parts of tunnels,
concrete with high compressive strength is mainly used, which increases the compressive strength of
concrete and reduces the permeability and porosity of concrete. By reducing the permeability of concrete,
the passage space for water fluid and water vapor in concrete is reduced, and the concrete is more affected
by fire. Usually, the water in the voids of the concrete starts to turn into water vapor at a temperature of 100
degrees Celsius, and gradually, after passing the temperature of 150 degrees Celsius, all the water in the voids
of that part of the concrete turns into water vapor and starts It concretize into the flow in the colder inner
parts and accumulates there. As the fire continues and the temperature increases in the concrete, the rate of
formation and conversion of water-to-water vapor and further, the migration of water vapor to the inner
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layers increases; To the extent that the water vapor particles occupy part of the concrete penetration valves
and by saturating the holes in that part of the concrete, they create barriers that prevent the passage of more
water vapor. With the formation of layers saturated with water vapor or a mixture of water vapor and water,
and gradually with the influx of water vapor from the hotter parts of the concrete, the pore pressure in this
area of the concrete begins to form and develop, and as a result, the tensile stress lines are formed in that
part of the concrete. To the extent that with the increase of heat and water vapor penetration in concrete,
pore pressure and tensile stresses in the area of water and water vapor accumulation exceed the tensile
strength of concrete and lead to the separation of that part of the concrete from the concrete piece. Figure 1
shows the phenomenon of spalling or separation of concrete.

Fig 1. Spalling in concrete
Methodology and Approaches

In this research, with the help of Abaqus software, a tunnel with an opening width of 5 meters and a length
of 10 meters with a concrete cover thickness of 50 cm was dug in a limestone ground with dimensions of 70
meters by 70 meters. Input variables to the model include stress components, Poisson's ratio, Young's
modulus, heat transfer coefficient, thermal expansion coefficient, specific heat capacity, and plasticity
properties of concrete. To model the ground around the tunnel structure, its material is considered to be
limestone. Also, according to Figure (2-(a)), the movement of the sides of the concrete lining and the ground
in three directions, as well as in the direction of the anchor caused by them, has been prevented. The contact
between the concrete lining of the tunnel and the bedrock is selected as a Tie type to prevent additional
movements of the concrete lining. Meshes are defined as a Sweep. Also, in order to achieve the desired goal,
the size of concrete cover meshes in static analysis is 1 meter, and the size of rock meshes is 5 meters. Also,
in the heat transfer analysis, 0.05 meter meshes were used in the concrete lining and 5 meter meshes were
used in the stone (Figure 2- (b)).

(@) (b)

Fig 2. Figure 2 (a) and (b): A view of the constructed model
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Element Method


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

Vol. 15, No. 44, Fall 2025, Pages 1-11

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/ \_/'

Results and Conclusions

In this research, the tunnel's concrete lining was modeled in 3D with the help of Abaqus software in the face
of fire. The concrete lining of the tunnel was investigated in two cases. The first case of tunnel lining made of
concrete without fibers and tunnel lining made of steel fiber concrete, polypropylene fiber concrete, and glass
fiber concrete was modeled without applying a fire load. Then, in the second case, fire was also added to the
conditions of the model. The modeling results show:

1- Fire has a negative effect on the concrete and causes it to be reduced.
2- The presence of steel fibers has a significant effect on concrete and reduces damage caused by fire.
3- The presence of steel fibers has a good effect in reducing the deformation of the tunnel's concrete lining.

When faced with fire, the steel fiber concrete lining is less affected than other samples. The deformation of
steel fiber concrete was reduced by 75% compared to concrete without fibers. The damage and deformation
of the polypropylene fiber concrete lining is more than the glass fiber concrete lining, and it does not show
proper performance.
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Summary

Modeling and simulation play a crucial role in designing, developing,
and optimizing processing circuits, enabling accurate prediction of
their behavior and performance. Lines 5, 6, and 7 of the Golgohar plant
are similar, each receiving feed from the No. 3 Golgohar mine. The high concentration of fine particles in the
feed to these lines significantly increases the importance of proper hydrocyclone positioning. This research
aims to determine the optimal layout for the ball mill, medium-intensity magnetic separators, and
hydrocyclones. Two placement options for the hydrocyclone were evaluated: at the beginning or the end of
the grinding circuit. USIM PAC software was used to simulate the effect of the hydrocyclone's placement on
the milling circuit's performance. The initial step involved defining the key simulation parameters, such as
the breakage function, selection function, residence time, and the geometric features of the equipment used.
Both the existing circuit (Ballmill-Magnetic Separators-Hydrocyclones) and the proposed alternative
(Hydrocyclones-Ballmill-Magnetic Separators) were simulated. The analysis suggests that the existing circuit
requires three hydrocyclones operating at 112 kilopascals. Optimal diameters are 260 mm for the inlet, 160
mm for the overflow, and 130 mm for the underflow. The feed, overflow, and underflow particle sizes (d80)
are 52, 243, 102, and 321.86 microns, respectively. The proposed circuit incorporates three hydrocyclones,
each operating at 134 kilopascals. These hydrocyclones have inlet, overflow, and underflow diameters of 225
mm, 297 mm, and 82.5 mm, respectively. The particle size (d80) of the feed, overflow, and bottom products
was measured as 574.25, 104, and 1229.01 microns, respectively. The proposed grinding circuit's input feed
saw a 21.69% reduction in tonnage, while particle size increased by 159.03%. The circulating load tonnage,
particle size, and outflow particle size from the ball mill decreased by 37.71%, 4.43%, and 8%, respectively.
The proposed circuit boosts the capacity and the size reduction ratio of the ball mill by 21.69% and 172.98%
respectively. These results confirmed that the proposed circuit has a higher efficiency than the existing one.

Introduction

The efficiency of the Golgohar Iron processing plant's grinding circuit was re-examined due to fluctuating
feed characteristics and a high fines content in the feed entering Lines 5, 6, and 7. The mill usually receives
feed with a particle size of less than 100 microns, with an average of 20 to 30 percent. The main source of
fines in the mill feed is in the crushing circuit, particularly during pre-crushing with a high-pressure roller
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mill. To increase plant capacity and optimize particle size for downstream equipment efficiency (magnetic
separation), the existing grinding circuit layout was examined, and a new circuit incorporating a
hydrocyclone before the mill was designed and analyzed. To investigate this issue, the current circuit (mill-
magnetic separator-hydrocyclone) was first modeled, simulated, and analyzed by the USIMPAC software. The
design and simulation of a new processing circuit with a hydrocyclone placement before Asia was conducted,
and the flow characteristics of the circuit were predicted. Wherever possible, the goal of this research was to
use models that have a physically meaningful structure, specifically higher-level USIMPAC models, to obtain
the necessary data for the models. At the end, the performance of the present processing circuit was evaluated
against that of the new proposed processing circuit.

Methodology and Approaches

To assess equipment performance and obtain model parameters, six sampling stages were conducted during
circuit steady state, each lasting 2 hours with approximately 20-minute intervals between samples. To
determine the breakage and selection functions, the necessary sampling was carried out to prepare a
representative sample, and then these experiments were conducted. Afterwards, caustic soda was utilized as
a tracer to obtain the particle residence time distribution in the mill. sampling was performed where feasible,
and unknown flow characteristics were inversely calculated using USIMPACK's mass balance algorithm. Each
section of the processing circuit was modeled in software and validated against industrial data. The efficiency
of the current circuit was then compared via USIMPACK simulation with a proposed circuit that incorporates
a hydrocyclone before the mill.

Results and Conclusions

This research aims to optimize the configuration of a ball mill circuit, medium intensity magnetic separator,
and hydrocyclone within grinding circuits. The study evaluates the placement of the hydrocyclone at the
beginning (current circuit) and end of the circuit (proposed circuit), simulating the impact on performance
using USIMPAC software. Figure 1 shows the two flow sheets of the processing circuits. Due to the imposed
restriction, the hydrocyclone overflow particle size distribution, with a d80 of approximately 100 microns,
remained consistent between the current and proposed milling circuits. Table 1 displays the comparison of
d80 and flow rates between the current and proposed circuits. In the proposed circuit, due to the pre-removal
of fines, the particle size distribution of the hydrocyclone underflow and ball mill feed is wider than in the
current circuit. Removing fines from the ball mill feed resulted in a 21.69% tonnage reduction and a 159.03%
increase in the d80 of the feed. By doing this, both the impact force of the grinding media and the residence
time in the ball mill will increase. Optimizing the ball mill grinding process resulted in an 8% reduction in the
outlet flow's d80 value, a 172.98 increase in the ball mill's grinding ratio, a 37.71% decrease in circulating
load tonnage, a 4.43% reduction in the circulating load's d80 value, and a 21.69% increase in ball mill
capacity, thereby increasing the overall grinding circuit capacity.

Table 1 - The comparison of simulated values for particle size and flow rates between the present and proposed

flowsheets.
Parameter Present flowsheet Proposed flowsheet
Fresh Feed (ton/hour) 461 461
Ball Mill Feed (ton/hour) 1268 993
Circulating load (ton/hour) 14.93 9.30
Hydrocyclone overflow, dso (micron) 102.12 104.29
Hydrocyclone underflow, dso (micron) 324.48 1229.01
Ball Mill Product, dso (micron) 250 230.18
Ball Mill Feed, dso (micron) 771.67 1229.01
Circulating load, dso (micron) 13577.04 12975.42
Magnetic Separation Feed, dso (micron) 238.7 229
Grinding Ratio 3.09 5.34

Optimizing Hydrocyclone Placement in Grinding Circuits of Lines 5, 6, and 7 at Golgohar Iron Complex Using
USIM PAC Software
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Fig. 1. The present (a) and the proposed flowsheets (b), for Iron processing in the Golgohar plant
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Summary

Dimensional stones industry has a significant position in most
countries for supplying materials required for civil and industrial
projects. The most important issue for the optimal exploitation of
dimensional stone mines is the effective management of the extraction process and production planning with
the aim of enhancing production and productivity. Diamond wire cutting and chainsaw machine are usually
utilized for the extraction of dimensional stone mines. Therefore, the management process for
simultaneously application of them have a significant effect on the production and productivity of the mining
operations. In this research, according to the performance of each machine in the mining operations, four
scenarios were defined for cutting the stone blocks by employing the discrete event simulation approach. In
this way, firstly, the time-related data of cutting rate of chainsaw machine, drilling length, and cutting surface
of the diamond wire cutting in each shift for both vertical and horizontal orientations were recorded in
Shayan mine, and a suitable probability density function was then fitted for each data series. Thereafter, four
scenarios of different mining modes using diamond wire cutting and chainsaw machines had subsequently
been simulated, assuming a single active bench face. In the first scenario, a diamond wire cutting was alone
used to cut all three sides of the block. In the second scenario, in addition to the diamond wire cutting, a
chainsaw machine was added to the mining process to cut the back face of the block. In the third scenario, in
addition to the diamond wire cutting, a chainsaw machine was also added to the mining process to cut the
bottom face of the block. In the fourth scenario, two chainsaw machines were used to cut both the back and
the bottom of the block. Based on the results, the production rate for the first to fourth scenarios were 36, 95,
56.5 and 50 thousand tons in 300 working days, respectively. Therefore, the second scenario with the highest
production rate and maximum productivity has been proposed as the best scenario for Shayan mine.

Introduction

Currently, most of the dimensional stone mines employ the diamond wire cutting and chainsaw machines in
order to ectract the stone blocks. It was appeared that higher production rates and greater efficiency can be
achieved when diamond wire cutting and chainsaw machines are simultaneously used. In general, the
simultaneous usage of chainsaw machines alongside diamond wire cutters significantly reduces the number
of drill holes required for block extraction, which in turn decreases operational time and labor requirements
[1]-In 2008, Copur et al. demonstrated that the simultaneous usage of chainsaw machines and diamond wire
cutting in the travertine quarry mines may be improved overall mine performance by approximately 20%
[2]. Sariisik and Sariisik have investigated the effect of adding a chainsaw machine to dimensional stone
mines in Turkey, and observed that after adding the chainsaw machine, the efficiency has increased from 7-
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14% to 65-80% [3]. Previous studies have primarily compared the outcomes before and after adding the
chainsaw machines. However, no research has investigated the method of integrating chainsaw machines
with diamond wire cutting. If the addition of a chainsaw machine does not yield positive results or is not
employed correctly, it may lead to lost costs and time. Therefore, this study employs a discrete event
simulation approach to examine the effect of incorporating a chainsaw machine on the productivity of mining
operations by comparing various scenarios involving the simultaneous use of diamond wire cutting and
chainsaw machines.

Simulation of Extraction Operations

Simulation refers to the process of creating models of existing real-world systems or future hypothetical
systems and executing these models to explain system behavior, improve system performance, or design new
systems [9]. It serves as a method for planning and optimizing complex systems, assisting in decision-making
and design. Simulation also enables the evaluation of risks, costs, and operational challenges within a system
[4]. Assessing systems through simulation is safer, more cost-effective, and faster. Not only does simulation
provide insights into system performance, but it also allows for the identification of the optimal scenario by
testing various alternatives without physical implementation [5]. Simulation is categorized into various
types, including physical simulation, interactive simulation, continuous simulation, discrete event simulation,
etc. Discrete event simulation is a technique that models the operation of a system as a sequence of discrete
events occurring at specific points in time. In this approach, each event occurs at a particular moment,
triggering a change in the system's state. Between successive events, no changes are assumed, and the
simulation advances instantly from one event to the next [6]. In general, random events in simulation occur
in two ways: I) the timing of an event may be random, and II) the state transition of an event may be random
[7]- The probabilistic characteristics of random variables are defined by their distribution functions. In
probability theory, the Probability Density Function (PDF) of a random variable is a function that specifies
the relative likelihood of a specific outcome in the sample space [7]. In this study, time-related data, including
the advancement rate of the chainsaw machine, the drilling length of the drill, and the cutting surface of the
diamond wire in both vertical and horizontal orientations were collected from the Shayan mine during each
work shift. The most appropriate PDF for each data series was determined using EasyFit software.
Subsequently, four possible scenarios for stone extraction operations using diamond wire cutting and
chainsaw machines were simulated based on these distributions in Arena software as seen in Fig. 1. In this
study, diamond wire cutting, chainsaw machine, and drill were defined as resources that perform various
operations on entities (stone blocks). The simulation assumed a single active working face for all four
scenarios, with no equipment movement between multiple faces. Additionally, the total simulation time for
all scenarios was set to 300 working days.

Scenario II1 Scenario IV
Fig. 1. Simulation possible scenarios for stone extraction using diamond wire cutting and chainsaw machines

Scenario I; in which diamond wire cutting was employed to cut all three faces of the stone block. Due to the
greater deviation of vertical drill holes compared to horizontal ones, vertical holes were drilled first, followed
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by a horizontal hole on the back face of the block parallel to the working face, and finally, horizontal holes
perpendicular to the working face. Next, the bottom face of the block was cut, followed by the back face, using
diamond wire cutting. Lastly, slotting cuts (regularly spaced cuts to achieve the desired final dimensions)
were performed. After completing the cuts, the overturned blocks were transported, preparing the working
face for the next round of cutting.

Scenario II; in which the chainsaw machine was used to cut the back face of the block, while diamond wire
cutting was utilized for cutting the botton and performing the slotting operation. The process began by
drilling horizontal holes, spaced evenly across the bench width. The chainsaw machine was then positioned
on the upper bench to start vertical cutting, ensuring the blade intersected the ends of the drill holes. Once
the chainsaw advanced equivalent to cutting through five horizontal holes, horizontal diamond wire cutting
was initiated for the bottom face of the block, followed by vertical diamond wire cutting for slotting. Finally,
the blocks were moved and transported.

Scenario III; in which the chainsaw machine was used for cutting the bottom face of the block, while diamond
wire cutting was employed for cutting the back face and slotting. The process began with drilling vertical
holes, followed by horizontal drilling. The chainsaw machine then initiated cutting the bottom face of the
block, and once it completed the cut for five consecutive blocks’ width, the back face cutting commenced,
followed by vertical slotting with diamond wire cutting. Finally, the blocks were moved and transported.

Scenario IV; in which the chainsaw machine was employed for cutting both bottom and back faces of the block,
while diamond wire cutting was used for slotting. Initially, horizontal holes were drilled, after which the
chainsaw performed horizontal cutting for the block base, followed by vertical cutting for the back face.
Slotting was then carried out using diamond wire cutting. Finally, the extracted blocks were overturned and
transported.

Results and Conclusions

Since four bench faces in the Shayan mine are operated under conditions similar to those of Scenario II, this
scenario was used to validate the simulation results. The total annual extraction from these four benches are
380,000 tons, which corresponds to an average of approximately 95,000 tons per each bench face. According
to the simulation results, the exact extracted tonnage for Scenario Il was 94,770 tons. The difference between
the actual extracted tonnage and the simulation result for one year of operation was only 230 tons. This
minimal error confirms the reliability of the simulation results for other scenarios.

Based on the simulation results, the number of extracted blocks (with dimensions of 1.8x6x6 meters) was
224 in Scenario I, and 585 blocks in Scenario II. In addition, 698 and 617 blocks (with dimensions of 1.8x3x6
meters) were respectively extracted in Scenarios III and IV. Because the blade length in horizontal cutting is
shorter, the cutting dimensions for Scenarios I1l and IV have changed. Considering the average specific weight
of the Shayan mine’s stone, which is 2.5 tons per cubic meter, the extracted tonnage for Scenarios I to IV was
approximately 36, 95, 56.5, and 50 thousand tons, respectively.

The diamond wire cutting (Scenario I) requires drilling holes at the back face of the block, which cannot
proceed until the blocks from the previous cuts have been removed. This limitation reduces production rate
and efficiency. On the other hand, the cutting area achieved by the diamond wire cutters is approximately
three times larger than that of the chainsaw machine in the same period. However, the primary factor
contributing to increased production after adding the chainsaw machine is the reduced amount of drilling
required. This reduction is due to the optimal cutting thickness of the chainsaw (5 to 7 cm), which provides
sufficient space for the diamond wire to pass through. In Scenarios III and IV, after cutting the bottom and
back faces of the block, the block tends to settle, necessitating additional horizontal drilling for wire passage.
Consequently, the lower the specific drilling requirements and the cutting area required by the chainsaw, the
higher the production rate. Table 1 presents the specific drilling lengths (drilling per cubic meter of
extraction) and the cutting area by the chainsaw machine relative to the total cutting area required for block
extraction in Scenarios Il to IV.
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Table 1. Specific drilling length and cutting area ratio in chainsaw

Scenario | Specific drilling (m/m3) | Cutting area ratio in chainsaw (%)
2 0.037 18.75
3 0.111 15.79
4 0.037 47.37

The simultaneous usage of machinery across different scenarios led to variations in waiting times for
prerequisite operations. For instance, in Scenario I, horizontal cutting could not commence until all required
holes were drilled. This emphasizes the influence of operation sequencing on machinery utilization.
Furthermore, simulations involving adjustments to the number of machines identified the optimal number
of machines for each scenario. Fig. 2 illustrates the optimal number of machines and their utilization rates for
each scenario. It was observed that adding machines beyond the optimal number yielded negligible
production gains, while a shortage of machines significantly decreased production. If R; is defined as a
measure for the capital productivity of machinery, the utilization index for each scenario can be calculated
using Equation 1:
2GR,

%G
Where C; is the cost, and R; is the utilization percentage of machine i.
Considering the relatively high costs of the chainsaw (120 billion rials), the diamond wire cutter (8 billion
rials), and the drill (1 billion rials), the capital productivity for Scenarios I to IV was calculated as 37.5%,
92.4%, 63.6%, and 73.8%, respectively.

Scenario I Scenario II

Ry (1)

® Diamond wire 1

| Diamond wire 2

m Diamond wire 3
0.2 ® Drill 1 0.4
Driil

Driil 2 0.2

| Vertical CSM

Scenario III Scenario IV

® Diamond wire 1 & Diarmond wire 4
® Diamon
® Diamond wire 2

uDi
m Horizontal CSM
Driil 1 0.4
Dri
m Vertical CSM 0.2

® Driil 2 m Vertical CSM

Fig. 2. Optimal number of machines and their utilization for Scenarios I to IV

According to studies conducted in Turkish travertine mines [3], productivity increased from 7-14% to 65-
80% after adding a chainsaw machine. Similarly, in this study, the capital productivity index in Scenario [ was
37%, where only diamond wire cutting is used; while in Scenarios II to IV productivity will be increased to
67-92% by adding the chainsaw machine.

In general, the production rate of cutting machinery in dimension stone quarries plays a critical role in the
efficiency of extraction operations, particularly when considering the final extraction costs of a block.
Therefore, taking appropriate measures to enhance the efficiency and productivity of machinery in the
dimension stone industry is of significant importance. According to the simulation results, the most
influential factor in production rates is the drilling length. Additionally, drilling the hole behind the block has
the greatest influence on the production continuity, as this drilling cannot proceed until the blocks from the
previous cutting operation have been transported. Overall, the cutting rate of the chainsaw machine is lower
than that of the diamond wire cutting; however, incorporating the chainsaw machines into the extraction
process reduces drilling length and improves production continuity. Consequently, the simultaneous usage
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of both diamond wire cutting and chainsaw machines should be optimized to minimize drilling length and
the cutting surface of the chainsaw while ensuring block extraction.

References

[1] Copur, H., Balci, C,, Bilgin, N,, Tumac, D. and Diizyol, I. (2007). Full-scale linear cutting tests towards performance
prediction of chain saw machines, Proc, Aperta.

[2] Copur, H,, Balci, C,, Bilgin, N. and Tumac, D. (2008). Laboratory cutting tests for performance prediction of chain
saw machines, Proc, 21st World Mining Congress & Expo.

[3] Sariisik, A. and Sariisik, G. (2010). Efficiency analysis of armed-chained cutting machines in block production in
travertine quarries. Journal of the Southern African Institute of Mining and Metallurgy, 110(8), 473-480.

[4] Shannon, R, & Johannes, J. D. (1976). Systems simulation: the art and science, IEEE transactions on systems,
man, and cybernetics.

[5] de Paula Ferreira, W., Armellini, F. and De Santa-Eulalia, L. A. (2020). Simulation in industry 4.0: A state-of-the-
art review. Computers & Industrial Engineering, 149, 106868.

[6] Liu, Z., Rexachs, D., Epelde, F. and Luque, E. (2017). A simulation and optimization based method for calibrating
agent-based emergency department models under data scarcity. Computers & Industrial Engineering, 103, 300-309.

[71 Goldsman, D. and Goldsman, P. (2015). Discrete-event simulation. In Modeling and Simulation in the Systems
Engineering Life Cycle: Core Concepts and Accompanying Lectures, London: Springer London.

*Corresponding author: E-mail: satar.mahdevari@aut.ac.ir


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

Vol. 15, No. 44, Fall 2025, Pages 37-47

Journal of Analytical and Numerical
Methods in Mining Engineering

Methods In Mining Engineering
. -

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

Research article

Numerical Analysis of the phase differences in bidirectional seismic
waves impacts on the granular soils liquefaction

Gholamhossein Ranjbar!", Mahmoud Sarikhani Khorrami*
1- Dept. of Mining, Islamic Azad University, Safashar Branch, Safashar, Iran

(Received: July 2024 , Accepted: December 2024)
DOI: 10.22034/ANM.2024.21856.1641

Keywords English Extended Abstract

Liquefaction

Earthquake Summary

Bidirectional Waves In an actual earthquakes, the liquefaction of granular soils is generally due
P2PSand model

to seismic waves transmitted from hypocenter movement to near the field
during the earthquakes. The vertical propagation of the shear wave
towards the surface of the ground causes cyclic shear stress and reduces
the cyclic resistance ratio (CRR) in granular soils and increases the probability of liquefaction. Large lateral
deformations have been widely observed in liquefied environments during severe earthquakes, causing
damage to surface structures as well as underground structures. The earthquake trigger is inherently multi-
directional in nature and its amplitude and direction are always changing. This loading Characteristics
creates complex patterns of stress-strain behavior when the resulting waves propagate through the soil
layers. Laboratory experiments, shaking table (unit or centrifuge gravity acceleration) test and numerical
methods are the proposed procedures for studying the liquefaction behavior of soil under multi-directional
cyclic shear stress. In this study, a three-dimensional finite difference numerical simulation for a saturated
sand column under bidirectional shear cyclic waves with different phase was performed and its results were
analyzed. The numerical model was validated by comparing the results of the centrifugal shaking table
experiment published by Su et al. Validation of the numerical model showed that the behavioral model and
the selected numerical method are suitable for simulating the phenomenon of granular soils liquefaction
created by bidirectional shear cyclic waves. The results of this study showed that the values of subsidence
and excess pore water pressure in the sand column for bidirectional shaking depends on the difference in the
shaking phase in the two directions, and with increasing the phase difference, the maximum amount of
subsidence and excess pore water pressure decreases, and the maximum value of these parameters in the
bidirectional shaking is higher than the unidirectional shaking.

Finite Difference

Introduction

Large lateral deformations have been widely observed in liquefied environments during severe earthquakes,
causing damage to surface structures as well as underground structures. The vertical propagation of the
shear wave towards the surface of the ground causes cyclic shear stress and reduces the cyclic resistance
ratio (CRR) in granular soils and increases the probability of liquefaction (Zhang & Wang, 2024). In 1979,
Feng et al. investigated the field surveys and aerial maps of the Tangshan earthquake and confirmed the soil
liquefaction due to surface waves (Fang, Wang, & Zao, 1979). Zhao and et al. introduced a coupled fluid-
mechanical numerical analyses using a nonlinear constitutive model to analyze soil deformation and
liquefaction caused by monotonic or cyclic loading. The new comprehensive constitutive model called
P2PSand which was implemented in FLAC3D has internally calibrated parameters for the standard cyclic
resistance field (SCRF) sand, which is compatible to cyclic resistance charts and empirical relations (Cheng &
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Detournay, 2021). The earthquake trigger is inherently multi-directional in nature and its amplitude and
direction are always changing. This loading Characteristics creates complex patterns of stress-strain behavior
when the resulting waves propagate through the soil layers (Reyes, Adinata, & Taiebat, 2019). In 2008, The
impact of multidirectional shaking on the liquefaction of a level sand deposit was investigated experimentally,
numerically and theoretically by Su and et al. A pair of shaking tests has been performed in a centrifuge. It
was found that the peak excess pore water pressures developed under two-dimensional shaking were 0-20%
greater than those developed under one-dimensional shaking, with the difference increasing with depth (SU
& LI1,2008).1In 2019, Andres and et al. carried out over 1000 simulations on homogeneous sand deposits with
different densities and subjected to ground motions applied as unidirectional and bidirectional shearing. The
dry models exhibited an 80% increase of surface settlement and in the saturated models depth averaged peak
excess pore water pressure ratios were up to 60% higher. These outcomes highlight the need to account for
bidirectional seismic shearing when predicting the shear-induced volumetric response of sand deposits and
related damaging phenomena such as liquefaction or seismic-induced settlement, among others (Reyes,
Adinata, & Taiebat, 2019). The effects of the phase difference in bidirectional seismic wave on the granular
soils liquefaction behavior is studied using numerical method in this research.

Methodology and Approaches

The three dimensional numerical simulations are performed to determine the effects of phase differences in
bidirectional seismic waves on liquefied granular soils behavior. The excess pore pressure, settlement of a
liquefied saturated sand column under various phase differences of bidirectional seismic waves are
investigated by finite difference numerical modelling. Also, the unidirectional and bidirectional seismic wave
impacts on the excess pore pressure and settlement is compared by using FLAC3Dv9 software. P2PSand
behavior model that is adequate to simulate the granular soil liquefaction phenomenon is utilized in this
study. The numerical simulations are verified via laboratory shaking table test which was implemented by
Suetal (SU & LI, 2008).

Results and Conclusions

The verification results showed that the P2PSand constitutive model and finite difference method is capable
to simulate liquefaction under seismic waves in granular soils. The results of this study showed that the
values of subsidence and excess pore water pressure in the sand column for bidirectional shaking depends
on the difference in the shaking phase in the two directions, and with increasing the phase difference, the
maximum amount of subsidence and excess pore water pressure decreases, and the maximum value of these
parameters in the bidirectional shaking is higher than the unidirectional shaking.
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Joint modeling

Spatial patterns Summary

Agglomerative Hierarchical This study aims to develop a novel method for identifying and
Clustering (AHC)

analyzing structural joint sets, crucial for rock mass stability and
engineering projects like tunneling and mining. A hybrid, multi-stage
approach was used, combining the K-means algorithm for initial
clustering and Agglomerative Hierarchical Clustering (AHC) for analyzing complex relationships. The dataset
includes orientation and dip measurements from 172 joint planes in the Lucho granite mass of Zahedan. The
K-means algorithm improved initial clustering accuracy by reducing intra-cluster variance, while AHC
formed six final clusters with high spatial coherence, enhancing inter-cluster variance and reducing intra-
cluster dispersion. This method effectively eliminated noise and outliers, facilitating 3D spatial pattern
analysis and revealing complex data relationships. The findings demonstrate the method's superiority over
conventional approaches, providing valuable quantitative parameters for geological pattern interpretation,
joint orientation analysis, and potential applications in geoscience and engineering fields.

K-means algorithm
Hybrid multi-stage clustering

Introduction

Structural joints significantly influence the engineering properties of rock masses and are crucial for projects
like tunneling and mining. Accurate classification and analysis of these joints are essential for ensuring
project safety and efficiency (1-3). Traditional methods like stereonets provide basic visualization but fall
short in handling complex, multidimensional data and identifying hidden patterns due to their subjective
nature and two-dimensional limitations (4, 5). Modern approaches, including data mining and machine
learning, offer advanced tools for more precise joint analysis by revealing complex relationships and
enhancing pattern detection (6, 7). Clustering techniques, particularly K-means and Agglomerative
Hierarchical Clustering (AHC), are effective in identifying joint patterns by improving data grouping accuracy
and interpreting complex geological events (8-11). This study integrates K-means and AHC to improve
clustering precision in analyzing joint data from the Luicho granite mass in southwestern Zahedan. The
hybrid approach reduces errors, eliminates noise, and enhances understanding of joint orientation and
spatial distribution, providing reliable insights for engineering applications (12-14).

Methodology and Approaches

The study presents a methodology for geological analysis using data mining algorithms for fracture and joint
analysis in rock environments. Traditional software tools in this field often rely on conventional

*Corresponding author: E-mail: s_zare@eng.ush.ac.ir


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

Vol. 15, No. 44, Fall 2025, Pages 49-64

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/ \_/'

computational methods such as stereographic plotting, fracture orientation analysis, slope stability
assessment, and subsurface modeling, but they lack integration with advanced data mining techniques (15,
16). This study presents a novel data mining approach that leverages clustering algorithms, including K-
means and hierarchical clustering (AHC), to identify and classify fractures. This method offers advantages
over conventional techniques by reducing user interpretation errors and enabling quantitative analysis. The
research focuses on the Zahedan granite batholith, located in the Sistan and Baluchestan province, which
features a complex geological structure with varying rock types such as diorite, granodiorite, and biotite
granite. Joint structures are prevalent, posing challenges for geological and mining operations (17, 18). A total
of 172 geological structural joints were surveyed in the field, and their orientations were analyzed, revealing
significant dispersion in 3D space. This data is critical for understanding stress patterns and improving
mining operations. The K-means algorithm was applied to categorize the joint data into multiple clusters
based on spatial orientation. The process was iterative, minimizing the variance within clusters while
maximizing the variance between clusters. A significant challenge in K-means is determining the optimal
number of clusters (K), which was addressed using statistical methods and prior evidence. To improve
clustering, the study introduced a multi-step K-means process where outliers were detected and removed
after each iteration, enhancing the homogeneity of the data. The final clustering was refined using
hierarchical agglomerative clustering (AHC), integrating closely related clusters based on spatial correlation.
The optimal angle for merging clusters was determined to be 30°, based on tectonic conditions and field
observations. Key evaluation metrics, such as intra-cluster variance and inter-cluster variance, were used to
assess clustering quality, and cosine similarity was employed for spatial correlation analysis. The
combination of K-means and AHC provided a robust approach for analyzing fracture patterns and improving
the accuracy of geological interpretations.

Results and Conclusions

This study utilizes the K-means clustering algorithm to analyze joint data, initially grouping the joints into 12
clusters based on geological features, regional tectonic conditions, and field observations. The algorithm was
applied iteratively in five stages, with joint assignments adjusted according to proximity to updated cluster
centers. Outliers were excluded using a predefined threshold, improving internal cohesion and reducing the
dispersion within clusters. This iterative process aimed for convergence within 500 iterations, ensuring the
stability of the algorithm. The final clustering results revealed a reduction in outliers, improved separation
between joint categories, and minimized variance both within and between clusters. Detailed characteristics
of the final clusters, including central coordinates, member counts, and intra-cluster variance, provided
valuable insights into the spatial distribution of joints in the region. In the next stage of analysis, the
Agglomerative Hierarchical Clustering (AHC) method was applied to refine the joint clusters, utilizing a
cosine similarity criterion. The AHC algorithm progressively merged clusters with the highest spatial
correlation, forming a hierarchical pattern. Dendrogram analysis, with a cut-off value of 0.8660 (equivalent
to a 30-degree cosine angle), grouped joints with similar spatial orientations into nine clusters, which were
further refined into six optimized groups. The resulting clusters exhibited enhanced spatial consistency and
geometric coherence, with a high between-cluster variance (83.64%), confirming the accuracy of the
clustering process. The final clusters displayed distinct spatial and geometric features, offering a clearer
understanding of joint distribution. The integration of the K-means and AHC algorithms effectively improved
the identification and analysis of joint patterns. This approach enhanced the spatial coherence and directional
alignment of the clusters, providing a more comprehensive understanding of the joint distribution in the
region. The final joint clusters (J1 to J6) exhibited variations in their spatial and geometric distributions,
influenced by regional geological and tectonic factors. Clusters J1 and J2 demonstrated low intra-cluster
variance and high geometric coherence, while J5 showed greater variability. The distribution of joint poles
and orientations highlighted the impact of regional stresses and geological formations, which are essential
for structural geology and engineering applications. Furthermore, stereographic projections of joint
orientations provided insights into the relationship between joints and regional stresses, aiding the
assessment of geotechnical risks in engineering designs. The joint orientations and characteristics in the
Luccio granite mass play a significant role in both the extraction process and the stability of quarry walls.

Modeling and Analysis of Joint Systems Using a Combined and Multi-Stage Clustering Approach: A Case Study
of the Lucho Granite Mass, Zahedan
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These joints, shaped by regional tectonic forces, influence extraction methods and wall stability. Horizontal
release joints (J1) facilitate the extraction of large stone blocks with minimal energy and lower breakage risks,
though they can compromise wall stability if surrounding rocks lack cohesion. Moderate dip joints (J2),
associated with reverse joints, complicate block extraction and increase the risk of wall instability. High-dip
joints (J3 to ]6), acting as shear planes, reduce extraction costs but pose risks to wall stability due to tectonic
changes that may cause rock slippage. Effective management of these joint structures is essential to mitigate
instability risks, requiring reinforcement and precise cutting techniques to ensure safe and efficient
extraction.

This study combines K-means and AHC algorithms to provide a comprehensive approach for joint analysis
in rock masses, demonstrated through a case study of the Luccio granite mass in Zahedan. The method
successfully identified six distinct joint clusters with clear spatial and geometric characteristics. By applying
K-means clustering and refining with AHC using cosine similarity, the clusters were optimized, resulting in
minimal intra-cluster variance and high spatial correlation. This approach enhanced the accuracy and
reliability of joint identification, especially by removing outliers. The spatial distribution analysis revealed
diverse tectonic influences, with high-dip joints (]3, J4, J5, ]6) posing risks to wall stability, while low-dip
joints (J1, J2) required careful management. This methodology provides a more accurate understanding of
joint distribution and serves as a foundation for advanced studies, numerical modeling, and geomechanical
analysis. It is applicable in mining project planning, tunnel design, slope stability, and modeling rock mass
behavior. Future developments, especially for larger datasets and underground structure simulations, will
further improve the understanding of joint distribution patterns and geological structures in rock masses.

0110

0/20

0/30 |

0/40

. 050 |
&
é 0/60 |
EE 070 | |
0/80
oseeo.. .. 1 I3 J4 J6 J2 45
o I R B Et A [ s
1100 e
Cl C4 CTC10C5 C6 C9 C11 C2 C3 C8 C12
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using Agglomerative Hierarchical Clustering based on intersection of joint sets in the Lucho granite Mass

cosine similarity

Table 1. Geometrical and statistical features of the final joint clusters based on dendrogram analysis with a cut-

off level of 0.8660.

Final Initial Joint Number of Within-cluster  X- Pole Y- Pole Z- Pole Pole Position (Azimuth
Joint Set Grouping Joints variance Vector Vector Vector and Dip

J1 C(1) 6 0.028 -0.033 -0.013 0.988 Az248.9<87.9

]2 C(2) 15 0.028 0.777 0.151 0.590 Az79<36.7

J3 C(4) 15 0.046 -0.017 -0.948 0.242 Az181<14.3

J4 C(5,6-7,10) 69 0.065 0.449 0.837 0.131 Az28.2<7.9

5 C(8,12-3) 28 0.091 -0.887 -0.305 0.197 Az251<11.9

I C(9,11) 18 0.049 0.865 -0.463 0.055 Az118.2<3.2

J1 C(1) 6 0.028 -0.033 -0.013 0.988 Az248.9<87.9
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Summary

The ultimate pit limit actually shows pit location, size, shape, and
depth at the end of its working life. Although most scientific research
determines the final pit limit by assuming constant design
parameters, the existence of design uncertainties leads to significant
deviations between expected design results and actual implementation during mining. Two of the most
important uncertainties in mining are the grade of the mineral and the price of the final product, which,
considering the effect of these uncertainties in the design of the final pit limit, will lead to a more appropriate
understanding of the probability of achieving various mining goals. In this research, the pit limit of the Ainak
copper mine in Afghanistan has been investigated, assuming the simultaneous uncertainty of the product
price and ore grade. by using the exploration data, the distribution of the grade of the ore mineral in different
blocks has been determined, and then the historical copper price is investigated, and a lognormal distribution
function has been assumed for it. Taking into consideration the price and grade distributions, 9 different pits
were designed. In each of these pits, the copper price and mine blocks' ore grades have been assumed
optimistically, logically, and pessimistically based on their probability distribution function. Then, by using
the First-Order Reliability Method (FORM) and assuming a profit goal for mine pits, the success or failure
probability of each designed pit in achieving management objectives was calculated. The results of this
research show that although the logical pit has an expected profit of 28 billion dollars, for example, for
achieving a profit of 10 billion dollars for a risk-averse manager, using the pessimistic price-logical grade pit
(pit number 2) has the highest success probability (91.8 percent). In addition, for a risk-taking manager,
reaching the profit goal of 40 billion dollars using the optimistic price-logical grade pit (pit no. 8) has the
highest success probability (31.34 percent). The results show that, for different managerial risk tolerances,
itis needed to design different final pit limits based on the highest probability of success in managerial goals,
and a specific design is not sufficient for different managers.

Introduction

The design of the final open pit limit is usually carried out to maximize the profit from mining and assumes
that the design parameters are certain [2]. However, uncertainties in mining can lead to significant deviations
in both design parameters and results during implementation [1]. Also, in ordinary final pit limit design
methods, the management objectives as well as the different managerial risk tolerance level and their effects
on optimum final pitlimit are not taken into account [3-13]. In this study, by presenting an efficient algorithm,
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appropriate final pit limits with the highest probability of success in achieving management goals have been
suggested for managers with different levels of risk tolerance. It is noteworthy that for different management
goals, the suggested pit limits will be very different.

In this study, to consider price as a random variable, the historical price of copper metal over the past 10
years, between 2013-2023 was obtained in terms of $/ton. To eliminate the inflationary effects of the money
value, the Producer Price Index (PPI) was used, and the historical copper prices were updated in terms of the
dollar value of 2023 Finally, assuming a log-normal distribution for the price, the mean value and standard
deviation of the logarithmic price were calculated according to the data. To analyze the uncertainty of the ore
blocks' grade, the copper grade was also considered an uncertain parameter with a normal distribution, and
its mean and variance were calculated using the Kriging estimation method in the Surpac software. Based on
the uncertainty of the block grades as well as the uncertainty of the copper price, 9 pit limits with different
grade and price realizations (optimistic, logical, and pessimistic) were obtained based on the Lerch and
Grossman optimization algorithm. In this study, the optimistic cases are considered as the design pits with
the mean value of the price or grade plus one time the standard deviation, while the pessimistic cases are
considered as the design pits with the mean values minus one time the standard deviation, and the logical
case is designed considering the mean values of these parameters. Thus, by entering the 9 different grades
and price data into the design algorithm, 9 different hypothetical pits are obtained, and these pit limits will
be valid for the occurrence of optimistic to pessimistic conditions. Next, using the First Order Reliability
Method (FORM) analysis and assuming multiple managerial goals for the expected profit of mining, the
probability of their success or failure is analyzed and discussed, and a suitable final pit limit is suggested for
risk-averse to risk-tolerant managers. As a result of this research, a final pit limit will be suggested for each
management goal that has the highest probability of success in achieving that goal, and for each manager with
a specific target level, the results will be different from those suggested by other managers.

Methodology and Approaches

The method used in this research includes the following steps:
1- Estimation of the probability density function of the final mine product price and its translation
function to the standard normal space.
2- Assuming a normal probability distribution for mineral grade and estimating the mean and variance
of grade for each block with the Kriging estimator
3- Assuming price and block grades translation function to the standard normal space as eq. (1,2)

respectively:

Y=0,Z,+u, (D
p = exp(y)

gi = Ugi T 04i-Z; (2)

In which Y is the logarithmic price with logarithmic mean of y,, and logarithmic standard deviation of g,, g;
is ith block estimation grade with mean of ug; and standard deviation of o,; and Z1, Z2 are two independent
standard normal random variables.

4- Assuming logical price and grades as (1, ug; Vi) respectively, optimistic price and grades as (u, +
Oy, Hgi + 04 Vi) respectively and pessimistic price and grades as (4, — o0y, Uy — g Vi)
respectively.

5- Design 9 ultimate pit limits with all combinations of assumed (logical, optimistic, and pessimistic)
prices and ore block grades.

6- Considering different managerial goals for risk-averse to risk-tolerant managers and defining
different performance functions for each goal as eq. 3:

Probabilistic Pit Limit Design with Different Levels of Managerial Risk Tolerance, Considering the Uncertainty
of Ore Grade and Final Product Price (Case Study: Afghanistan’s Ainak Copper Mine)
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’ 3)
P(X) = P(p,g) = profit - goal = ) BEVi(p,g) - goal

i=1

In which, X=[p,g] is a random vector of price and blocks grade and BEV;(p, g) is ith block economic value.

7- Estimating the reliability index and the failure probability of each design pits to reach each
managerial goals using the concept of First Order Reliability Method (FORM) as follows [14-16]:

ﬁ=min\[le+Z§+---+Z,%=min zzT (4)
subject to

P(g(2)) =0

X=92)

pr = ®(=P) (5)

In which, g is reliability index obtained by optimization formulation of eq. (4), X=[p,g] is the random vector
of price and blocks grade, Z=[Z1,Z2] is the random vector of standard normal variables, g is translation
function introduced in eqs. (1,2) and @ is standard normal cumulative distribution function.

8- Suggesting an optimal pit for each managerial objective based on the highest probability of success
in the first stage and the highest expected profit in the second stage.

Results and Conclusions

This study obtained nine distinct ultimate pit limits (UPLs) for the Ainak copper mine, considering all
combinations of optimistic, logical, and pessimistic assumptions for both prices and block grades. Given the
average (expected) profit of $28 billion in this mine (for the logical pit with average price and grades), targets
of 10, 20, 30, and 40 billion dollars have been considered for risk-averse to risk-tolerant managers.

The results of implementing the FORM method for each of the four management objectives are shown in
Figure (1). In Figure (1), the probability of not achieving the minimum target profit is introduced with the
probability of failure. This probability has been calculated for all profit targets and also for all nine pits.
According to Figure (1), for a risk-averse manager with a profit target of $10 billion, the lowest risk pit is the
pessimistic price pits with a probability of failure of 8.19%. The probability of failure of these pits is almost
neutral with respect to grade changes. Therefore, the risk-averse manager should choose the one with the
highest expected profit (Pit No. 2). Also, for a logical (risk-neutral) manager with a profit target of $30 billion,
Pit No. 5 has the lowest failure probability of 47.13%. For a risk-averse manager with a profit target of $40
billion, optimistic price pits have the lowest failure probability of approximately 68.66%. The failure
probability of these pits is also neutral to changes in the block grades.
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Fig. 1. Diagram of the failure probability of nine pits according to different managerial objectives (Pp, Pl, and Po indicate
pessimistic, logical, and optimistic prices, respectively, and gp, gl, and go indicate pessimistic, logical, and optimistic grades,

respectively).
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