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FOREWORD 

These Congress proceedings contain the papers which were submitted to 27th International Mining 
Congress and Exhibition of Turkey (IMCET 2022) held in Antalya, Turkey between March 22-25, 2022.   
 
IMCET 2022 has been organized to gather the people from the academic world and the business 
world, in order to further explore and share ways to discuss topics in their respective research areas. 
The Congress was initiated in 1969 and has become one of the most prestigious congresses in 
Turkey. IMCET congresses have been a major driving force in the promotion of scientific and 
technical knowledge in areas such as mine planning, drilling and blasting, rock mechanics, 
comminution, mineral beneficiation, sustainability of the mining operations and their social impacts. 
The contributions of all the participants help to make the conference as outstanding as it has been.  
 
These Proceedings are believed to furnish the scientists of the world with an excellent reference 
book to stimulate further study and research in all these areas. IMCET 2022 received over 150 
abstracts from 20 different countries. Papers submitted to the congress went through a peer-review 
process for publication in these Congress proceedings. We would like to express our gratitude and 
appreciation for all of the reviewers who helped us maintain the high quality of manuscripts. 
 
We would also like to take this opportunity to thank authors who submitted their papers to the 
Congress, sponsors and exhibitors for their support and members of the Organizing Committee 
working for the success of the Congress. 

 

 

 

Ayhan YÜKSEL 
Chamber of Mining Engineers 

President 

Yusuf AYDIN 
IMCET 2022 

Chairman 
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A COMPUTATIONAL ALGORITHM TO PERFORM PROBABILISTIC SAMPLING FOR MINERAL ASSAY 
DETERMINATION  

 
M. Camalan 

 
 Ankara, Turkey 

(camalanmahmut@gmail.com) 
 

ABSTRACT 
 

Mineral assay or grade of a population of particles are measured from the subsets or samples. 
However, sampling is prone to several sources of errors, which are impossible to determine exactly 
through physical surveys. A computational algorithm is presented to simulate probabilistic sampling 
surveys on a particle population. The use of the algorithm can lead to a true comparison between a 
population and its samples as the particle properties (particle size, mass, mineral grade) are known in 
both. The algorithm was tested on the populations with binary mineral mixtures. Although the 
simulated variances in sample grades are related to the fundamental sampling errors, the effect of 
particle size distribution on these errors may not be foreseen in Gy’s equation. Some sampling methods 
may be susceptible to severe errors that are not related to probabilistic sampling. Also, the simulation 
results provide some insights for the probabilistic sampling surveys. 

 
Keywords: Mineral, grade, probabilistic sampling, variance, simulation 
 

 INTRODUCTION 
 

Mineral assay or grade can be broadly defined as the mass content (%) of a target mineral in a    
population of ore particles. The correct determination of the mineral grade is necessary not only for the 
mineral process design but also for the periodic monitoring of the process. The mineral grade is 
determined from the subsets of the particle population, which are called samples. They are collected by 
following sophisticated sampling protocols that aim to decrease the differences between the population 
and sample grade to an acceptable degree. The associated differences appear because of (i) the 
sampling errors by the composition heterogeneity of the population that even distribute both spatially 
and temporally, as well as (ii) the errors at sample preparation and analysis. These errors had been 
conceptually defined by Gy (1976), and later revised by the same author (Gy, 1979, 1992). Even it is 
impossible to avoid the fundamental sampling errors (FSE) unless (i) the samples are identical to the 
population or (ii) there is no composition heterogeneity (Gy, 1992; Pitard, 2019). Therefore, it is 
necessary to evaluate how sampling protocols and the associated errors affect the sample quality. The 
true evaluation, however, requires the comparison between the mineral grades of a population and its 
samples, which is always impossible as the former cannot be known.  

 
This study proposes a computational algorithm that can simulate sampling surveys on any 

dataset of particle population containing particle properties such as particle size, shape factor, mineral 
composition, etc. The algorithm collects the samples by selecting and extracting the particle data from 
the population dataset. The particle selection in the proposed algorithm is probabilistic (equiprobable), 
i.e., each particle has the same probability to be selected into the sample. The algorithm can be used to 
simulate sampling surveys on the population. As the particle properties are known in a population and 
its simulated samples, they can be exactly compared without performing physical sampling surveys and 
rigorous statistical treatments.  
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The algorithm was used to simulate samples from the populations of binary mineral mixtures. 
Then, the mineral grades of the simulated samples were evaluated with the mineral grade of their 
population. As the particle selection in sampling simulations was probabilistic, the differences between 
a population and its simulated samples should be related to FSE, which is the error of equiprobable 
sampling (Gy, 1992). However, the simulated samples may not reflect the errors due to (i) 
spatial/temporal heterogeneity of the population and (ii) sample preparation/analysis.  

 
METHODOLOGY 

 
Generation of the Particle Population 
 

The population of the ore particles consisted of binary mixtures of pyrite (density = 5 g/cm3) and 
chalcopyrite (4.2 g/cm3) minerals. The mass of the generated populations was set at 25-100 kg. The 
mass-weighted size distributions of the particle populations were generated by using the GGS (Eq.1) or 
RRB (Eq.2) distributions: 

 ( ) = ( )                   (1) 
 ( ) = 1 exp                  (2) 
 
where ( ) is the mass percent passing below the screen size of ,  and  are the size and 

distribution moduli, respectively. The  values for GGS and RRB were set at 25.4 and 9.53 mm, 
respectively. The  value of either distribution varied between 0.5 and 4. The populations generated 
from any GGS and RRB distribution are described as the GGS and RRB population, respectively, 
throughout the text. 

The discrete size distributions of the populations were calculated from : 
 ( ) = ( ) ( )                 (3) 
 
where ( ) is the mass percentage of the size interval , ( ) and ( ) are the 

mass percentages passing below the upper ( ) and lower ( ) screens of the size interval , 
respectively. The ratio between the upper and lower screens of each size class, except the finest size 
fraction (pan), was nearly equal to 2. The upper and lower screens of the sink size fraction were set at 
1.18 and 0 mm, respectively. The ( ) in Eq.3 was multiplied with the population mass to determine 
the total mass of particles in the size class . Then, random particles were generated in the size class : 

 ( ) = ( )  (0,1) +                 (4) 
 
Where ( ) is the diameter of a random particle in the size class , and (0,1) is a 

pseudorandom real number uniformly distributed in an open interval between 0 and 1. The 
pseudorandom number was generated by using MATLAB’s built-in RAND function based on the 
Mersenne-Twister algorithm (Matsumoto and Nishimura, 1998). The random particle generation was 
performed for each size class as long as the total mass of the generated particles was smaller than the 
mass of the respective size class: 

  [ ( ) ( (100 ( )) + ( ))( ) /100]  <  ( )             (5)  
 
where  ( )  and ( )  are the diameter and chalcopyrite grade of the  random particle in the 

size class , respectively, while  and  are the pyrite and chalcopyrite densities, respectively. No 
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shape factor was used to calculate particle volumes assuming that random particle generation imposed 
a wide distribution of the particle shape.  

 
The chalcopyrite was distributed to the population particles, based on the rule that the 

chalcopyrite grades of particles followed the normal distribution. To distribute the chalcopyrite in a 
population, normal random grades were assigned to all particles by using MATLAB’s built-in NORMRND 
function with a mean grade of 6 % and a standard deviation ( ) of 2. The  was calculated from the 
smallest of the differences from the mean grade to grade limits (0 %, 100 %), which was further set at 
3 . The calculated  ensured that the normal random grade could mostly fall between the grade limits 
due to the three-sigma rule (Pukelsheim, 1994). Nevertheless, when the random grade was lower than 0 
% or higher than 100 %, the respective grade was set to the nearest grade limit.  
 
Simulation of the Sampling Algorithm 
 

The diameters, masses, and mineral grades of the particles in a particle population (Section 2.1) 
were stored in a matrix where each row included the corresponding data of a single particle. Then, a 
sampling survey was performed on the population matrix by selecting the data of population particles 
one-by-one. Each particle selection was performed by using MATLAB’s built-in RANDI function based on 
the Mersenne-Twister algorithm (Matsumoto and Nishimura, 1998): The function generated a random 
integer index from the row indices of the population matrix. The particle data at the index was carried 
from the population to the sample matrix. Then, the same data in the population matrix was changed to 
zero. This ensured that when a particle was carried from the population to the sample, it could be only 
re-added to the sample as a dummy particle. Instead, the carried particle could have been removed 
from the population matrix, yet this process would reduce the computational speed severely. After the 
simulation had ended, the data of dummy particles were removed from the sample matrix by using 
logical operators and indexing.  

 
The selection and carriage of the population particles to a sample were repeated as long as the 

total sample mass was smaller than the threshold sample mass (% mass of the population). Then, the 
sample grade was calculated from the sample matrix: 

   (%) =  100  [ ( )] [ ( ( ) )]               (6) 

 
where  and  are the diameter and chalcopyrite grade (%) of the  particle in the sample, 

respectively. The variance in the chalcopyrite grades of the simulated samples was calculated with 
respect to the population grade: 

  =  ( )                  (7) 
 
where  is the chalcopyrite grade (%) of the  sample,  is the chalcopyrite grade (%) of 

the population,  is the number of simulated samples. The sample variances were calculated by 
simulating and evaluating 100 samples from the populations. Also, some additional simulations were 
conducted to test whether changing the number of samples affected the calculated sample statistics. 
Figure 1, for example, showed the sample variances, which are estimated after simulating up to 10,000 
samples from a GGS population ( =2, =25.4 mm). The figure suggests that the sample variances are 
similar, regardless of the number of samples evaluated. Therefore, changing the number of probabilistic 
samples does not affect the calculated sample variance. 
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Figure 1. The simulated sample variances from a GGS population ( =2, =25.4 mm), which are 
estimated from 100-10000 samples. The samples are taken from the population at unequal masses. The 

population mass = 100 kg. 
 

 RESULTS AND DISCUSSION 
 

Figure 2 shows the mean, maximum and minimum grades of the samples, which are simulated 
from the GGS or the RRB populations with varying . The figure suggests that the mean grades of 
samples are quite similar, but they are not numerically equal to their respective population grade. The 
result is consistent with Gy’s postulation that the mean of the FSE, which is the error of equiprobable 
sampling, cannot be zero (Gy, 1992). Meanwhile, the distance between the maximum and minimum 
sample grades varies as a function of the population’s size distribution: If the samples are simulated 
from the GGS populations with increasing , the distance seems to expand (Figure 2a), suggesting higher 
variation in sample grades. If the samples are simulated from the RRB populations with increasing , the 
difference will funnel (Figure 2b), showing smaller variation in the sample grades. Figure 3 also shows 
the sample variances, which are estimated after simulating samples from the RRB or the GGS 
populations with varying . The figure suggests that the samples from the RRB populations, unlike the 
ones from the GGS populations, yield smaller sample variance as the  of the population increases. Gy’s 
equation adopts the particle size range as a variable affecting the FSE variance ( ): 

 =                 (8)  
 
where  is sample mass,  is the lot or population mass being sampled,  is the nominal size 

(95 % passing screen size) of the coarsest particle in the lot, , , ,  are the composition, liberation, 
shape, and size range factors, respectively. It is postulated that the  term in Eq.5 decreases as the ratio 
between  and the nominal size of the finest particle, i.e., 5 % passing screen size, increases (Gy, 1979; 
Wills and Finch, 2016). In other words, Eq.8 imposes that the narrower spread of particle sizes, 
equivalently higher , should yield higher  and thus higher . However, wider GGS populations 
should yield higher sample variances, as discussed early, and demonstrated in Figure 3. Therefore, the 
sample variances can also depend on the nature of the particle size distribution, which may not be 
foreseen in Gy’s equation. 
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Figure 2. The mean, maximum, and minimum chalcopyrite grades of the samples, simulated from the 
GGS (a) or the RRB populations (b) with varying . Population mass = 100 kg, sample size = 1 % mass of 

the population, number of samples = 100. 
 

 
 

Figure 3. The sample variances that are estimated after simulating samples from the RRB or the GGS 
populations with varying . The samples are taken from the populations at unequal masses. Population 

mass = 100 kg, number of samples = 100.  
 

Figure 4 demonstrates the sample variances that are estimated after simulating samples of 
unequal masses from the GGS populations with varying . The figure shows that taking larger samples 
from the GGS populations should decrease the sample variance as larger samples approach the 
population. Also, the sample variance can be adequately estimated by using a power function (dashed 
lines in Figure 4) of sample mass with an exponent of -1.16. This function is comparable with the inverse 
proportionality between  and  in Gy’s Equation (Eq.8). Meanwhile, Figure 4 points out a rapid 
escalation of the sample variance when the sample size is reduced under 10-15 % mass of the 
population. Sampling surveys on a binary sand mixture suggested that equal-sized samples by rotary 
riffling yield lower sample error than the halved mixture by chute riffling or the quartered mixture by 
coning-quartering (Allen, 2003). These results contradict the fact that larger samples must yield less 
variance after probabilistic sampling, as observed in Figure 4. Therefore, the author suspects the 
presence of severe sampling errors on the above methods, which should not be related to probabilistic 
sampling. 
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Figure 4. The sample variances that are estimated after simulating samples from the GGS populations 
with varying . The samples are taken from the populations at unequal masses. Population mass = 100 

kg, number of samples = 100. y = sample variance, x = sample size. 
 

As sample variance propagates very fast under a threshold sample size (Figure 5), taking 
samples smaller than this threshold mass can cause large variances in the sample grades. Then, instead 
of collecting such samples directly, it may be beneficial to collect them after successive sampling from 
relatively larger samples. Figure 5, for example, shows the simulated sample variances after successive 
halving or quartering of the GGS populations with varying . The results show that quartering produces 
smaller sample variance only if the population’s  is 1.5. However, the successive halving from other 
populations can produce a smaller or equal variance, as compared to quartering. These results strongly 
suggest that successive sampling is superior to direct sampling. However, successive sampling can still 
suffer from the sampling errors: To demonstrate this fact, samples were simulated from the GGS 
populations of different masses, simply done at a constant ratio between the sample and population 
mass, i.e., / . Figure 6 suggests that taking samples from smaller population masses can yield larger 
sample variances, which will even escalate if the GGS populations have narrower particle size 
distribution. Such escalation can be well described by a power function (dashed lines in Figure 6) of the 
population mass, having a negative exponent between -0.9 and -1.2. Gy’s equation (Eq. 8) imposes that 
the  should be inversely proportional to  at a fixed / . Therefore, as the mass being sampled 
reduces at successive sampling, the reduced mass should become more susceptible to sampling errors.  

 

 
 

Figure 5. The simulated sample variances after successive halving or single quartering of the GGS 
populations with varying . Population mass = 100 kg, sample size = 25 % of the population mass, the 

number of samples = 100. 
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Figure 6. The sample variances that are estimated after simulating samples from the GGS populations 
with varying . The populations are generated from unequal masses. Sample size = 1 % of the 

population mass, number of samples = 100. y = sample variance, x = population mass. 
 

The sampling simulations were conducted on the populations in which chalcopyrite grade was 
normally distributed in all population particles (Section 2.1). In reality, however, the minerals may be 
accumulated to specific size fractions in the population, which may bring additional heterogeneity. To 
assess the impact of this heterogeneity, samples were simulated from a GGS population where 
chalcopyrite was normally distributed in the finest size fraction. Then, these samples were compared 
with the ones after chalcopyrite was normally distributed to all population particles. Figure 7 shows that 
if chalcopyrite is accumulated to the finest size fraction of the population, the sample variances will be 
10 to 100 times higher, as compared to the respective variances after chalcopyrite is distributed to all 
population particles. Therefore, probabilistic sampling becomes inadequate if the target mineral is 
accumulated to a specific size fraction in the population.  

 

 
 

Figure 7. The sample variances that are estimated after simulating samples from the GGS population 
( =0.5, =25.4 mm, chalcopyrite grade = 5.1 %). The samples are taken from the population at unequal 
masses. Chalcopyrite is either distributed to all size fractions or the finest size fraction in the population. 

The population mass = 100 kg, the number of samples = 100. 
 

Most of the sampling simulations were conducted on the populations in which the chalcopyrite 
grade of each particle was randomly generated from a normal distribution with a mean grade (Section 
2.1). Also, additional simulations were conducted to assess the effect of the population’s mineral grade 
on sample variance. For this purpose, samples were simulated from the GGS populations ( =0.5, =25.4 
mm) where the chalcopyrite grade of each particle was randomly generated from a normal distribution 
with varying mean grades. Then the sample variances were plotted as a function of the population 
grade. As shown in Figure 8, the sample variance yields a bell-shaped curve where the maximum 
variance is at 45-50 % population grade. It is postulated that the composition variance or  is 
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proportional to the product of the grades of the binary compositions (Wills and Finch, 2016): This 
proportionality causes  to become maximum at 50 % mineral composition, yet  will decay to 
zero as the composition approaches either to 0 or 100 %. Therefore, the bell-shaped curve of sample 
variance (Figure 8) is consistent with the above postulation, indicating that the probabilistic sampling 
errors are related to the composition variance. However, as demonstrated in Figure 9, the coefficient of 
sample variation ( ) cannot reduce as the population grade reduces 
from 50 % to zero. Then, the sample variance should be high with respect to  as the latter 
approaches to 0 %. Gy (1992) also pointed out that it would be dangerous to accept negligible FSE if the 
target content in a lot is concentrated below the ppb (part per billion) range. However, the algorithm 
could not estimate the sample variance when  reduced below ppb level, which could be due to the 
number format used at the computation. Therefore, the algorithm cannot be used to assess if it is safe 
to accept negligible sample variances at such trace concentrations. 

 

 
 

Figure 8. The sample variances from the GGS populations ( =0.5, =25.4 mm) with varying chalcopyrite 
grades. The population mass = 100 kg, sample size = 1 % mass of the population, the number of samples 

= 100.  
 

 
 

Figure 9. The coefficient of variation in sample grades that are taken from the GGS populations ( =0.5, 
=25.4 mm) with varying chalcopyrite grades. The population mass = 100 kg, sample size = 1 % mass of 

the population, the number of samples = 100. 
 

CONCLUSION 
 

A computational algorithm is presented to simulate probabilistic sampling surveys on the 
datasets of different particle populations. The algorithm can truly assess the impact of probabilistic 
sampling surveys on estimating the mineral grade of particle populations. The outcomes of this study 
are as follows: 
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The variances in simulated sample grades show that the probabilistic sampling errors are related 
to the composition heterogeneity. However, these variances also depend on the nature of the 
population’s particle size distribution, which may not be foreseen in Gy’s equation. Also, as the mineral 
grade of the population approaches to 0 %, the sample variance should be very high with respect to the 
population. Some sampling methods may be susceptible to severe errors, which are not related to 
probabilistic sampling. 

 
The results also provide some insights on probabilistic sampling surveys: Although successive 

sampling is susceptible to sampling errors, it may be beneficial to collect small samples by successive 
sampling from relatively larger samples. Probabilistic sampling surveys are inadequate if the mineral of 
interest is accumulated to a size fraction of the population. The number of samples taken by 
probabilistic sampling surveys should not affect the sample variance. 
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A COMPUTER APPLICATION MODULE EVALUATING ROCK MASS QUALITY RATING 
 

H.O. Dönmez 1, *, H. Tunçdemir 1 
 

1 Istanbul Technical University, Mining Engineering Department 
(*Corresponding author: donmezhu@itu.edu.tr) 

 
ABSTRACT 

 
The Rock Mass Quality Rating (RMQR) classification system has become one of the attractive 

rock classification systems today, due to its up-to-date and user-friendly nature. When the system was 
proposed in 2014, correlations were also provided for finding out the equivalents of the rock quality 
score obtained from the RMQR system in other frequently used rock classification systems like RMR and 
Q. This option has contributed the system easier to use for researchers and engineers. The RMQR 
system classifies the rock environment according to 6 basic parameters. The ranges given for these 
parameters and based on the scoring are the issues that should be carefully considered in determining 
the rock class. In this study, the ranges used to calculate the RMQR system and the relations that digitize 
them have been converted into MATLAB functions. Based on these converted functions, a Windows-
based computer application module has been coded that basically calculates the RMQR, determines the 
class of the rock and gives its equivalents in the RMR and Q systems. This module, called “RMQRCalc”, is 
an open source software by using the MATLAB graphical user interface, and is considered as a basic 
module that is a part of rock classification library to be made in this regard. 
 
Keywords: Rock mass quality rating, computer application module, RMQRCalc. 
 

INTRODUCTION 
 

Rock Mass Quality Rating System (RMQR) 
 

For those who will work in the rock environment, it is important to estimate the mechanical 
properties of the rock environment such as strength and deformation with the least cost and in the 
most accurate way. This is because the rock classification systems are developed that describe the 
characteristics of the rock environment from various parameters. One of the newly developed rock 
classification systems is the Rock Mass Quality Rating System (RMQR) aimed at estimating the 
geomechanical properties of rock masses. The RMQR System has been developed to better define the 
physical state of rock masses, bearing in mind the important parameters used in quantitative 
contemporary rock mass classification systems and avoiding parameter duplication. The system is based 
on input parameters such as weathering degree, the number of discontinuity sets, discontinuity range, 
discontinuity condition, groundwater infiltration, and water absorption conditions. The RMQR values 
ranging from 0 to 100 are determined from the scores assigned to them (Aydan et al., 2014). The system 
also defines the relationships by some practical equations that calculate the RMQR value from other 
commonly used rock classification systems or vice versa. 
 

PROBLEM DEFINITION 
 

Rock classification systems are the useful methods that the practitioners perform in the earth 
science engineering during the feasibility planning phase. Although many rock classification systems 
have been proposed until now, a few of them have been widely accepted and are actively used. Based 
on this phenomenon, it is essential creating an electronic library in which the most used rock 
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classification systems is brought and processed together. For this library, in the current study, initially, a 
simple computer application module, RMQRCalc, which evaluates RMQR based on Aydan (2014) is 
coded by the MATLAB graphical user interface. In Figure 1, the complete parameters and their relevant 
formulations, rock mass class information, and the code interface are given altogether. 
 

 
 

Figure 1. The code interface and parameters in the RMQR calculation based on Aydan (2014) 
 
In RMQR, similar to other rock classification systems, the properties of most parameters are 

directly selected and rated. While calculating the rock quality in RMQR calculation, 6 parameters in 
Figure 1 and their corresponding rating values in Figure 2, 3, 4, 5, 6, 7, 8, 9, and 10 are used. These 
parameters are respectively degradation degree (DD) and RDD, discontinuity set number (DSN) and RDSN, 
discontinuity spacing (DS) or rock quality designation (RQD) and RDS, discontinuity condition (DC) and 
RDC, groundwater seepage condition (GWSC) and RGWSC, and Groundwater absorption condition (GWAC) 
and RGWAC.  
 

 
 

Figure 2. Degradation degree (DD) and rating values (RDD) 
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Figure 3. Discontinuity set number (DSN) and RDSN 

 

 
 

Figure 4. Discontinuity spacing (DS) or rock quality designation (RQD) and RDS 
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Figure 5. Discontinuity condition (DC) and RDC 

 

 
 

Figure 6. Aperture or separation (DCA) and RDCA 
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Figure 7. Infilling (DCI) and RDCI 

 

 
 

Figure 8. Roughness (DCR) and RDCR 
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Figure 9. Groundwater seepage condition (GWSC) and RGWSC 
 
 

 
 

Figure 10. Groundwater absorption condition (GWAC) and RGWAC 
 

The discontinuity condition excluding the classes named by “None” and “Healed or 
intermittent” is calculated the appropriate parameters in RMQR are represented by some of the 
functions in the same publication. it is possible to obtain precise results in terms of 2 criteria (DS, DCA) 
in the system. Among these criteria, the equation proposed by the system for RDS and the equation 
derived within the scope of this study will be used for RDCA. Except for these two parameters, all 
parameters are kept constant, and it is shown in Table 1 that the rock class differs for the extreme 
values of each parameter. But it is not possible to detect this using only the RMQR chart. 
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Table 1. An example of the problem in calculating RMQR. 

 
METHODOLOGY 

 
The aim of this study is to turn the RMQR system, which is a module of the electronic rock 

classification library to be created, into a computer program. Thus, the system will become more useful 
and capable of more precise classification. 
 

In the RMQR system, scores for degradation degree (DD), discontinuity set number (DSN), 
infilling (DCI), roughness (DCR), groundwater seepage condition (GWSC) and groundwater absorption 
condition (GWAC) parameters consist of direct selections. In this section, users are directly selected 
without making any changes. However, it is possible to score more precisely by using the equations for 
Discontinuity spacing (DS), RQD and Aperture (DCA). Here, the equations given in the publication (Aydan 
et al., 2014) were used for DS and RQD, and the equation derived in this publication for DCA (Figure 11). 
 

Parameter 
Values Ratings RMQRCalc Ratings 

Case 1 Case 2 Case 1 Case 2 Case 1 Case 2 

1. Degradation degree (DD) Moderate 
degradation 

Moderate 
degradation 6 6 6 6 

2. Discontinuity set number 
(DSN) 

Three sets 
plus random 

Three sets 
plus random 8 8 8 8 

3. Discontinuity spacing (DS) 1.1 0.3 8 8 9.46 5.83 
4. Discontinuity condition (DC)             
a) Aperture or separation 0.26 0.49 4 4 4.73 4.11 

b) Infilling Thin coating 
<1 mm 

Thin coating 
<1 mm 4 4 4 4 

c) Roughness Smooth 
undulating 

Smooth 
undulating 6 6 6 6 

5. Groundwater seepage 
condition (GWSC) Dripping Dripping 3 3 3 3 

6. Groundwater absorption 
condition (GWAC) 

Moderately 
absorptive 

Moderately 
absorptive 3 3 3 3 

RMQR 42 42 44.19 39.94 

Rock Class Fair or 
medium 

Fair or 
medium 

Fair or 
medium 

Poor or 
weak  
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Figure 11. Curves of equations used in RMQRCalc 
 

THE COMPUTER APPLICATION RMQRCalc 

A Windows-based computer application named 'RMQRCalc' has been developed to obtain an 
accurate classification and an easy-to-calculate RMQR. The RMQRCalc application was designed using 
the MATLAB graphical user interface (GUI). The RMQRCalc obtains scores for each parameter from the 
values typed or selected by a user, thanks to the functions derived, and calculates the RMQR for the 
sum of these scores. Based on the RMQR value it has obtained, it gives its equivalents in the RMR 
(Bieniawski, 1989) and Q (Barton et al., 1974) systems. It determines the rock classes of each system. 
Screenshot of the application is given in Figure 12. 
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Figure 12. Screenshots from the RMQRCalc application 
 

The program can be accessed free of charge from the link shared under this notice. The 
published version is 1.0 and the program will be updated with the studies and feedbacks, and access will 
be provided from the link. 
 

RESULTS 
 

The RMQR system proposed by Aydan et al. in 2014 was coded in the MATLAB graphical user 
interface and turned into a windows-based computer application. With the equations suggested by 
Aydan et al. and the equation suggested in this publication, the system has been made more precise 
classification. It is planned that this study will be a module of the electronic rock classification library. 
The program is shared with the link in this study, open to the access of all participants. 
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ABSTRACT 
 

Mining is temporary land use, and the mine life ends with the exhaustion of mineable reserve or 
other factors that lead mine to unplanned closure. Premature mine closure is associated with various 
risks. Deviation from achieving sustainable development (SD) goals is the main consequence of 
premature mine closure risks. The present study aimed to implement the risk management of 
premature mine closure and mine closure impacts. In this regard, the comprehensive approach was 
proposed to identify the causes that led mine to close prematurely. In addition, the impacts of mine 
closure risks were assessed, and the risk treatment stage was investigated to prevent or diminish the 
detected risks in each stage. Mine reclamation is a risk treatment option that requires the selection of 
suitable Post-Mining Land Use (PMLU). The suitable PMLU option is chosen based on the identified and 
assessed risks. To this end, a two-dimensional (2D) risk model and Multi-Criteria Decision Making 
(MCDM) methods were developed. The Anguran mine was selected as a case study; the results showed 
that the final product price reduction is the most critical reason that threatened the lead and zinc of 
Anguran mine to early closure. To treat this risk, by analyzing the correlation between the prices of 
different metals and availability factors, iron investment simultaneously was proposed to the mining 
company due to its adverse correlation with the price of zinc and lead. Besides, among the mine closure 
risks, the highest risk level is related to economic risks. To appropriate response against the recognized 
impacts of mine closure risks, the recreation center was recommended as the suitable PMLU. 
 
Keywords: Premature mine closure, sustainable development, risk management, mine reclamation, 
multi-criteria decision making 
 

INTRODUCTION 
 

Mining activities promote economic growth and improve the region's social conditions, but 
premature mine closure will create many challenges for the area (Laurence, 2006). It is noteworthy that 
a significant proportion of mines are closed prematurely due to environmental, economic, and social 
factors (Laurence, 2006; Minaei Mobtaker and Osanloo, 2015). Premature mine closure has 
environmental, safety, health, social, financial, and technical risks. These occurrences can pose several 
challenges to achieving the region's sustainable development (SD) goals (Laurence, 2001; Kung et al., 
2020). In countries with rich resources but poor government management, mine closure risks are more 
severe (Cui et al., 2020). Therefore, it is vital to forecast the factors that cause the mine to close 
prematurely and implement the risk management approach. The risk management process is a 
comprehensive strategy for investigating and assessing identified risks and managing high-level risks 
that can make an unsustainable situation (ISO 31000, 2009). 

 
The risk management process includes three stages: risk identification, risk assessment, and risk 

treatment. Various researchers have considered the risk management process in the mine closure plan. 
(Mansouri et al., 2014; Mercer and Biggs, 2013; Sanders et al., 2019; Tones et al., 2021). However, these 
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cases have not developed a comprehensive approach to implement all risk management stages in mine 
closure. After risk identification, the most appropriate method should be considered for the risk 
assessment process. Numerous methods exist for assessing the risks; nevertheless, the 2D risk model is 
the most common method for mine closure (Gheisari et al., 2014; Laurence 2001; Kadir et al., 2017). In 
2018, Amirshenava and Osanloo developed the 3D risk matrix considering the time factor in the risk 
management process. Implementing the mine reclamation plan and choosing the Post-Mining Land Use 
(PMLU) are the best procedures for the risk treatment stage. Mine reclamation can make the conditions 
of the mined lands safe and stable and decrease or eliminate the adverse impacts of mining activities on 
the site. Thus, mine reclamation based on the identified and assessed risks can be deemed a practical 
effort to improve the situations for Sustainable Development (SD) of the region (Amirshenava and 
Osanloo, 2021; Laurenece, 2011; Sloss, 2013;). Reclamation planning begins from the exploration level 
and is completed at the end of the mine life cycle (Lappi, 2020; Osanloo, 2017). Figure 1 shows the mine 
life cycle and each stage's importance based on the time and the labor force required (ICMM, 2012b). 

 

 
 

Figure 1. Mine project life cycle (ICMM, 2012b) 
 

In choosing PMLU, the opinions of all stakeholders should be considered. Stakeholders can 
include local people, environmental experts, economic teams, and law authorities (Galvin, 2017; 
Hajkazemiha et al., 2021; Mborah et al., 2016). A reclamation plan is crucial in the mine life cycle 
because it covers the risks of premature mine closure and balances the consequences of mining 
operations in the region. According to the regions' situation, several PMLU can be selected for mined 
lands.  
 

A noteworthy point in the present study is implementing the comprehensive approach for the 
risk management of mine closure. In this regard, as the first step, the risks that led mine to close earlier 
have been recognized. In the next step, the probable consequences of the mine closure were assessed. 
For these aims, risk levels are classified using the 2D risk assessment matrix. The most suitable PMLU 
has been investigated based on the determined high-level risks. To this end, the Multi-Criteria Decision 
Making (MCDM) method was considered the best way to figure out the most proper PMLU. Finally, the 
proposed comprehensive approach is verified in Iran's lead and zinc mine. 
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Definition of the objectives 
 (Consideration of mine closure as a risk analysis problem) 

Planning 

 
METHODOLOGY 

 
This study seeks to provide a solution to reduce or avoid the risks of mine closure. As shown in 

Figure 2, a comprehensive risk management approach was developed in three stages. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 2. The framework of the mine closure risk management 
 
Planning 

 
The first step in the risk analysis process is problem definition and information gathering. The 

problem is defined as diminishing or avoiding the impacts of premature mine closure. In this regard, the 
Anguran mine was selected as a case study. Anguran is located 445 km northwest of Tehran in Zanjan 
province (Figure 3). The climate condition in this mine is cold and semi-arid. The average annual 
precipitation in this site is 347 mm (IMPASCO, 2021).  

 

Risk Assessm
ent 

Determination of the most important reasons affect mine closure 

Determination of likelihood and consequences of risks (2D risk matrix and risk score) 

Risk Treatm
ent 

Response planning to identified risks (Mine reclamation planning) 

Identify PMLU alternatives 
Determination of the most suitable PMLU 

Monitoring to selected PMLU 
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Figure 3. The Anguran mine in 445 Km of Tehran- Capital of Iran 
 
Risk Assessment 
 

At this risk management stage, the causes of premature mine closure risks are first identified. 
The probable consequences of this risk are then discussed. Semi-quantitative methods have been 
developed for achieving the results in this study. Qualitative methods are not accurate enough, and 
quantitative methods have complex calculations; Therefore, semi-quantitative methods are often used 
for risk analysis (Cui et al., 2020). The two-dimensional risk matrix is the basis of the research. In this risk 
matrix, one dimension represents the likelihood of the risk occurrence, and the other represents the risk 
intensity. Each matrix array converts qualitative expressions such as high, medium, and low into 
quantitative parameters (Amirshenava and Osanloo, 2019). Tables 1 and 2 illustrate the related causes 
and the possible consequences of premature mine closure. 

 
Table 1. Causes of premature mine closure 

 
Code Causes of premature mine closure 

R1 Increasing operating costs 
R2 Reducing the price of the final product of the mine 
R3 End of open-pit mining 
R4 Loss of the final product sales market 
R5 Overestimating of grade and tonnage 
R6 Facing faults, joints, and complex geological conditions 
R7 collapses of the mine pit wall 
R8 Failure of tailing dam 
R9 AMD generation 

R10 Contamination of surface and groundwater 
R11 Contamination of soil with toxic elements 
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R12 Excessive equipment depreciation 
R13 Defect or lack of mining equipment 
R14 Changing government policies under pressure from lawmakers 
R15 Existence of disputes and conflicts in the ownership of the mine site 
R16 The local people are against mining 

 
A team of 10 experts was determined to answer the related questionnaires. These experts 

consist of engineers and managers of Anguran mine in different fields. First, after predicting the risk 
factors associated with premature mine closure, experts were asked about the likelihood and intensity 
of each risk factor occurrence. The classification of score range was formed between one and five, and 
the closer the score is to five, the higher the probability of occurrence and the severity of each risk 
factor. The Risk Score (RS) is obtained by multiplying the likelihood and intensity of risk factor 
occurrence. 2D risk matrix can be formed with the RS. After calculating the RS, risk levels can be 
categorized into three levels. Table 3 shows the relationship between the RS and risk levels. 

 
Table 2. Consequences of premature mine closure 

 
Code Mine closure Risks 

C1 Decreasing economic growth in the region 
C2 Unexploded blast hole 
C3 Decreasing skills in the region 
C4 Falling into the pit 
C5 Pit slop failure 
C6 Unemployment 
C7 Inability to pay employees' salaries 
C8 Dust 
C9 Changing people's lifestyles 

C10 Water pollution 
C11 Soil pollution 
C12 AMD generation 
C13 Increasing crime and violence in the region 
C14 Failure to complete the reclamation plan 
C15 Inability to repay debts and loans 
C16 Inability to pay taxes to the government 

 
 

Table 3. The relationship between the RS and risk levels 
 

 
 
 

Risk Score (RS) Risk Level Color code < 4 Low  

4  Moderate  

RS >  High  
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Risk Treatment 
 

After the risk planning and risk assessment, an appropriate response should be considered to 
the identified risks. Risk response or treatment can be carried out to avoid, reduce, optimize, and 
transfer risks (Amirshenava and Osanloo, 2021). The best solution to risk treatment is mine reclamation. 
After reducing the site's pollution, mined land is prepared for PMLU implementation in the reclamation 
plan (Maqsoud et al., 2021). According to the mine's identified risks and general conditions, PMLU 
alternatives are shown in Table 4. 

 
Table 4. Classification of PMLU alternatives 

 
ID PMLU Description 
P1 Agriculture Arable land to produce the crop and earn money 
P2 Forestry Production commercial lumbers and creating a beautiful landscape 
P3 Lake or Pool Aquaculture, fishing pond, boating 
P4 Construction Construction of residential, educational, and industrial complexes 
P5 Wildlife habitat Natural parks 
P6 Recreation center Sports field, sailing, hunting, park, museum or exhibition 
P7 Solar power station Establishment of a solar power plant at the mine site 

 
Finding the best alternatives for PMLU, related criteria were determined. Experts give a score 

between 1 and 10 for each option considering different criteria. A low score indicates minor positive 
importance, and a high score represents a high positive significance. Nevertheless, this definition is 
reversed in the case of capital and operating costs due to their negative nature. Table 5 illustrates the 
decision-making criteria for choosing the suitable PMLU. 

 
Table 5. Decision-making criteria in PMLU selection 

 
code criteria 
M1 Capital cost 

M2 Operating and monitoring cost 

M3 Increasing the income of local communities 
M4 Creating job opportunities 
M5 Flexibility with the local lifestyle 
M6 Exposure to sunlight 
M7 Precipitation 
M8 Access to water resources 
M9 Impact on desertification 

M10 Land slope 
M11 Soil quality 
M12 Access 

 
TOPSIS method is the most proper for solving this problem (Hwang and Yoon, 1981). The 

average and standard deviation of experts' scores to each factor are decision-making criteria. Based on 
the defined criteria, the most suitable PMLU can be selected. 
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RESULTS 
 

Determining the Causes of Premature Mine Closure 
 

The average and standard deviation of the experts' scores to each risk factor are shown in Table 
6. Also, the risk factors are arranged by calculating the similarity index in Figure 4. According to the 
results, the final product's price reduction (R2) has been obtained as the most crucial reason for the 
early closure of the Anguran mine. The decline of minerals prices is inevitable because it is affected by 
many uncertainty parameters that are not easy to forecast. However, historical analysis of prices helps 
obtain future metals price trends, which can inform mining managers and engineers about the future 
conditions to take proper action. 

 
Table 6. Result of risk causes analysis 

 
Code Causes of premature mine closure Average Standard 

deviation 
R1 Increasing operating costs 1 0 
R2 Reducing the price of the final product of the mine 2 0 
R3 End of open-pit mining 2.875 0.330719 

R4 Loss of the final product sales market 2.75 0.433013 

R5 Overestimating of grade and tonnage 2 0 
R6 Facing faults, joints, and complex geological conditions 3 0.866025 

R7 collapses of the mine pit wall 2.125 0.927025 
R8 Failure of tailing dam 1.875 0.330719 

R9 AMD generation 2.75 0.433013 

R10 Contamination of surface and groundwater 2.75 0.968246 

R11 Contamination of soil with toxic elements 2.625 1.111024 

R12 Excessive equipment depreciation 2.5 0.707107 
R13 Defect or lack of mining equipment 2.25 0.433013 

R14 Changing government policies under pressure from lawmakers 2.75 1.391941 

R15 Existence of disputes and conflicts in the ownership of the mine site 1.875 0.599479 

R16 The local people are against mining 1.5 0.5 
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Figure 4. Comparison ranking of risk factors 
 
Risk Matrix of Premature Mine Closure 
 

According to Table 3, risk levels are divided into low, medium, and high-risk categories. Table 7 
represents the result of the risk assessment. In addition, the 2D risk matrix is obtained by considering 
the likelihood in one dimension and the intensity of occurrence values in the other dimension. Figure 5 
illustrates the 2D risk matrix. 
 

Table 7. Results of risk assessment 
 

Code Likelihood Consequences RS Color code 

C1 3.25 3.5 11.375  

C2 2.5 2.25 5.625  

C3 2.75 3 8.25  

C4 3.25 3.25 10.5625  

C5 2.125 2 4.25  

C6 4 4.75 19  

C7 4.25 4.25 18.0625  

C8 1.625 1.625 2.640625  

C9 1.125 1.125 1.265625  

C10 2.25 2.25 5.0625  

C11 3 3.25 9.75  

C12 2.875 2.875 8.265625  

C13 1 1 1  

C14 2 1 2  

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12

Re
la
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d 
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gh
ts

 

Dicision making criteria 
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C15 2.25 2.125 4.78125  

C16 2.625 2.625 6.890625  

 
 

In
te

ns
ity

 
5    C6 C7 

4    C1,C4,C11  

3   
C1, C3, C5, 
C10, C12, 
C15,C16 

  

2  C8,C9,C14    

1 C13     

 1 2 3 4 5 
                  Likelihood 

 
Figure 5. 2D risk matrix 

 
Based on the results in Figure 5, many identified risks (63%) belong to the medium risk level (RS 

between 4 and 14). Unemployment and the inability to pay staff salaries (C6, C7) are at the highest risk 
of premature mine closure (RS is more than 14). Thus, making the necessary efforts to control these 
threats should be a priority for the mining company.  

 
Determining of PMLU 
 

Based on the MCDM method, a comparison between appropriate alternatives for PMLU has 
been developed. In Figure 6, the results of the TOPSIS method for selecting the suitable PMLU have 
been shown. 

 

 
 

Figure 6. Results of PMLU ranking by the TOPSIS 
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According to Figure 6, recreation centers (P6) were obtained as the most suitable PMLU for the 

Anguran mine. Recreation centers can include sports complexes, boating, parks, museums, or 
exhibitions. Recreation centers can generate a sustainable income in the region. Therefore, by choosing 
this PMLU, the main risks due to the mine closure (C6, C7) are reduced or prevented. 
 

DISCUSSION 
 

Premature mine closure poses many risks to the mining area. These risks can be a threat to 
achieving the goals of SD. Therefore, in modern mining, mine closure risk management plays a vital role 
in maintaining mining activities in line with the principles of SD. The study evaluated premature mine 
closure by developing the 2D risk model and MCDM techniques. Compared to other similar studies, this 
research is preferred because it considers all stages of the risk management in the mine closure 
problem. In the planning stage, the problem was defined, and information was collected. In the risk 
assessment stage, recognizing possible risks that led mine to close earlier has been carried out. Finally, 
the most suitable PMLU was selected by MCDM analysis to treat the detected threats. For reducing the 
harmful impacts of mining activities, the implementation of reclamation projects has a significant role. 
Different reclamation methods are applied for different mines according to mineral type, mining 
methods, ecosystem, climate conditions, and legal requirements.  

 
The results indicated that the final product's price reduction was known as the most crucial 

reason for premature mine closure. The best solution for avoiding the detected risk factor is investing in 
other minerals industries. In this regard, historical data of lead and zinc prices were collected and 
compared with other mineral prices (LME, 2021). Based on the correlation between lead and zinc prices 
with other minerals, correlation coefficients have been illustrated in Table 8. 

 
Table 8. Correlation coefficients of mineral prices (January 2010 to October 2021) 

 

 Zn Pb U Pa Al Sn Ag Pt Ni Au Cu Fe 

Zn 1.00 0.82 -0.49 0.44 0.79 0.37 -0.04 -0.38 -0.01 0.16 0.24 0.02 

Pb 0.82 1.00 0.17 -0.13 0.69 0.64 -0.01 0.20 0.49 0.07 0.54 -0.13 

 
Based on the results, zinc has a strong positive correlation with lead. In other words, price 

fluctuations are similar between zinc and lead roughly. It can be seen in Table 8 that several minerals 
have a negative correlation with zinc and lead. For selecting the most appropriate investment option for 
a mining company, in addition to the correlation coefficients, the availability factor is important too. 
Considering the general condition of the mining region and the possibility of investment are significant 
to achieve an accurate solution. 

  
According to the results, iron investment was simultaneously proposed to the mining company 

due to its adverse correlation and availability factor around the mining region. Therefore, the iron 
market can be a reliable investment option when lead and zinc prices decline. 

 
For risk treatment, first, the high-level risks were identified. It was observed that economic risk 

factors significantly impact premature mine closure consequences. By investigating seven alternatives of 
PMLU and twelve decision criteria, recreation centers were selected as the most suitable PMLU. 
Recreation centers improve the individual and social conditions in the region and play a significant role 
in reducing social conflicts. Suitable employment, job opportunities, local income is created by choosing 
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this PMLU. Thereby, this PMLU can cover the mine closure identified risks. The distance of mines from 
crowded cities and centers, reclamation costs, problems of polluting elements, and low probability of 
return on investment are among the limiting factors for choosing recreation centers as a PMLU. 
However, due to the lack of recreational centers in the Anguran region, selecting this option seems 
rational. Since the MCDM methods are compatible in this case study; Selecting these methods was the 
correct and most appropriate option for achieving the results. 

 
CONCLUSION 

 
The current study focuses on implementing the comprehensive risk management approach for 

premature mine closure risks. In this regard, three stages of the risk analysis were considered to manage 
the risks. First, identifying risks that could influence early mine closure occurrence was studied. The 2D 
risk matrix and MCDM techniques were developed for the risk assessment stage. Verifying this approach 
in the Anguran lead and zinc mine in Iran, the determination of the most critical possible reasons for the 
premature mine closure was on the agenda. The metal price reduction was the main risk factor that led 
the mine to close prematurely. By investigating the correlation of metals prices with each other and 
availability factors, iron investment was proposed to reduce or prevent the occurrence of this risk factor. 
Then, unemployment and the inability to pay staff salaries were the main consequences of premature 
mine closure. Also, the 2D risk matrix's results show that economic risks had significant impacts on the 
mining company. The seven PMLU alternatives were ranked by the TOPSIS method compared to the 
twelve criteria for the risk treatment stage. Finally, recreation centers were introduced as the most 
suitable PMLU. Different mining companies can implement the presented comprehensive approach in 
this study to manage the risks that threaten the SD goals in the region.   
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 ABSTRACT   
 
The process of selecting an underground mining method is a critical decision-making issue with 

multiple criteria and depends on many important parameters such as geotechnical and geological 
features, technical, operational, environmental and economic parameters, political, social, and 
geographical factors. These factors face uncertainty, and existing uncertainties must be taken into 
account in the decision-making process of selecting the appropriate underground mining method. Fuzzy 
parameters are generally estimated through expert knowledge, but the degree of confidence in the 
opinion of different experts is different and the uncertainty and difference in the reliability of their 
opinion cannot be ignored. In this regard, Z-numbers Theory has been proposed. Each Z-number is 
represented by a pair of fuzzy numbers such that the first component indicates the fuzzy importance of 
each parameter and the second component is the reliability of the prediction of the first component. In 
this study, after classifying the effective factors in the selection of underground mining methods, the Z-
numbers theory was used to rank and determine their importance. The results showed that in the main 
group of criteria technical factors and among the sub-criteria geological conditions, geometry conditions 
of the deposit, income per ton of ore, geomechanical conditions, and costs are the most important 
parameters, respectively.    

 
Keywords: Influencing factors, underground mining method selection, uncertainty, fuzzy numbers, Z-
numbers theory 

 
INTRODUCTION 

 
The selection of appropriate underground mining method to extract minerals from a deposit is 

one of the first and most important decisions in mining engineering activities from the perspective of 
safety, productivity, and economic issues. Different parts of an ore deposit normally vary widely in their 
geological, physical, chemical, and structural aspects. Depending on the dip, depth, size, and shape of 
the deposit, as well as the strength of the ore and host rock, several technically feasible methods may 
be adopted for a particular ore deposit. However, safety, financial, economic, and environmental 
parameters are of the most important and due attention should be paid to these parameters to select 
the safest and most profitable method. Therefore, selecting the most suitable method for an ore 
deposit, is a critical and challenging task owing to its compliance with a set of criteria (Gupta and Kumar, 
2013).  

   
To study the important and effective parameters in choosing the appropriate method for 

mining, many studies have been done for a long time. The first model or guide for the mining method 
selection is the method introduced by Peele in 1941 (Samimi Namin, 2009). Sunsequently, different 
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researchers have used different factors in their studies in order to decide on the mining method 
selection. Table 1 summarizes some of these studies. 

 
Table 1. Criteria considered for selecting the appropriate mining method in various studies 
 

Author year Criteria considered in the study 
Boshkov and 

Wright 1973 Thickness, Shape, Dip, Strength of ore, HW, FW 

Morrison 1976 Ore thickness, Strain energy accumulation 

Laubscher 1981 RQD, Spacing of fractures, Joint’s conditions, 
Underground water (hydrologic conditions) 

Nicholas 1981-1992 
Thickness, Shape, Dip, Overburden thickness, Grade 

distribution, RSS, RQD, Natural fractures and discontinuities 
shear strength of the ore zone, HW, FW 

Hartman 1987 Depth, Strength of ore, HW, FW, Geometry 
conditions (Thickness, Shape, Dip) 

Pakalnis et al. 1995 Thickness, Shape, Dip, Depth, Grade distribution, 
RMR and RSS of ore, HW, FW 

Meech et al. 2002 Thickness, Shape, Dip, Depth, Grade distribution, 
RMR and RSS of ore, HW, FW 

Alpay & Yavuz 2007 

Spatial characteristics of the deposit, Geologic and 
hydrologic conditions, Geotechnical (soil and rock 
mechanics) properties, Economic considerations, 

Technological factors, Environmental concerns 

Azadeh et al. 2010 

Geometry conditions, Geomechanical conditions, 
Geographical conditions, Production, Mining operations, 

Mining aspects, Capital costs, Operating costs, 
Reclamation/rehabilitation costs, Income per ton of ore, 

Equipment worth and its usages 
Gupta & Kumar 2013 Intrinsic factors, Extrinsic factors 

Balusa & 
Singam 2017 

Deposit thickness, RMR of hanging wall, Deposit dip, 
Deposit shape, RMR of ore, Ore grade, Ore uniformity, 

Recovery, Production, RMR of footwall, Technology, Depth, 
Dilution 

FU et al. 2018 

Economic benefit (Economic efficiency), Technical 
feasibility (physical parameters), Management complexity 

(the complexity of production management), Security status 
(safety of mining production), Environmental benefit 

(damage to the environment of mining methods) 

Balusa & Gorai 2019 

Dip, Shape, Thickness, Depth, Grade distribution, 
RMR of ore, RMR of hanging wall, RMR of foot wall, 

Productivity, Recovery, Dilution, RSS of ore, RSS of hanging 
wall, RSS of foot wall, Flexibility, Safety 

Baji´c et al. 2020 Technical, Production, Economic 
 
 
A number of these influencing criteria in the selection of underground mining methods face 

uncertainty and they are difficult to quantify (Gupta and Kumar, 2013). Fuzzy theories can, to some 
extent, fully address this uncertainty in computations. Fuzzy parameters are generally estimated 
through expert knowledge, but the degree of confidence in the opinion of different experts is different 
and the uncertainty and difference in the reliability of their opinion cannot be ignored. In this regard, 
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Zadeh (2011) proposed a concept called Z-numbers. Z-numbers try to do calculations based on numbers 
that are not completely reliable. Accordingly, each Z-number is expressed based on a pair of fuzzy 
numbers ( , ). The first component ( ) is a constraint on the actual value of the given variable. The 
second component ( ) also shows the reliability of the first component. Of course, the concept of Z-
numbers was not the first attempt to show uncertainty in fuzzy numbers, but the theory of fuzzy sets of 
the second type, in which the degree of membership of a fuzzy set is itself fuzzy, was expressed before 
the theory of Z-numbers. However, this theory, unlike the theory of Z-numbers, is not able to show the 
degree of reliability in most sentences (Kang et al., 2012a, 2012b; Zadeh, 2011). 

 
After Zadeh introduced the theory of Z-numbers in 2011, this theory was quickly used in various 

sciences such as economics, business, planning and the decision-making process (Kang et al., 2012a, 
2012b). In the mining industry, due to its nature, the existence of uncertainty and variability in the 
influencing parameters in selection of underground mining methods play important and effective roles 
in the design and sustainability of underground mines (Heidarzadeh et al., 2020). Uncertainty and 
unreliability in these factors can be expressed as = ( , ) numbers. For example, the "deposit depth" 
parameter follows the fuzzy number ; While the reliability of this prediction by the expert can be 
indicated by another fuzzy number such as . In the present study, due to the nature of mining and the 
existence of uncertainty in the factors influencing the selection of underground mining method (such as 
geological, operational, and geotechnical parameters, etc.), the Z-numbers theory has been used to 
study and classify these factors. 
  

Z-NUMBERS 
 

A Z-number consists of a pair of fuzzy numbers in the form of = ( , ); So that the first 
component ( ), a restriction on the values, is a real-valued uncertain variable X and the second 
component ( ) is a measure of the reliability for the first component. The numbers  and  also 
represent two fuzzy numbers defined by Equation (1) (Azadeh et al., 2013; Kang et al., 2012a, 2012b). 

 
(1)      = { , ( ) | } 

 
Where: A: a fuzzy set on a universe X, : [0,1]: membership function of A and ( ): 

membership value that describes the degree of belongingness of  in A. 
 
In a graphical representation, a Z-number can be represented as Figure 1. In this example,  is a 

gular fuzzy number (Azadeh et al., 2013; Kang et al., 2012a, 
2012b).  

  

 
 

Figure 1. An example of a Z-number (Kang et al., 2012a) 
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Fuzzy Expectation of a Fuzzy Set 
 

If A is a fuzzy set in which : [0,1] is a membership function of A, the fuzzy Expectation of 
a fuzzy set is defined by Equation (2) (Kang et al., 2012a). 

  
)2(               ( ) = ( )   

 
This concept is different from the meaning of the Expectation of probability space.  
 

Converting Z-numbers to classical fuzzy numbers 
 

Direct calculations using Z-numbers are difficult and long calculations and have limited 
conditions (Zadeh, 2011). Therefore, to use these numbers, they are first converted to classical fuzzy 
numbers and then calculations are performed by fuzzy numbers. This process simplifies the calculations 
(Azadeh et al., 2013; Kang et al., 2012a). 

 
Assume = ( , ) is a Z-number and the fuzzy numbers  and  are defined as            
      = { , ( ) | [0,1]} and = { , ( ) | }, in which ( ) is a trapezoidal 

membership function and ( ) is a triangular membership function. In this case, the following steps 
are performed to convert Z-number to a classical fuzzy number: 

 
1) First, the second component of Z-number (reliability value) is converted to a crisp number (Equation 3). 

 

)3(              = ( )( )   

 
2) The weight of the second component (reliability value) is combined with the first component 

(restriction). The weighted Z-number can be denoted as  = { , ( ) | ( ) = ( ),[0,1]} (Equation 4 and 5). 
  

)4(       ( ) = ( ),      
)5(             . .     ( ) = ( ),  

 
3) Now the irregular fuzzy number (weighted restriction) becomes the regular fuzzy numbers (Equation 6 

and 7). The obtained fuzzy set can be denoted as = { , ( ) | ( ) = , [0,1]}, and it 
is expressed through Equation (8) that ( ) has the same fuzzy expectation with  . 
 

)6(         ( ) = ( ),  

)7(         . .     ( ) = ,  

 
Equation (8) can be deduced from equations 4 and 6. 
  

)8(        ( ) = ( ) 
 

By studying the equations in this section and converting a Z-number to a classical fuzzy number, 
it is sufficient to first determine the value of  through Equation (3) and after taking the square root of 
it, multiply in each parameter of the first component of Z-number, i.e. . 
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INVESTIGATION AND CLASSIFICATION OF EFFECTIVE FACTORS IN THE SELECTION OF UNDERGROUND 

MINING METHODS 
 

Mining method selection is one of the most important stages of mine design. Every deposit has 
its unique features. Numerous studies indicate that the underground mining method selection depends 
on the large number of factors. These factors can be classified into the following groups, i.e.: 
(Bogdanovic et al., 2012; Karimnia & Bagloo, 2015).  

 
 Physical and mechanical characteristics of deposit such as local geological conditions, the strengths of 

the hanging and footwall, ore thickness, general shape of the deposit, slope, depth below the surface, 
overburden thickness, grade distribution, and quality. The main geological conditions include shear 
strength of the intact rock, natural fractures, shear strength of the in continuities, the orientation, 
length, spacing and locality of the geological structures, in situ stresses and hydrological conditions. 

 Technical factors such as annual productivity, applied equipment, environmental considerations, mine 
recovery, flexibility of methods, machinery and mining rate  

 Economic factors, such as: capital cost, operating cost, mineable ore tons, orebody grades and mineral 
value, and 

 Exploitation factors such as annual exploitation, equipment, efficiency and environmental aspects. 
 

In the present study, with the aim of classifying the effective parameters in the selection of 
underground mining methods, the available resources in this field were studied and the effective factors 
were investigated. Each of these studies has presented its classification to select the best mining 
method. In this article, by reviewing various research, a comprehensive classification of important 
factors in the selection of underground mining methods was performed. As shown in Table 2, the given 
criteria are divided into 4 main categories of technical, ambient, economic and operational/ mining 
factors and also 13 sub-criteria (Alpay and Yavuz, 2007, Alpay and Yavuz, 2009; Ataei et al., 2008; Ataei 
et al., 2013; Azadeh et al., 2010; Baji´c et al., 2020; Balusa & Gorai, 2019a, 2019b; Balusa & Singam, 
2017; BOGDANOVIC et al., 2012; Dehghani et al., 2017; FU et al., 2018; Gupta & Kumar, 2013; Iphar & 

Yavuz, 2015; Yazdani-Chamzini et al., 2012 Zare Naghadehi et al., 2009).     
 

Table 2. Classification of effective factors in the selection of underground mining methods in the present 
study  

 
No. Criteria No. Sub-criteria 

1 Technical Factors 
1 Geometry Conditions of the Deposit 
2 Geomechanical Condition 
3 Geological Conditions 

2 Ambient Factors 4 Geographical Conditions 
5 Static and Dynamic Loading 

3 Mining & 
Operational Factors 

6 Technological Factors 
7 Productivity Factors 
8 Environmental Concerns 
9 the complexity of production management 

10 Safety of production 

4 Economic Factor 
11 Costs 
12 Income 
13 Initial Investment Rate of Returns 
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MATERIAL AND METHODS 
 

In this study, using the Z-numbers theory, the factors influencing the selection of underground 
mining methods were classified. The steps of conducting the research are presented as bellow. 

 
Selection of Experts and Determining the Weighting Factors of Them 
 

When sufficient information does not e
were selected to determine the weighting. It should be realized that these experts do not have the same 
weighting score. For this reason, in order to determine weighting scores of experts, title, experience, 
education time and age criteria were used. The weighting factor of each expert was obtained by dividing 
the sum of scores obtained from him/her divided by the total scores obtained by all experts 
participating in the study (Lavasani et al., 2015; Lavasani et al., 2015; Renjith et al., 2010).  

 
Steps Used to Apply Z-Numbers  
 
Quantification of experts' predictions about each parameter ( ) 
 

Linguistic terms have been used for quantifying expert’s opinions or determining their opinion’s 
weighting regarding each parameter. Five applied linguistic terms include very low, low, medium, high, 
very high which in short is VL, L, M, H, and VH. To fuzzy this section, trapezoidal fuzzy number has been 
used. Figure 2 represents the fuzzy domain of applied linguistic terms in this study (Chen & Hwang, 
1992; Lavasani et al., 2015; Lavasani et al., 2015; Renjith et al., 2010). 

 
Quantification of the reliability of the first component ( ) 
 

In this paper, to quantify the reliability of the first component for each parameter, the language 
variables Very Low (VL), Low (L), Medium (M), High (H) and Very High (VH) have been used. To fuzzy this 
section, a triangular fuzzy number has been used, which Figure 3 shows the fuzzy range of linguistic 
variables used in this research (Kang et al., 2012b). 

 
 

 
 

Figure 2. Linguistic terms used by experts 
(Mottahedi & Ataei, 2019; Renjith et al., 2010) 

Figure 3. Linguistic variables used to quantify  
(Kang et al., 2012b) 

 
Table 3 shows a part of the survey forms submitted. In this questionnaire, experts, based on 

their knowledge and experience in selecting the appropriate underground mining method, estimated 
the importance of each parameter ( ) in the left part of that parameter. And in the right part, they 
considered the reliability of their predictions about each factor ( ).  
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Table 3. A part of the survey forms used in this study 
 

Influencing factors in underground mining method selection 
The reliability of experts' 
predictions about each 

criterion Criteria 
The importance of each 

criterion 

VH H M L VL VH H M L VL 
     Technical Factors      
     Ambient Factors      
     Mining & Operational Factors      
     Economic Factor      

 
Converting Z-Numbers to Classical Fuzzy Numbers 
 

In this section, according to the contents of concepts section, a Z-number was converted to a 
classical fuzzy number (Azadeh et al., 2013; Kang et al., 2012a). 

 
1) : T

Z-number is determined using the equation 3. 
 

2) Multiplying  in each parameter of the first component of Z-number ( ): As mentioned, to convert 
Z-numbers to classical fuzzy numbers, the  obtained from the previous step must be multiplied in 
each parameter of the first component of Z-number, i.e., .  

 
Aggregating Expert’s Opinions 
 

linguistic terms score (fuzzy number). This has been done according to equation (9) and based on a 
study by Clemen and Wrinkler (1999) and Renjith et al. (2010).  

 
)9(             M = W A             (i = 1,2,3, . . . , m) 

 
Where: Aij: Linguistic terms in relation to each parameter i 

factor j, m: the number of parameters and n: the fuzzy number of aggregating expert’s opinions in 
relation to each parameter i. 

 
Defuzzification And Converting Each Parameter to A Crisp Number 
 

Defuzzification of fuzzy numbers is an important procedure for decision-making in fuzzy 
environment. In this study, center of area (centroid) defuzzification technique has been selected. This 
technique has been developed by Sugeno in 1985. This is the most used technique and is accurate. 
Defuzzification of trapezoidal fuzzy number ~ = ( , , , ) is obtained using Equation 10 (Lavasani 
et al., 2015; Lavasani et al., 2015).  
 

(10) = 13 ( + ) ( + ) +( + )  
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Ranking of Influencing Parameters in Underground Mining Method Selection 
 

In this section, after calculating the final weight of each parameter using Equation (10), the 
importance of each factor was determined and ranked based on the obtained weights. According to the 
results of calculations and quantify the uncertainty of parameters using Z-number theory, in the main 
group of criteria technical factors with a weight of 0.745, are the most important parameters. Economic 
factors (0.685), mining/operational factors (0.639) and ambient factors (0.594) are also in the next 
categories, respectively (Table 4 and Figure 4). 

  
Among the sub-criteria influencing the selection of underground mining method, geological 

conditions (0.730), geometry conditions (0.717) and income per ton of ore (0.715) are the most 
important factors. After these parameters, geomechanical conditions, costs and initial investment rate 
of returns are the most important parameters, respectively (Table 5 and Figure 5). 

 
Table 4. Final weight of criteria and their rank 

 
Criteria Final Weight Ranking of Criteria 

Technical Factors 0.745 1 
Ambient Factors 0.594 4 

Mining & Operational Factors 0.639 3 
Economic Factor 0.685 2 

 

 
 

Figure 4. Final weight of criteria and their rank 
 

Table 5. Final weight of sub-criteria and their rank 
 

Criteria Sub-criteria Final 
Weights 

Ranking of 
sub-criteria 

Technical 
Factors 

Geometry Conditions of the Deposit 0.717 2 
Geomechanical Condition 0.677 4 
Geological Conditions 0.730 1 

Ambient 
Factors 

Geographical Conditions 0.485 11 
Static and Dynamic Loading 0.517 9 

Mining & Technological Factors 0.493 10 
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Operational 
Factors 

Productivity Factors 0.574 7 
Environmental Concerns 0.391 13 
The complexity of production management 0.466 12 
Safety of production 0.526 8 

Economic 
Factor 

Costs 0.631 5 
Income 0.715 3 
Initial Investment Rate of Returns 0.601 6 

 

 
 

Figure 5. Final weight of sub-criteria and their rank 
 

CONCLUSION 
 

Selecting the best underground mining method among many alternatives is a multicriteria 
decision-making problem. The important factors for mining method selection include geological and 
mineralogical factors, geometrical features of deposit, safety, environmental parameters, economic 
variables, geographic characteristics, and local considerations. A number of these influencing criteria 
face uncertainty and they are difficult to quantify. The existing uncertainties must be considered in the 
decision-making process of selecting the appropriate underground mining method. Fuzzy parameters 
are generally estimated through expert knowledge, but the degree of confidence in the opinion of 
different experts is different and the uncertainty and difference in the reliability of their opinion cannot 
be ignored. In this regard, Z-numbers Theory has been proposed. Each Z-number is represented by a 
pair of fuzzy numbers such that the first component indicates the fuzzy importance of each parameter, 
and the second component is the reliability of the prediction of the first component. In this study, after 
classifying the effective factors in the selection of underground mining methods, the Z-numbers 
approach was used to rank and determine their importance. The results showed that in the main group 
of criteria technical factors and among the sub-criteria geological conditions, geometry conditions of the 
deposit, income per ton of ore, geomechanical conditions, and costs are the most important 
parameters, respectively. 
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ABSTRACT 

 
The asphaltite reserves and current coal mining in rnak, were 83% of total Turkey's 

asphaltite reserves. This type of asphaltite should be washed with a washing plant to operate in 
areas where sulfur content and ash content of asphaltite were removed. Tunçbilek, Bolu Mengen 
and Kütahya Gediz lignite were tested in selective agglomeration by asphaltite together. The ash and 
sulfur contents in coal washing provided great issue due to hard washability his 
evaluation gave great benefits in terms of reduced costs as well as transport and environmental 
protection. The coal slime recovery ranged from a 20-120 mg/l fuel oil solution through with 
mechanical agitation of fuel oil micro coagulation followed by modified centrifuge baffle was 
researched. Micrographs and particle size measurements indicated that coagulates were the fine 
agglomerate of fuel oil micro coagulation Micro 
column flotation proved much as other mechanical techniques such as inclined lamella plates in 
column and coagulation effect was managed in agitation conditioner by fuel oil. Modified column 
flotation cell used to recover coagulates on the lamella bafflers temporarily. The fuel oil and 
surfactant adsorption was evaluated through control measurements. The influence of collector fuel 
oil concentration, pH and bubble size on slimes recovery was investigated. In the absence of 
collector, a combustible recovery of 45% was achieved, while in the presence of 20 mg/L of fuel oil it 
was increased to 80%, at pH 8. The slime recovery also increased with fuel oil micro coagulation 
increase to 30gr/l slurry and bubble size decrease, reaching 50-150 micron coagulates and bubble 

 
 

Keywords: Modified flotation column, column baffling, fuel oil coagulate, selective agglomeration, 
slime agglo-flotation, lignite slime, agglo-flotation, slime 
 

INTRODUCTION 
 

 In coal recovery the selective agglomeration and coagulation of solid coal slimes were 
tested as self coagulation with fuel oil micro coagulation and asphaltite coagulation was effective 
and inclined lamella baffle or flow rate and collector dosages were needed in slime coagulation and 
agglo-settling rates was managed at the attrition speed of 500-600 rev/min at higher speeds the 
agglomerated particles deteriorated and combustible yields decreased to 76% at waste management 
and coal recovery. The plant-based settling can be operated as mobile or integrated depending on 
solid content and dewatering slime 
selective coagulation waste was critical on the quality of which it will be used in the oil agglomerated 
settling or flotation. The collection of coal slime from tailings pool and bio-waste pyrolysis was 
affecting the cost of waste management and recovery of coal. The application of the waste 
separation method was also affected the amount of solid waste to be recovered or the amount of 
compost to be produced. In S rnak province, approximately 120 thousand tons of annual solid waste 
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and 60 thousands as coal slime at dry weight have been formed. This project has been studied in a 
mobile incineration plant project considering similar wastes in neighboring countries Siirt and 
Hakkari. In this way, it will be beneficial to recycle wastes, energy gain as well as environmental 
effect which can be done consciously waste classification from garbage and bio waste stream in the 
regions. The slime agglo-flotation and coal recovery units that integrated were also linked to the 
mobile system in the study and an economically sustainable economical solid waste management 
and combustion system in the integrated plant designed. The designed mobile coagulation and slime 
agglo-flotation unit ensured that the problems such as water and soil pollution and environmental 
waste loss, including energy production, were minimized. If the integrated mobile system is 
economically sustainable, it is aimed that the operating cost was low and the management was 

Southeastern Anatolian region due to the fact of less poverty and scarcity of water resources in hard 
geographical conditions. 

 
Coal Slime and Waste 
 

The almost 211TWh total electricity in 2011, Turkey were produced primarily from imported 
natural gas and domestic coal [TKI, 2013]. The total amount of asphaltite resource in reserves and 

tons per year, respectively [TKI 2009]. The most effective and cost-effective technologies are needed 
for clean coal products in today’s modern technologies [EIA,2015]. Turkish coal industry needs 
washing technologies and high performances at lower cost with various types of local coals. 

 
Evaluation of natural resources, in parallel with the energy needs of our country will provide 

economic benefits by reducing fuel imports. Basically, energy production is made from imported 
natural gas and has a 46% share of health. After the energy production from coal imported natural 
gas is located in the second row and is provided by burning coal in thermal power plants with a share 
of 26% (TKI, 2013). Depending on the future energy demand, the ratio is expected to increase. A 
total of 83 million 2ones per annum of lignite and coal in boilers and industrial furnaces production 
was evaluated as the need for heating and energy. The quality of coal ash minerals comprised 
micronized size particles (Ketkar et al., 2010, ). In this study, the opening of the quarry closed in 

rnak region and the high-calorie but ash and sulfur content can be produced by washing it is 

studies made by developing potential flowsheets were compared accordingly wash washing plant 
investment and operating costs. The result of the feasibility study has identified suitable premises. 

 
Asphaltites of Southeastern Anatolia is located in the rnak and Hakkari ‘s provinces in 

Turkey 120 million tons of proven reserves of rnak and Hakkari possible asphaltite of 0.2-1% 
moisture, 37-65% ash, sulfur burning 6,3-7.5% total sulfur 5.5-5.7%, 60-65% volatile matter and 
2800- -shaped 
space rock in the vein location [TTK 2009]. Avgamasya and production is done in Karatepe veins 
approximately 15 years. Avgamasya and Karatepe veins 15-25 and 10-20 m thick clumps form. Also 
Hakkari, Uludere district was spread around 1-20 m thick layer of scattered asphaltite seam and as 
bed layers and as veins. As well as limestone bed rock, shale, marl clay, marl and argillaceous 

t with shale ash and macro sized calcite, micronized 
minerals as pyrite and pyrrhotite inclusions are widely distributed in coal and asphaltite shale. 
Washing with the Selective Agglomeration of Slime 
 

Slime settling for washing the fine size coal (Jameson, 2001) is a method most commonly 
used. Some studies of coal particle size and density of mineral distribution in coal slime settling 
(Warner, 1985) determined that significant side kinetic and may affect efficiency. Studies particle 
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size increases, as can be shown that the yield decreases rapidly (Schubert, 2008). Generally yield falls 
in the slime settling of coarse coal, but slime settling rate is very low. Particle size is too big, not 
sticking on the bubbles. In contrast, a high efficiency in the fine coal slime settling and slime settling 
kinetics also increase (Gupta et al., 2001). In contrast, slime settling rate depends strongly on the 
grain size medium size coal particles. In addition, the bubble clusters formed around the coarse coal 
particles was determined to be effective in the coal particles floated by slime settling. Slime settling 
in size, the solid ratio of reagent dosage and reactive species stated that effective slime settling 
success (Wills and Napier-Munn, 2006, Klimpel and Hansen, 1987, Rules 1991). 

 
Besides, the grain size on the slime settling of coal ash and mineral substances with a 

coupling degree of covering of the mineral ash has been determined to be in effect (Laskowski 2001, 
Erol et al., 2003). Washing the slime settling proper size range was found to be -500 microns. Bigger 
size and mechanical mixing of fine particles of coal has created different hydrodynamic effect 
(Jameson, 2001). 

 

standard slime settling pyrite and clay depending on the structure of asphaltite moved, it has been 
identified as hard coal washability. 

 
Washing the Coal with Selective Agglomeration of Slime and Column Flotation 
 

Column slime flotation of fine coal is determined could very well yield can be floated in the 
microbubbles (Yianatos et al., 1988). Microbubble washing water in the form of shower foam zones 
consisting of may be possible to obtain cleaner product coal with the addition. (Hadler et al., 2012 
and Jameson, 2001) washable particularly difficult and shale and shale is a method used successfully 
in coal at high rates. Particle size and type of coal as the slime agglo-flotation column can easily 
affect efficiency. However, operating parameters, especially the foam height of the column unit, the 
wash water is added, and the bias ratio is flammable operating parameters affect efficiency (Finch 
and Dobby, 1990, Yoon, 1993, Yoon, 2000). 

 
It was formed on an inclined foam zone to increase the effectiveness of the foam so that 

gravity was stated to reduce drift foam. These essential principles laid cyclonic column slime agglo-
flotation cell (S-FCMC) provided a foam zone comprising inclined channels (FCMC) it proved to be 
effective in coal washing and widely China (Rubio, 1996) was used. The foam product has a third 
zone of the foam sediment are removed (Valderrama et al., 2011). 

 
Industrial development currently demands a growing consumption of solid fuel resources in 

the country with the concern of environment in order to supply energy needs. This wide utilization 
of coals and lignite leads to a considerable amount of washing based wastes being discharged into 
t6ailings ponds, demanding previous treatment to avoid pollution. Additionally, waste waters or 
sewage sludge can be treated by washing and sludge let to the soil, providing humus carbon source 
and fertilizers. The environmental pollution of streams near coal fields still cause the eutrophication 
issue, a phenomenon characterized by algae overpopulation and the rapid growth of aquatic plants, 
which impair the penetration of light in the water, thus reducing photosynthesis reactions and, 
consequently, the amount of dissolved oxygen in the water, suffocating aquatic animals and 
converting the water body into an open sewer (EIA 2012). Thus, the development of carbon 
management was critical in strategies in the environment. There has been a considered issue for 
quality of energy, leading to the search for new technologies to recover the coal slimes, offering 
opportunities for its recovering, and contributing to energy sustainability (TTK 2009). At the present 
time, chemical and physicochemical processes are the most used for finer size and ultrafine size near 
micron sized particles and particle removal from wastewaters using sufficient conditioning (Chakner 
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et al., 1987, Degner 1986). Aluminum and iron salts present the disadvantage of generating 
coagulation of sewer sludge, which cannot be reused or reclaimed (Oats et al., 2010 a b) (Xi, 1999; 
Xie, 2001). Thus, there was necessary to employ solid/liquid separation for recovery of fuel oil micro 
coagulation and carrier techniques, such as slime agglo-flotation, which is a well-established 
technique for minerals separation and is also commercially used for wastewater treatment 
(Fuerstenau 1976, Gupta et al., 1971). This technique is based on the different hydrophobic manner 
of the particles to be separated. Thus, hydrophobic particles can be captured by gas bubbles and 
float to the liquid surface. The slime agglo-flotation requires the use of surfactants to render the 
particle surface more hydrophobic. The efficiency of this process depends on the probability of 
particle-bubble collision and attachment. For small particles there is a need for small bubbles such as 
those produced by column slime flotation produced finer bubbles (Nunes et al.,2011, Dai et al., 
2000).  

 
MATERIALS AND METHODS 

 
In this study, a modified type centrifuge baffle was investigated for coagulate settling. The 

particle breaking and screen washing effect the agglomeration of coal. The micro coagulation 
conditioning with fuel oil and coagulation provided in efficient column slime agglo-flotation process, 
as activated sludge was considered the most versatile wave effect could be forced to move at the 
direction of upward bubble flow instead of settling down and was so efficient at high dense liquid 
medium and less efficient at less density difference. While among the many oil slime settling type of 
chemical processes, oil slime agglo-flotation through the use of carbon coagulation by collectors 
were widely employed as seen from in Figure 3. 

 

 
 

Figure 3. Schematic view of the carrier - column, slime agglo-flotation system with lamella baffle 
phase and air bubbling. 

 
However, coagulates and agglomerates of carrier slime agglo-flotation by fuel oil micro 

coagulation fines were difficult to settle, requiring the use of bubble contact and lamella agglo-
flotation separation  

The particle size of the slime and the average bubble diameter were determined with a 
Malvern Instruments Mastersizer 2000SM capable of analyzing particles with diameters between 
0.1-2000 μm. The average coagulates diameter was determined with the help of a specially designed 
acrylic cylindrical cell with a volume of 1 L, to fit in a Malvern Instruments Mastersizer 2000SM 
device. The influence of pH and current density on oil droplet diameter in a 0.1 mol/L HCl and NaCl 
solution was evaluated.  

 
Column slime agglo-flotation tests were carried out in a 3L volume 110 mm diameter glass 

cell, with a 5 mm mesh stainless lamella at 45o as shown in Figure 3. Fuel oil was used as collector 
conditioning and managed following separation in the lamella settling of the modified column cell. 
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The influence of fuel oil concentration, pH, sodium chloride concentration and flow rate on 
the coal yield, combustible recovery and on the carrier slime agglo-flotation and coagulation of the 
pH was evaluated. The coagulant sludge used in the feed of column slime agglo-flotation tests used 
20 mg/L of fuel oil and 25-120 g/L fuel oil micro coagulation at 10 % solid weight rate and 0.1 mol/L 
NaCl as electrolyte with 0,1 mol/l HCl or NaOH as pH regulators. All reagents used were obtained 
from MERCK and were analytical grade. 

 
For each test, a coal column slime agglo-flotation feed with a certain solid liquid ratio of 10% 

was fed into the column slime agglo-flotation cell. After 20 minutes the lamella baffle collection of 
the slime and lamella baffle with coagulation was determined by the micrometric method (Nikon 
Instruments).  

 
RESULTS AND DISCUSSION 

 

Coal Slime Characterization 
 

The X-ray diffractogram of the coal clay and shale obtained from coal site selectively 
containing smectite and chlorite is presented in Figure 4. It can be observed that the coal slime was 
of a mixture of smectite clay with calcium carbonate and chlorite, which is a rate of 3,4/1,2/0,4 
weight. However, the coagulation with fuel oil of clay stone particles was ion changing reactions in 
the sludge but chloride waters were effective in fuel oil micro coagulation site activation with coal 
particles instead of clay fines. Coagulation kinetics is not favored by slime and other species, such as 
calcium carbonate particles in the slime. It is proposed a two-step mechanism for the coagulation of 
coal slime was fuel oil micro coagulation activation and collector cover conditioning which is lately 
shown in the Figure 1 and 2. 

 
Ionization of clay potassium and calcium carbonate 

CaCO3 + H2
+ + OH- + Ca2++CO                                                                                                    

(6) 
 

Hydrolysis of clay particles 
          K2O Al2O3 SiO2 Si2O4 nH2 2 + K+ + Al3++SiO4

-+n H2O+ H+OH                                                                    

(7) 
 

Where that iron and alkali cations was resulting in the cation exchange of Ca and Fe cations, 
it was found that hydrogen medium activation, hydrolysis of ions may activate clay particles for 
coagulation to fuel oil micro coagulation of asphaltite and carrier coagulant. 

 
 

Figure 4. X-ray test result of Coal waste clay and shale 
 

The coagulate size distribution is showed in Figure 5. Test results received by the particle 
size analyzer was the cumulative fractions that followed the result accumulated below a given 
fraction size. The frequency curve defined in the Figure 5 as the curve with peaks obtained by 
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Gaussian cumulative distribution. It was observed that 7% of fines in the sample have diameters 
The average particle size 

of the sample was 45 micron regarded as slime but fuel oil micro coagulation was 100 micron 
average size and 
justify the use of column slime agglo-flotation to recover the coal carrier fuel oil micro coagulation 
agglomerates. Hence, this column centrifuge agglo-flotation method produced high agglo-flotation 
rates than those produced in the conventional slime settling process or even in centrifuge slime 
settling.  

 

proximate analysis of  
 

 
Figure 5. The size distribution and normal size distribution of Slime active carbon coagulates 

obtained from at pH 7,7 in Selective Coagulation 
 

Table 1. The composition of Ash matter; Ash clay and Ash Marly shale 
Selective Coagulation 

 
%Component l hale 
SiO2 24.14 48.53 
Al2O3 12.61 24.61 
Fe2O3 7.34 7.59 
CaO 29.18 9.48 
MgO 4.68 3.28 
K2O  3.32 2.51 
Na2O 1.11 0.35 
loss 21.43 3.09 
SO3 0.2 0.32 

 
Table 2.  Selective Coagulation 

 
Coal C% H% Ash% S% Moisture,% Heat Value,kcal/kg 

 17 4,5 42,1 6,6 0,5 3540 
 
Effect Of Fuel Oil on The Coal Slime Recovery 
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The effect of kerosene concentration on the coal recovery by column slime flotation and on 
the carrier of the fuel oil micro coagulation particles is presented in Figure 4. It was observed that, in 
the absence of fuel oil micro coagulation, a coal recovery of 45% was achieved. The coagulated slime 
are randomly dissolved ions may activate shale species, hydrophilic and having average diameter 
around 3-  depressed coal particles.  

 
According to this research, coagulated particles caused higher entrainment and the slime 

agglo-flotation mechanism did not show any separation between hydrophobic and hydrophilic shale 
particles. This phenomenon improved higher effect on separation by ultrasonic wave forces when 
the particles enter the act of the wave direction to the lamella baffle column in much effect of finer 
clay particles occupying the spaces between the agglomerates and let remain in liquid phase. Some 
of the larger particles are drained back into the pulp, but the sink is carried upwards and is 
ultimately recovered in t was affected the more to 
remain suspended in the inter-bubble water and to be recovered by entrainment rather than by true 
slime agglo-flotation, a process that occurs only with hydrophobic particles (Figure 6). 

 
In the presence of fuel oil micro coagulation, it was seen that a higher coal recovery was in 

the range of 68-74 % at less concentration of fuel oil (20-30 mg/ L) and a decrease of combustible 
recovery for concentrations above 50 mg/L.  

 
It was shown the fuel oil adsorption on the fuel oil micro coagulation was sufficient even 

porous structure. According to the lamella baffle concentration was seen on fuel oil micro 
coagulation due to yields received by collectorless slime floating.  The surface cations (Ca2+or Fe+3), 
forming apolar micelles and rendering the surface contact with shale. This kind of chemical 
interaction is a specific adsorption, and therefore of difficult desorption, which activated shale by 
sticking lamella baffle surfactant micelles and the increase of combustible recovery in the lamella 
baffle but ash content and yield with a recovery of 76% in the presence of 30 mg L-1 of fuel oil.  

 
 

Figure 6. The coal yield of coagulate as a function of the fuel oil concentration added a 0.1mol/L HCl 
solution at pH 7,7 in Selective Coagulation. 

 
Effect of pH on Coal Yield in Selective Coagulation 
 

The effect of pH on the coal recovery and on the zeta potential of fuel oil micro coagulation 
and coal surfaces with fuel oil as collector is illustrated in Figure 7. It can be observed that, without 
fuel oil collector addition, the combustible recovery was not high at neutral pH, increased from 23% 
to 42% when the pH is increased from 4 to 9. Acidic pH improved the activation over coal surfaces 
with cleaning with the pH increase, which can contribute to the increasing clay activation by ion 
exchange with resulting entrainment. 
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Figure 7. The asphaltite recovery in the inclined lamella column slime agglo-flotation, as change at 
pH changed by HCl in the presence of 50 mg/L fuel oil. 

 
Project Design of Coal Washing Plant 
 

The cleaning of washable hard coal needed the pre-cleaning, which was widely used heavy 
medium coal washing in large drums. At the fine coal in size (18-1mm) that cleaning was considered 
as heavy media cyclone unit (Anonymous a
Larcodems or fine coal washing unit that uses Humphrey spirals in mind it would be useful wash 
plant designs are made for efficiency cannot be achieved. According to the above washing test 
results it was analyzed in terms of investment and operating costs of the following two different 
designs. Implementing both A and B model design used the slime agglo-flotation column with coal 
slime agglo-flotation plant design also includes units shown in Figure 8. The B design that uses only 
coal slime agglo-flotation unit is shown in Figure 8. 

 
Design Facility mainly heavy media cyclones, Humphrey spirals, pneumatic slime aglo-

flotation unit Wemco column includes a slime agglo-flotation unit. The recently developed high-
performance column slime agglo-flotation units in the slime coal washing, used with success. The 
conventional gravity techniques were beneficial of asphaltite washing as given plant flow diagram as 
shown below for the B design as shown in Figure 8. 

 
As noted a cm3 can be obtained as an average of 5.25% washed 

 pores. That 
showed a washing coal density difference between 0,4-0.5 g/cm3 which defines a close difference. 
That created many middlings by product in gravity separation at coaser size washing over 1 mm and 
nut size. 

 

 
 
 

Figure 8. The proposed plant design for asphaltite cleaning with the column slime agglo-flotation. 
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CONCLUSIONS 

 

The results demonstrated that coal recovery with fuel oil micro coagulation and column 
slime agglo-flotation can be used to recover asphaltite slime from the sludge. Slime particle sizes 
ranging from 30 to 76 50 mg/L of fuel oil addition and 20 min conditioning 
was sufficient for column slime agglo-flotation. A recovery of 76% of fine slime and fuel oil micro 
coagulation agglomerates was managed in the control collectorless column slime aglo-flotation; 
however, the collector addition increased the recovery over 80% combustible matters. The addition 
of fuel oil micro coagulation for carrier slime agglo-flotation improved coal recovery and decreased 
collector reagent need at an amount one third. The combustible recovery reached a recovery of 43% 
without collector addition at pH 7,7 and 79 % at 120 mg/L fuel oil addition. 

 
The test results showed that ultrasound slime agglo-flotation was an effective alternative 

treatment for sludge type pulps and effectively increased by decreasing pulp density in the slurry 
with low solid concentrations. 

 
slime agglo-

flotation can be as low as column slime agglo-flotation The yield was also higher at certain fuel 
conditioning time of 20 minutes, but it was determined that the centrifuge agglo-flotation did not 
disturbed coagulates and not reduced combustible yield below to 56% which was sufficient, and well 
as clean coal product contained less sulfur. The ash content in the agglo-flotation washing plant was 
removed from the 42 % to 26% as waste material at high weight rate 62 %. Thus, 38% of the 
combustible sulfur could be disposed off. 

 
Clean asphaltite with 25.2% ash could be produced in washing process, if carried out, and 

would have the 4.3% combustible sulfur, and a 6700 kcal/kg, lower heat value could be beneficial for 
both heating and for industrial boilers using washed clean fuel. 

 
This washing application should be mandatory. Especially the company off-product quality, 

excavated shale rocks of the same color will be involved in the production by mixing will be reduced. 
Also washing process because there is very little difference between the density of the shale and 
coal will be more difficult. 

 
The plant capacity to reduce costs researchers widely used in coal washing "modified 

column slime agglo-flotation" (Anonymous a, b, c, 2015). The majority needed to seek the optimal 
method to wash hardly washable rnak and Hakkari asphaltites. 

 
-

economic factors that restrict the installation of washing facilities, fuel imports, environmental 
threats, such as economic sanctions will need to be examined. 
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cevherden elde edilen saf incelemeleri ve flotasyon 
deneyleri , -tane ve mikro-
flotasyon . nde pH 5-11 

minerali   
(SYN) is  olan SIBX, Aero MX-505 ve Aero 
S- -tane  , MX-

-
 . Mikro-flotasyon 

deneylerinde ise yine MX-505  -
 

flotasyon verimi  ve 2,39x10-8 -8045
ise  

 
: - - 

flotasyon 
 

ABSTRACT 
 

In this study, surface chemistry studies were performed on the pure galena mineral obtained 
from gold-containing sulfide ore of Menderes region, his context, the zeta potential, bubble-
particle attachment time, and micro-flotation experiments were carried out. In the case of zeta potential 
experiments as a function of pH, the galena mineral showed a negative charge at pH 5 and 11, and no 
zero point of charge (ZPC) was determined, and it was thought that ZPC of galena was around at pH<3. 
The bubble-particle attachment experiments carried out in the presence of SIBX, Aero MX-505, and Aero 
S-8045 collectors indicated that the attachment efficiency was 100% in the presence of MX-505 at all 
dosage and contact times. This result revealed that there was a very strong interaction between the 
galena and the air bubble in the presence of MX-505. When the results obtained in the micro-flotation 
experiments were evaluated, the highest efficiency was obtained with MX-505. At all dosages of MX-
505, a flotation efficiency of over 85% was obtained. Besides, with the increase in the dosage of SIBX, 
the flotation recovery increased and the highest recovery was obtained at 2.39x10-8 mol/L. On the other 
hand, S-8045 collector showed lower efficiency in its single-use. 

 
Keywords: Galena, gold, surface chemistry, zeta potential, bubble-particle attachment time, micro-
flotation  
 
 
 
 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

74

 
 

belirlemektedir. 
 

vite 
 

 
nabilmektedir (Yalcin ve Kelebek, 2011). Bu minerallere ek 

  
(Elliot, 1992; Ahmad vd., 2018; Khan vd., 2018). Bu tür rezervler, ince boyutlu 

 
lar (Valenzuela vd., 2013). , 

n 
konsantre  ilek ve Tuzci, 2021). 

 
köpük flotasyonunda, optimum 

ver

 
 

hidrofobik 

edir (Ye ve Miller, 1988; Yoon ve Yordan 
1991). 

 

-
mi
(Ye ve Miller, 1988; Gu vd., 2003; Su vd., 2006; Ozdemir vd. 2009; Albijanic vd., 2010). ir pülp 

 
denilmektedir. Zeta potansiyel edilen tanelerin elektrokinetik syonla 

 
 
Bu   

, zeta potansiyeli ve -tane süresi 
ve mikro-flotasyon . Bu kapsamda SIBX, Aero MX-505 ve Aero S-

8045 mikro-flotasyon , 
  

 
 

 
MALZEME VE YÖNTEM 

 
Malzeme 

 
alt  cevheri; , Menderes 
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 Deneylere esas numunelerin  
kimyasal analize tabi  
 

 
 

Element (%) Element (ppm) 
S 3,23 Au 10,30 
Al 1,65 Ag 15,50 
Ca 3,93 Cu 661,50 
Fe 5,52 Ni 68,50 
K 0,96 As 1105,00 

Mg 0,43 Ba 147,50 
Na 0,07 Co 31,25 
Ti 0,08 Cr 58,00 

Mn 8,49 P 102,50 
Pb 0,49 W 227,50 
Zn 0,48 Mo 10,75 
 Si 25,82  Sr 18,60 

Hafif Element 48,58   
 

;  
sahip elementler; %48,58  hafif elementler (O2 vb.), %25,82 

,49 mangan, %5,52 demir, %3,93 kalsiyum, %3,23 , %1, ,96 
potasyum, %0, , %0,43 magnezyum, 10, ,5 ppm 

,   
 
Mineralojik Analiz 
 

fraksiyonun parlak kesitleri erinde Nikon LV 250 optik mikroskop ve Clemex optik y
 Optik mik -  

 

 
 

 + 0,106 mm fraksiyonun 50×  
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 + 0,090 mm fraksiyonun 50×  
 

 
 

 + 0,038 mm fraksiyonun 50×  
 

Cevherin mineralojik  X-  analizi, kimyasal 
analiz ve mikroskop analizi 

arak 
klorit, serizit, illit ve kaolinit . Pirit, sfalerit, galen, kalkopirit ana 
mineralleridir.  

 
-20 μm) pirit, sfalerit, galen, kalkopirit mineralleri 

bulun . Zaman zaman pirit, sfalerit ve galen 
. 
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Numune  
 

Bu kapsamda -
malzemenin tam -2 mm tane b
boyuta (-2+1 mm, -1+0,5 mm ve - -2+1 mm ve -0,5 mm boyutlu 

-
2+1 mm boyutlu ko

-

galen taneleri  
   

 
 

4. Galen numunesi 
 

 200 agat 
- -

 
 

meden 
elde edilen - dk 
daha da ince (d80 = 10 ) boyuta  

 
YÖNTEM 

 
Zeta Potansiyel Ölçümleri 
 

Bu kapsamda - 0,3 gr galen numunesi ve ile 
 

,1 M HCl ya da 0,1 M 
(5, 7, 9, 11)  

Galen mineralinin pH  
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5.  Galen numunesinin zeta potansiyel-pH profili 
 

. pH 

 
 

Mikro-Flotasyon Deneyleri 
 
Mikro-flotasyon deneyleri n dilmesi , -  tane 

boyutunda galen numunesi ve  Flotasyon deneylerinde 55 mL 
hacimli mikro- K
olarak ise  (SIBX), Aero S-8045 promotor,  Aerofloat MX-505 Promotor 
ve Frother Ore Prep F-  -

 Mikro flotasyon -flotasyon testi 
  

 

     
 

6. Mikro-flotasyon  
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Çizelge 3. Mikro-  
 

Parametre  
Hücre Hacmi 55 mL 
Su   

 0,55 gr 
Tane Boyutu -63+38 μm 

 %1 
 500 dev/dk 

Gaz (N2) Debisi 15 mL/dk 
pH ,0-9,0) 

 SIBX (Quimidroga), S-8045 (Solvay), MX-505 (Solvay) 
Kollektör Kondüsyonlama Süresi 5 dk 

 Frother Ore Prep F-549 (Solvay) 
Flotasyon Süresi 1 dk 
 

-
azot gaz  ile 1 dk boyunca mikro-

 
 

-  
 

-
-

(Glembotsky, 1953; Ozdemir vd., 2009; Albijanic vd., 2011; Albijanic vd., 2014). -
- an 

 
 

  
 

7. - –  
 

,  

kondüsyonlama süreci son
 e 4 mL’lik -

n  
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BULGULAR 

 
Mikro-Flotasyon Deneyleri 
 

SIBX ile pH’y ( )  olarak ikro-flotasyon deneyleri sonucunda 
elde edilen flotasyon verimleri ,82; %70,73; %83,45; %79,82 ve %45,82 . 

83, ,7) 
Akabinde f  ve 

 mikro-flotasyon deneyi 
.  

 

2,39x10-8 mol/L ,64, S-
1,71x10-8 ,09, MX- ise 1,79x10-9 mol/L ,82 olarak tespit 
edilmi Mikro-flotasyon d   

 

 
 

8 -flotasyon deney  
 

Mikro-flotasyon deneylerinde - -

flotasyon verimi ar  ve 2,39x10-8 mol/L 
-   
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. -tane y s tayini  
 

 
 

0. S- -  
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Ölçüm  

-

dozaj
 

 
- 2,86x10-9 mol/L ve 

5,70x10-9 mol/L do  1,14x10-

8 mol/L ve 1,71x10-8 mol/L 
-

 
 

SIBX ile de S-
1,60x10-8 mol/L 

ve 2,39x10-8 mol/L -
-

-  
 

MX-
-505 

 
 

-tane 25 gr/ton dozaj  yani 2,86x10-9 mol/L S-
8045, 3,99x10-9 mol/L SIBX ve 2,99x10-10 mol/L MX-505 

 
 

 
 

13. k-tane y s tayini g  
 

 
 

-

mikro- -  bu 
, 

flotasyonunun  SYN)  
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ABSTRACT 
 

Fine particle flotation has been one of the main problems in many mineral processing plants. 
Beneficiation of iron ore and phosphate slimes is important from economic and environmental aspects. 
This study aimed at the purification of fine particles of iron and phosphate ores by a pilot scale flotation 
column (10.2 cm diameter and 400 cm height) in which Nano bubbles (NBs) were produced using a 
specially designed venturi hydrodynamic cavitation tube. 

 
The iron slime sample (d80 equal to 45μm) was obtained from Gole-Gohar iron ore mine, one of the 
biggest iron concentrate producers in Iran, containing 67.5% Fe and 0.95% S. Phosphate particles with 
d80 2O5. This study addressed the processing of fine tailings (slimes) 
from phosphate and iron ore concentrators via flotation, despite the traditional view that ultrafine 
particles do not float. To reach this aim, an especial laboratory column flotation cell was manufactured 
and several comparative flotation tests were performed in presence and absence of NBs. Various 
parameters such as reagents dosage, air flowrate, froth depth, and NBs ratio to the cell volume were 
studied and optimum amounts were obtained. Results showed, flotation in presence of NBs obtained 
the significant increase in the phospate recovery more than 23% versus conventional flotation cell. Also, 
the sulfur content of iron concentrate could be reduced from 0.95% to 0.26% with iron recovery above 
88% in presence of NBs.  
 
Keywords: Iron ore, slime, phosphate, desulfurization, column flotation, nano bubbles 
 

INTRODUCTION 
 
In general, fine and ultrafine particles, profitable products nowadays, are disposed to the tailing dams. 
So, fine particles processing is important in terms of ecological and economic benefits. Flotation using 
nanobubbles (NBs) techniques in the recovery of fine mineral 
particles (Azevedo et al., 2016; Etchepare et al., 2017; Oliveira et al., 2018). In conventional processing 
methods such as flotation for particles less than 40 μm, because of the poor attachment (low probability 
of bubble-particle capture), the separation efficiency decreases and fall sharply for the ultrafine particles 
(< 15 μm). The results from previous studies depicted that because of NBs’ large surface area, high 
concentration, long stability and high hydrophobic affinity, they adsorb rapidly at surfaces, and also by 
capillary impacts they can aggregate fine minerals, perform as nuclei for conventional bubbles, and float 
those aggregates (Theodorakis., 2019 ;Vaziri Hassas et al., 2018; Vaziri Hassas and Miller, 2019). So, 
large bubbles did not play a significant role in the process, instead the fine ones effectively adsorb the 
fine particles. The results of previous works showed that the purification of fine particles using NBs can 
improve the flotation selectivity index by more than 25% (Fan et al., 2010). Several techniques such as 
solvent exchange, temperature change, pressure reduction, ultrasonic method, and hydrodynamic 
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cavitation technique are introduced to generate nanobubbles (Hampton and Nguyen, 2010; Cho et al., 
2005). Since the work of adhesion between a particle and water is always smaller than the work of 
cohesion of water, nanobubbles are selectively nucleated at the surface of hydrophobic particles. On the 
other hand, increasing solid surface hydrophobicity measured by the contact angle will lead to decrease 
the work of adhesion (Sobhy and Tao, 2013). On the other hand, generated nanobubbles on a particle 
surface also can play as a secondary collector that increase the probability of adhesion and therefore 
this phenomenon can reduce the need of surfactants/chemical reagents. 

 
 In this research, the capability of a column flotation assisted by hydrodynamic cavitation-
generated NBs in processing of two different fine particles (phosphate and iron ores) was investigated 
and the results were compared with a conventional bubble generator type.  
 

MATERIALS AND METHODS 
 

Sampling 
 

Flotation tests were performed on phosphate fine particles from Esfordi phosphate processing 
plant, located in Yazd province of Iran, and iron ore fines from Gole-Gohar iron complex located in 
Kerman province south of Iran.  
In the Esfordi phosphate plant the main problem is that in the desliming process (the overflow of the 
second hydrocyclone) more than 30% of plant capacity is delivered to the tailing dam as particles with 
d80 . These materials are similar to the feed (16% P2O5 content), and due to the 
fineness and reduction of recovery, these particles are removed from the flotation circuit. The flotation 
is fed from the second hydrocyclone underflow which is the final product of the grinding circuit. So, the 
sample of phosphate fine particles was obtained from the overflow stream of desliming hydrocyclone.  
 

The iron sample with a relative high-grade iron was obtained from the complex waste damp 
which is fed by the rejected material from the main processing plant. 
The analyses of sample particle-size distribution were measured by wet sieve and cyclosizer analysis for 
the iron ore and Laser Practice Size Analyzer (LPSA) Malvern 2000 MS, UK, for the phosphate ore. The 
results indicated that about 80% of the iron and phosphate samples have a particle size less than 42 μm 
and 29.13 μm respectively. Chemical analyses of representative samples were done to identify the 
amount of available compositions. The results depicted that the phosphate sample contained 15.95% 
P2O5 and 32.01% FeTotal while for the iron sample about 42.2% and 1.98% were Fe and Sulphur. Based on 
the XRD analyses and the optical mineralogy study, the main components in the phosphate sample were 
apatite, hematite, quartz, calcite, talc and chlorite while for the iron sample, the gangue minerals were 
dickite, talk calcite, quartz, and pyrite and the main minerals were hematite, magnetite, and goethite.  
 
Experimental Conditions and Procedures 
 

A flotation column made of Plexiglas with a 4cm diameter and 2 m height was featured with a 
cavitation tube to generate NBs and a porous sparger to generate microbubbles (conventional-sized 
bubbles), respectively, as shown in Fig. 1. 
 The column was fitted with a mixing tank for the preparation and conditioning of slurry feed. 
The appropriate amount of reagents (collector, frother, pH regulator, and depressant) were added to 
the tank. The pulp feed is introduced to the upper part of the column via a peristaltic pump. Air and 
recirculating tailings were passed through the cavitation tube, designed for generating Nano bubbles, 
before being injected into the lower portion. The bottom of the flotation column was specially designed 
with two outlets. One of them was concentrate (for iron sample)/ tailing (for phosphate sample) stream 
and the other one was recycled stream that pumped through the cavitation tube for further recovery. 
Major process parameters such as collector dosage, gas and feed flowrates were examined individually 
to investigate their effects on flotation performance in the presence of nanobubbles. 
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Figure 1. A schematic diagram of the applied flotation apparatus  
 
The feed slurry was conditioned for 5 minutes with collector and frother prior to each test. All flotation 
tests were performed under the previous work optimum conditions that are presented in Table 1 and 2 
(Nakhaei and Pourkarimi, 2020; Taghavi et al., 2022).  
 

Table 1. Optimum conditions used in Phosphate column flotation 
 

Parameters  Value 
Froth depth (cm) 30 
Gas flow rate (l/min-cm/s) 0.8 
Flo-Y-S collector dosage (g/t) 400 
Starch dosage (g/t)  500 
Feed slurry flow rate (l/min-cm/s) 0.93 
Wash water flow rate (l/min-cm/s) 0.13 
Feed slurry solids concentration (%) 10 

 
Table 2. Optimum conditions used in reverse column flotation of iron ores 

 
Parameters  Value 
Froth depth (cm) 20 
Gas flow rate (l/min-cm/s) 0.9 
Potassium Amyl Xanthate (PAX) dosage (g/t) 200 
MIBC frother concentration (g/t) 100 
Feed slurry flow rate (l/min-cm/s) 0.8 
Feed slurry solids concentration (%) 9 
Nanobubble aeration rate (l/min-cm/s) 0.15 

 
 Using venturi tubes the generation of nanobubbles was done based on the cavitation 
phenomenon. A Malvern mastersizer 2000 LPSA was employed for measuring the size distribution and 
volume of the bubbles. Before sending the solution into the venturi tubes the frother was added into 
the tank and mixed in appropriate time. Then the compressed air before entering the pump was added 
to the solution. In order to measure the bubble size, the solution containing nanobubbles was 
transferred to the laser particle size analyzer through pump propulsion.  
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RESULTS AND DISCUSSION 
 

Bubble Size Distribution 
 

In order to generate NBs, a venturi tube with the specified geometry, entrance diameters of 2.2 
mm were used. Fig.2 shows the size characterization of bubbles generated by the optimally designed 
cavitation venturi tube. There are two major distribution peaks observed on the population frequency 
curve. As seen from the results, the average size (d50) of generated nanobubbles by the cavitation tube 
is approximately 230 nm and for the micro size bubbles is about 100 μm. It is noteworthy that the 
measurement of the bubble size distribution (BSD) generated by the porous sparger, image sets with a 
high-speed digital camera coupled to an image analysis software (Image J) and a data acquisition system 
were applied. To determine the microbubble size, Db (0.5) term at which 50% by volume of the bubbles 
are smaller was used as instrument output. The results showed that the diameter of the bubbles 
produced was in the range of 800 to 2500 μm with d50 1800 μm.  
 

 
 

Figure 2. Bubble size distribution generated by the cavitation venturi tube (Nanobubble aeration rate = 
0.11 l/min) 

 
Column Experiments on Phosphate Minerals 
 

The results obtained from the column tests in the presence and absence of Nano bubbles have 
been compared in the same conditions (Table 3). As results indicate, there are big differences in some 
important metallurgical performances among the flotation tests in studied settings. As the trends show 
in the presence of Nano bubbles, the P2O5 recovery has a drastic increase of 8.5% compared to the 
conventional conditions. On the other hand, comparison between S.E figures shows a step of 5% in 
increasing the values.   
 
Table 3. Column flotation comparative results for phosphate fine particles in the presence and absence 

of NBs 
 

Condition P2O5 (%) Recovery (%) Enrichment Ratio(c/f) S.E 
NBs absence  31.66 32.74 1.99 25.60 
NBs presence 30.44 41.26 1.91 30.94 

 
Usually, the improvements of flotation S.E in presence of NBs can be attributed to the selectivity 

of bubbles for hydrophobic particles. In order for particles to have a successful collection with air 
bubbles, particles behavior in three sub-processes, including collision, adhesion, and finally detachment 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

88

occurring in flotation should go on the desired path. So, a higher collection in flotation generally leads to 
an improved separation efficiency (Fan et al., 2019).  
In the slurry, because of NBs small ascending velocity, they will rise slowly in the slurry and have many 
chances to collide with and attach to fine phosphate particles (Etchepare et al., 2017, Calgaroto et al., 
2015). The bubbles number density or concentration in the slurry is an important factor in flotation. 
Increasing the bubble number density will promote the particles collision rates and with a higher bubble 
number density a more efficient flotation process can take place. In contrast, the conventional-sized 
bubbles generated by a normal sparger due to their sizes and low collision probability cannot collect fine 
particles effectively. Therefore, by utilizing NBs and a such mechanism the efficiency of fine particles 
flotation can be effectively improved. 
 

After clarifying the effect of NBs on the process, different flow rates in the range of 0-0.9 L/min 
(0-1.19 cm/s), was also investigate to determine the optimum value (Table 4).   

 
Table 4. Effect of NBs flowrate on the column flotation performance of Phosphate ores 

 
NBs flowrate 

(Cm/S) Recovery (%) Grade (%) 

0 32.74 31.70 
0.60 35.12 31.39 
0.73 38.25 30.52 
0.90 41.26 30.43 
1.19 34.97 27.61 

 
The results indicate that the flotation performances can be affected by NBs flow rate. As it 

clearly shows the ideal in the recovery can be achieved with NBs flow rate of 0.93 cm/s. As described 
before, in this condition the hydrophobic particles are aggregate by NBs. This aggregation can create a 
capillary bridging that provides more collision and connection probability. The examination on current 
flotation test results proves that the applied NBs are selectively attached to the surface of apatite fine 
particles and then the hydrophobicity of particle surfaces is improved. This phenomenon will increase 
the floatability rate by increasing the contact angle of particle-bubble and connectivity forces.  

 
Column Experiments on Iron Minerals 
 

In a specific designed laboratory-scale flotation column the effects of nanobubbles on 
desulfurization of iron ore was evaluated. Keeping the introduced optimum conditions, the flotation 
behavior of pyrite in presence of NBs was investigated. In this condition, the aeration rate of 
nanobubbles was adjusted to column flotation cell equal to 0.11 l/min (0.15 cm/s). The obtained results 
for pyrite flotation depicted that using the cavitation system noticeably results in higher flotation 
recovery compared in absence of NBs (Table 5). As seen from the results, variations show that in tests 
with optimum operational conditions, the Sulphur recovery toward the absence of nanobubbles was 
increased by 20% and reached around 82%. Based on the literatures, by using NBs the wettability and 
floatability of particles are changed through the selective adsorption of nanobubbles on the surfaces of 
ultra-fine pyrite and consequently improving the flotation performance and also separation efficiency 
are taken place.  

 
 
 
 
 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

89

Table 5. Column flotation comparative results for desulfurization of iron ore concentrate and sulfur 
recovery in the presence and absence of NBs  

 
Condition S grade (%) S recovery (%) 

NBs absence  1.2 61 

NBs presence 0.22 81.6 
 

The results of an optimum test were observed that in presence of nanobubbles the final 
concentrate with the grade of 67.7% Fe and 0.22% S can be obtained. 
 

CONCLUSIONS 
 

A feasibility study was carried out to evaluate the effects of nanobubbles (NBs) presence in 
flotation on purification of two types of fine ores (Phosphate and Iron minerals). The results for 
phosphate minerals showed that using NBs can significantly enhance the process efficiency with 
favourable grade and recovery. In the presence of NBs, the recovery of fine phosphate particles 
increased by 8.5%, compared to the absence of NBs. Also, in the presence of NBs a significant increase 
in the process separation efficiency (S.E) by 5% was observed. The results revealed that applying NBs in 
column flotation tests of iron ores the desulfurization efficiency of iron ore concentrate can enhance 
significantly. In the presence of Nano bubbles, in concentrate part (reverse flotation) the recovery of 
sulphur minerals increased by 20%, while the sulphur content of iron concentrate (column tailing part) 
reduced from 1.2% to 0.22%.  

 
REFERENCES 

 
A. Azevedo, R. Etchepare, S. Calgaroto, and J. Rubio, (2016), Aqueous dispersions of nanobubbles: 

generation, properties and features, Int. J. Miner. Eng., 94, p. 29. 
A. Sobhy, D. Tao, (2013), High-Efficiency Nanobubble coal flotation, International Journal of Coal 

Preparation and Utilization, 33:242–256. 
B. Vaziri Hassas, J. Jin, L.X. Dang, X. Wang, and J.D. Miller, (2018), Attachment, Coalescence, and 

Spreading of Carbon Dioxide Nanobubbles at Pyrite Surfaces, Int. J. Langmuir, 34, (No. 47, p. 14317.   
B. Vaziri Hassas, J.D. Miller, (2019) The effect of carbon dioxide and nitrogen on pyrite surface properties 

and flotation response, Int. J. Minerals Engineering, 144. 
F. Nakhaei, Z. pourkarimi, (2020), "Desulphurization of Iron Ore Slime by Column Flotation with Nano-

Micro Bubbles", XXX International Mineral Processing Congress in Cape Town, South Africa, 18 - 22 
October. 

F. Taghavi, M. Noaparast, Z. Pourkarimi, F. Nakhaei, (2022), Comparison of mechanical and column 
flotation performances on recovery of phosphate slimes in presence of nano-microbubbles, J. Cent. 
South Univ. 29: 102 115 

H. Oliveira, A. Azevedo, and J. Rubio, (2018), Nanobubbles generation in a high-rate hydrodynamic 
cavitation tube, Int. J. Miner. Eng, 116, p. 32. 

M. A. Hampton, A. V. Nguyen. (2010). Nanobubbles and the nanobubble bridging capillary force. 
Advances in Colloid and Interface Science 154(1–2): 30–55. 

M. Fan, D. Tao, and Y. Tao, (2019), Effects of nanobubbles in column flotation of Chinese sub-bituminous 
coal, Int. J. Coal Preparation and Utilization.  

M. Fan, D. Tao, R. Honaker, and Zh. Luo, (2010), Nanobubble generation and its applications in froth 
flotation (part III): specially designed laboratory scale column flotation of phosphate, Int. J. Mining 
Science and Technology (China), 20, No. 3, p. 317. 

P.E. Theodorakis, Z. Che, Surface nanobubbles (2019) Theory, simulation, and experiment: a review, Int. 
J. Advancesin Colloid and Interface Science. 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

90

R. Etchepare, H. Oliveira, M. Nicknig, A. Azevedo, and J. Rubio, (2017), Nanobubbles: generation using a 
multiphase pump, properties and features in flotation, Int. J. Miner. Eng, 112, p. 19. 

S. Calgaroto, A. Azevedo,and J. Rubio, (2015) Flotation of quartz particles assisted by nanobubbles, Int. J. 
Mineral Processing, 137, p. 64. 

S. H. Cho, J. Y. Kim, J. H. Chun, and D. J. Kim. (2005). Ultrasonic formation of nanobubbles and their zeta-
potentials in aqueous electrolyte and surfactant solutions, colloids and surfaces A. Physicochemical 
Engineering Aspects 269: 28–34. 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

91

 
 
 

APPLICATION OF RESPONSE SURFACE METHODOLOGY IN OPTIMIZING LEACHING PARAMETERS 
FOR NICKEL RECOVERY FROM SPENT CATALYST 

 
A.M. Beygian 1, M.Rezaei 1, E. K. Alamdari 1,* 

 
1 Department of Materials and Metallurgical Engineering, Amirkabir University of Technology  

(*Corresponding Author: alamdari@aut.ac.ir) 
 

ABSTRACT 
 
Reuse and recovery of nickel from different types of waste is of great environmental and economic 

importance. The purpose of this study was to recover nickel from steam reforming catalyst by optimizing 
the operating parameters using response surface methodology (RSM). To this aim, nickel oxide was 
converted into nickel sulfate using sulfuric acid through leaching process. The influence of three numerical 
independent variables, i.e., time (3-12 h), sulfuric acid concentration (1-4 molar) and liquid-to-solid ratio (3-
12 mL/g), and one categorical independent variable, i.e., particle size (coarse, fine, powder) were evaluated. 
In order to correlate the independent variables for maximum nickel recovery, a two-factor interaction (2FI) 
model was suggested using central composite design (CCD) method. The results indicate that under 
optimum parameters of 6 h time, liquid-to-solid ratio of 9 mL/g and acid concentration of 3 M for coarse 
particles, maximum recovery of 94% can be attained. The characterization of nickel was examined by atomic 
absorption spectroscopy for confirmation of nickel recovery. The most effective parameter based on F value 
analysis was determined to be the liquid-to-solid ratio. Application of lower acid concentration and the fact 
that there is no need to crush the spent catalyst residues, decrease costs of process significantly.  

 
Keywords: Reforming catalyst, sulfuric acid, leaching, nickel recovery, response surface methodology 

 
INTRODUCTION 

 
Nickel can be considered as a highly applicable metal source since it is used in various industries 

such as manufacture of steel and its alloys (Bassioni et al., 2015), catalyst and battery industries (Zeifert and 
Salmones, 2008; Goula et al., 2015; Tarabay and Karami, 2015), nickel-based alloys (Valitov, 2016), coating 
industries (López et al., 2012), ceramic industries (Yahia and Adel, 2014) and paint-and-varnish (Kvasnikov 
and Romanova, 2015). There is also a considerable demand for this metal worldwide (Apostolikas et al., 
2009; Nieto et al., 2013). After stainless steel, the major use of nickel happens in manufacture of catalysts 
(Coulter et al., 1994). Being high-tech and expensive, these catalysts lose their catalytic properties after a 
specific lifetime period and become waste (Mortensen and Gardini, 2014). On the other hand, nickel is 
reported to have harmful properties (Duda-Chodak and Blaszczyk, 2008; Das and Reddy, 2018) and 
accumulation of this metal over time can have devastating effects on the environment. This is why the 
recovery of nickel in any way possible can prevent both additional costs and environmental damages. 
Several authors reported that nickel was recovered by various methods like using chelating ion exchange 
resin (Padh et al., 2019), ultra-sonication-assisted leaching (Oza et al., 2011), chelating agents like EDTA 
(Vuyyuru et al., 2010), electro-less plating and magnetic separation (Taninouchi et al., 2017).  

 
One of the general methods used for recovery of nickel is leaching process (Wang, 2000). In this 

process, nickel salt is extracted from an oxide compound using an acidic medium and then joins the acid-
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dependent salt composition (Kolosnitsyn et al., 2006; Nazemi and Rashchi, 2012). Nickel salts extracted in 
this way can be reused in industrial applications such as plating and coating, or the elemental nickel itself 
can be recovered through the electrowinning process. Various parameters are effective in leaching process 
such as time, acid concentration, particle size, temperature, liquid-to-solid ratio, etc. (Alex et al.,1993; 
Ghanem et al., 2008). Invascano and Roman (1975) dissolved ammonia plant's catalysts in 80% sulfuric acid 
solution for 50 minutes at 70 °C and reached to 99% nickel recovery in the form of nickel sulfate; this was 
done when catalyst particle size was about 0.09 millimeter. Loboiko et al. (1983) found that recovery of 
nickel in a solution of nitric acid with a purity of 60-70% at 120 °C for 2-3 h would be significant. With 
catalyst leaching by hydrochloric acid, Chandhary et al. (1993) found that recovery of nickel from a low-
grade nickel catalyst would be up to 17.7%. Vicol et al. (1986) tried to extract a used catalyst with aqueous 
solution containing 15-23% ammonia at a temperature of 60 to 90 °C and in a pH range of 7.5 to 9 for 
retrieving nickel. Al-Mansi and Abdel Monem (2002) recycled nickel in the form of sulfate salt by direct 
crystallization in a concentration of 50% sulfuric acid, a solid to liquid ratio of 1:12, and a particle size 
smaller than 500 microns. A nickel recovery of 99% was obtained after about 5 h leaching at 800 rpm and 
100 °C. 

 
Recently, various statistical experimental design procedures have been used in different sectors for 

optimization of process parameters (Arshadi et al., 2016). Optimizing a system of several variables in the 
convectional mode requires many experiments which is time consuming and costly. Furthermore, such 
methods do not provide combined effect of variables and need more data for determining optimum level 
(Kumar et al., 2018). RSM can be a thorough approach to study a process and to figure out the best 
correlation among the parameters of a process, additionally This is done via developed models based on the 
statistical methods to configure the relation between the inputs and outputs of any process and optimizing 
the effect of these parameters to attain the desirable response (Mohamad Said and Mohamed Amin, 2015). 
To develop a model based on the statistical methods, it is necessary first to recognize the parameters that 
exhibit significant influence in the process. Then, experimental procedure should be designed in a way that 
it takes into account all the process parameters at several levels. This is followed by analyzing the 
experimental results using the analysis of variance (ANOVA) technique to determine which parameters 
show the strongest interactions and/or exhibit significant influences on the outputs of process. Based on 
the process response as a statistical model, the process is optimized using the variables range predicted by 
model. For example, Haghshenas et al. (2012) optimized physicochemical parameters in order to undertake 
bioleaching of sphalerite by Acidthiobacillus ferrooxidans using shaking bioreactors using RSM methodology. 

 
To the best of our knowledge, there is no report on using RSM method to optimize operating 

parameters of leaching process to recover nickel from spent catalysts. This paper examines the combined 
effects of time, concentration, liquid-to-solid ratio and particle size on the leaching process. An 
experimental procedure was designed using central composite design (CCD) in conjunction with RSM 
method to optimize the leaching recovery response of nickel catalyst. Three models were presented for 
predicting the recovery percentages of the three different nickel catalyst particle sizes. 

 
EXPERIMENTAL PROCEDURE 

 
The catalyst in this study is the Rhine Catalyst, known as the steam reformer catalyst, which is used 

in the petrochemical industry to accelerate the production of hydrogen from methane, which is why it is 
also called a reformer catalyst. The overall composition of this catalyst is mainly alumina and nickel oxide, 
which can be called a rich source. The method for nickel extraction is generally leaching (acidification). The 
reaction of nickel oxide with sulfuric acid is a heterogeneous reaction. In the systems of such a reaction, the 
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general relationship of the rate is complicated due to the cross between physical and chemical processes. 
The main reaction is as follows, Where NiO is the limiting reactant. 

 
By the means of atomic absorption spectroscopy (AAS), while dissolving 0.5 grams of this spent 

catalyst in an aqua containing 15 cm3 HF, 2 cm3 H2SO4 and 2cm3 HCl, the result and therefore the 
composition of this solid sample is shown in table (1) Commercial grade 98% sulfuric acid was selected as 
the solvent for the metal oxides to produce sulfate. Distilled water was used to dilute this acid. As one of 
three numeric factors, acid concentrations of 1, 2, 3, and 4 molars as well as 2.5 M as the mean, were 
selected. This range of data was to show that the other studies used very high acid concentrations which 
may cause problems in deacidification and subsequent processes.  

 
Table 1. Composition of the spent catalyst sample obtained from AAS 

 
O,C,S Humidity Oil Fe Al Ca Mg Zn Ni Co Substance 

Balance N.D. N.D. 0.058 25.36 0.02 0.18  10.43  (wt.%) Amount        57  76 (ppm) 
 
As the only categorical variable, the catalyst particle size was determined after two stages of 

crushing and mill grinding followed by a thorough screen breakdown. The resulting mixture was divided into 
three groups. The powder sample with a mean grain size of 1.2 mm, the fine sample with a mean grain size 
of 4 mm and finally the coarse sample which is the catalyst in its uncrushed form. To provide the required 
temperature for the leaching process, a simple resistive heater with a pre-heated aluminum bath as a heat 
transfer media was used. Contrary to other studies, the temperature of 85±3 ° C was taken as one of the 
constant parameters of the process. Another constant parameter, turbulence, was considered with the 
agitator rotation speed parameter. The reason for this, as in the case of temperature, is that it is difficult to 
generate turbulence in large processes. However, turbulence in this study was achieved by using a 
mechanical stirrer with a heavier base against vibration, and electric motor, with a polymer coated stirrer. 
The agitator rotational speed according to the standards of this machine was selected a constant value of 
400±10 rpm. 

 
The second numeric variable of the leach, was considered to be the ratio of liquid to solid. The L/S 

fraction in ml/g, with the values of 3, 6, 9, 12 and 7.5 as the mean value, were selected. According to this 
value and the amount of solution that was 500 milliliters, the solid catalyst content was weighed by an 
electronic scale of 0.01-gram accuracy and washed with distilled water in a plastic acid-resistant container. 
Further, the amount of water required was calculated and then measured using a graduated cylinder. Then 
under suitable ventilation conditions (due to the rapid release of SO2 and H2S) acid was slowly added to the 
solution. Finally, the last parameter for the leach was considered to be time, and its values were set for 3, 6, 
9, 12 and 7.5 as mean. It must be noted that the alpha value for corresponding axial point for the variable 
parameters is set to be 3 so that axial points are in logical comparison to center points and leaching 
parameter ranges, as shown in table (2) The Design Expert software used in this study, offered 51 leaching 
experiments, Taking into account the number of replicates and central and axial points. After the 
completion of the leach process, a diluted solution was prepared as a final sample for atomic absorption 
spectroscopy to obtain the recovered nickel content. 
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Table 2. The variable values of leaching parameters for central composite RSM modeling 
 

Variable Parameter 
Coded Values 

-alpha (-3) -1 0 +1 +alpha (+3) 

A: L/S (ml.g-1) 1 2 2.5 3 4 
B: Time (hour) 3 6 7.5 9 12 
C: Acid Concentration (molarity) 3 6 7.5 9 12 
D: Particle size (categorical)  Powder Fine Coarse  

 
RESULTS AND DISCUSSION 

 
The results of the 51 leaching experiments after analysis via AAS, are presented in table (3). 

Leverage is the potential for a design point to influence the fit of the model coefficients, based on its 
position in the design space. Leverages near 1 should be avoided. As seen in table (3) all leverages are below 
1 and the center points have the lowest of them all, it can be deduced that the model that will be fit to this 
data is more significant near the central points. The ratio of maximum to minimum of the responses is 2.53. 
A ratio greater than 10 usually indicates that a transformation is required. For ratios less than 3, 
transformations have little effect. No transformation was done to the response results.   

 
As presented in table (4), sum of squares is the sum of the squared deviations from the mean for 

each model. The SS for the Mean is calculated first, followed by Linear model, Quadratic model, Special 
Cubic, Cubic, Residuals and Total. The degrees of freedom for the mean will be 1. The df for the linear, 
quadratic, special cubic and cubic models is the number of additional terms added to the model. The 
residual will contain any remaining degrees of freedom. For each source, the mean square is the sum of 
squares divided by the degrees of freedom. This is used to calculate the F-value for the models. The F-value 
is used to test the significance of adding new model terms to those terms already in the model. For 
instance, the significance of the linear terms is tested after removing the effect of the average and the 
blocks. Then, the significance of the quadratic terms is tested after removing the average, block and linear 
effects and so on. The P-value is the probability associated with adding these additional terms to the model. 
And to summarize this all, table (4) suggests a 2FI (2 factor interaction) model to be used to provide a model 
for the resulted responses, as the main focus is on maximizing R-Squared and to avoid lack of fits. 

 
After furthur analysis of variance as shown in Table (5), The Model F-value of 12.06 implies the 

model is significant. There is only a 0.01% chance that a "Model F-Value" this large could occur due to noise. 
P-values less than 0.0500 indicate model terms are significant. In this case A, B, C, D and AB are significant 
model terms. Values greater than 0.1000 indicate the model terms are not significant. If there are many 
insignificant model terms, model reduction may improve model, not needed in this case. The "Lack of Fit F-
value" of 1.94 implies the Lack of Fit is not significant. "Adeq Precision" measures the signal to noise ratio. A 
ratio greater than 4 is desirable. The model ratio of 15.808 indicates an adequate signal. Both the facts that 
the model F-value is significant and The "Lack of Fit F-value" is not, proves that this model can be used to 
navigate the design space. Finally, software presented 3 model equations, one for each of the categorical 
particle sizes in term of actual factors used. 
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Eq. (1) for Powder samples:  
 % = 287.29141 35.08166 × 75.48491 × 7.69325 × + 12.05388 × × +1.19337 × × 0.29291 × ×  (1) 
 
Eq. (2) for Fine samples:  % = 267.30083 34.17316 × 77.04768 × 6.47129 × + 12.05388 × × +1.19337 × × 0.29291 × ×  (2) 
 
Eq. (3) for Coarse samples:  % = 265.52177 32.51455 × 80.23930 × 4.70234 × + 12.05388 × × +1.19337 × × 0.29291 × ×  (3) 
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Table 3. Central Composite design arrangement and response results 
 

Standard 
Experiment 

Number 

Variable Parameters Response 
Leverage Point 

Type A:L/S 
(ml.g-1) 

B: Acid 
Concentration 

(molar) 
C: Time 
(hour) 

D: Particle Size 
(nominal) 

Ni Recovery 
(%) 

1 9 3 6 Powder 85.48 0.265 Fact 
2 9 3 6 Powder 92.58 0.265 Fact 
3 9 2 9 Powder 64.35 0.265 Fact 
4 9 2 9 Powder 57.49 0.265 Fact 
5 6 3 9 Powder 66.80 0.265 Fact 
6 6 3 9 Powder 57.54 0.265 Fact 
7 6 2 6 Powder 76.66 0.265 Fact 
8 6 2 6 Powder 67.16 0.265 Fact 
9 3 2.5 7.5 Powder 43.01 0.600 Axial 

10 12 2.5 7.5 Powder 85.06 0.600 Axial 
11 7.5 1 7.5 Powder 39.68 0.600 Axial 
12 7.5 4 7.5 Powder 75.41 0.600 Axial 
13 7.5 2.5 3 Powder 59.34 0.600 Axial 
14 7.5 2.5 12 Powder 67.29 0.600 Axial 
15 7.5 2.5 7.5 Powder 57.64 0.094 Center 
16 7.5 2.5 7.5 Powder 49.72 0.094 Center 
17 7.5 2.5 7.5 Powder 66.81 0.094 Center 
18 9 3 6 Fine 64.95 0.265 Fact 
19 9 3 6 Fine 72.71 0.265 Fact 
20 9 2 9 Fine 55.84 0.265 Fact 
21 9 2 9 Fine 48.67 0.265 Fact 
22 6 3 9 Fine 35.70 0.265 Fact 
23 6 3 9 Fine 46.32 0.265 Fact 
24 6 2 6 Fine 44.95 0.265 Fact 
25 6 2 6 Fine 57.00 0.265 Fact 
26 3 2.5 7.5 Fine 36.53 0.600 Axial 
27 12 2.5 7.5 Fine 81.57 0.600 Axial 
28 7.5 1 7.5 Fine 40.86 0.600 Axial 
29 7.5 4 7.5 Fine 77.65 0.600 Axial 
30 7.5 2.5 3 Fine 53.69 0.600 Axial 
31 7.5 2.5 12 Fine 69.98 0.600 Axial 
32 7.5 2.5 7.5 Fine 57.34 0.094 Center 
33 7.5 2.5 7.5 Fine 62.15 0.094 Center 
34 7.5 2.5 7.5 Fine 71.49 0.094 Center 
35 9 3 6 Coarse 86.79 0.265 Fact 
36 9 3 6 Coarse 94.48 0.265 Fact 
37 9 2 9 Coarse 78.94 0.265 Fact 
38 9 2 9 Coarse 86.45 0.265 Fact 
39 6 3 9 Coarse 64.70 0.265 Fact 
40 6 3 9 Coarse 56.61 0.265 Fact 
41 6 2 6 Coarse 66.43 0.265 Fact 
42 6 2 6 Coarse 57.75 0.265 Fact 
43 3 2.5 7.5 Coarse 39.95 0.600 Axial 
44 12 2.5 7.5 Coarse 92.23 0.600 Axial 
45 7.5 1 7.5 Coarse 55.42 0.600 Axial 
46 7.5 4 7.5 Coarse 78.46 0.600 Axial 
47 7.5 2.5 3 Coarse 58.24 0.600 Axial 
48 7.5 2.5 12 Coarse 86.09 0.600 Axial 
49 7.5 2.5 7.5 Coarse 88.14 0.094 Center 
50 7.5 2.5 7.5 Coarse 80.49 0.094 Center 
51 7.5 2.5 7.5 Coarse 77.36 0.094 Center 
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Table 4. Sequential Model Sum of Squares 
 

Source Sum of 
Squares 

Degree of 
Freedom Mean Square F-Value p-value 

Mean vs Total 218532.54 1 218532.54 
Linear vs Mean 8488.25 5 1697.65 17.94 < 0.0001 
2FI vs Linear 2017.81 9 224.19 3.6 0.0028 Suggested 
Quadratic vs 2FI 204.18 3 68.06 1.10 0.3616 
Cubic vs Quadratic 471.10 13 36.24 0.46 0.9211 Aliased 
Residual 1564.23 20 78.21 
Total 231278.11 51 4533.57 

 
Table 5. Analysis of variance (ANOVA) for response surface 

 

Source Sum of 
Squares 

Degree of 
Freedom 

Mean 
Square F- Value p-value 

Model 10505.97 14 750.43 12.06 < 0.0001 significant 
 A-L/S 3237.38 1 3237.38 52.04 < 0.0001 
 B-C 1521.63 1 1521.63 24.46 < 0.0001 
 C-t 452.14 1 452.14 7.27 0.0106 
 D-Size 2162.07 2 1080.04 17.38 < 0.0001 
 AB 1357.96 1 1357.96 21.83 <0.0001 
 AC 119.79 1 119.79 1.93 0.1738 
 AD 198.25 2 99.12 1.59 0.2172 
 BC 0.80 1 0.80 0.013 0.9102 
 BD 76.34 2 38.17 0.61 0.5470 
 CD 264.57 2 132.29 2.13 0.1340 
Residual 2239.52 36 62.21 
Lack of Fit 1478.64 18 82.15 1.94 0.0841 Not significant 
Pure Error 760.88 18 42.27 
Total 12745.48 50 
R2 82.43      
Adeq Precision 15.808      

 
Table 6. Proposed practical research values for Optimum leaching process 

 
A: L/S  
(ml.g-1) 

B: C  
(mol. L-1) 

C: t  
(hour) D: Size Actual Recovery 

(%) 
Predicted Recovery 
(%) 

9 3 7.5 Coarse 94.36 96.32 
 

After several repeated runs, verification was done in order to report the optimum conditions of 
leaching process, shown in Table (6). The value presented as the actual recovery is the average of 
mentioned runs. Due to F-values of 52.04 and 24.46 respectively for L/S and acid concentration, significance 
of the model is affected greatly by these parameters. Also, between the interaction factors in the model, AB 
which is the product of L/S and C, shows the highest F-value and hence the highest significance. According 
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to the results of this experiment in Fig. 1(a), it can be stated that from acid concentration of about 2.5 M 
above and simultaneously at L/S values more than about 8.5, the recovery is significant, with a 
concentration of 2.75 molar acid Upward and L/S of about 8.75 upwards, recovery percentages cross the 
90% limit, which is desirable.  

 

    
  (a) (b) 

 

  
 

  (c) 
 

Figure 1. Surface plots of Ni recovey with respect to L/S and C for (a)Coarse, (b)Fine and (c)Powder samples 
at 7.5 h. 
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  (a) (b) 
 

 

  
            (c) 

 
 
 
 

Figure 2. Countor plots of Ni recovey for coarse sample with respect to (a) L/S and C (at t=7.5), (b) 
L/S and t (at C=3) and (c) C and t (at L/S=9). 
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concentration can reach the same results, and also by increasing the amount of acid concentration, it is also 
possible to produce the leach with the same results with lower L/S. Increasing recovery by increasing 
concentrations of acid and L/S values is predictable, because with increasing acid concentration, there are 
more sulfate ions to remove nickel from its oxide compound, which ultimately increases the reaction 
efficiency; by increasing L/S, the amount of solution to react with a constant ammount of solid is increased, 
and fresh acid is added to the reaction surface to further increase efficiency. Acording to Fig. 2(b), longer 
than 
7.5 hour processes may show beter recovery results, but further filtration and purification, turned out to be 
challenging because of more impurity disolution. And ofcoarse longer times mean more amount of enery 
for mixer and later follow up on batch production. By extrapolating the plots of Fig2. It is obviouse in 
leaching that using acid concentrations of 4 molar and higher and L/S of 12 will prove recovery to be 
possible at shorter times, yet furthur diacidification and lower nickel content concentration (which then 
must be concentrated again to be used fo electrowinning) prove that such high parameters are not suitable 
for overall production process. Fig. 1(b), shows that in the case of fine specimens with a particle size of 
about 4 millimeters, given that in this size, fracture and crushing was in a way that there are particles that 
have been pulled and look pointy (this can be due to the particular synthesis or a particular crystalline 
structure of catalysts), which can be said to be sharp and heterogeneous particles, lead to a lower level for 
presence in the reaction And also a slight disruption of mixing. Therefore, according to the results, the range 
of significant recoveries has become smaller, as at acid concentrations above 3 mol/L and L/S values higher 
than 9, recovery can be done up to about 80%. And according to the results for these particles, at 
concentrations of less than 2.5 m, recovery can not be advanced forward. In these samples, to achieve 
recovery above 95%, the concentration of more than 4 M and L/S of more than about 12 are essential; 
however, energy and cost should be used for grinding. 

 
For powder samples with a size of about 1 millimeter, as illustrated in Fig. 1(c), which have more 

uniform particles with a spherical shape, the results are more in common with the results of Coarse 
catalysts; however, the limits of significant recovery are larger in the non-crushed sample. In this sample, a 
recovery of about 87% can be achieved at concentrations higher than 3 mol/L and L/S values higher than 9. 
This range is larger than the Fine specimen range; although the cost and energy to produce these samples 
are double the Fine samples. 

 
CONCLUSION 

 
In general, increasing the amount of recovery by adding to the values of leaching parameters such 

as time, acid concentration and liquid to solid fraction is obvious and natural. But the point is that in some 
experiments under certain conditions, this natural process is not followed. 

 
Coarse Samples 
 

In these samples, from 7.5 hours’ time up, under the same conditions, no significant change is 
observed in the recovery. For example, in the same conditions with an increase of time from 7.5 to 9, 
recovery only increased by about 3%. 
 

The liquid to solid fraction at a constant period of time, has a significant effect on the recovery 
efficiency; for example, increasing this ratio from 6 to 9 restores recovery from 58% to over 96%. 
 
 In general, optimum recovery conditions for these samples can be considered as follows: the time 
from 6 to 7.5 hours, the concentration of acid is about 3 M and the fraction of the liquid to solid is about 9, 
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to recover about 96% of Ni content. it is to be noted that the parameter of the fraction of liquid to solid can 
be described as the most influential parameter in these samples. 

 
Fine Samples 
 

In these samples, recovery is generally not high; process times of 7.5 hours and longer, not only lack 
a positive effect, but also result in less recovery. 
 
  The effect of the liquid-to-solid fraction is very much affected by the concentration of acid in a way 
that it can be deduced that the recovery rate is related to the product of these two quantities. 
 

Generally, the optimum recovery for these samples, at 7.5 h, the concentration of 3 molar acid and 
the liquid to solid fraction of 9, reached about 79%. 

 
Powder Samples 
 

In these samples, an optimal recovery time of about 9 hours can be reported. In this crushed 
samples, increasing time leads to more reaction of alumina. Less time is not enough to react the total 
amount of nickel. 
 

In general, the simultaneous effect of the concentration of acid and the liquid to solid fraction can 
be expressed as a Product. The concentration of acid is better to stay in the middle and the ratio of liquid to 
solid should not be less than 9. 
 

In these conditions, the optimal recovery for these samples at 9 hours’ time, the acid concentration 
of 3 molars and the liquid to solid fraction of 9, reached about 90%. 

 
Consequently, a non-crushed sample can be considered as the most suitable one for recovery of this 

nickel catalyst. This might be due to the fact that nickel is mostly accumulated on the surface on these spent 
catalysts. The unnecessity of grinding the specimen itself, reduces the cost of the process dramatically. The 
results suggest that high recovery can be attained without the use of extremely high acid concentrations, 
high temperatures and high liquid-to-solid ratios.  
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ABSTRACT 

 
Dusts are solid particles mainly due to industrial activity and especially mining activity. Their size 

is therefore reduced and placed on a microscopic or even nanoscopic scale. In the literature, different 
terms are often used indiscriminately to define this type of pollution among them: aerosols are formed 
of solid or liquid particles of size less than 100 micrometres. "Black smoke" are carbon particles with a 
diameter of less than 05 μm up to about 0.1 μm. In Algeria, the SOMIPHOS plant in Djebel El Onk is 
specialized in the exploitation and treatment of phosphates, dust emissions are quite high at the level of 
the quarry and the treatment plant, because of the use blasting and the preparation of phosphate by 
the dry mechanical method. The main aim of this work is to characterize the dust emitted due to the 
exploitation and processing of phosphate ores. The results obtained show that the dust level exceeds 
the international standard (1g/m2/day), the size and size distribution of the particles is determined by 
the laser particle size, the FRX and the DRX are used to determine the chemical composition and 
mineralogical. The level of heavy metals in dust was evaluated by the analysis of Atomic Absorption 
Spectrometry. 

 
Keywords: Phosphate dust, PM, airborne pollution, Algeria, Djbel –Onk plant, environment 
 

INTRODUCTION 
 

The Djebel El Onk SOMIPHOS plant; specializes in the exploitation and processing of 
phosphates, it is located in the south-east of Algeria, 100 km from the Wilaya of Tébessa and 20 km 
from the Algerian-Tunisian border (Fig. 01). It is implanted within in the framework of treating and 
producing a phosphate rich in P2O5, intended for various industries; such as the ASMIDAL plant located 
in the wilaya of Annaba either by rail or by road transport. The total production is in the order of a few 
million tonnes which is exported as raw material to several countries around the world (BEZZI N. 2005).  

 
Due to the quality of the phosphate mining, is currently focused on Kef Essennoun. In this place ; 

there are two different colors of phosphate which are dark color (gray) and light color (beige). 
The Djebel El Onk area consists of two parts: an open pit mine and the phosphate processing 

plant (Nouioua et al. 2016). 
 
Like other human activities, the mining industry corresponding to the Djebel Onk mining 

complex; today poses very acute environmental problems, such as the emissions of very fine and 
sometimes-toxic dust, because it contains metals trace elements, which can cause pollution of air, soil 
and water and they can create many regional or global problems for living beings and for humans in the 
event of respiration. 
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Figure 1. Location of Djbel-Onk complex 
 
 

MATERIAL AND METHODS 
 

The phosphate dust sample are obtained during collection at several points on the site, such as 
the waistline, the mechanical preparation workshop; the edges of the transport paths, the processing 
plant and finally the loading wagons and trucks silos. To achieve the objective of this work; several tests 
have been carried out. Beginning with the chemical composition by the FRX, the mineralogical 
composition carried out by XRD, the particle size distribution carried out by the laser particle size 
distribution, finally the shape of the particles is analyzed by the SEM imaging. 

 
Chemical Composition 
 

To determine the origin of the PM collected, we carried out chemical analysis of the samples by 
the XRF; all the samples are mixed; homogenized and analyzed. The result of the chemical composition 
of the dust collected, are compared with that given by the laboratory of the Djebel Onk phosphate 
complex (Table 1). 

 
Table 1. Chemical composition of PM phosphate samples 

 

Elements P2O5 CO2 SO3 CaO MgO Fe2O3 Al2O3 Na2O K2O SiO2 F Cl 
(ppm) 

PM of 
phosphate 

29.31 6.93 2.80 50.8 1.67 0.32 0.33 1.27 0.071 2.16 3.56 553 

Djebel-
Onk 

phosphate 

30.22 6.86 3.00 52.3 0.83 0.12 0.50 1.35 0.078 3.21 4.02 449 

 
The comparison of the values of the composition of PM of phosphate; shows a correlation with 

the chemical composition of Djebel Onk phosphate. These results clearly prove that the PM collected in 
the installations is generated by the process of unloading, storage and unloading of phosphate. 

 
Mineralogical Composition 
 

 X-ray diffractometer (XRD) analysis of the different particle size fractions of phosphate dust 
has identified the following main mineralogical phases (Figure2.): 

 

The Djbel-Onk quarry and 
phosphate complex 
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1-) Phosphate elements of the apatitic class such as: Carbonate apatite Ca10(PO4)6, Carbonate 
hydroxyapatite Ca10 (PO4)3 (CO3)3(OH)2, Fluorapatite (Ca5(PO4)3F), Carbonate fluorapatite Ca10(PO4) 
5CO3F1.5(OH)0.5, hydroxyapatite Ca5(PO4)3 (OH) and Phosphate hydrate (NETTOUR D. 2018).  

2-) Elements of gangue: Are represented mainly by carbonate and siliceous minerals such as 
dolomite CaMg(CO3)2, silicas in the form of Calcite CaCO3, quartz SiO2 and gypsum CaSO4. 
 

 
Figure 2. DRX du minerai de la poussière de phosphate 

 
Determination of Particle Size Distributions 

 
The particle size distribution of the phosphate dust sample; is obtained from the analysis by 

laser diffraction (Fig. 3). The result of the analysis showed that, more than 90% of the particles with a 
smaller diameter at 118μm; 50% of the particles with a diameter less than 13.3μm, and 10% of the 
particles have a diameter of less than 5.5μm. 

 
These results favour deep pulmonary deposition. PM10 (particles with an aerodynamic diameter 

lungs. Particle size can behave on the human body as follows: 
Chest dust: mass fraction of inhaled particles entering the larynx (<30 μm); 
Alveolar dust: mass fraction of inhaled particles, penetrating the non-ciliated airways (<15 μm). 

These fractions are included in the ISO 7708 standard and in the Afnor X 43-100 standard. 
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Figure.3. PM particle size by laser diffraction 
 

Phosphate PM Morphology 
 

The shape of PM in general can promote flight and decrease the sedimentation rate of a 
particle: a flat particle behaves like a leaf during its fall and will therefore settle more slowly than a 
spherical particle (Imen Bel Hadj 2013). The fall speed is a function of the aerodynamic diameter. PM of 
phosphate captured at the port of Annaba; have different morphology and irregular shape (Fig. 4). 

 
The angular shape of the particle surface; is mainly due to the mechanical preparation of 

phosphates at the Djebel Onk plant, unlike natural particles where the surface is smooth and the grains 
are spherical in shape. For particles of irregular shape, relative movement becomes difficult due to the 
presence of more points of contact between them. If they are elongated and hook-shaped particles, it 
will be more complicated because they tend to form bridges by interlocking particles. 

 
       

 
 

 
 

Figure 4. Phosphate dust morphology, by X-ray microanalysis coupled with a scanning electron 
microscope (SEM / EDX) 

 
Heavy Metals Content in Phosphate Dust 
 

 From a purely scientific and technical point of view, heavy metals can be defined as: any metal 
with a density greater than 5 g/cm3. Any metal with a high atomic number, generally higher than that of 
Sodium (Z = 11), presenting a danger to the environment and to humans. Any metal that can be toxic to 
biological systems. In environmental sciences, the heavy metals associated with the concepts of 
pollution and toxicity are generally: arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), mercury 
(Hg), manganese (Mn), nickel (Ni), lead (Pb), tin (Sn), and zinc (Zn). In our study, the composition of 
heavy metals and some trace metallic elements was determined by, atomic absorption spectrometry 
(Table 4). 
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Table 2. Daily and surface concentration of metals detected (μg/m2/d), German standardization. 
 

Element Cd Zn Pb Cu Cr Ni Mn Hg Co Sb 
Limit μg/m2/d 2 400 100 100 250 15 15 1 15 100 

S1 8.3 113.2 15.8 23.4 122.2 13.5 11.3 3.2 2.2 12.4 
 

The results of the metal concentrations measured for the eight stations; presents different 
values, those, which are higher than the German limit values, and those that are lower. We observe that 
the guide values for the metals of Cadmium (Cd) and mercury (Hg); have been exceeded. The limit value 
of Cd is 2 μg/m2/d, on the other hand the recorded values varied between 8.7 and 1.2 μg/m2/d. 

 
The limit value of Hg according to the German standard, is 1 μg/m2/d, but the results of the 

latter's analyzes vary between 3.2 and 0.3 μg/m2/d in the eight measuring stations. The values of Zn, Pb, 
Cu, Cr, Ni, Mn, Co and Sb are below the limit of quantification. The points most exposed to fallout from 
the site have the highest levels of heavy metals. 

 
Recommendation 
 

Usually to control dust emissions, several methods can be applied. For phosphate dust, the 
method is special, because the product must not be touched by humidity, otherwise it will be 
contaminated, and therefore it is strictly forbidden to spray the dust with water especially at the 
unloading points of trucks and wagons. The most effective methods for reducing phosphate dust are: 
1. Complete cover of the product conveyor belts 
2. Unloading of trucks and wagons in well closed and airtight sheds, to prevent dust from escaping 
outside the installation 
3. Spray the road with water Complete cover of the product conveyor belts 
4. Unloading of trucks and wagons in well closed and airtight sheds, to prevent dust from escaping 
outside the installation. 
5. Spray the road with water to prevent dust from flying away during the passage of trucks. 
 

CONCLUSIONS 
 

Certainly, the effects and consequences of these emissions on man and the environment are 
disastrous. It is probable that in the future an in-depth study will be carried out on the effects of these 
emissions on man, the environment, fauna and flora. 

 
Based on the results obtained in this study, the following conclusions can be listed: 
 

1. The chemical composition of the PM determined by the XRF, shows a correlation between the 
chemical composition of the PM samples from the samples and the chemical composition of the 
phosphate from the Djebel-Onk plant. 

2. The particle size distribution of PM, determined by laser diffraction, show that more than 90% 
of particles with a diameter less than 118μm, 50% of particles with a diameter less than 13.3μm 
and 10% of particles have a diameter less than 5.5 μm. These results promote deep lung 
deposition upon inhalation of PM by humans. 

3. PM of phosphate captured; have morphology and irregular shape of different size. The angular 
shape of the particle surface; is mainly due to the mechanical preparation of phosphates at the 
Djebel Onk phosphate plant, unlike natural particles where the surface is smooth and the grains 
are spherical in shape. 

4. The values of Zn, Pb, Cu, Cr, Ni, Mn, Co and Sb are below the limit of quantification. The points 
most exposed to fallout from the site have the highest levels of heavy metals. 
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ABSTRACT 

 
Long been the discussion on different comminution techniques to achieve desired granulometry 

for ores and rocks for their application and/or metallurgical use with emphasis on energy saving, 
environmental issues and efficiency. Energy plays an important role knowing that the comminution 
requires the biggest part of energy supply in the processing industry, the economy (amortization) have 
often been left out or paid little attention when decision is made. Comminution machines use different 
phenomenon. From the energy side it is necessary to define working indices to establish the capacity of 
the machine. Sometimes, liberation is not a need, while others look for the highest liberation possible. 
However, much depends on the buyer’s requirements of the material run out of the plant. If the 
“product” should be transported for further processing than the grain size will depend on logistics, price, 
etc. more than professional goals. The two approaches lead to some antagonistic questions and 
economic considerations. In general, the lower the grain size the higher the liberation, superfine is not 
economic to transport. Also, the higher the concentration grade the higher the price, but the grade 
depends on the granulometry. This paper aims to summarize recent innovations with suggestions on 
prioritizing operations through the case study in a magnetite ore deposit in the North-East part of 
Uruguay. 

 
Keywords: Crushing, grinding, liberation, circuit improvement, energy efficiency, economy 

 
INTRODUCTION 

 
In the recent years a very promising iron-ore resource was found in the North-East part of 

Uruguay. Exploration and prospection were done in a very accurate and professional manner and 
probed a rich magnetite deposit, so the elaboration of a business plan and the procedure for the 
environmental and extraction permissions acquisition was started.  

 
During that time the processing plant design establishment arose different issues regarding the 

beneficiation of the material such as concentration grade and grain size. It turned out that there are 
several problems to satisfy both of needs on the most economical way of separation, especially when 
the product price is highly volatile. 
 

THE OBJECTIVE 
 

According to the “buyer's specification” the product should satisfy several conditions, however, 
from our point of view there are two that has specific interests. Namely: the grain size cannot exceed 
125 microns more than 7% (this is the condition of transportability) whereas the concentrate should 
reach 62% minimum (quality condition). 

 
It worth to mention that the quality is denominated in percentage of Fe content that can lead to 

some misunderstanding (however it is a technical issue), simply because of the composition of hematite 
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itself. If we want 62% Fe content the product should be more than 100% pure hematite, clearly 
impossible. Therefore, the quality is meant in hematite (FeFe2O3) content. In general, the mineral is 
composed of magnetite (25-30%), quartz and clinopyroxenes. 

 
The ore in general is considered to have a natural granulometry small, within 45-250 microns 

with exception of those collectibles that can reach of 2 cm crystals. Therefore, from the beneficiation 
point of view, it is very important to liberate the particles as much as possible, meanwhile the raw 
magnetic separation needs only an exposure of it. This is to say it is sufficient to make part of the 
surface of the particle free to be able to interact in the magnetic field. Consequently, during the 
crushing process it is possible to save considerable energy to put into it sacrifying the quality as the 
particles will contain big amount of additional materials and minerals that are gangue and dilute the 
concentration. 

 

 
            

Figure 1: Show big crystals of magnetite at the size of 1-3 mm that is very favorable to all the 
beneficiation process. 

 
On the other hand, with total liberation we have to consider a product size of around 75-100 

microns at least, which is the common practice when the briquetting plant is located right next to the 
beneficiation plant. It might be an option to install a compacting machine to aggregate the powder to 
improve air quality and handling issues. The actual case does not require grinding to this size 
theoretically as the petrography shows big crystals. 

 
However, tests made on samples do not support this idea. At the grain size range of 1-10 mm 

the maximum concentration reached was 41,56%, meanwhile in the range of 180 microns 63% was 
obtained with magnetic dry separation in our laboratory. (It is supposed that a wet separation in the 
lower grain size would result even better outcome, but for different reasons this method is not 
considered to be viable.) 
 

Table 1. Test results at 1-10 mm grain size 
 

Mineral separation process  Fe2O3 per-
centage  

Productivity 
percentage  

Mass recovery 
percentage  

Raw ore - Feeding material 
(crushed to the size of -2 mm)  

27.30  100  100  

Result material – Concentrate 
material  

41.56  56.78  86.42  

Tailing  8.58  43.22  13.58  
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Table 2. Test results at a 180-micron grain size 
 

Mineral separation process  Fe2O3 per-
centage  

Productivity 
percentage  

Mass recovery 
percentage  

Raw ore - Feeding material 
(crushed to the size of -2 mm)  

33.61 100  100  

Result material – Concentrate 
material  

62.73 50.09 95.03 

Tailing  4.38 39.3 4.09 

 
This clearly shows that there must be an inefficient liberation during the comminution process, 

breakage post probably occurs within the homogeneous grain within the particle instead of through the 
boundaries of a heterogeneous particle. (Michaud, 2016) 

 
It is well known that higher the quality higher the price can achieve, so it is worthwhile to look 

into the crushing and grinding procedures as places of expenditures in a short and a long term (capital 
expenditure vs. energy consumption and maintenance costs) in regards of the benefits on product price, 
so ROI. 

 
THEORIES AND PRACTICES OF COMMINUTION FROM THE EFFICIENCY POINT OF VIEW 

 
There were several attempts to establish a solid theorical background on comminution both 

crushing and grinding. None of them works perfectly, so we have to assume that this does not exist. 
 
The main reason is the complexity of the process especially of grinding. The variables are 

numerous, there effect on the processes varies as well. Explaining grinding makes it even worth when 
the grinding medium is added into the consideration and has to be modelled the system entirely. 

 
As there is no applicable solid based theory of comminution processes most of the working 

principles were deduced from experimental results, empirical way, most recently with the aid of 
statistical methods and nowadays utilizing Artificial Intelligence. Nevertheless, all of them is based on 
the historical results looking for different levels of approval and relationship among the “traditional” 
models. 

 
Considering the three basic laws of comminution as by Rittinger, Kick and Bond all of them is 

widely appreciated and used in the practice, mainly for the crushing and grinding machine design and 
production. 

 
Models were made in several manners that describe, measure and conclude results of different 

factors of fractions. For example, test and experiments of single particle breakage, particle bed 
formation on surfaces both on the medium and the linings and how these affect the outcome of the 
process and the energy consumption. An excellent summary of all of them can be found here. (Michaud, 
2016) 
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There are promising experiments on adding extra energy before the comminution process by 
ultrasound handling that shows significant energy savings. (Gholami et al., 2020).  

 
It seems like the energy density of the particle is most important factor! 
 
In general, the energy input discussed in all theoretical scenes are supposed to use for the 

comminution, very little considered as waste. However, it is a very important part of recent 
investigations and attempts on improvements to get a better-quality product at a lower energy input 
with lower carbon emission. 

 
The waste of energy is result of heat, electromechanical resistance and noise, etc. The heat 

mainly comes from two sources: the inner source is the release of the elastic energy accumulated in the 
particle at the moment of breaking apart, the outer one is the friction within the particles and/or within 
particles and grinding medium (these partly might contribute to the grinding process) and/or within the 
grinding medium only (that purely is waste if the process does not result better quality at higher 
temperatures). An overall 1% of energy input causes breakage (Borg et al. 2020). 

 
Important work was done on the investigation to improve the efficiency of the comminution by 

experiments, using different machinery like HPGR as a highly effective solution, eliminating wet 
processes to improve resource savings and usage, a priori feed preparation, improving on 
environmental issues and sustainability (Jankovic et al., 2016; Baawuah et al.,2020; Komar Kawatra 
2006; Weerasekara et al., 2013)  

 
Something New 

 
Because of the above one can get to a conclusion that something is missing, and process should 

be looked at in another way. 
 
If all of the comminution techniques attempt to augment the energy density of the particle and 

it is approved working well but could not get to the level sufficiently high, it would be worth to 
investigate. 

 
Conventional comminution uses compression – slow or impact – sheer forces. In primary 

crushing the slow compression is applied mainly (jaw crusher, roll crushers), secondary crushing applies 
sheering and impact, while grinding is a very complex and sophisticated way to level up the energy 
density. Simplifying a bit radically, the energy input comes from transfer of kinetic energy into potential 
energy in the case of impact crushers and cylindrical mills like ball mill or rod mill. Augmenting the 
energy density inside the particle a priori to crushing and grinding makes these latter more efficient and 
the liberation is even better. This suggests that achieving its critical level when a particle falls apart 
should be possible by one single step and it can happen at a considerably good liberation factor, too. As 
a matter of fact, there is nothing new in it, the first mention looks back around 55 years (Wiegl et al., 
1967). 

 
The potential energy is given by – simplified – the particle/grinding medium particle mass. It can 

be measured and/or calculated from the uniaxial, tri-axial compression tests, a drop ball test or other 
experiments. It cannot be found literature to test equally high force or tension resulted by the transfer 
of the kinetic energy that can provide the mass of the particle itself. Instead, it seems like the energy 
accumulation without relaxation time generates resonances that differs regarding the material 
composition and/or physical properties, suffering reflections and deformation on the particle contact 
surfaces resulting great tensions than final disintegration (Borg et al., 2020). Even further, how it can be 
continuously increased to maintain the comminution ratio high when a particle loses mass during the 
process. 
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The idea can be to apply the force necessary to break a particle at the force given from a uniaxial 

compression test and calculate the energy required. Equaling it to a kinetic energy that is a result of the 
mass of a particle and its velocity and find a way to achieve this in a crusher or mill and test whether it 
works. Other tests can be carried out with lower velocity but repeated high energy impacts as it is 
suggested from a “pulsing” compression test, so saving energy on this way might also be possible. (Borg 
et al., 2016)  

 

 
 

Figure 2. Numerical modelling illustration (by courtesy of Paul Cleary CSIRO) of a high 
velocity impact of a round particle to a solid tool at the moment of contact (left) and 

later disintegration (right) 
 

 
 

Figure 3. Results of uniaxial dynamic load test (right) and pulsated loads in several steps (left) (Borg et 
al.,2016) 

 
Furthermore, in case the outcome is promising, increase the efficiency by repeat these events 

after constructing a model (numerical modelling, or other computational technique). 
 
Given the above data and/or model the theoretical energy consumption can be calculated as 

well. 
 
Exactly this is what happened with one of the German machine producers to be able to provide 

a versatile product for a versatile production. 
The equipment is tested, run as pilot project in several mining sites and the efficiency is 

surprisingly good. The product can be graded by grain size and the liberation factor can reach to almost 
100%. (Borg et al., 2020) 
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THE ECONOMY 

 
Considering the above-mentioned issues and want to plan a crushing and grinding plant the 

capital investment comes into the discussion. 
 
A general beneficiation plant starts with the crushing than the grinding circuit, then come all the 

processes to produce products running out of the plant. The energy consumption takes the highest part 
of the plant, as well as the capital expenditure (machine prices and installation, construction work takes 
considerable percentage from the entire investment. 

 
Planning such a plant there are basic engineering practices and assumptions like i) the fines 

produced in every step of crushing/grinding should be taken out, ii)) the reduction ratio should be 
established according to the minimal loss possible (fines), iii)) energy consumption in 
efficiency/effectivity should be considered as priority. From the point of view energy efficiency, the first 
consideration is vital. The fine in the system causes most of the loss in the conversion of the energy 
input into effective energy to breakage. 

 
It has to be noted, however, that in some special cases fines are a must in order to make the 

comminution more effective, such cases are when there must “build” a layer of material on the grinding 
elements (Michaud, 2016 (1)).  

 
Aiming to improve the Return of Investment there are two ways as general: Lowering the capital 

expenditure and/or augmenting the incomes meanwhile saving on running costs (energy and 
maintenance). Might there be an equilibrium! 

 
In our specific case the planned beneficiation plant consists of: 

Option 1.       Option 2. 
Jaw crusher       Jaw crusher 
Cone crusher       Cone crusher 
Multi-cylinder cone crusher     Multi cylinder crone crusher 
Ball mill        Vertical mill 
Magnetic separation      Magnetic separation 

 
The planned CAPEX on these layouts is estimated to: 

2.000.000 USD       5.600.000 USD 
Considering replacing the secondary crushing and the grinding circuit to one of the machines 

described it would augment the CAPEX to 6.000.000 USD 
 
Calculating the running costs on this equipment would result: 
 
Energy savings: 1.700 kWh in case of option 1, and 1.600 kWh in case of option 2. 
 
The price premium for higher quality products can be considered as between 10% and 60% of 

standard price.  
 
Maintenance costs should be considered as constant based on the initial expenditure, therefore 

the higher investment should be covered by the energy saving and the income growth. 
 
The planned capacity is 100 t/h concentrate product in a normal yearly workload (that is 200 days, 

8 hours/shift, 2 shifts/day) 
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Calculating with 0,40 USD/kWh energy price the savings result as 2.176.000 USD (option 1), and 

2.048.000 USD (option 2), and 300.000 tons/year at a 100 USD/t price an average 15% premium should 
result 4.500.000 USD/year extra income. Totaling of 6.048.000 USD/year minimum result considering 
only the use of a different machine for size reduction, that is in the first year the investment (if it were 
to be considered as a change or improvement) would pay it back. 

 
Resulting the ROI that is considerable to favor of changing the technology even in the case of 

short term and small-scale extraction projects. 
 

CONCLUSIONS AND FURTHER INVESTIGATION 
 

Improvements on comminution techniques and machinery is constantly on the steak, little has 
been achieved, however, as breakthrough. 

 
Common practices help making the crushing and grinding circuits more effective like taking the 

fines out of the system, changing equipment to more efficient and adding and combining different 
phenomenon. Digital modelling helps a lot as well. 

 
Nevertheless, for lack of well-founded theoretical bases most of this work lays on experiments 

and practices. It seems that investigating other types of physical characteristics of mineral particles 
regarding their behaviors given by homogeneity or heterogeneity, resonance frequency and its energy 
level, critical breakage conditions would lead us toward a more appropriate manner of comminution. 
Investigation must be done to measure and define these parameters and conditions as a general and – 
as already has been introduced – in pilot and industrial plants. 

 
Being appropriate means sustainable, environmentally friendly, better resource management 

practices including energy, water, chemical usage, that finally results in better economy. 
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ABSTRACT 
 

Re-designing pneumatic flotation cells and their industrial applications have drawn mineral 
processors' attention over the last three decades. However, their principal privileges over the 
conventional mechanical and column cells have not been yet well disclosed and clearly identified in the 
literature. To this end, the present paper comparatively investigates the key advantages of ImhoflotTM, 
JamesonTM, and RefluxTM flotation cells over the conventionally used mechanical and column cells from 
different aspects. The impact of slurry means retention time, gas hold-up, bubble size distribution, and 
energy dissipation rate on recovery improvement of ultra-fine particles (<20 μm) were studied for all cell 
types. The diagnostic results showed that RefluxTM, Jameson, and ImhoflotTM functionally operate 
similarly based on providing intensive turbulence in the downcomer and fast kinetics rate of flotation in 
the separation unit. Formation of sub-micron and micron-sized bubbles, effective hydrodynamic 
characteristics, and low capital and operating costs were found as their major advantages over the 
conventionally used cells on improving the recoverability of ultra-fine particles. These cells provide 
greater gas-hold-up values (40-60%) over the mechanical (5-20%) and column cells (5-25%) with 
substantially lower power inputs. It was indicated that extremely low mean slurry retention time (i.e., 1-
4 min) led to a potential enhancement on their throughputs. However, the effectiveness of these cells 
on selective separation and improving the grade remains uncertain in the literature. 
 
Keywords: Pneumatic flotation cell, energy dissipation rate, gas hold-up, mean particle retention time, 
fine particles  
 

INTRODUCTION 
 

Froth flotation is a physiochemically-based technique widely applied to treat thousands of 
million tonnes of raw materials annually. Through the years, it has been scientifically and technically 
proven that conventionally used mechanical flotation cells are significantly inefficient for recovering 
ultra-fine (<20 μm) and coarse (>200 μm) particles, time and energy-consuming (Gaudin et al., 1931; 
Trahar and Waren, 1976).  
 

As known, fine and ultrafine particles cannot be easily floated using mechanical and column 
flotation cells (Hassanzadeh et al., 2019). One part of this poor flotation tendency lies in particle 
properties, including massive surface area, rapid surface oxidation, low particle inertial force, and 
limited particle-bubble collision probability (Gontijo et al., 2007; Safari et al., 2017; Safari et al., 2020a). 
The other part relates to the cell drawbacks including the inability to produce small bubbles, short 
retention time for such fine particles, poor and inefficient turbulence. To overcome these obstacles, one 
group of researchers enlarged particle size using flocculation-flotation processes (Yin et al., 2011; Li et 
al., 2021), another group applied micro/nano-bubble assisted flotation (Fan et al., 2012; Chipakwe et al., 
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2021), while some intensified cell turbulence (Schubert, 2008; Safari et al., 2014; Testa et al., 2017; 
Hoseinian et al., 2019). The last group of scientists changed the cell hydrodynamics and invented 
reactor-separator flotation cells creating remarkable gas hold-up, small bubble sizes, and intensive 
turbulences (Imhof, 2006; Jameson, 2010; Cole et al., 2020). For instance, the specific advantages of 
Jameson cell include short residence time, small cell size, high throughput, and high concentrate 
production rates. It operates with no compressed air input (self-aeration system and vacuum generated 
in downcomer), and the vacuum developed within the downcomer produces interactions. 
 

 
 

Figure 1. A schematic overview of conventionally and newly applied flotation cells 
 

ImhoflotTM, JamesonTM and RefluxTM are considered more complicated than the older flotation 
technologies i.e., mechanically agitated and column cells. It should not be forgotten that in the 1930s 
the Denver flotation cell was considered revolutionary and only in the 1950s using mechanical cells 

-

-

-

-
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became a norm. A similar story for column flotations appears from the early 1960s, however, it was only 
around the 1980s that a huge interest and demand started. Although pneumatic flotation machines e.g., 
ImhoflotTM, and Jameson cell were invented in the 1980s, their application in mining industries 
compared to mechanical cells has still been limited for some reasons. Detailed information regarding 
each cell and a historical overview is given elsewhere (Moore, 2021; Mondal et al., 2021; Hassanzadeh 
et al., 2021a). The present work identifies some of the key characteristics of such cells and compares 
them with the conventional ones.  
 

Five flotation cell types are considered in this research study: two conventional cells as 
mechanically agitated and column cells and three pneumatic flotation vessels i.e., ImhoflotTM, Jameson 
Cell, and RefluxTM flotation cells. Five fundamental operating properties consist of energy dissipation 
rate (a.k.a turbulence kinetic energy), slurry mean residence time, gas hold-up, and bubble size 
distribution were conceptually and comparatively studied in detail. Since there is little information 
regarding the pneumatic flotation cells, the present work aims at fulfilling this gap in the literature. A 
conceptual description of such cells was proposed, and the crucial influential factors were analyzed in 
comparison with the conventionally used mechanical and column flotation cells. We believe this paper is 
one of the first attempts in compiling recent developments in flotation cell technologies and opens 
several avenues for their developments.  
 

MATERIALS AND METHODS 
 

Residence Time Distribution (RTD) Measurement 
 

A laboratory ImhoflotTM V-20 flotation reactor was subjected to the RTD measurement using 
NaCl as a tracer. An approximate 30-50 L of water was localized in the conditioning tank before feeding 
the cell. Circulating water through the tank and the cell was stabilized by monitoring the feed and tailing 
pump speeds/flow rates to reach a steady-state condition. Noteworthy, the cell was operated in an 
open-circuit mode (without re-circulation) in the absence of any reagents. Afterwardes, a pre-prepared 
30 mL of highly concentrated NaCL was injected into the aerator while feeding a water flow rate of 5 
L/min and aeration rate of 3 L/min. A series of time-wised samples were taken from the tailing stream 
and their conductivity and pH were measured afterward. The obtained data were analyzed through an 
in-house developed software using N-Mixer and Welller models as described elsewhere (Hassanzadeh, 
2017).  
 
Bubble Size Measurement (BSD) 
 

A modified McGill bubble viewer was used for measuring the bubble size distribution on a pilot-
scale ImhoflotTM H-16 cell. To this end, while the cell was operated by processing water, a bubble 
sampling tube was positioned at a specific location within the separator tank after ensuring the cell 
works in a steady-state condition. The measurements were performed in the absence of any frother 
because of having residual chemical reagents in the recirculating water. Sampled bubbles were 
monitored and filmed on the viewing chamber and later analyzed with the image processing toolbox of 
the Matlab software. The size of approximately 2000-3000 bubbles was measured and statistically 
analyzed. More detailed information regarding the setup can be found elsewhere (Hoang et al., 2019).  
 
Impact Of Key Parameters  
 
Mean Residence Time (MRT) 
 

Slurry retention time determines the number of flotation cells and stages in a circuit required to 
reach a desirable grade-recovery curve. This term is typically measured by radioactive, pH, and 
conductivity tracers to monitor slurry/liquid discharge in open- and closed-circuits. Measuring MRT for 
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the mechanical and column cells in pilot and industrial scales has been broadly reported in the 
literature. The typical mean residence time for a mechanical cell circuit is ca. 4-20 min at the rougher 
stage, depending on the mineral type and the number of cells in a bank, and up to 30 min for 
scavengers, while for the flotation column is in the range of 18-23 min, depending on the column design 
(Metso, 2006). Yianatos et al. (2017) measured and modelled the residence time distribution (RTD) of 
industrial cells from seven flotation plants. The results showed that the RTD ranged from 9 to 41 min. 
The large and small tanks in series (LSTS) and two parallel perfect mixers models could reasonably 
represent the experimental data compared to the axial dispersion and perfect mixer (PM) models. 
Kennedy (2008) stated that a column cell typically requires approximately twice the residence time of a 
4-cell bank of conventional cells and three times the residence time of a batch laboratory flotation cell.  
 

It is clear that the conventional cells need long retention times to achieve an acceptable 
selective separation for fine and ultrafine particles. However, pneumatic-type cells show fast flotation 
kinetics rates due to short residence time. This is a highly critical factor for fine particles due to being 
oxidized through time rendering physicochemical reactions on the particle surfaces and reducing their 
hydrophobicities/floatabilities (Pokrajcic et al., 2020). Short residence time allows high throughput and 
the replacement of few cell numbers instead of several conventional cells. For instance, Harbort et al. 
(1997) reported the reduction in MRT of a mechanical rougher-scavenger (17.9 min) and cleaner-
scavenger (30 min) circuits down to 7.5 min and 2.5 min using Jameson cells with identical flotation 
performances. Table 1 presents several industrial examples of Jameson flotation cell for various 
operating circuits reducing the number of mechanically used flotation cells (Moore, 2021). Figure 2 
exhibits the liquid residence time measurement results performed on a laboratory IFR operated in a 
continuous mode illustrating MRT of 2.6 min.  Detailed information regarding the experimental 
procedure and modeling will be presented in the extended version of this paper.  
 

In the case of the RFC, one of the studies showed that residence time in the downcomer shorter 
than 1 s could be achieved (Jiang et al., 2019). It was considered a reasonable assumption for three 
reasons: i) particle collection was achieved mainly in the high shear zone within the downcomer, ii) the 
RFC was operated without a conventional froth zone, which was associated with particle detachment, 
and iii) very short cell residence times of <60 s were reported typically (Jiang et al., 2014; Dickinson et 
al., 2015; Jiang et al., 2019). The liquid residence time in the system ranged between 16–26 s, and the 
cell residence time was ranged between 23-48 sec. The cell residence time provided was calculated 
based on the volume of the RFC (~16 L) and all volumetric inlet flows (Cole et al., 2021). Given the 
system isoperated under flooding conditions, the active cell volume is the entire cell, and the cell 
residence time equals the cell volume divided by the volumetric feed flow, giving a cell residence time of 
25.2 s (Dickinson et al., 2015) 
 

 
 

Figure 2. Presentation of RTD data experimentally measured and modeled (via the Weller model) for a 
V-20 (IFR cell) at feed and air flowrates of 5 L/min and 3 L/min  
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Table 1. Industrial installations of JFC for reducing the number of mechanical flotation cells (MFC) 

(Moore, 2021) 
 

Concentration plant Number of cells  Replacement  
Hudbay’s New Britannia 4 11 MFC 

Philex Cu-Au mine 10 50 MFC 
Ozernoye zinc mine 19 63 MFC 

 
Bubble Size Distribution (BSD) 
 

Bubble size distribution plays a crucial role in the particle-bubble interaction of flotation 
processes and significantly impacts the flotation rate and recovery of fine and ultrafine particles. As 
broadly reported, fine and ultrafine particles require small bubbles (micro and sub-micron-sized 
bubbles) to be recovered efficiently (Hassanzadeh et al., 2016; Farrokhpay et al., 2021). Figure 3 
presents an approximative visualization of bubble ranges typically observed in the given cells. These 
ranges can vary slightly depending on the operating conditions, frother type and dosages, slurry 
temperature, particle properties, and mono and multivalent ions in the cell (Vazirizadeh et al., 2016; 
Safari et al., 2019). As seen, conventional flotation cells (i.e., MFC and column flotation cell (CFC)) 
cannot produce bubble diameters smaller than 0.5 mm due to their natural bubble generation 
mechanisms. Recently, Zahab Nazouri et al. (2021) stated that there is no unique and promising model 
to be used for predicting the bubble size in a column flotation cell based on the sparger orifice size and 
other hydrodynamic factors. Further, the Tate equation was found inapplicable for the column cells, 
which was in line with the results of formerly reported studies (Cho and Laskowski, 2002; Hernandez-
Aguilar et al., 2006). 

 
In contrast with MFC and CFC, reactor-separator-type cells, where the particle-bubble collision 

and attachment occur in a downcomer, generate a massive number of bubbles with a diameter of 0.1-
0.7 mm. For example, Figure 4 demonstrates the BSD of a laboratory V-cell (one type of IFR) manifesting 
a 0.1-0.4 mm domain for the generated bubbles. The cavitational mechanism created by the Venturi 
tube and specific nuzzle designs generates such micro-bubbles. Almost the same concept is valid for JFC 
supplying an enormous number of small bubbles with a diameter of 0.2-0.7 mm (Harbort et al., 2002). It 
is worth noting that most of the methods utilized for measuring the BSD have been performed in a 2-
phase (liquid-gas) system and ex-situ, while an accurate technique applicable in dynamic, in-line, and at 
a 3-phase (liquid-solid-gas) environment is substantially required. Broadly applied approach for 
measuring BSD is the photographic and optical techniques, while more detailed information regarding 
different approaches is given elsewhere (Khoshdast et al., 2022). Generally, there is limited practical 
data in the literature concerning the bubble size distributions performed in such cells, and further 
experimental data is required.  
 

In the case of the Reflux flotation cell, at the highest feed-to-gas flux ratio of 9.1, the bubble 
diameters were remarkably small, approaching a mean value of 0.37 mm at a feed flux of 15.4 cm/s. 
These micro-bubbles were observed to be only a small portion of the overall population of bubbles. 
Hence, the reported diameters were a conservative overestimate of the mean bubble diameters, and 
the actual mean diameters were found slightly smaller. The bubble surface flux increased to an 
extraordinary 600 s-1, based on a mean bubble diameter of 0.55 mm, while the underflow liquid flux was 
9.5 cm/s and bubble surface flux between 178 - 600 s-1 (Jing et al., 2014). The bubble size at the end of 
the downcomer for an ion flotation process, and the top size of the bubbles for the lower two jo/jg 
ratios were declared around 0.74 mm (Baynham et al., 2020). 
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Figure 3. A demonstrative graph of the bubble size range for five types of flotation cells  
 
 

 
 

Figure 4. A typical bubble size distribution generated using ImhoflotTM H-16 cell (one type of IFR) by 
a modified McGill bubble size viewer (in a feldspar flotation plant, using process water without 

adding reagents (airflow rate=15 m3/h, feed rate=66 m3/h, feed pressure 2.02 bar) 
 

Gas Hold-Up and Energy Dissipation Rate 
 

Gas hold-up ( g, %), the volume fraction of the mixture occupied by gas at any point in a flotation 
cell, is a critical hydrodynamic parameter in all flotation cells. This parameter is dependent on the 
magnitude of the gas flow rate, size and number of bubbles, frother type, and dosage (Miskovic, 2011). 
It has been commonly calculated by a drift-flux technique i.e., measuring the pressure difference 
between two tapping points and changing the measurement points through the flotation cell height to 
obtain the g profile (Diaz-Penafiel and Dobby, 1994). This value for the mechanical and column cells is 
limited to 5-20% and 5-25%, respectively while exceeding these ranges leads to an undesirable turbulent 
and non-bobbly flow regime.  
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It has been widely reported that fine and ultrafine particles require intensive turbulence to 

reach desirable particle-bubble collision efficiency, which is predominantly controlled by the 
hydrodynamic properties of the cell (Schubert 2008; Kouachi et al., 2017). The typical energy input used 
in industrial mechanical cells (a.k.a. tank cells) ranges from 0.6-3 kW/m3 (Deglon et al., 2000; Safari et al. 
2016), although energy levels of up to 12 kW/m3 are reported for fine particle applications. By enlarging 
the flotation cell volume, most of the energy is consumed for suspending the slurry than maximizing the 
particle-bubble interactions (Hoang et al., 2019). For example, it was shown that cells with a volume of 
higher than 300 m3 reduce the specific energy input of 0.5-0.7 kW/m3, which is 1 kW/m3 for smaller 
cells. Mechanical cells have an inherently inhomogeneous distribution of energy input through the cell, 
with high energy input found near the impeller and much lower levels in the bulk of the cell (Koh and 
Schwarz, 2003). The fact that the processes of particle suspension, bubble break-up, and energy 
generation are all interdependent makes it difficult or impossible to optimize the conditions for flotation 
(Schubert, 2008). Despite these weaknesses, the robustness of the design has meant that mechanical 
cells overwhelmingly dominate in industrial applications, despite competition from several other cell 
technologies. There is little quantitative information regarding the energy consumption of reactor-
separator flotation cells. Nevertheless, the energy level is significantly low due to having no moving 
parts (agitators) and more minor scales (in the order of ca. 5) compared to the mechanical and column 
flotation cells.  
 

CONCLUSIONS 
 

The present work demonstrates the role of four key parameters of flotation cells (i.e., slurry 
retention time, bubble size distribution, energy dissipation rate, and gas hold-up) in the floatability of 
minerals by categorizing them into two classes i.e., conventional (mechanical and column) and reactor-
separator (ImhoflotTM, Jameson, and RefluxTM) flotation cells. The comparative outcomes are 
summarized in Table 2. The results showed that JFC, IFR, and RFC are principally operated similarly with 
slight differences. Their key advantages over the mechanical and column cells were fast flotation 
kinetics, low residence time, high gas hold-up, intensive turbulence in the downcomer, small bubble 
sizes, low capital and operating costs, small scales, and low maintenance. 
 

Table 2. Summarized data for all studied cells considering their key parameters 
 

Cell type MFC CFC RFC IFR JFC 
Cell residence time (MRT, min) 4-20 9-41 1-4 1-4  1-5 
Superficial gas velocity (Jg, 
cm/sec) 

0.7-2.7 2.3-4.8 1-5 0.1-
0.7*  

0.5-4 

Gas hold-up ( g, %) 5-20 5-25 45-70 30-70 40-60 
Bubble surface area flux (Sb, s 1) 50.7 (5.7-178.2) UN** 100-200 10-90 55 
Aeration pressure (psi) 3-17 22-94 90 0 0 
Carrying capacity (g/min/cm2) 1 1.27 UN UN 2.77 
First installation 1930s 1960s 2020s 1980s 1980s 
BSD (mm) 0.7-3.0 1.5-3.0 0.3-0.7 0.1-0.3 0.3-0.7 
Wash water Yes (re)-cleaner Yes Yes No Yes 
Energy input (kW/m3) 1-5 UN UN 0.5-1.5 1-2 
Moving parts Yes No No No No 
Common application Rougher-

Scavenger 
Cleaner Cleaner Cleaner Cleaner 

Throughput High Mid Mid High High  
Footprint  High Mid Small Small Small 
Froth depth Low High Mid Mid Mid 
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Mixing intensity  Mid Low High High High 
Scale-up factor  Yes Yes No No No 
Largest size (m3) 680 110 0.1 66  40 
Installed power (kW) 515 110 UN UN 215*** 

 
* In the separator part of the cell, and the value is ca. 10-70 cm/s within the downcomer.  
** UN: unknown  
*** Power consumption by pumps 
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ABSTRACT 
 

The raffinate in hydrometallurgical processes contains remarkable amounts of acid and metal ions 
of the target element, the release of which causes the loss of resources and environmental problems. This 
study proposes a method to reuse the raffinate in the extraction process cycle as a leaching agent for the 
copper leaching process with considerable concentrations of iron ions. Due to cementation in the process 
cycle and the subsequent presence of iron ions in the raffinate solution, the parameters of acid 
concentration, iron concentration, and liquid/solid ratio that are expected to affect leaching recovery were 
considered to increase copper concentration in re-leaching. The effects of leaching parameters were 
investigated and optimized using the Box-Behnken of response surface methodology (RSM). The 
concentration of copper was determined by Atomic Absorption Spectrophotometer (AAS). In addition, the 
comparative features of samples before and after the leaching process were analyzed using X-ray 
diffraction (XRD). A maximum copper concentration of 6.17 (gr/L) can be obtained under the initial acidity 
of 326 (gr/kg of ore), 14 (gr/L) of iron concentration, and 4 (cc/gr) of liquid/solid ratio at a leaching time of 1 
hour. 

 
Keywords: Copper leaching, raffinate, response surface methodology 
 

INTRODUCTION 
 

Copper is a precious and widely used element in various industries because of its high ductility, 
thermal and electrical conductivity (Wang, Zhang, et al. 2018). Nowadays, hydrometallurgical processes are 
used in copper extraction due to their high efficiency and advantages (Panda, Akcil et al. 2015). A raffinate 
is produced in a hydrometallurgical process which contains ions of the target element, heavy metals, and 
high concentrations of acid. Therefore, raffinate is an essential solution and needs to be reused (Das and 
Krishna 1996). Hydrometallurgical extraction processes consist of three steps: leaching, solvent extraction, 
and electrowinning. The leaching process is crucial and can be affected by various factors. 

 
Generally, there are four types of leaching: heap leaching, in-situ leaching, tank leaching, and vat 

leaching, each of which has its advantages and disadvantages and is used under different conditions. Hip 
leaching requires less capital and consumes less energy than other methods (Saldaña, Toro et al. 2019). In 
situ leaching has the advantage of reducing drilling costs, and the resulting environmental pollution is 
reduced. This method is economically viable and highly effective for low-grade mines and reserves (Sinclair 
and Thompson 2015). In all leaching processes, the quality of the final product can be vitiated by the 
possible impurities entering the solution phase. The presence of iron in the electrowinning solution has 
destructive effects such as decreased efficiency, increased energy consumption, and altered cathodic 
copper morphology (Izadi, Mohebbi et al. 2017). As mentioned, solvent extraction is one of the main stages 
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of hydrometallurgical processes, and its purpose is to purify and increase the purity and 
concentration of the target element from the leaching solution (Rotuska and Chmielewski 2008). 

 
After the extraction process is completed, the copper-free solution, if obtained from 

electrolysis, has a high concentration of iron (III) and, if obtained from cementation, has a higher 
concentration of iron but less iron (III). In this study, due to the presence of different amounts of 
iron with different capacities (generally resulting from cementation), experimental design with 
different levels of iron (II) and sulfuric acid concentrations, as well as liquid/solid ratio, was 
performed to optimize and increase the final copper concentration in order to eliminate solvent 
extraction and utilize direct electrolysis which will be discussed in future papers. 

 
EXPERIMENTAL 

 
Soil containing copper oxide (according to the results of XRD analysis, which will be 

discussed later) prepared from a copper mine was used as a raw material in leaching experiments. 
First, crushing and milling processes were performed on the soil. About 75% of the soil was in the 
particle size range of 140-320 microns. Then ICP MS analysis was performed to determine the 
amount of copper element. According to this analysis, the soil contains 3.9 percent of copper. XRD 
analysis was also performed to determine the phase of essential compounds, and the results are 
shown in Figure 1. Also, XRF analysis was performed to determine the values of other vital 
compounds in the soil, and the results are listed in Table 1. 

 
Table 1. Soil compounds values based on XRF analysis report 

 
Compound SiO2 CaO Al2O3  MnO 

wt% 32 19 5.7 6.5 
Compound MgO Fe2O3 K2O SO3 

wt% 1.65 5.6 1.24 1.4 
 
Leaching tests were performed on a 1-liter spherical glass reactor, the temperature of 

which was controlled by a water bath at 85°C, and equipped with a backflow cooler (glass 
condenser) to prevent solution evaporation. A mechanical stirrer was also used to mix the solutions 
at a constant stirring speed of 300 rpm during leaching. Laboratory raffinates were produced and 
used to optimize the copper concentration after the leaching. In each experiment, a solution with a 
volume of 750 cc and the required amount of sulfuric acid used as a leaching agent and soil 
according to the amount of liquid/solid ratio and Iron (II) sulfate heptahydrate to prepare the 
required amount of iron in the solution. At the end of each experiment, the vacuum filtration 
method was used to prepare the sample for analysis. The amount of copper in the samples was 
determined by AAS. 

 
The Box-Behnken design module in the response surface methodology (RSM) was adopted 

using "Design-Expert" software to optimize the leaching process and the final copper concentration 
of the samples and analyze the interaction between the parameters. The three factors of acid and 
iron concentration and liquid/solid ratio were selected as variables, each with three different levels, 
all of which are listed in Table 2. 
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RESULTS AND DISCUSSION 
 

According to the fit summary data obtained from "Design-Expert," shown in Table 3. , the linear 
model is a suitable model for statistical analysis and discussion of data. 

 
 

Table 3. Fit summary 
 

Source Sequential p-
value 

Lack of Fit p-
value 

Adjusted R² Predicted 
R² 

 

Linear < 0.0001 0.4804 0.8917 0.8416 Suggested 
2F 0.5121 0.4307 0.8869 0.7447  

Quadratic 0.1202 0.7460 0.9262 0.8369  
Cubic 0.7460  0.9021  Aliased 

 
Table 2. lists the copper concentration values after 1 hour of leaching in each of the 17 operating 

surface compositions created by the RSM principles in the range of 2.798 to 7.237 (gr/L). The ANOVA 
results are presented in Table 2. Low p values for regression (P <0.001) and non-fit of the model were not 
significant (P> 0.05), indicating the suitability of the model. The final equation in terms of actual factors was 
proposed as follows: 
 

Table 2. Experimental design and obtained results 
 

RUN 
Leaching Variables Response 

Cu concentration 
(gr/L) 

Acid concentration 
(gr/kg of ore) 

Fe concentration 
(gr/L) liquid/solid ratio 

1 250 5 6 3.796 
2 300 5 4 6.288 
3 250 15 4 5.096 
4 300 15 6 4.47 
5 300 15 6 4.64 
6 250 25 6 3.352 
7 300 25 8 2.798 
8 350 15 4 7.237 
9 300 15 6 4.031 

10 300 5 8 3.498 
11 250 15 8 2.908 
12 350 25 6 4.529 
13 300 25 4 5.073 
14 350 5 6 5.158 
15 300 15 6 3.878 
16 350 15 8 3.975 
17 300 15 6 4.65 

 
Table 2. ANOVA table 

 

Source Sum of 
Squares 

Degree of 
Freedom 

Mean 
Square F-Value P-Value  
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Model 19.07 3 6.36 44.89 <0.0001 Significant 
A- Acid 
concentration 4.13 1 4.13 29.16 0.0001  

B- Fe concentration 1.12 1 1.12 7.88 0.0148  
C- Liquid/solid ratio 13.82 1 13.82 97.63 <0.0001  
Residual 1.84 13 0.1416    
Lack of Fit 1.33 9 0.1476 1.15 0.4804 Not significant 
Pure Error 0.5117 4 0.1279    

Y = 4.62707 + 0.014367 X1 - 0.03735 X2 - 0.657188 X3 (1) 
 
Where Y is the response value of copper concentration, X1, X2, and X3 represent the initial 

acidity, iron concentration, and liquid/solid ratio, respectively. The coefficient of determination R2 
for Equation (1) was 0.91, demonstrating the predicted copper concentration is in high accordance 
with the experiment results. 

The composition of copper soil in optimal conditions before and after leaching was detected by the 
XRD and shown in Figure 1. As can be seen from it, the diffraction peak of tenorite (CuO), cuprite (Cu2O), 
and copper (I) iron (III) oxide in the samples after leaching were distinctly weakened, indicating a large 
proportion of copper components was removed through reacting with the raffinate. 

In addition to the above tables and statistical data, the 3D surface figure, the software's 
output, is attached in Figure 2. 

 
CONCLUSIONS 

 
In the present study, Box-Behnken, a module of RSM was used to discuss the interaction 

between factors in the process of recovering copper from copper soil using a 1-liter agitator reactor 
with the following results: 

1. According to the developed statistical model, increasing the sulfuric acid and 
decreasing the initial iron concentration and liquid/solid ratio leads to an increase in the final 
concentration of copper. 

2. According to the equation obtained from the model and the coefficients of the 
variables, the effect of liquid/solid ratio reduction on increasing the final copper concentration is 
more significant than other variables. Also, the sulfuric acid variable has a more significant effect 
than the initial iron concentration. 
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Figure 1. XRD diagram of samples before and after leaching 
 

 
                                            

Figure 2. 3D Surface 
 

 
-The effect of sulfuric acid concentration on copper recovery is more significant at low iron 

concentrations. Also, in a high liquid/solid ratio, the effect of acid concentration is more significant than in a 
low liquid/solid ratio. 
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-The maximum final concentration of copper that can be achieved after 60 minutes of 
leaching copper soil in a 1-liter reactor at a speed of 300 rpm is 7.237 (gr/L) in the following 
conditions: sulfuric acid: 326 (gr/kg of ore) and initial iron concentration: 14 (gr/L) and liquid/solid 
ratio: 4 (cc/gr). 

 
REFERENCES 

 
Das, S. and P. G. Krishna (1996). "Effect of Fe (III) during copper electrowinning at higher current density." 

International journal of mineral processing 46,(1-2), 91-105. 
Izadi, A., A. Mohebbi, M. Amiri and N. Izadi (2017). "Removal of iron ions from industrial copper raffinate 

and electrowinning electrolyte solutions by chemical precipitation and ion exchange." Minerals 
Engineering 113, 23-35. 

Panda, S., A. Akcil, N. Pradhan and H. Deveci (2015). "Current scenario of chalcopyrite bioleaching: a review 
on the recent advances to its heap-leach technology." Bioresource technology 196: 694-706. 

Rotuska, K. and T. Chmielewski (2008). "Growing role of solvent extraction in copper ores processing." 
Physicochemical Problems of Mineral Processing 42, 29-36. 

Saldaña, M., N. Toro, J. Castillo, P. Hernández and A. Navarra (2019). "Optimization of the heap leaching 
process through changes in modes of operation and discrete event simulation." Minerals 9(7), 421. 

Sinclair, L. and J. Thompson (2015). "In situ leaching of copper: Challenges and future prospects." 
Hydrometallurgy 157, 306-324. 

Wang, Y., Z. Zhang, S. Kuang, G. Wu, Y. Li, Y. Li and W. Liao (2018). "Selective extraction and recovery of 
copper from chloride solution using Cextrant 230." Hydrometallurgy 181, 16-20. 

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

169

 
 
 

 
PREDICTION OF OUR ENERGY RAW MATERIALS PRODUCTION IN THE 100TH ANNIVERSARY OF 

OUR REPUBLIC WITH SPSS MODELING 
 

A. K. Ö 1*, Y. 2 

 

1,2  
(*Sorumlu Yazar: akozdogan@gmail.com) 

 
 

 
 

   

 
 

,  SPSS,  
 

 
 

 
 

  
 

 
 

. 
 .  

 22 8   
 

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

170

 
 

1. 
   

   
 

 
 

  
 

 

 . 
 

 

   
 . 

   

 
-

-  - - -
- - - - -  

 
 

 

 -  , 
8   

   
  

  
 

 
 

 
 . 

 

 
 

 
 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

171

 
 

 

 
 

 
 

 
 

-
 - -

-
-

 
 

-
 

 -
 

 
 

 
- , 

 

.  
 

- 
 

 
 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

172

 
 

   
 

-
  

 
 

 
 
 

   
 

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

173

 
 

   
 

  
  

  
 
 

 
 

 

  
 

 
 

   
   
   
   
   
   

 
 

 
 

 
   

 
  

     
     

     
     
     

 
 

 
 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

174

 
 

  
  

 

 
  

 
 

-   
 

-  
 

   
    
   
   



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

175

 
 

-  

  
 

 
 

   
 

 
 

   
   
   

 
 

 
 

.  
 82  

   
 

   
,  ,     

 
,   

  ,1  .  
 

111,   
,   ,   

  
 

 
 

  
  

 
 

 
 

 
-  

, -  



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

176

 
 

( - -
- -

   
(

- -  (  
(

 8.12  

 
( -

 (  
(  

 (  
 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

177

 
 
 

 
INVESTIGATION OF THE SAFETY FACTOR CHANGE IN OPEN PIT WITH MULTI-QUARRY 

 
C.O. Aksoy 1, *, G.G.U. Aksoy 2, H. E. Yaman 3 

1  
(*  

2  
3  

 
 

 

küçük 

ik 

 
 

:  
 

 
 

Man
-

 

 
 

ords: -  
 

 
 

 .  
 olmak çok 

 
,  , 

fak  



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

178

 
 

1.  
 

 
 

gerektirir. 

. Kaya kütlesinin deformasyon 

ir 

 
 

t, . 

 
 
 
 
 
 
 
 
 

 
 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

179

1. 
 

  *   

 kaya yükü 
ama sistemi form 

modern 
   

 ür   

in 
 süresi 

 tür m    

Tünel Açma 
 

form 
  

 
  

  
 

 
 

  
Coates  

 

 

 
Genel tür 

 

 

 

 
Deere  

 

Kaya Kalitesi 
  Genel tür  form  

Deere and 
Deere  

Deere  
 

 

 
Genel tür  form 

 

 

 
  

 
 

 

 ümerik 
form 

 

 

 

 

 

    

Jeomekanik 
 

 
 form  

 
 

 
  

 ümerik 
form 

 

 

 

 
  

 

Madencilik  
 ümerik form   

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

180

 
 

onksiyonel tür 
 form 

 
 

 
 

 
  

 

 

Genel tür 
form  

 
 

 

 

Ge  
form 

 

 
 

 
  

  
 

onksiyonel tür    

  
 

ksiyonel tür  
Hoek  

  
 

 
 

Kaya mü , genel 
,  

 
 

 
* 

 
 nümerik  

 
 

 
 

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

181

2. 
 

 
 

Em Kaya Kütlesi Deformasyon Modülü, Ei aya Y Modülü, RMR Kaya Kütlesi 
, Q Kaya Kütle Kalitesi, GSI ndeksi, D , ci 

, cm Kaya Kütlesinin Tek Eksenli , RQD Kaya Kalitesi 
, RMi , WD  , cm 

, vm Kaya Kütlesi O , Jn , Jr Eklem 
, Jw , Ja Eklem Alterasyon Derecesi, SRF 

, d  3  
 

 
  

 
3.  

 

 
  

 
 nümerik modelleme 

,   bir nümerik modelleme 

 d 
3) 

 
 

Ø 
 v  

 
 

 
       
       

       
       
       



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

182

 
 

2.  
 

 ,  
ise   

 ar 

 lerinde Mohr-
 

 
  , 

   

a ise c-   
 üm   için nümerik modelleme 

 
 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

183

 
 

3.  
 

 
 

. Tüm nümerik modelleme ler  
 
 
 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

184

 
 

 
 -

deformasyon mey -
mey -

-  2 2 
-  2 2 ana 

-
 

 
 

 -ekseninde yatay 
y-ekseninde , -ekseninde 
gel de 2 efektif gerilmelere  2 

-

 
 

 
-

-ekseninde , 
- . Model 

efektif gerilmenin 2 
k 2 . c-

 nün  
 

 
 modelde meydana gelen 

 -ekseninde meydana gelen 
, yatay y- , -

defor . c-  
nün  
 

 
 -

y- -eksenindeki 

2 2  
 

 
- -eksenindeki 

. -
2 

2  
 

 

-eks -
-

2 

2  



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

185

 
UÇ 

 

gerilmelerin -

 
 

-

 
 

 
 

Aksoy C. A   of the 
determination of rock mass deformation  by  different  
Engineering Geology, 131- -  

 
 A   Mass     Mass 

   and   to the Estimation of Geomechanical  
Characteristics of  -  
Edelbro, C.,  J.,  E.,  A   of strength cri- teria for hard 

rock masses.  Undergr.  Technol. 22, –  
 A.,  -a  Mass     Engineering   

thesis.  of Oslo,  
 A.,  H.,    and rock engineering tools for - 

 –  



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

186

 

 

 
 

DATA-BASED DECISION-MAKING IN UNDERGROUND DRILLING OPERATIONS 

 1, *,  1 

 

 
ABSTRACT 

 
Natural resources are an essential part of sustainable development, and as shallow resources 

become depleted, the mining industry shifts intensively to underground mining. Equipment-intensive 
mining activities such as drilling can generate important data, particularly when consumables are 
examined, as they directly relate to the total production cost. The purpose of this study is to develop 
a data-driven approach for underground drilling activities in order to evaluate drilling efficiency using 
consumables. During a 1-month period, 35, 35, 30 percent of the total number of holes drilled and 
35, 34, 31 percent of the total drilling were completed at night, day, and evening shifts, respectively. 
The distribution of failure codes in total for the night, day, and evening shifts occurred as 36, 24, and 
19, respectively. The failure code 2, denoted by the bit breakout characteristic, was the most 
frequent failure code, with 21 pieces. The study's main purpose is to collect operational data to 
create a dashboard and generate online reports with consumable performance (service life and rate 
of penetration) outcomes. These reports can be used as supporting elements in mine management 
decision-making and as tools to improve the drilling efficiency of operations teams.  

 
Keywords: Drilling, business intelligence, data analysis 

 
INTRODUCTION 

 
Drilling activities have downstream impacts that might cause ore dilution, the stability of 

underground openings, and the creation of undesired blocks in underground mining. This study aims 
to collect operational data for business intelligence purposes such as dashboards and online reports 
for rock tool performance. However, the proposed structure may also be applied for other phases of 
operations utilizing operational data. The developed dashboard utilizes data from an underground 
gold mine with a corporate data infrastructure. The increasing demand for higher production rates 
requires investment in mining technology. Another major factor leading operations to focus on 
equipment efficiency is low-grade orebodies. The potential improvements achieved through this 
study could generate high added value for downstream mining processes due to data utilization. 
Actionable processes and data visualizations can be driving forces for using data in all stages of 
management. Mining operations with comparably lower technology infrastructure rely on manually 
collected data, and it is known that the potential advantage of data is proportional to the quality and 
content. Data utilization and analysis have become conventional for various industries, and most 
modern mining operations generate vast amounts of data. The proposed data-driven dashboard and 
online reports provide insight into the rock tools used by different operators daily.  
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 LITERATURE REVIEW 
 

Increases in productivity in an equipment-intensive industry like mining may significantly 
influence the production capacity of raw materials. Drilling operations may be regarded as early 
stages of underground mining production similar to blasting, loading and hauling, development, 
support, and others. Various researchers utilized data analysis applications to identify mining 
equipment-related inefficiencies. Most of the studies are concentrated on measurement while 
drilling (MWD) and wear mechanisms of rock drill components. According to Teale (1965), 
mechanical specific energy is expressed as the proportion of work required to drill one cubic content 
of the rock. Kosolapov (2020) derived an equation for mechanical specific energy (MSE), a key 
indicator of drilling efficiency, and defined a relationship between MSE and the strength index of 
Protodyakonov. The association between specific explosive energy and mechanical specific energy 
(MSE) allows the measurement of MSE during blasthole drilling and the computation of specific 
explosive energy and rock strength index in the case of rotary, hydraulic, and electric drill rigs. 
Regotunov and Sukhov (2016) presented the results after examining the rock mass strength during 
roller-bit drilling. Their approach for calculating the strength properties of the local rock mass, which 
will be blasted, is described in detail in their paper. For determining the strength and technical 
features of the rocks, one of the most critical metrics was their power consumption (specific energy). 
Brown and Barr (1978) studied drilling parameters with a perspective of the geomechanical 
characteristics of rock material. It was concluded that only continuous drilling data might provide 
reliable mechanical information. Using rotary percussive drilling, all characteristics were divided into 
dependent and independent groups, as seen in Figure 1 (Isheyskiy and Sanchidrián, 2020). The rock 
mass properties identified were found to be independent of drill rig capacity or drilling style. 

 

 
Figure 1. Brown and Barr's classification of dependent and independent measurement while 

drilling (MWD) features (1978) 
 
According to Brown et al. (1984), geological variables, compressive strength, and MSE might 

be used to approximate mechanical and physical attributes of rocks. The rock mass's cavities and 
closed and open fractures were also identified using this method. Leighton (1982) identified the 
optimum drilling and blasting criteria for contour blasting in an open-pit copper mine. This work 
(Isheyskiy and Sanchidrián, 2020) was among the first to demonstrate how drilling and blasting 
activities may be improved by using drilling variables to calculate the rock quality index (RQI). Only 
two drilling metrics, thrust and penetration rate, composed the RQI and were subjected only to one 
kind of drilling technique. To circumvent the limitations of rock quality indicators, Lopez (1995) 
developed a characterization index for rocks contingent on drilling diameter, thrust, bit rotation 
speed, and penetration rate. It was observed that rock characterization index (Ip) was linked to rock 
strength since penetration rate was mainly related to geomechanical properties, so that powder 
factor was studied for varying Ip index values. Blastability index (BI) contingent on rock mass 
description (RMD) was proposed by Lilly (1986). Block structure (joint plane spacing (JPS) and joint 
plane orientation (JPO)) and the uniaxial compression strength of rocks (hardness), as well as specific 
gravity (specific gravity influence (SGI)) of rocks, were shown to be the most critical factors in blasting 
efficiency, according to this research. Using the given parameters, an equation for calculating BI was 
introduced (Isheyskiy and Sanchidrián, 2020). 
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           (1) 

 
The blastability of rock masses was also investigated by Yin and Liu (2001) using drill log data. 

According to Isheyskiy and Sanchidrián (2020), a novel RQI equation with two invariants has been 
developed, differing from previous formulations. A study by Scoble et al. (1987 and 1989) 
examined how drilling parameters are linked with geophysical logging. Even if it was established that 
the stated link was insufficient, this mainly was owing to the challenges in assessing data provided by 
rigs. Like Brown and Barr (1978), it was revealed that rotary drilling characteristics might be divided 
into two categories: driller-controlled independent variables like the speed of rotation or weight of 
bit and rock-dependent variables. When Schunnesson (1990) looked at different types of rocks, he 
found that a single criterion could be used to determine the quality of the rocks being drilled. For 
example, penetration rate could be used. Thus, several drilling parameters and their interactions 
were considered necessary (Isheyskiy and Sanchidrián, 2020). Schunnesson (1996) used revolutions 
per minute, torque, and penetration rate to study MWD-based rock quality concerning structural 
faults. The severity of rock fractures was linked to changes in rotation pressure and penetration rate. 
Severe fractures had been found to signify that the penetration rate and RPM were going down while 
the torque increased, like a jammed or stuck drill bit would. Schunnesson (1997) suggested a step-by-
step normalization approach for separating interdependent drilling parameters. Only data directly 
dependent on differences in rock features remained after normalization, which might be used to 
define rock indices more correctly. It was decided to use principal component analysis (PCA) to 
minimize the number of measurements, such as torque and normalized penetration rate, as well as 
their respective variances. To eliminate depth-dependent fluctuations in the normalized parameters, 
Ghosh et al. (2017) utilized an expanded PCA approach that incorporated more measured and 
computed variables than the prior PCA approach. The authors defined five classes based on their 
shapes and interconnections, and the model was validated utilizing real data collected on-site. 
Another common research topic studied is the wear mechanisms of rock drill components. 

 
Cement carbide rock drill inserts were tested under dry, wet, and abrasive conditions 

(Angseryd, From, Wallin, Jacobson, & Norgren, 2013). Difficult control circumstances and 
inhomogeneity resulted in poor test results. A wet and dry environment, SiO2 and Al2O3 particle sizes, 
and load were investigated in three test series. Despite the absence of percussive impact, the top 
hammer inserts' surface degradation process was identical. The hardness of the insert had a 
considerable effect on wear. It increased the wear rate while decreasing sample hardness, and the 
field behavior under wet situations reflected the lab test results. A temperature gradient may also 
induce tensile stresses in carbide because of the cooling impact of water. Similarly, the effect of 
temperature was investigated via a series of experiments with findings compared across a range of 
conditions. As a result, contrary to common belief, the temperature had no effect on the process of 
wearing. It had a significant effect on the adhered rock particles. Otherwise, the areas that did not 
have any rock particles looked the same as the wet areas, which shows that temperature does not 
affect how long it takes to wear down (Angseryd et al.,2013). When working with comparably hard 
Al2O3 and comparatively soft SiO2 minerals, the size, and shape of the particles in the wear 
mechanism may be challenged. The increasing wear effect of Al2O3 and decreasing effect of SiO2 was 
the final result of evaluating the influence of various materials on wear. However, the lower impact 
of SiO2 was unknown. Furthermore, internally generated particles were sufficient to simulate SiO2 
conditions, while Al2O3 did not affect the wear process. The relationship between load and wear was 
found to be non-existent. Pressure between the rock and the insert can cause it to break apart when 
it is strong enough to do so. Overall, the WC (tungsten carbide) grains break or split, which is a 
common side effect of the wear mechanism (Angseryd et al.,2013). 

 
X-ray diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDX) were utilized to 

analyze the chemical interactions between the rock and the bit, as well as the effects of the ion beam 
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scanning electron microscope (FIB-SEM) on these interactions (Jones, Norgren, Kritikos, Mingard, and 
Gee, 2017). Tribochemical calculations were also examined the impact of rock quartz content on 
wear. Although quartz has a harder structure than the cobalt binder phase, prior studies showed that 
SiO2 presence does not considerably fracture WC crystallites, representing the predominant part of 
the composite. The CO combines with quartz to generate COSi2, contributing to bit wear. 

 
The chemical wear mechanism was defined as a blend of abrasion and oxidation with the 

assistance of water vapor in another research study (Jones et al., 2017). A rock substance embedded 
in the surface was monitored by Beste and Jacobsson (2009). The aim was to learn more about how 
quartz affects rock wear by magnifying locations where the oxide layer developed with varying 
elements proportions and thickness. The carbide and binder wear damage diagnosis was based on 
the surface oxide layer characteristics. It was explored in two situations with distinct thickness and 
silica/calcium-rich features, intergranular or transgranular. Jones et al. (2017) noted that the results 
are consistent with the findings of Beste et al. (2001, 2006, 2008) and Basse-Larssen (1985), that is, 
the absence of a binder phase in the outermost surface layers of the inserts. There were gaps at the 
boundary between the surface material and the binder phase because cobalt and carbide were split 
apart. There is a risk that cobalt might be released via these routes. Jones et al. (2017) stated that 
findings supported cobalt on the hard metal surface beneath the oxide layer (Jones et al., 2017). The 
conclusions of Montgomery (1968) conflicts with this study's findings; despite the assertion that the 
gauge and front button wear mechanisms were distinct, they were the same. 

 
ANALYSIS OF DATA 

 
This research’s basic concept is to implement a data-driven strategy in the mining industry. 

The data is the basis of this notion and requires an investment in technology to generate, collect, and 
analyze it. This stage also includes the management standpoint, which acknowledges the critical role 
of data utilization in the decision-making process. Databases allow continuous improvement to give 
information on operational outcomes. An underground mine provided the information from the 
corporate database. 

  
As represented in Figure 2, the proposed framework describes the system that enables 

immediate insight for managers' decision-making processes by generating online reports through the 
obtained rock tools-related data. It is possible to achieve data integration by merging the data 
gathered at different operating stages of the drill jumbos, which are the primary data source for rock 
tools, with manually produced safety reports and drilling failure reports. It is possible to develop 
different data visualizations in the form of customized reports generated from the database 
established with other information from the mine, such as asset information, operational cost, and 
production plans. 
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Figure 2. Framework for data visualization 
 
Databases provide a structured environment for integration and can be considered as the 

essential information source for analytical tasks. Dashboards, customizable reports, and scorecards 
are some of the commonly used business intelligence applications that may be used to assist 
managers, supervisors, engineers, and operators on site. Data sources must be characterized in detail 
before data integration to understand the available potential. The existing data sources used in this 
study cover operator information, equipment data, failure codes, and type of drilling activity, as 
summarized in Table 1. 

 
             Table 1. Available data sources 

 

 
 

Different dashboards were developed from the existing datasets and examined in detail. 
Numerous aspects of the underground drilling operation, such as drilling materials used, different 
kinds of drilling activities carried out in various shifts, failure codes associated with bits, and overall 
drilling performance, are shown in Figure 3. The visualization of the one-month duration for 
operational data provided an overview of the critical performance indicators of the drilling operation, 
which might be useful both for planning future operations and analyzing the current situation. 

 

Operator-1 Operator-2 Operator-3 Operator-4
Operator-5 Operator-6 Operator-7 Operator-8
Operator-9 Operator-10 Operator-11 Operator-12

Operator-13 Operator-14 Operator-15 Operator-16

Equipment-1 Equipment-2 Equipment-3 Equipment-4

4.2m Face 2.4m Split Set Special Drilling Reamed Hole

Failure Code-1 Failure Code-2 Failure Code-3 Failure Code-4
Failure Code-5 Failure Code-6 Failure Code-7 Failure Code-8

Failure Code-11
Failure Code-9 Failure Code-10

Operators

Equipments

Types of Drilling

Error Types
Rebar Contour Holes
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Figure 3. Overview of dashboard 
 
Failure codes vary due to the changes in the lithological formation, operator experience, and 

the state of the rock bit being used. There are 11 error codes defined, and the distribution of 
recorded failure events throughout various shifts is shown in Figure 4. A comparison between the 
frequency of occurrences of the different failure codes revealed that failure code 2 defined for bit 
breakout is recorded 14 times during the night shift, which generates a noteworthy circumstance 
related to the night shift and the error code associated with it. 

 

 
 

Figure 4. Distribution of failure codes based on material type 
 
Figure 4 depicts the frequency of failure codes in relation to the kind of material being 

drilled. Similar to the overall frequency, failure code 2 was the most often encountered event for 
both material types. In contrast to failure code 5, which was the least often recorded code for ore 
material, failure codes 8 and 11 were the least frequently encountered codes for the material type 
defined as parent rock. Even though this circumstance necessitates the evaluation of other factors, it 
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might be a preventative measure to consider alterations in material type or equipment-related 
technical difficulties. Once this information is shared with the related technical staff, a maintenance 
event could be planned prior to an extended production loss due to this failure. 

 
The distribution of drilling operations performed during shifts is visualized in Figure 5, 

together with the operators' information. The entire quantity of drilling (58,001 m) was proportioned 
for the evening, morning, and night shifts, and the percentage values were determined to be 35, 34, 
and 31, respectively. This situation demonstrates a specific operational condition of this mine as 
opposed to the notion that typically night shifts have comparably better performance. Production 
activities are more frequently interrupted in the day and evening shifts, as well as the fact that there 
are more factors to distract the employees supports this assumption.  

 

 
 

              Figure 5. Analysis of drill type based on shifts and operators 
 
The data visualization for the relevant month reveals that it is necessary to investigate this 

case in more detail. At this point, the evaluation of shift drilling performances based on the drill types 
performed and the relevant operator information serves as a more representative analysis aiming to 
improve drilling performances per shift. The distribution of failure codes recorded for the different 
bits used on the jumbo drills and the distribution of different types of drilling activities performed 
with different equipment are shown in Figure 6. 
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Figure 6. Type of drilling activities and failure codes based on equipment 
 
Equipment-2 had a statistically significant increase in failure codes 2, 1, and 6 compared to 

other failure codes. Other operational factors that may contribute to the increased frequency of 
these failure codes should be explored in addition to the operator, the type of material being drilled, 
and the condition of the drill bit. Figure 7 depicts the monthly drilling target and achieved total 
drilling quantities for the operators and the monthly drilling targets together with failure code 
frequencies. 

 

 
 

Figure 7. Operator evaluation based on targeted-actual total drilling-failure code 
 
A dynamic report developed for the type of drilling, as seen in Figure 8, is an example of 

reporting that could be provided explicitly for operators, equipment, material type, and shifts over a 
period of time. The corporate data infrastructure available on site can be utilized to integrate 
extensive data. It will not only allow for comparison purposes and multi-dimensional analysis in case 
management perspective becomes accustomed to utilize data. 
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Figure 8. Operator-drill type dynamic report over a one-month period 
 
In today's world, where the effective use of natural resources is becoming more vital, the 

active use of data will not only serve this goal but will also contribute positively to the corporate 
visibility of organizations by increasing their prominence in the field. The data that has been 
appropriately collected and integrated into a data warehouse can be considered the primary way of 
assessing performance that might be used to create a scorecard. Similarly, data usage will make it 
easier for the relevant operational units and managers to arrange training activities for operators, 
who play a critical role in the overall efficiency of the operation. 

 
CONCLUSION AND RECOMMENDATIONS 

 
Operational problems related to drilling operations in underground mining are evaluated by 

a data-based decision-making process. The main objective of the proposed processes could be to 
minimize the cost of drilling operations and improve productivity through the use of data. This study 
proves that investment in available technology to develop a data infrastructure is possible for 
corporate mining companies. In order to benefit from the existing data, technical expertise is 
required, and modern mines need the skills for data analysis and strategy development. Data analysis 
and data integration provide the infrastructure to build the management perspective that utilizes 
analytics and reporting for decision-making. Performance evaluation based on predefined targets 
allows for the quick assessment of operational issues and root-cause investigation using data. The 
widespread use of data for mining activities will become even more crucial for the efficient 
production of limited natural resources in the near future. 
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C.A. Öztürk 1, *, M. Lashgari 1, Y. Türkmen 1  

 
1  , Maden  
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Denizli ili Tavas ilçesinde bulunan Avdan  saha  edilebilecek 

çerir. 

kullanar
 

  
 

Enerji, kaynak modelleme, k ruhsat b  
 

ABSTRACT 
 
Avdan  coal mine sites located in Denizli City Tavas Province is going to serve as raw 

material source for thermal power plant that will be constructed close to the mine site or existing 
Aegean power plants.  The coal mine sites consist of two different coal zones that are 
Yenidere and Sekkoy coal zones. Coal zones are the sum of coal seams and interburden among them. 
The formation are similar both for Yenidere and Sekkoy coal zones. Solid models of the coal zones were 
firstly determined based on the drill log database and then block models were executed. Hence, 
estimation of coal quality could be proceed after running kriging to determine coal resource and quality 
modelling. The purpose of the study is to model these two coal mine sites to understand the overall 
resource potential as well as the effect of merging adjacent mining area licenses sites for the optimized 
use of coal mine sits for energy production. 

 
Keywords: Energy, resource modelling, coal, license merging. 
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5.  
 

 
 

ve 
 

 

a n t 

 
 

 1.  k  
 

 
(kcal/kg) 

Toplam 
 Nem (%)  (%) Madde (%) (gr/cm3) 

Ortalama 1703 2.61 41.57 25.47 24.34 1.48 
Std. Sapma 410 1.18 5.50 9.56 5.15 0.11 

 219 214 219 219 219 131 
 

  
 

 
(kcal/kg) 

Toplam 
 Nem (%)  Madde (%) (gr/cm3) 

Ortalama 1779 2.24 40.09 27.25 24.75 1.42 
Std. Sapma 586 1.18 7.12 11.21 5.97 0.14 

 307 307 307 307 307 307 
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Çizelge 3.  

 

 Kaynak 
(Ton)  

Kalori 
(Kcal/kg) 

Nem 
(%) (%) Madde 

(%) (%) 

    4 978 236 1.54 1465 39.6 28.3 26.5 2.70 
Yenidere - 1 25 494 492 1.48 1768 42.5 24.0 23.6 2.34 
Yenidere - 2   1 181 852 1.71 1225 30.8 43.8 18.5 4.02 
Genel Toplam 31 654 580 1.50 1700 41.6 25.4 23.8 2.46 

 
 

 

r

etmektedir.  
 

 
 

Çizelge 4  
 

zonu 
Kaynak 
(Ton) 

Birim 

 
(kcal/kg)) (%) Nem (%) Madde 

(%) 
 

A 45,596 1.30 1979 2.97 49.48 27.09 17.58 
B 839,991 1.29 1939 2.84 49.77 29.48 17.86 
C 1,011,775 1.35 1933 1.97 43.82 28.28 21.48 
D 999,161 1.37 1820 1.98 42.39 22.86 25.58 
E 6,965,540 1.38 1883 2.02 41.77 25.89 25.13 
F 13,594,886 1.38 1958 2.22 41.23 26.37 23.95 
G 16,155,695 1.41 1936 2.61 38.6 24.99 27.42 

Toplam 39,612,644 1.39 1931 2.35 40.54 25.75 25.41 
 

,5 milyon ton ile 5 milyon ton 
 

 

, 
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DETERMINATION OF FACTORS AFFECTING METHANE EMISSION USING THE FAULT TREE ANALYSIS 
METHOD 

 
 

N. Kursunoglu 1, * 

  
1  

  
 

ABSTRACT 
 

The coalification process produces coal mine methane (CMM). When organic material 
decomposes, it creates methane gas, as well as nitrogen, carbon dioxide, and other gases. Due to the 
explosive nature of CMM, it is considered a hazard for underground coal mining. During mining 
operations, a significant amount of adsorbed methane from the coal structure is released into the mine 
air, posing a threat to worker safety and reducing production efficiency. Despite the use of many 
measures to mitigate methane leaks, methane remains a major hazard in underground coal mines. Thus, 
it is critical to understand the components that contribute to methane emissions to guarantee a safe 
work environment and effective gas control planning. The fault tree analysis (FTA) method was used in 
this study to determine the parameters responsible for methane emissions in coal mines. The FTA, 
which is a flexible and systematic approach to risk assessment that enables the identification and 
classification of hazards, was used to determine the effective emission factors of the study. 

 
Keywords: Methane, emission, mine, coal, risk, fault tree analyses 

 
ÖZET 

 

li 

 
 

Anahtar Sözcükler:  
 

INTRODUCTION 
 

Methane is one of the most dangerous gases found in underground coal mines. It has no color, 
no odor, and is lighter than air. Methane that has accumulated in the roof is extremely dangerous. 

Outside of certain limits, methane is flammable. The intensity with which methane burns is dependent 
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gas are highly hazardous for workers and mines. As a result, precautions against gas explosions in mines 
should be taken. These measures are intended to reduce the amount of methane in the air and to 
prevent explosions. Methane is a product of the gradual transformation of plant wastes accumulated 
during the carboniferous period. Numerous environmental factors convert these plant wastes first to 
peat, then to lignite, and finally to bituminous coal, whose rank increases over time. Several gases are 
formed at varying rates and time intervals during this process. Various gases escaped in various ways 
and mixed with the air or leaked between the layers. Others remained trapped within the organic 
matrix. A part of the free gas permeates into the pores and cracks of the coal and the adjacent layers. 
However, coal absorbs and adsorbs the majority of methane. The adsorbed gas is compressed onto the 
porous coal or stone surface. The absorbed gas is contained within the coal. During coal mining, 
methane gas is partially released into the atmosphere. This occurs in three distinct ways: (1) Gases are 
continuously emitted from extremely small pores in coal or stone, (2) Gas emissions from visible cracks 
and holes frequently persist for an extended period, (3) A sudden, massive gas eruption accompanied by 
large amounts of coal and stones. Methane emissions increase proportionally to the mine's depth. 

 
 
Underground coal mining is subject to several natural hazards, the most dangerous of which is 

methane. It is caused by methane leakage during the hard coal extraction process. When this gas 

an underground mine heading pose a significant risk, one that has been observed to be increasing in 
recent years. This is due to the exploitation of methane-bearing coal beds, the depth of mining 
operations, and the high concentration of extraction. Fault tree analysis is one of the most effective 
methods for incident analysis. Accident investigations are deductive, and fault tree analysis is frequently 
used to determine the underlying causes of accidents. Fault tree analysis is conducted to identify the 
factors that contributed to the unfavorable top event. It is easier to see the relationships between the 
causes and to identify the root causes when the tree is constructed (McPherson, 1993; Rajput and 
Thakur, 2016). The purpose of this study was to investigate the root causes of methane emissions that 
may occur in underground coal mines using the fault tree analysis method. The study concluded by 
determining the probabilities of the parameters affecting methane emission. 

 
Fault Tree Analyses 

 
The purpose of fault tree analysis is to systematically identify the primary faults that contribute 

to the undesirable situation. Fault tree analysis (FTA) is a technique used for both qualitative and 
quantitative risk assessment. At first, qualitative analysis is used. Qualitative analysis is used to 
determine the top event and, as a result, the root causes by identifying the events and circumstances 

FTA consists primarily of two gates: And-Gate and Or-Gate. The development of these two doors 
essentially resulted in the development of the other doors. If all And-Gate-related events fail, the output 
event occurs, which is a higher-
"+," and the probabilities of the events connected by this gate are summed. The term "Or-Gate" refers 

algebra, it is represented by "•," and the probability of the output events is determined by multiplying 
their probabilities (Stamatelatos and Caraballo, 2002). Table 1 contains the symbols and definitions for 
these gates. The FTA consists of eight main steps (Figure 1). 
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Symbol Description 
     

Means an event that does not require further development or 
progress 

 

Signifies an unfinished event. This indicates that the event was unable 
to be developed due to a lack of data or for any other reason. 

 

Connects one or more antecedent events between logic gates. 

     

To output events occur, all events connected by the And-Gate should 
occur. 

       
The input event is caused by the occurrence of at least one of the 
output events. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 1. Fault Tree Analysis flowchart (Stamatelatos and Caraballo, 2002). 
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Application Of Fault Tree Analysis 
 

The world's underground mining industry has resulted in many disasters involving methane 
ignition and explosions. It should be emphasized that underground coal exploitation is inevitably linked 
to the methane hazard and always will be. This is because methane was formed concurrently with the 
formation of coal beds. As a result, exploitation of these beds will naturally result in the release of this 
gas, which is referred to as coal-mine methane or coal-bed methane in this case. Additionally, it should 
be emphasized that methane, in addition to posing a safety risk in coal mines, is one of the most 

2019).  
 
While the number of injuries and fatalities caused by methane emissions has decreased over 

time, there are still several safety concerns. As a result, a comprehensive risk assessment is a necessary 
component of determining the sources of methane emissions and preventing the occurrence of hazards 
to improve the mine environment's safety. Risk assessment is a process that enables the analysis of risk 
in terms of outcomes and possibilities before determining how potential risk may affect objectives and 
determining whether additional intervention is necessary. After hazard identification, various methods 
are required to comprehend the hazards' nature and mechanism of action, as well as the consequences 
of notable hazards. Numerous risk analysis methodologies are available. Risk assessment can be 
conducted qualitatively, quantitatively, or hybrid. Qualitative assessment approaches contain ‘‘what-if” 

hazard and operability (HAZOP). Quantitative risk assessment approaches contain the proportional risk-
assessment technique 
risk-assessment (DMRA), and weighted risk analysis (WRA). Hybrid risk assessment approaches contain 

 -

emissions and determine their consequences in this study, the fault tree analysis method was chosen. 
FTA analysis was carried out using the DPL 9 Fault Tree software. The top event was determined as 'coal 
methane emission' as the first step of the FTA. After defining the top event, three major factors 
influencing the occurrence of these accidents were identified. These factors were determined as “coal 
properties”, “geological conditions”, and “mining parameters” (Figure 2). These factors were 
interconnected with the OR-gate.  

 

 
 

Figure 2. Fault tree of the study 
 

The possible causes of coal properties were determined as “gas content”, “gas pressure”, 
“rank”, “seam depth”, and “seam thickness”. These branches could have an impact on the coal 
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properties. Thus, the OR-gate was used to connect them to “coal properties” (Figure 3). “Geological 
conditions” can be influenced by “stratigraphy”, “faults”, or “folding”. For this reason, these four 
parameters were connected with the OR-gate to “geological conditions” (Figure 4). “Mining parameters” 
can be impacted by one of four distinct basic events: “conveyor speed”, “production parameters”, 
“longwall face width”, or “panel length”. “Production parameters” can be affected by “mining method” 

 
 

 
 

Figure 3. Fault tree of coal properties 
 

 
 

Figure 4. Fault tree of geological conditions 
 

 
 

mining parameters 
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RESULTS 
 

To determine the prominent emission factors, the probabilities of the basic events were 
assigned using the scale in Table 2. The probability of gates calculated by the software is given in Table 
3. Figure 6 depicts the results graphically. The major events that resulted in methane emission were 
identified, including gas content, seam depth, and seam thickness. 

 
Table 2. Probability scale (Iverson et al., 2001) 

 
Qualitative values Quantitative values 

Certain 1 
Very high 10-1 

High 10-2 
Moderate 10-3 
Low 10-4 
Very low 10-  

 10-6 
Practically zero 10-7 

 
 

Table 3. Probabilities of the basic events and gates 
 

Gate  Probability 

   0.126691 
  0.119673 

 Gas content 0.100 
 Gas pressure 0.001 
 Rank 0.001 
 Seam depth 0.010 
 Seam thickness 0.010 

  0.002997 

 Stratigraphy 0.001 
 Faults 0.001 
 Folding 0.001 

  0.004990 
 Conveyor speed 0.001 
 Longwall face width 0.001 
 Panel length 0.001 

  0.001999 
 Mining method 0.001 
 Coal production 0.010 
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Figure 6. Graphical representation of the results 
 

CONCLUSIONS 
 

Several factors influence methane emissions from coal mines, including coal characteristics, 
geological conditions, and mining parameters. The potential methane emission causes could have a 
substantial effect on the incidence of emissions during mining. It is vital to identify these elements so 
that efficient preventive actions may be implemented, and mine ventilation air can be planned. Thus, 
the fault tree analysis method was chosen for analyzing the factors affecting the emission formation 
within the scope of the study. The fault tree analysis allows for the most effective measures to be taken 
to mitigate the effects of an error or failure. The prioritizing of contributors (intermediate faults and 
events) to unwanted occurrences is one of the most essential features of the fault tree analyses. 13 
significant basic events were identified in this study. The most efficient criteria for methane emission 
were determined to be gas content, seam depth, and seam thickness using fault tree analyses. The 

enables the identification of possible causes of accidents in underground mines and the quantification of 
their impacts. 
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ABSTRACT 
 

Mining activities in sustainable and safely operated underground mines depend on the design of 
openings using rock strength-related parameters representing site conditions as much as possible. Rock 
specimens must be collected and prepared for experiments to obtain intact rock properties. In 
particular, it is almost impossible to represent field conditions in experimental environments 
completely. A well-known example of this challenge is the representation of discontinuities on site. At 
this point, using current technologies could improve the level of representation of specimens where 3D 
printers could be used to manufacture existing discontinuity planes that reduce the strength of intact 
rock material. In this context, a 3D printed discontinuity plane is used to prepare concrete mortar 
specimens. Static deformability experiments of these samples were completed to determine the 
strength parameters. As a result, the uniaxial compressive strength value of concrete samples without 
discontinuity planes was obtained in addition to the samples with rough, wavy, and smooth 
discontinuity planes. Finally, the results were compared with stress concentration factors obtained from 
the numerical models.  
 
Keywords: 3D printer, 3D printed discontinuity, concrete, numerical modeling 
 

INTRODUCTION 
 

Mining activities have a significant role in the sustainable development of countries. Turkey is 
located in a geographical region wealthy in terms of underground and surface resources. The 
continuously increasing demand for energy and raw materials has reinstated the critical role of mining 
activities. Rock mechanics experiments are of great importance in the realization of these activities. The 
accuracy of the rock mechanics test results and the design criteria defined according to these results 
ensure the continuity and reliability of mining, especially in underground operations. 

 
In some cases, the collection and preparation of rock samples used during rock mechanics 

experiments can cause technical difficulties. In recent years, samples printed with 3D printers have been 
used worldwide by various researchers as an alternative to the samples collected and prepared in a 
laboratory environment. Thus, it is aimed to reduce the effort of sample preparation for the 
experiments and to reflect the conditions on-site more accurately by including weakness planes and 
different filling materials. For example, collecting core samples containing a representative discontinuity 
requires an expert opinion. It is expected that rock-like samples prepared by 3D printing will result in a 
better representation of discontinuities within the scope of the study. 

 
As a result of the preliminary literature research in this field, 3D printer technology has been 

used in different areas of rock mechanics-related research (Jaber et al., 2020; Jiang et al., 2016; Ju et al., 
2017; Zhou, Zhu and Xie, 2020; Wu et al., 2020). Some researchers printed rock-like samples with 3D 
printers, whereas others printed discontinuity planes to be placed within rock samples to carry 
experiments. Different researchers investigated the load displacement response for various purposes (B. 
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Tarasov and Potvin 2013; Verma, et al., 2021). In this study, concrete samples were prepared by using 
3D-printed molds. Afterward, the individual parts of the samples were joined with plaster, which has a 
comparably lower strength than the laboratory samples. Static deformability tests were performed to 
compare mechanical properties of the different roughness profiles of discontinuities. It is foreseen that 
this study will contribute to rock mechanics literature and the implementation of 3D printing technology 
for laboratory testing of rocks. 

 
The collection of rock samples during field studies can be considered one of the first stages of 

sample preparation for laboratory experiments. At this point, 3D printers might provide convenience to 
researchers that use complex specimen geometries for fracture mechanics or profiles that represent 
discontinuities. One of the research questions is whether a 3D printed sample can be used instead of a 
rock sample. Based on the work of Hucka and Das (1974), it has been shown that each rock type has a 
unique index of brittleness. This index is calculated using the formula shown below. 

 
                                                                                                             (1) 

 
c t used in the formula represent the uniaxial compressive strength value and 

the direct tensile strength value, respectively. The brittleness index value differs according to the rock 
types. While this value generally varies between 5-25 in actual rock samples, this value varies between 
3.5-4 in 3D printed samples (Vrkljan, 2009). At this point, the material used in printing samples with 3D 
printers is creating a variance of mechanical properties. As a result of the comparison of values, it is 
seen that 3D printed samples might be used as artificial copies of rock samples for specific conditions. 

 
Since the desired model can be printed easily and quickly with 3D printers, Song et al. (2018) 

designed four different tunnel models. The results were compared with tunneling case studies, artificial 
models, and numerical simulation models. PLA (polylactic acid) and powder-based materials are 
commonly used in 3D printers. A conventional tunnel model, single fault tunnel, double fault tunnel, and 
a tunnel model with rock bolt and tunnel lining were designed. Compression tests were completed with 
all four models, and some similarities were found in the deformation curves and failure characteristics. 
Likewise, these results showed similarities with the numerical simulation models developed. It has been 
determined that rock bolts and tunnel linings significantly reduce damage in the tunnel and increase the 
carrying capacity of the tunnel. The experiments were also monitored with digital image correlation 
systems, which captured displacement, crack initiation, and propagation. 

 
Monitoring the failure behavior of rock samples during laboratory experiments, such as crack 

formation and propagation during uniaxial compressive strength testing or indirect tensile strength 
testing, with current technologies such as digital image correlation, high-speed cameras, thermal 
cameras, and acoustic emission provides researchers crucial information. Sharafisafa et al. (2019) 
conducted indirect tensile strength tests using disk-shaped samples taken from a 3D printer. The effect 
of the filling material on the failure behavior of the rock samples was investigated by opening cracks at 
different angles on the samples they prepared and filling the cracks in some samples with a material of 
different properties. Likewise, the differences between the samples with cracks not filled and samples 
filled with material were examined. In such analyses, it is essential to determine the exact moment of 
crack formation and the crack propagation behavior. The researchers were able to achieve detailed 
results by using a digital image correlation system. As a result of their experiments, it was determined 
that the samples with filling material were able to resist against higher load than the samples without 
filling, and shear cracks caused by shear displacement vectors during failure were observed. 

 
Zhu et al. (2018) scanned the rock samples taken from a mine site using an X-ray computed 

tomography device and structurally copied them with the help of a 3D printer. Static deformability and 
indirect tensile strength tests were performed on the printed and actual samples recorded with a high-
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speed camera. As a result, it has been observed that the uniaxial compressive strength values are very 
close to each other, but there is a significant difference in the unit deformation values. The reason for 
this is shown as the difference in the modulus of elasticity. On the other hand, crack initiation and 
propagation in disc samples used in direct tensile strength tests were determined with the help of the 
high-speed camera. As a result of the experiment, it was observed that tensile strength values were very 
close to each other for both samples. 

 
Zhou and Zhu (2018) obtained five different types of samples using ceramic, gypsum, 

polymethyl methacrylate, SR20 (acrylic copolymer), and resin, respectively, from the materials used in 
3D printers and performed static deformability experiments with them. The purpose of conducting 
these experiments was to determine the material that might be closest to a brittle rock. As a result of 
the experiments, it has been seen that the most suitable material for the brittle rock type is the resin 
according to the material's behavior and the maximum applied load. However, it has been mentioned 
that there is a problem with the brittleness properties of the resin samples. Therefore, there is still 
potential improvement using the testing methods such as thermal treatment or adding artificial macro 
and micro cracks. 

 
Fereshtenejad and Song (2016) examined different materials in powder-based 3D printers in 

their study. It was observed that the materials used showed relatively lower strength values and ductile 
behavior. Therefore, improvement methods have been studied to enhance these properties. These 
methods were defined as printing direction, printing layer thickness, the saturation level of binder, 
uniaxial compressive strength test of samples heated to different temperatures, and examination of 
stress-strain deformation graphs.  

 
By considering the printing direction, the highest strength value was observed in the samples 

printed with 0°, while the lowest strength value was found in the samples at 25°. Different printing layer 
thicknesses were tried, and it was seen that the layer thickness was not an important parameter that 
could affect the sample strength. Likewise, different amounts of binder saturation level were applied, 
and it was observed that the uniaxial compressive strength value increased by these varying amounts as 
an increase in the saturation level. In addition, the temperature of the materials was increased to 70 , 
100 , 120 , 150 , and 170 , respectively. The results in their initial state were compared with the 
samples whose temperature was increased. As a result, the value that increases the uniaxial 
compressive strength value the most and seems to be the ideal temperature has been found as 150 . 

 
Ban et al. (2020) scanned five concrete samples with different surfaces with 3D morphology 

scanner systems and completed direct shear tests on 20 samples in total by taking four different 
samples from each sample with the help of a 3D printer. Four different normal loads, 0.5 MPa, 1 MPa, 
1.5 MPa, and 2 MPa, were applied to each surface, and shear values were obtained. As a result of the 
experiments, a new peak shear strength model was created. 

 
As a result of the reviewed literature, it has been seen that the introduction of 3D printer 

systems into rock mechanics research in the mining industry might provide advantages during sample 
preparation. The convenience of preparing specimens, using a pre-designed type of material, cracks, 
fillings, and other structures that can be added within the samples are some of the main benefits of 
using 3D printers. 

 
EXPERIMENTAL STUDY 

 
Rock mechanics related research has been improving by integrating new technologies recently. 

It is possible to represent features such as discontinuities and micro-cracks in rock samples by using 3D 
printing technology. In this way, the effect of these conditions on the mechanical properties of the rock 
material can be investigated.  
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This study aims to examine the mechanical properties of concrete samples containing 

discontinuity planes by using 3D printer technology prepared for static deformability tests. The following 
aims will be achieved as a result of the experiments: 

• Concrete samples prepared into 3D-printed molds containing different discontinuity 
planes were joined, and their mechanical properties were determined. 

• The plaster material used to join the concrete samples was varied to represent the 
infilling of the printed discontinuity. 

• Test results of the 3D printed concrete samples with discontinuities were compared with 
intact concrete samples. 

 
The methodology of this study covers the laboratory experiments on the 3D printed concrete 

samples. MTS 815 test system, which provides displacement-controlled loading, was used during the 
experiments. The experimental setup can be seen in Figure 1. 

 

 
 

Figure 1: MTS 815 test system and an experiment which conducted static deformability test 
 

The 3D printer used to produce the molds is a Zortrax M300 with a single printing head, as seen 
in Figure 2. The maximum dimensions that can be printed are limited to 300x300x300 mm and were 
considered sufficient for the samples prepared for the experiments. The molds were initially designed 
with the help of a CAD software and then exported as STL files, as seen in Figure 2. The printer uses ABS-
type filament to print the molding material due to its comparably higher strength properties. According 
to the technical data of the filament, the tensile strength and maximum bending stress are 30.5 MPa 
and 46.3 MPa, respectively. 

 

 
Figure 2: Zortrax M300 Plus printer and an example of 3D printed model 
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Three different 3D printed molds were designed to include varying discontinuity profiles. The 
three types of molds have a 45° inclination plane, and for each mold sample, the roughness plane was 
printed as smooth, rough, and wavy, as shown in Figure 3, respectively. 

 
 

Figure 3: Different roughness planes prepared with the help of 3D printing technology 
 

Concrete samples prepared for the laboratory tests have a mix design of cement, aggregates, 
and water ratio of 1:4:0.75. The prepared concrete mixture was poured into the 3D printer molds and 
cured for a total of seven days. Concrete samples extracted from the molds can be seen in Figure 4. 

 

 
 

Figure 4: The concrete samples prepared with the help of 3D printed molds 
 

Finally, the samples prepared using the 3D printed molds were joined with plaster material. The 
purpose of using plaster as filling material that was cured for 1 day to ensure that the discontinuity 
plane is represented by a material with lower strength than the rock sample. In Figure 5, the samples 
with smooth, rough, and wavy discontinuity planes joined with the help of plaster are seen. 
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Figure 5: Concrete samples with smooth, rough, and wavy discontinuity planes joined with plaster, 

respectively 
 

Static deformability tests were completed on three concrete samples and four plaster samples 
that do not have any discontinuity planes. In this way, the mechanical properties of the concrete and 
plaster materials were obtained. For the concrete samples, the mix design of cement, sand, and water 
was kept the same. In Figure 6, the before test and after test photographs of the concrete samples can 
be seen. 

 

 
 

Figure 6: Before test and after test images of concrete samples 
 

Four different ratios were used as plaster sample designs, and the most suitable ratio was used 
to join the samples. In sample A1, 80% plaster and 20% aggregates, for the A2 sample, 50% plaster and 
50% aggregates were used. In A3 and A4 samples, cement was substituted for aggregate, and 80% 
plaster, 20% cement, 50% plaster, and 50% cement ratios were used. In Figure 7, before test and after 
test images of 4 different plaster samples can be seen. 

 

 
 

Figure 7: Before test and after test images of plaster samples 
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RESULTS AND DISCUSSION 
 

In this section, the static deformability test results of concrete and plaster samples will be 
discussed. First, three concrete samples prepared with the same cement, aggregate, and water ratio 
were tested. Before test and after test images of concrete samples are presented in Figure 6. The 
experiment results for concrete samples are summarized in Table 1. 

 
 Table 1. Static Deformability Test Results for Concrete Samples with no discontinuity (Core material) 

 

Specimen Dia. 
(mm) 

Length 
(mm) 

UCS 
(MPa) 

E (GPa) 

B1 72.2 154.8 5.2 3.2 
B2 72.6 152.4 2.6 7.4 
B3 72.4 152.2 5.5 3.0 
Average 4.4 4.5 

 
According to the results of the experiments, an average uniaxial compressive strength value of 

4.4 MPa was observed for the concrete samples, while the elastic modulus was calculated as 4.5 GPa. 
 
After the concrete samples, static deformability tests were performed on four different plaster 

samples. Plaster-sand and plaster-cement ratios are mentioned in the “Experimental Study” section 
Table 2 shows the mechanical parameters obtained as a result of the experiments. Since plaster samples 
represent infilling material for the discontinuity, it was expected to have lower strength than concrete 
samples. Accordingly, as a result of the experiments, it was seen that the strength value of the A1 
sample was lower than required, and the A4 sample was higher than required. Therefore, it was 
considered to use A2 (50% plaster and 50% aggregates) or A3 (80% plaster and 20% cement) samples 
during the experiments as the most suitable material for joining the samples. As a result, plaster 
samples with uniaxial compressive strength of 2.3 MPa were used to assemble the samples prepared 
with the 3D molds. 

 
Table 2: Static Deformability Test Results for Plaster Samples with no discontinuity (Filling material) 

 

Specimen Dia. 
(mm) 

Length 
(mm) 

UCS 
(MPa) 

E (GPa) 

A1 71.1 154.9 1.2 1.4 
A2 71.9 155.3 2.3 3.2 
A3 71.9 154.9 2.9 4.6 
A4* 72.1 152.2 13.1 5.2 
Average 2.2 3.1 
* outlier 

 
After the mechanical parameters of the concrete samples and the appropriate plaster ratio to 

be used to combine the samples were found, the samples taken from the 3D printers were combined, 
and static deformability tests were carried out. Firstly, static deformability tests of concrete samples 
with a 45-degree inclination and smooth discontinuity plane were carried out. Two concrete specimens 
with a smooth discontinuity plane were tested. In Figure 8, the before test and after test images of 
these experiments can be seen. 
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Figure 8: Before test and after test images of concrete samples with smooth discontinuity planes 
 

As shown in Figure 8, the sample failed from the discontinuity plane, which has a lower strength 
value. Table 3 shows the mechanical parameters obtained as a result of these experiments. 

 
Table 3: Static Deformability Test Results for Concrete Samples with smooth discontinuity planes 

 

Specimen Dia. 
(mm) 

Length 
(mm) 

UCS 
(MPa) 

E 
(GPa) 

S1 72.7 140.4 1.7 6.7 
S2 72.1 145.9 3.7 3.7 

Average 2.7 5.2 
 
By considering Table 3, the average UCS value for specimens with smooth discontinuity planes is 

2.7 MPa, while elastic modulus is 5.2 GPa. 
 
Similarly, static deformability tests of concrete samples with a 45-degree inclination and rough 

discontinuity plane were carried out. Two concrete specimens with a rough discontinuity plane were 
tested. In Figure 9, the before test and after test images of these experiments can be seen. 

 

 
Figure 9: Before test and after test images of concrete samples with rough discontinuity planes 

 

As shown in Figure 9, the failure surfaces representing lower strength regions filled with plaster 
materials were observed. Unlike the smooth plane samples, failures occurred at the top, where the 
thinnest layer is located. This was explained as the stress concentration regions created by the sharp 
transitions of the geometry during the static deformability test. Table 4 shows the mechanical 
parameters obtained as a result of these experiments. 
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Table 4: Static Deformability Test Results for Concrete Samples with rough discontinuity planes 

 

Specimen Dia. 
(mm) 

Length 
(mm) 

UCS 
(MPa) 

E 
(GPa) 

R1 63.3 132.7 3.9 2.3 
R2 63.1 132.1 6.5 1.7 
Average 5.2 2.0 

 
By considering Table 4, the average UCS value for specimens with rough discontinuity planes is 

5.2 MPa, while elastic modulus is 2.0 GPa. 
 
Finally, static deformability tests were carried out of concrete samples with a 45-degree 

inclination and wavy discontinuity plane. Two concrete specimens with a wavy discontinuity plane were 
tested. In Figure 10, the before test and after test images of these experiments can be seen. 

 

 
 

Figure 10: Before test and after test images of concrete samples with wavy discontinuity planes 
 

As shown in Figure 10, the failure properties of the wavy discontinuity planes on the concrete 
samples are similar to the rough discontinuity plane samples. Similarly, failure occurred in the weak 
plaster layer within the samples with the wavy plane, and similar stress concentration points were 
observed at the top of the specimen. Table 5 shows the mechanical parameters obtained as a result of 
these experiments. 

 
Table 5: Static Deformability Test Results for Concrete Samples with wavy discontinuity planes 

 

Specimen Dia. 
(mm) 

Length 
(mm) 

UCS 
(MPa) 

E 
(GPa) 

W1 63.1 131.1 4.9 0.8 
W2 63.3 131.9 4.9 2.5 

Average 4.9 1.7 
 
By considering Table 5, the average UCS value for specimens with wavy discontinuity planes is 

4.9 MPa, while elastic modulus is 1.7 GPa. 
 
Numerical modeling of each concrete sample with a different roughness plane was performed in 

FLAC 8.0, a time marching code based on 2D plane-strain assumption. For the input parameters of 
concrete and plaster, the results of the laboratory experiments were used. After generating the 2D 
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model, a uniaxial loading condition was defined by applying velocity from the top and bottom ends of 
the model. Stress analyses were carried out using an elastic material model. Interpretations considering 
stress concentration around discontinuity planes for the pre-failure region are presented. First, a 
concrete sample with a smooth discontinuity plane was modeled, as shown in Figure 11.  

 

 
 

Figure 11: Numerical model and maximum principal stress for the concrete sample with smooth 
discontinuity plane 

 

The numerical assessment of maximum principal stress determined from FLAC 8.0 model at 0.54 
mm displacement is obtained as 3.0 MPa and it is consistent with the laboratory experiments. As shown 
in Figure 11, stresses observed around the plaster fill material represent a comparably lower strength 
than concrete. The stress distribution behavior on the numerical model is also consistent with the 
laboratory experiment results. 

 
The concrete samples with a rough discontinuity plane were modeled, and the stress 

distribution behavior was similarly found to be conforming with the laboratory test results. Accordingly, 
maximum stress on the model at 0.35 mm displacement is obtained as 4.7 MPa, which is close to the 
laboratory testing results. Inferences related to the stress accumulation regions are also supported, as 
seen in Figure 12. The interpreted results indicate the stress concentration regions being closer to the 
sharp transition regions and lower at the thinnest layer. 

 

 
 

Figure 12: Numerical model and maximum principal stress for the concrete sample with smooth 
discontinuity plane 
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Finally, the 2D model of the concrete samples with a wavy profile for the discontinuity plane 
was modeled. According to the numerical model results, it was seen that the stress distribution behavior 
is similar to the rough discontinuity planes and the results are also consistent with the laboratory test 
results. Consequently, the stress value obtained as 3.9 MPa at a displacement of 0.54 mm, is also close 
to the laboratory test results. Figure 13 shows the stress distribution behavior and the maximum stress 
value of the concrete sample with a wavy discontinuity plane.  

 

 
Figure 13: Numerical model and maximum principal stress for the concrete sample with wavy 

discontinuity plane 
 

Stress concentration on the sample geometry was investigated by defining critical points on the 
models. The stress concentration values were calculated by the ratio of the stress value and the 
maximum stress obtained from the test results of the intact specimen. The points used for stress 
concentration analysis for intact specimens and specimens with different roughness planes can be seen 
in Figure 14. 

 

 
 

Figure 14: History points for intact specimen, smooth, rough, and wavy discontinuity planes 
 

According to the results obtained from FLAC 8.0, the stress values were higher at the bottom 
part of the specimens and comparably lower at the top part. For the rough and wavy discontinuity 
planes, points A and C are defined to represent the region closest to the thinnest layer. In contrast, 
points B and D indicate the thinnest layer. As summarized in Table 6, the stress concentration values are 
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higher, almost more than 50%, at the close regions of the sharp transitions than the regions where the 
actual sharp transitions occur. These values support the inference made for the laboratory experiments 
results related to stress concentration regions. Stress concentration is obtained at much lower levels 
than the lower strength region for the smooth discontinuity plane. 

 
Table 6: Stress Concentration Factor values for history points on the specimens 

 

Specimen 
Type 

Stress Concentration Factor 
A B C D E F 

No Plane  
Smooth Plane 0.6 0.6 0.6 0.6 0.6 0.6 
Rough Plane 0.9 1.1 0.9 1.1 1.0 1.0 
Wavy Plane 0.8 0.9 0.8 0.9 0.8 0.8 

 
CONCLUSION 

 
This study covers the tests performed to obtain the mechanical properties of concrete samples 

with different roughness planes. First, static deformability tests were performed on concrete samples 
without any discontinuity plane. As a result, a uniaxial compressive strength value of 4.4 MPa, and 
elastic modulus of 4.5 GPa were obtained. For plaster samples representing the infilling of the 
discontinuity plane between the concrete specimens, it has been determined that the most suitable 
ratio was the mixture of 50% plaster and 50% aggregates. This mixture has a uniaxial compressive 
strength value of 2.3 MPa. These values are considered suitable as it was estimated that the plaster 
layer representing the discontinuity plane should have a lower strength value than the concrete sample 
itself. In the test results performed on the samples with different roughness surfaces, it was observed 
that the uniaxial compressive strength values in the samples with rough and wavy discontinuity planes 
were very close to each other. Also, these samples provided higher load values originating from the 
stress accumulation regions on the sharp edges. On the contrary, it was observed that the samples with 
smooth surface planes slipped directly from the weak plaster layer. The numerical model of the 
concrete samples with the different roughness discontinuity planes was also examined with the help of 
the 2D numerical modeling software, FLAC 8.0. Accordingly, the results are very close to the interpreted 
results of the 2D numerical model. It also supported the inferences from the laboratory tests about the 
stress concentration regions. The interpreted results indicate the stress concentration is higher at 
regions closer to the sharp transition and lower at the thinnest layer at the maximum displacement 
amount. As a result of the analysis, it was seen that the use of 3D printers for manufacturing molds 
could reduce the time and effort related to sample preparation. Therefore, further experimental studies 
will be performed with different roughness planes, infilling types, and infilling thicknesses. 
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ABSTRACT 

 
The degree of release of the mineral particles is of great importance in ore treatment 

operations. The incorrect interpretation of this parameter directly affects the efficiency of the mineral 
processing stages, and may even render projects unviable. Currently, the most usual method of 
determining the degree of release is the so-called Gaudin method, whose representativeness of the 
results depends heavily on the good practice and interpretation of the operator. This work aims to 
implement an image analysis software to determine the degree of freedom of minerals, reducing human 
participation in the process and giving greater certainty to the results. For this, the degree of release of 
iron ore samples from the municipality of Guanhães/MG was determined using the Gaudin method and 
the software developed for this study. The respective results were compared, proving the effectiveness 
of the computational program, concluding that, release-rate analyzes could be performed through 
computation, with greater speed, accuracy and accuracy. 
 
Keywords: Release degree, computational analysis, iron ore 

 
INTRODUCTION 

 
Mineral concentration operations have as main objective the separation of the element of 

interest, called mineral-ore from gangue minerals, in order to obtain products to be used industrially. 
For such separation to occur, physical or physicochemical differences must exist between mineral 
species, and, also, that the minerals of interest are physically disaggregated to those that have no 
economic interest ( , 2013). 

 
In certain mineral deposits, the ore is naturally released, eliminating stages of fragmentation. 

However, in most situations, the minerals of interest are consolidated, requiring comminution steps to 
increase the degree of mineral release. According to Delbem (2010), the release of mineral particles is 
proportional to fragmentation, that is, the more fragmented the ore, the greater its degree of release. 
However, due to the high operational cost and the unsatisfactory performance of ultrafine particles in 
concentration operations, mineral fragmentation should be limited to what is necessary for operational 
viability. 

 
According to Rodrigues (2016), among the variety of methods of determining the degree of 

release, the most used in the mineral sector is the so-called Gaudin method (1939). This method defines 
as a degree of freedom the percentage of a given mineral species that occurs as a free particle in 
relation to the total particles of a sample, and can be used for different minerals, requiring only that the 
mineral to be analyzed present visual difference for the other minerals. One of the main disadvantages 
of gaudin's method is the high dependence of the operator, since a result with greater precision needs 
to good practice and interpretation of it. 
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Taking into account this dependence of the operator, the use of computational analysis of 
images is increasingly justified in the study of mineral release ( , 2013). Some techniques are 
already widespread, such as electron microscopy and optical image analysis, both with important 
limitations, whether referring to representativeness or reproducibility of results (Donskoi et al., 2014). 

 
Delbem et al. (2015) proposes a digital analysis system capable of characterizing and 

determining the degree of release of different types of mineral samples semi-automatically, seeking to 
increase the accuracy of the procedure by reducing human influence on the results. Based on studies 
and methodologies such as those already mentioned, this article proposes the creation of an image 
analysis program that, together with mathematical software, allows obtaining quantitative results in real 
time, about the degree of release of ores. 

 
MATERIALS AND METHODS 

 
For the study, two samples of iron ore were used, made available by a mining company located 

in the municipality of Guanhães- MG. The first (Am1) comes from the mining front in the northern 
region of the mine and the second (Am2) comes from the homogenization pile. 

 
The samples were homogenized using the canvas homogenization technique and quarted in 

jones type quarter. After preparation, they were submitted to the stages of washing and granulometric 
separation by sieving. Subsequently, the degree of release of the particles in different size ranges was 
determined, using the conventional method defined by Gaudin and the computational method by the 
aid of a software. Figure 1 summarizes the methodology used in this work, showing the procedures of 
this stage. 

 

 
 

Figure 1. Methodology flowchart 
 
Separation by Size by Sieving 

 
This step was performed in order to separate the material into three granulometric ranges 

corresponding to the products of iron ore, pellet feed (<0.150 mm), sinter feed (0.150 mm to 6.3 mm) 
and granulated (6.3 mm to 37.1 mm). The process was performed in wet and with the use of a CDC 
suspended sieve, model PV-08. Figure 2 represents the three granulometric bands sampled. 
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Figure 2. Granulated ore (A)- sinter feed (B) - pellet feed (C) 
 
Determination of the Degree of Release by the Conventional Method (Gaudin) 

 
The degree of release of the analyzed samples was determined using the Gaudin method. This 

method consists of counting the mineral grains of a sample in a given particle size range, evaluating the 
release of each particle and classifying them according to the proportion of the mineral of interest in the 
grain. Each particle presents a release index proportional to the percentage of the grain occupied by the 
mineral of interest, in the case analyzed, hematite.  

 
For this study, 800 particles were analyzed, one by one, with the aid of a stereoscopic 

microscope, for each of the granulometric ranges resulting from the sieving, as shown in Figure 3. 
According to their respective degree of release, the particles were classified in the following ranges: (0-
25%], (25%-50%], (50-75%], (75-100%). 

 

 
 

Figure 3. Release analysis by conventional method 
 
Particles defined in the intervals (0-25%] and (75-100%) were considered free, while the 

remaining particles were defined mixed particles. Thus, Eq. 1 could be applied from the formulation 
proposed by Gaudin (1939), providing the degree of freedom of the samples: 

 = +                                                                                                                                           (1) 

 
Being: 

 Df = Degree of freedom. 
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 = Number of free particles.  
 Pm = Number of mixed particles. 

 
Determination of the Degree of Release by Computational Method 

 
The determination of the degree of particle release by the computational method was 

performed by means of photographs captured by a high resolution camera and analysis through self-
authoring software. The developed software's function is to determine the particle release index 
through a color differentiation algorithm. 

 
Figure 4 exemplifies the functioning of the computational release degree analysis program, 

which consists of capturing the images of particles (A), followed by binarization of them for grayscale 
(B). Thus, through the differentiation of shades (C), the program is able to delimit the boundaries of the 
particles and consequently the area of the particles by the Watershed method (D). 

 

 
 

Figure 4. Principle of the software operation with a sinter feed sample. 
 
Considering as mineral-ore darker regions and gangue the transparent or lighter areas of the 

grains, the software performs by identifying and counting pixels the measurement of the release of 
particles. The analysis performed by the program can be summarized, therefore in 5 basic steps, as 
described in the diagram in Figure 5. 

 

 
 

Figure 5. Basic steps to check image quality. 
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RESULTS AND DISCUSSION 

 
Analysis by Conventional Method 
 

The analysis of the degree of release of iron ore samples was initially done by the conventional 
method (Gaudin), with the aid of optical microscopy. The two samples (Am1 and Am2) were visually 
analyzed by the operator, who performed the count separately for each size fraction and, with 
subsequent application of Eq.1, obtained the results presented in Figure 6. 

 

 
 

Figure 6. Degree of release of Am1 and Am2 samples by conventional method. 
 
It is possible to observe a high release of particles from both samples, with values above 80% 

even in granulometry in the granulated product range. It is observed that the particles that are 
considered free cover a fairly extensive range of 0-25% and 75-100% and thus, a large amount of 
mineral grains is considered released. 

 
Determination of the Degree of Release by Computational Method 
 

The degree of release of am1 and am2 samples determined by the computational method could 
be analyzed and compared graphically. Thus, Figure 7 presents the results related to the analyses 
performed by software. 

 

 
 

Figure 7. Degree of release of Am1 and Am2 samples by computational method. 
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It is possible to note that the results obtained by the computational method present a trend 
similar to those observed by the conventional method (Gaudin). The software demonstrated a higher 
degree of release referring to the particles of the Am2 sample, as well as the conventional method. 

 
It is noticed that in granulometry in the pellet feed product range, the behavior of the samples 

was similar, presenting values close to particle release. This characteristic is mainly due to the fact that, 
as mentioned by Rodrigues and Brandão (2017), the greater the comminution of a mineral, the greater 
its release. 

 
Comparison of Results by Means of Software and Conventional Method (Gaudin) 

 
After obtaining the results of the degree of release of the samples by conventional (Gaudin) and 

computational methods, it was possible to compare the performance of both, determining their main 
peculiarities. The release of particles, when determined by the conventional method (Gaudin), presents 
values up to 36% higher than those obtained through the software. In addition, it is perceived that for 
finer granulometry, the results obtained by both methods present closer values. 

 
This is mainly due to the fact that smaller particles have a higher degree of release and, 

therefore, greater ease in optical microscopy analysis. The analysis of the degree of release through the 
software presents values lower than those observed by the conventional method (Gaudin). Thus, it is 
perceived that the software provides more conservative results for the degree of particle release, thus 
avoiding overestimations of the data. 

 
With this, it can be said that the software reduces the possibilities of operational problems due 

to errors in the definition of the degree of release of particles. Moreover, due to the fact that the 
computer program uses fully computerized analyses, its reliability is higher, since there is a pattern of 
calculation of degree of release, abandoning dependence on personal interpretations and reducing 
uncertainties. 

 
CONCLUSIONS 

 
Conventional methods of analysis of release degrees are closely related to operator expertise, 

which reduces the reliability and accuracy of results. With this the creation and deployment of software 
for this process is of great value, because it allows more accurate and faster results. 

 
The software used has great potential for large-scale application, whether in industry or for the 

academic sector. Its results presented in comparison to the Gaudin method are satisfactory and 
promising, increasing the efficiency of mineral analysis processes. 

 
The computational method avoids overestimations of the degree of release of the mineral, since 

it presents lower values and more accurately than conventional methods, because its standard of 
measurements is steady and uses high-tech for analysis. Thus, computational measurements of mineral 
release generate more stable results, so that subsequent operations of ore treatment and operational 
parameters defined from the degree of release of particles will not present major distortions. 

 
ACKNOWLEDGEMENT 

 
The authors thank CAPES, CNPq, CEFET-MG and UFOP for the support and trust deposited 

during the performance of this work. 
 
 
 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

232

REFERENCES 
 

Delbem I. (2010). Processamento e análise digital de imagens aplicados aos estudos de liberação 
mineral, Msc. Thesis, Federal University of Minas Gerais, Belo Horizonte, M.G., 99 pp . 

Delbem I.D., Galéry R. Brandão, P.R.G., Peres, A.E.C. (2015). Semi-automated iron ore characterisation 
based on optical microscope analysis: Quartz/resin classification. Minerals Engineering , 8, 90-96. 

Donskoi E., Manuel J., Austin P., Poliakov A., Peterson M., Hapugoda S. (2014). Comparative study of 
iron ore characterization using a scanning electron microscope and optical image analysis. Applied 
Earth Science, 122, 217-229. 

Ferreira, R.F. (2013). Estudo de liberação das fases minerais em minérios de ferro. Msc. Thesis, School of 
mines of Federal University of Ouro Preto, Ouro Preto, M.G., 211 pp. 

Gaudin, A.M. (1939). Principles of mineral dressing. (1st. ed., Vol. 1). London, McGraw-Hill. 
Rodrigues R.S. (2016). Grau de Liberação de Diferentes Tipos de Minério de Ferro das Minas de Alegria 

(Mariana -MG) e sua influência nas etapas de cominuição e concentração. Msc. Thesis, Engineering 
School of Federal University of Minas Gerais, Belo Horizonte, M.G. ,275 pp. 

Rodrigues, R.S. and Brandão, P.R.G. (2017). Influência da Liberação Mineral nas Etapas de Moagem e 
Flotação do Minério de Ferro. Tecnologia em Metalurgia, Materiais e Mineração, 14, 279–287. 

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

233

 
 
 

"DIGITAL REVOLUTION 4.0" IN THE RAW MATERIALS AND MINING INDUSTRY  

H.A. Kahraman 1, *, C. Klötzer 1, M. Katapotis 1 

1

(* - )
 

ABSTRACT 
 

The concept of 'Industrial Revolution 4.0', which was first introduced in Germany and has 
rapidly spread to other developed countries, describes the ongoing automation of traditional 
production and industrial applications using modern digital technology.  In this new era of Industrial 
Revolution 4.0, the mining industry too has inevitably started to focus on technology and 
digitalisation.  As there are many challenges ahead in this transformation process, DMT’s approach 
to this new era is to offer innovative and holistic Industry 4.0 solutions developed through a 
fastidious strategy which is expected in assisting to shape the autonomous mining vision of the 
future.  DMT’s approach to this digital transformation is to go through initially a "Digital Due 
Diligence Process" to assess the existing business, identify digital potentials and operating 
opportunities and define a digitalisation roadmap.  DMT’s recommendation is that this process is 
accompanied by independent engineering and technology advice coming from an experienced 
partner in process design who will establish a "Digital Transformation Office" how these identified 
points can deliver the expected quality, efficiency, and improvements in health and safety in line 
with the environmental sustainability.  This approach includes three fundamental components: 

 
“Operations” which cover the services used to provide companies with comprehensive guidance and 
support, systematic approaches to continually expand the offering of digital products and services 
covering the entire lifecycle of raw material extraction such as Reconnaissance, Exploration, Planning 
and Project Evaluation, Construction, Optimisation of Mining Operations, Environmental Aspects, 
Mine Closure and Site Remediation; 
“People" which covers a corresponding digital transformation program for all employees of mining 
companies; 
“Processes” which covers process optimisation for its Clients’ operations. 
 
This paper describes how a holistic approach can be implemented in this new digital era from the 
Consultant point of view. 
 
Keywords: Digital revolution 4.0, mining, geology, artificial intelligence, internet of things, sensors 
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INDUSTRIAL REVOLUTIONS 
 

As we all are witnessing the latest period of societal transformation in human history 
through a revolution in industrial development currently, the previous industrial revolutions had also 
been the product of a similar magnitude of changes that resulted in a major structural 
transformation in the fabric of the societies.   

 
The “First Industrial Revolution” is generally regarded as the transition period between 1760 

-powered machine inventions that enabled and 
transformed limited quantity of hand production into massive production in textile manufacturing, 
iron industry, agriculture, and mining. This period was an inevitable culmination of the advancement 
made in science and technology in the late 18th Century and the beginning of the 19th Century. 

   

Revolution”, is the period between 1871 and 1914 that resulted in the installation of the extensive 
and produced goods 

between the distant points was achieved through journeys made in railways whilst the telegrams 
allowed a rapid exchange of ideas and communication beyond the national boundaries at the time.  
Increased use of electrification also allowed factories to develop the modern production lines that 
resulted in a period of great economic growth at the expense of a surge in unemployment as many 

 
 

“Digital Revolution”, started in the 
1960s following the devastation of World War 2 and reached its culmination in the latter part of the 
20th century.  This was the period, which was catalysed by the development of semiconductors, 
mainframe computing (the 1960s), personal computing (1970s and 1980s), and the use of the 
internet (1990s).  This was also the era where complex computation has started to emerge by the 
use of supercomputers that has enabled less human intervention in large computational process.  

 
The concept of the “Fourth Industrial Revolution” (or “Industrial Revolution 4.0”), which was 

first introduced in Germany (Schwab, 2013) and has spread rapidly to other developed countries 
(Schwab, 2016), describes the ongoing automation of traditional production and industrial 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

235

applications using modern smart technology which was introduced in the later part of the Third 
Industrial Revolution.  In this new system, a new production platform has been prepared by 
integrating large-scale machine-to-machine communication, internet of objects, rapidly increasing 

-monitoring and smart machines that can 
analyse and diagnose problems without the need for human intervention. 

 
The common denominators observed in the previous industrial revolutions are that the 

fabric of the society and scale of the economics have significantly changed resulting in a new order 
of business and corresponding legal and administrative adjustments and changes. 

 
The Fourth Industrial Revolution has already identified a number of structural 

transformation and paradigm shifts in the societies that are expected in the coming years (Schwab, 
2016).  These particularly include amongst many others: 

 
The Internet of and for Things;  
Automated vehicles;  
Artificial Intelligence (AI) and Decision- ; 
Robotics and Services; 

 
 service or provide a service by 

sharing); 
3D Printing in Manufacturing, Human health and Consumer Products; and  
Designer beings iving things) and 
Neurotechnologies (first human with fully artificial memory implanted in the brain). 

 
FOURTH INDUSTRIAL REVOLUTION AND MINING 

 
As more of the “things” start to communicate and interact with each other in a more smart 

and artificial way in this Fourth Industrial Revolution particularly in the developed countries, it is 
inevitable that the mining segment will also benefit from this latest transformation in these 
economies.   

 
Especially in countries with mining industries where wages are high, resource savings and 

economic extraction of raw materials can only be achieved with more automation and digitalisation.  
 
As Schwab (2016) prophetically concluded, the winners will be those who are able to 

participate fully in innovation-driven ecosystems by providing new ideas, business models, products 
and services, rather than those who can offer only low-  ordinary capital. 

 
Considering the competitive nature of the business, especially the large international mining 

companies have already started to adjust themselves by digitising their mining operations across the 
value chain in line with the future generation of mines.  This obviously requires a remodelling of the 
business for growth and sustainability while using digital technology and innovation as a catalytic 
enabler within an existing legacy environment 
route from mine to processing to transport.   

 
The examples of this new approach have already started to populate the mines.  The 

introduction of remotely controllable equipment and autonomous machines such as trains, , 
drilling machines, as well as sensor driven equipment monitoring have already proven that they can 
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In addition, the increasingly complex geological conditions encountered in the mines 
confront companies with the obligation to preserve and, where possible, increase the quality and 
quantity of raw materials by using efficient methods and equipment as well as prioritising the areas 
where these challenges can be met by using digital technologies.   

 
Despite many gadgets and devices being a customary part of our daily life for many years, 

their widespread use in mining has just started.  
granted in daily life, the establishment of the “internet ” with relevant safety standards in 
underground mining operations.  The implementation of the sensor technology currently standard in 
automobiles has just been started being implemented after adapting the specific requirements of 
mining and the associated nuisance effects of dust, mechanical stress, extreme temperatures, water 
or explosive gases (Clausen and others, 2020).  The sensors have particularly become the driving 
force in efficiency and safety improvements in many mines where the digitalisation is playing a 
crucial role. 

 
are commonly used in gaming industries, 

in used in high-  
the .  The competency development can be 

reinforced better when experiential learning, gamification (adding game mechanics into nongame 
environments) and just-in-time reinforcement using digitally enhanced environments are used 
(Pagnini, 2019). 

 
Drones are now commonly used in every aspect of the economy from delivery of goods to 

remote survey to entertainment.  Mine industry has also started to use the drone technology both 
for inventory management, slope failure management of waste dumps, site surveying, traffic 
management, and maintenance.   

 
It is also possible that the advancement in 3D printing may enable spare parts to be 

produced without sacrificing the downtime and production levels in the remote corners of the 
planet in near future (Pagnini, 2019).  

 
As the satellite technology now allows  to be monitored anywhere in the 

world, opportunity to create better performance in route optimisation and fleet dispatching as well 
as production level adjustments at the pit level that can result in an optimised integration approach 
from pit to port (Pagnini, 2019). 

 
Especially in small to medium sized projects  in mining, it is difficult to decide 

where to lay the digital emphasis on and how to prioritise digitalisation and resolve many challenges 
which can include high capital investments in automated operations and equipment, personnel 
commitments, IT security, data security and protection, data processing and analysis, information 
quality and granularity, communication standards, legal h
quality, health, safety and environment (QHSE) and many more.  The real challenge is where and 
how to connect the “silos” and transfer them into a digital hub. 

 
(2021) demonstrated that 107 different digital technologies are 

currently pursued in mining whilst an analysis from 158 active surface and underground mines 
showed that the actual implementation of digital technologies is slow in general, 
increases with the run-of- -scale mining operations appear to select and apply 
digital technologies suitable to their needs, whereas operations with lower production rates do not 
implement the currently available digital technologies to the same extent.  These minor producers 
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may require other digital transformation solutions tailored to their capabilities and needs and 
applicable to their scale of operations ( , 2021).  

the slow- mining companies, the organisations which provide consultancy 
services to the mining operations have embraced this new digital era with open arms and started 
providing a number of products and services to their customers.   

 
As an example, for these digitally equipped consultancy companies, DMT's activities, which 

have a history of more than two centuries in mining consultancy, also focused on technology and 
digitalisation in this new period of Industrial Revolution 4.0. 

 
As part of prioritising the overall business strategy in this new era, DMT has established a 

digital technical group which specialised in different aspects of mining by using a range of state-of-
art digital techniques to solve a number of issues.   

 
This group can advise its clients on the upcoming challenges of digital transformation based 

-house technical expertise.  This process generally starts with a 
"Digital Due Diligence" of the operations and usually continues with the establishment of a "Digital 
Transformation Office" (Figure 1).   

 

 
 

Figure 1.  DMT four step toolbox approach in digital transformation for Mining 4.0  
 

The proposed "Digital Due Diligence Process" involves assessing the existing business, 
identifying digital potentials and operating opportunities and defining a digitalisation roadmap and 
priorities (Figure 1).  DMT’s recommendation is that this process is accompanied by independent 
engineering and technology advice coming from an experienced partner in process design who will 
establish a "Digital Transformation Office" to deliver these identified priorities in line with the 
expected quality, efficiency, and improvements in health and safety and environmental 
sustainability (Figure 1).   

 
As the leader of TÜV NORD GROUP’s engineering division, DMT currently offers its 

customers innovative and holistic Industry 4.0 solutions that cover the following three main pillars 
(Figure 2) based on the principles of the toolbox approach explained above.  These are namely 
Operations; People and Processes. 
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Figure 2. Main pillars of DMT's Mining 4.0 portfolio 

 
OPERATIONS 

 
In this context, the word "operations" represents the operational business that exists and 

DMT presents here both technologies developed in-house, and services used to provide companies 
with comprehensive guidance and support.  Many of the in-house digital technologies in the form of 
advanced tools and gadgets 
mining operations around the world. 

 
In addition to the development of such company-specific operational tailor-made solutions, 

the impact of digital transformation on the clients’ employees in terms of Mining 4.0 should not be 
ignored.  In particular, far-reaching technological changes require wide acceptance among the 

.  In addition, long-term employees, especially in the company, need to be adapted to the 
challenges of digitalisation.  To this end, the structure and culture within the company should be 
further developed where DMT’s corresponding transformation program for the digital world through 
the Digital Academy of TÜV NORD GROUP may assist all employees of its customers in great extent. 

 
ntegrated view 

of the technical and administrative areas.  With the implementation of shared and interconnected 
digital systems, quality, productivity, and throughput times can be optimised from raw material 
extraction to product distribution.  Streamlining administrative processes avoiding isolated solutions 
in individual areas frees up resources, which can be used to further improve operational processes.  
DMT has many years of experience in process optimisation, together with an extensive net
collaborators. 

 
Core Operations  
 

DMT is definitely at the forefront of the trend to increase productivity through digitalisation 
in the raw materials industry.  All processes along the entire value chain are affected by this trend, 
with a wide range of technical solutions already available in the service portfolio.  
systematic approaches are underway to continually expand the offering of digital products and 
services covering the entire lifecycle of raw material extraction (Figure 3). 
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Figure 3.  industry 
Reconnaissance Studies 

Reconnaissance is often the first phase of mining projects, and the high degree of 
uncertainty at this stage is the main reason for intense efforts to minimis The use 
of state-of-the-art digital technologies enables the acquisition and evaluation of high-quality data 
through optimum use of people and equipment.  
power to effectively deploy adequately equipped drones, with the support of technology 
collaborators.  Regarding integrating future developments in this sector, DMT is participating in a 
research project on the use of sensor-
Union-funded "European Institute of Innovation and Technology Raw Materials (EIT Raw Materials)" 

other things, integrates the acquired data with standard software such as ArcGIS and AutoCAD, 
thereby greatly accelerating the creation of geological maps. 

 
 

Exploration Studies  

Technical progress under Industrial Revolution 4.0 also has a significant impact on 
exploration.  That is, new advances in automation of data collection, evaluation, analysis, and model 
building can have a positive impact on the amount of time spent and money invested.  An example 
of this is DMT CoreScan®3 (Figure 4), which enables the digitisation and evaluation of entire drill 
cores (360°) and their export to a corresponding drill core database.  In addition to the analysis of 
the mine inventory and grain size distribution, a detailed structural evaluation can also be made in 
this way. 

 
Other DMT solutions in the field of exploration, apart from active involvement in borehole 

drilling, borehole surveying and logging, include the application of seismic methods such as 2D and 
3D seismic reflection, seismic refraction, seismic tomography, as well as their interpretation and 
modelling, in which large amounts of data are directed and evaluated.  The results from these 
studies can best be used to create a "digital twin" of the mineral deposit, which is constantly 
updated in real time.  At this point, by increasing the degree of automation, the dependence on 
personal experience in modelling can be reduced, thereby increasing the degree of objectivity.  For 

thus ensuring better reproducibility of results. 
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Figure 4.  DMT CoreScan®3 
 
Planning and Project Evaluation 
 

-term plans are 
made sequentially and at regular intervals.  In particular, the short-term plan should be updated 
daily to get the most out of machinery and other resources.  Here, automation and digitisation offer 
a very high potential for cost savings.  For example, the geological models can be updated 
immediately when excavating or driving the developments in underground mines or 
creating blastholes in open pit mines using appropriate sensor technology.  On the other hand, in the 
case of using transport systems, it can record in real time the motion paths of mining equipment as 
well as idle and downtime, resulting in significant reductions in cycle times.  DMT also supports 
employers and investor credit institutions in feasibility studies and determination of resources and 
reserves in accordance with the international standards.  In this process, the basis for further 
planning is laid by creating three- or four-dimensional models (Figure 5.) and creating initial 
databases.  For visualisation purposes, the most advanced Virtual Reality (VR) facilities are used.  
With VR glasses, planning can literally be made "touchable", even for non-experts.  With the use of 
proprietary software and a broad 
that integrate data from various sources.  These solutions include deposit and machine data, as well 
as data from geotechnical monitoring systems. 

 
In addition to providing advice to mining companies, DMT is also involved in the 

development of CERA, a standardised analytical and integrated certification system that guarantees 
the ecological, social and economic sustainability of the extraction, processing, trade and production 
of all mineral raw materials, including fossil fuels. This system ensures reliable traceability of 
certified raw materials using various technologies and proof-of-origin methods throughout the value 
chain.  hain play an important role, for 
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Figure 5.  Utilisation of special software for the 3D visualisation of a mine 
 
Construction  
 

DMT’s approach on this is to offer “tailor-made” engineering solutions from a single source.  
For example, the digitalisation used has reduced the construction times of mining-related 
infrastructure projects and contributed to a more efficient use of investment capital.  DMT is 
represented at this event space by measuring instruments such as the IMAGER 5006EX (Figure 6c), 
the world's only high-precision, explosion-proof 3D laser scanner.  The fully automatic GYROMAT can 
also record measurement data in real time and transmit it wirelessly (Figure 6a).  With a diameter of 

in equally small boreholes and then visualise them along the entire length (Figure 6b).  In contrast, 
geo-radar and ground radar provide high resolution searching of the ground to inspect road 
surfaces, power transmission lines and boreholes.  Data from all devices can be combined, 
processed, and visualised by purpose for on-premises data platforms. 

 

 
 

Figure 6.  DMT's cutting-  
 
 
 
Optimisation of Mining Operations 
 

In this context, DMT provides the MineSafe® platform which was developed as an in-house 
machine diagnostic system specifically designed for condition monitoring of machines and plants 
(pumps, crushers, large belt conveyors, vehicles, etc.) in the mining and processing industry.  
MineSafe can also be implemented as a customer-specific, controller-integrated system providing all 
the essential functions and components of a modern online condition monitoring system and is now 
available as such on Caterpillar's automation platform.  The modular design allows for a wide variety 

existing control systems.  DMT is currently developing "MAMMA - Maintained Mine and Machine", 
which aims to significantly reduce the maintenance costs of machinery and systems in mining 
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operations by gathering, processing and clearly visualising all relevant data.  This system allows for 
longer maintenance intervals and increased equipment availability.  In the field of ventilation, 
systematic studies are carried out to implement adequate and adaptable practices by using 
"Ventilation on Demand-VOD" systems. 

 

chains, DMT has positioned itself to provide tailor-made solutions and choices and support for the 
Clients during implementation phase. 

 
Environmental Aspects 
 

In addition to high productivity, Mining 4.0's objectives include security, increased efficiency, 
sustainability and transparency as the public’s attention on the environment has significantly grown 
in the recent years.  Negative environmental impacts due to the collapse or failure of tailings dams 
or similar events occurring on the mine sites impacting the environment have become immediate 
headlines recently.  To avoid such events, continuous monitoring measures are required in addition 
to drilling planning.  
by placing sensors in complex geo-monitoring systems with alarm functions to record ground 
motions, object deformations, vibrations, or geotechnical parameters. It does not matter whether 
the data is recorded and archived just a few times a day or more than 1000 times per second, and 
whether it is also temperature, water level, vibration, or video data.  All information is automatically 
visualised according to the requirements and is accessible at any time via a decentralised and 
location- s.  -in-
one solution for waste monitoring under the “EIT RawMaterials” project “STINGS” and is successfully 
using it in a model plant in South America.  This system detects ground motions using remote 
sensi
of waste.  All measurement data is stored in a central database that enables complex models to be 
built to assess the safety of facilities and detect and warn of hazards at an early stage. 

 
 

 
The life cycle of a mine is often combined with the improvement of the mine site following 

the end of the mining operation.   In many 
well-developed mining countries, mine operators have to allocate the monetary resources necessary 
during the extraction phase to ensure the regular upgrading of the mines in relation to the ultimate 
mine closure.  The most obvious example of this is the management of water pumps in closed mines 
in the Ruhr and Saar region of Germany.  Optimisation, automation, and digitalisation are tools used 
to ensure that the amount of monetary funds allocated to costs is not exceeded.  As part of its water 
management activities, DMT compiles three-dimensional images of ground and surface waters, 
allowing mine operators to perform more complex analyses and calculations with "digital twins" of 
the groundwater.  In this way, the effects of technical interventions can be predicted in different 

 The SAFEGUARD system described above can also be 
used for continuous monitoring of indoor mining operations.  -induced ground 
motions such as slope failures can be detected and even predicted.  The system is method 

fields. 
 
In addition, DMT with its global partners have developed a new system called 

which plans the closure and rehabilitation of a mine while it is still under 
construction.  This digital product aims to eliminate the typical problems in mine closure such as loss 
of continuity upon changes in management and ownership, difficulties in cost estimation and 
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-related data, poor coordination in closure activity and operations that 
compromise the goals of closure, inadequate consultation etc.  The also 

 The guidance section (one of 

most effective and needed in a continuous manner.  This has been designed in a way that the 
 can be managed from the beginning of 

the mining activity even prior to mining at planning phase.  Due to the precise descriptive nature of 
will probably be 

estimate the costs of closure. This information can be used in determination of the financial closure 
related liabilities in the permitting process and also lowering the liabilities through development of a 
more developed and detailed closure plan. 

 
PEOPLE 

 
More than half of industrial companies in Germany have embedded “digital transformation” 

in their business strategy to simplify operations, increase sales and improve customer satisfaction.  
On the other hand, 30 percent of companies identify the insufficient digital qualifications of their 
employees as a major problem and thus a significant barrier to implementation.  In addition, more 
than half of the companies criticise the need for a more open corporate culture in which “failure” is 
discussed in their companies. 

 
These are the points where DMT, in collaboration with TÜV NORD GROUP's Digital Academy, 

The core element of the employee 
motivation and motivation program within the company is a certified training course to become a 
"Digital Specialist".  After all, the latest and greatest machines are only as good as the people who 
run them.  The more digital the products, processes and machines become, the more important the 
education and training of employees becomes.  For this reason, employees as well as managers 
should be prepared for a comprehensive digital transformation.  The various training programs on 
this subject can be individually tailored to the needs and challenges of the respective companies in 
terms of content and duration.  DMT’s parent company TÜV NORD was 
twice awarded the German Excellence Award 2020 in the "Education and Further Education" 
category, recognising the accuracy of the VR training of candidate experts in the fields of steam and 
pressure, on the one hand, and on the other hand, in the "Conversion" category.  At this point, TÜV 
NORD and DMT can provide mining companies with tailored support solutions through courses such 
as using VR in the trainin -specific mining 
equipment. 

 
PROCESSES 

 
Detailed analyses form the basis for further process optimisation.  With its partners, DMT 

also provides consultancy services that serve to improve the performance of mining operations in 
terms of "Operational Excellence".  The planning of equipment and materials, the control of cash 
flows and the management of personnel are challenging issues in terms of administrative 
responsibilities of mining companies. In terms of planning processes, using modern "ERP-Enterprise 
Resource Planning" software, accounting, shift planning, time recording, and invoicing automation 
are just a few examples of potential savings that can be achieved.  For a company's production 
divisions, such systems offer advantages in material supply and storage.  Through further analysis, it 
is also possible to timely identify materials that are required more frequently or that are particularly 

  
As a result, there are fewer production delays, unnecessary material storage is avoided, and 
capacities can be lightened. 
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It has been pointed out before that the digital gadgets and inputs using the digital 

technology 
applied in mining on a large scale.  In addition to the inability to provide internet signals throughout 
the area with relevant security standards in underground mining operations, it can be stated that 
even in open pit mining, communication over mobile data cannot be provided directly due to 
shadowing effects and dead spots.  Co-
existing and future necessary infrastructures.  Accordingly, DMT, in collaboration with its global 
partners, supports and advises companies through its years of mining expertise and broad 

-reaching processes, providing one-stop solutions to help them meet the challenges 
of digital transformation. 

 
CONCLUSION 

 
In recent years, the continued digitisation of mining has brought about continuous changes 

in the way the raw materials industry discovers its resources, runs mining operations, processes 
products and ultimately delivers them to their customers.  This article demonstrates DMT's Mining 
4.0 concept, which is based on three pillars: "operations", "people" and "processes" and covers 
digital transformation holistically throughout the entire lifecycle of the raw materials industry. 

 
-proven ability to capture new developments and integrate them into its 

core competencies, DMT is passionate about the digitisation of existing products and services, but 
also very heavily on the development of new digital business models.   DMT's aim through its 

TÜV NORD GROUP is to be at the forefront of 
Industrial Revolution 4.0 in the spirit of the 'Engineering-Performance' motto, to provide digitised, 
smart and connected solutions for the raw material sector, and thus assisting to shape the smart 
(autonomous) mining vision of the future. For this purpose, DMT has developed a modular four-step 
strategy, starting with the assessment of current processes within a company or operation (through 
a digital readiness assessment) and culminating in the implementation supervision of all services and 
solutions a customer needs for his successful digital transformation. 

 

the coming years due to the introduction of many new ways and methodologies to deal with the 
traditional issues.  The authors of this paper believe that the mining industry is in a unique position 
to manage the things in a completely new way as the world is rapidly moving into an era where the 
“artificial intelligence
process.  The winners will be determined by those who are able to participate fully in this 
innovation-driven period.  One thing is definitely sure that the old and new operations will face 
similar challenges in implementing the ideas and innovations, but the ones who move with the time 
and trends will be ahead of the game.  Therefore, choosing a right partner in this process is also a 
crucial decision in this new era. 
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INVESTIGATION OF NICKEL RECOVERY FROM LOW-GRADE LATERITIC NICKEL ORE BY USING THE HEAP 
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ABSTRACT 

 
Mining industry, as the cornerstone of human civilization, is directly and indirectly responsible 

for up to 45% of the global economy. The industry is an energy and water consumer. It is projected that 
about 6-7% of total world's energy is consumed by mining activities, while about 6-8 Billion m3 of water 
per annum is consumed through mining activities. The industry, facing different challenges, including 
resource efficiency, access to energy and water, reducing environmental foot-print, etc. Accordingly, 
inventing and developing machineries and processes that help to overcome these challenges are highly 
projected for sustainable in mining industry 
 

Since considerable amount of energy is consumed in comminuting ores and the energy per ton 
of product increases as deeper and more competent reserves are brought into operations, as well as its 
environmental, economic and political aspects need to be considered seriously in design and operation 
of future mineral processing activities.  
 

Moving towards “Green Economy” requires responsible attempts to understand and implement 
eco-efficient technologies. One identified technology, would be dry comminution practices by using 
Vertical Roller Mill (VRM). Herein the results from a collaborative scaleup project supported by European 
EIT-RawMats on technical, economic and environmental aspects of dry comminution process by VRM is 
presented and discussed.    
 
Keywords: Eco-efficiency, dry comminution, vertical roller mil (vrm), energy, wear  

 
INTRODUCTION 

 
Mining industry has been the cornerstone of human civilization which is directly and indirectly 

contributes to 45% of the global economy. The industry is an energy and water consumer. It is projected 
that about 6-7% of total world's energy is consumed by mining activities from which almost half goes for 
size reduction for processing of the values from the rocks (Michaux, 2011; Morrison and Cleary, 2008; 
Batterham, 2007). The industry is responsible for 4-7% of the world’s GHG emissions as well (McKinsey, 
2020). Furthermore, mining activities consume 7-9 Billion m3 of water per annum and is partly 
responsible for polluting water by different processes which must be carefully understood and taking 
care of.  
 

The industry faces different challenges, including resource efficiency, access to energy and water, 
reducing environmental foot-print, license to operate, etc. Accordingly, inventing and developing 
machineries and processes that help to overcome these challenges are necessities for future 
sustainability.  
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Mineral processing represents the largest consumer of energy and water and therefore mining 
companies are assessing mineral processing technologies and innovative approaches to improve energy 
and water consumption and related environmental foot print.  

 
There is strong link between the eco-efficiency and sustainability in mining industry. The future 

direction for the industry is moving towards eco-efficiency. Both energy and water are critical valuables 
for development and must be conserved to make a balance between the environmental foot-print and 
economy. Minerals and metals industry contribute greatly to the global economy; however, the related 
environmental impact plays a critical role for future sustainability. That includes the consumption and 
depletion of the natural resources and producing mining wastes, emissions of GHG and pollutant to the 
ari, as well as water consumption and water pollutant due to releasing of different ion species and 
insoluble during mining and processing.  
 

Metals and minerals production rate has been dramatically increases due to industrialization, 
increasing population, and technology development. Extracting of raw materials, including fuels, has 
dramatically increased during last 20 years, from 11.3 billion tonnes in 2000 to 17.9 billion tonnes in 
2019, i.e., 58% increasing (World Mining Data, 2021).  
  

  
 

Figure 1. Mining production and declining/increasing rates of production by continents 
 

To sustain production, mining industry requires withdrawal of freshwater. Water consumption is 
an important sustainability factor in particular in arid areas, such as Australia, Africa, Middle East, and 
South America. For example, to produce various types of metals the water consumption ranging from 
2.9 m3/t for steel production to more than 250 m3/t for gold production.  
 

Furthermore, water and energy consumption are directly related to the ore grade from which 
the metal is produced. An estimation indicated that as the grade (%) is decreasing the water 
consumption per ton of metal production is increasing (Norgate and Lovel, 2004). 

 
  ( ) = 167.7 × .                                                                                           (1) 

 
Water is strategic asset and has become a sourcex of strategic advantage and a growing source 

of conflict. It is an expensive asset which accounts for 10% capital expenses for infrastructures.  
Furthermore, mining activities impact the local water system and are responsible to contribute in an 
integrated water management program. Furthermore, mining is potentially a source of polluting water, 
therefore mining and process water must be treated before it is released to the environment. The global 
mining industry facing challenges due to water scarcity, global warming, lack of transparent legislations 
in water quality control and are seen as key partner in global sustainable development. Therefore, 
managing water consumption and reducing/minimizing its pollution are key in sustainability.  
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It is also worth to mention that the global water treatment market has reached over 260 BUS$ 
in 2018, from which about 4,7 BUS$ is the share of mining industry. Therefore, considering dry efficient 
comminution processes offer a great opportunity in reducing water consumption and minimizing its 
pollution (Global Water Market, 2021).   

   
Dry Eco-Efficient Comminution for Sustainability in Mining Industry 
 

In 2020, the world’s energy consumption has reached 155*1012 kWh (558 Exa-Joule) and it is 
supposed to reach 265*1012 kWh by 2050 (i.e., an increasing of 1.5% per annum). Mining industry 
consumed about 6-7% of that energy, with the highest consumption in comminution (3-3.5%).  

 

 

 

 

 
Figure 2. Industrial energy intensity (left) and distribution of mine site energy (right) 

 
The industry is also responsible for 4-7% of the world’s GHG emissions which must be reduced 

significantly by considering different strategies. The goals can be achieved by reducing, reusing and 
recycling (3Rs), reduction in energy consumption, carbon capturing and sequestration, etc.   
 

Furthermore, the water withdrawal and its environmental impact must be reduced. In fact, 
grinding of the ore in wet mode to achieve the liberation for processing not only consumes water but 
the process water may be polluted. Therefore, moving towards dry comminution may avoid/reduce the 
release of different chemical species to the mine water circuit. Additionally, during milling the grinding 
media are consumed to size down the ore, however, the media consumption per ton of comminuted 
ore is defined by the ore characteristics, i.e., its hardness and abrasiveness. As the harder and more 
abrasive ore is ground to an specific size the media consumption is increased. It is also well understood 
that the media wear or media consumption is much higher in wet grinding. That means the wear is 
considerably less in dry grinding. Based on the type of media used for grinding, there is an embodied 
energy in manufacturing the media which is estimated to be at average 5-6 MW/t. consequently, the 
reduction in media consumption by dry grinding results in saving energy and reducing the related GHG 
emission.    
 

With the decline of water resources, increasing of energy costs, and the efforts to reduce energy 
consumption and minimise CO2 emission, mining companies are increasingly mindful of the value of 
water, energy, as well as the potential CO2 emission and water pollutants to be reduced. Accordingly, an 
eco-efficient dry comminution technology, which can reduce water consumption and its polluting while 
reducing energy consumption would be of prime interest. The comminution stage and downstream 
processes should be designed and integrated through circular economy concept in which reliable grade-
engineering is combined with dry comminution to improve quality of the feed and reduce tonnage in 
downstream wet separation process(es) to sustainably reduce water usage.  
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Vertical Roller Mill (VRM)  
 

Vertical Roller Mill (VRM) is an eco-efficient dry comminution technology that can be considered 
for hard rock comminution and processing. A comprehensive study has been devoted to assess the 
potential of implementation of the technology for hard rocks and slags from metallurgical plant through 
the European Innovation and Technology (EIT) program on raw materials.  It is a kind of roller mill that is 
widely used in the cement industry. Within the VRM, the interparticle comminution takes place in a 
material filled gap between the rotating flat grinding table and the conical grinding rollers as shown in 
Fig.3. 
 

 

  
 

Figure 3. Interparticle comminution of the roller mill 
           

Grinding/comminution with roller mill is done in a material filled gap between the rotating flat 
grinding table and the conical grinding rolls.  The feed is charged to the center of the flat table and 
moves affected by centrifugal forces and friction towards the table’s edge. Based on the mill size, the 
feed is nipped by conical rollers installed at the outside of the table. The grinding force is provided by 
rollers that are attached to the hydraulic cylinders). An efficient dynamic air classifier (air cyclone) is 
incorporated inside the mill to separate the ground particles (Schaefer, 2001). For optimal performance 
of the mill and minimizing the down-time of the mill, the rollers are equipped with wear resistant tyres 
made of high-Cr casting or other resistant alloys. The comminution pressure is provided by hydro-
pneumatic spring system. A high pressure between 50 to 100 bar is provided to ground the ore within 
the gap between the rollers and the table. The low-pressure side of the hydraulic cylinder has a pressure 
of about 10% of the high-pressure side, therefore, the difference between high- and low-pressure sides 
allowing elastic movement of the roller. Within VRM comminution is done mainly by compression, 
however, shearing is involved as well. Furthermore, due to introducing hot air to the mill, raw materials 
with high moisture can be easily tolerated.  

 
In comparison with conventional ball milling, VRM can accept larger feed size, up to 140mm. 

Accordingly, part of crushing might be eliminated. Furthermore, due to flexibility in adjusting grinding 
pressure, the fluctuations in feed properties can be easily tolerated. Overgrinding can be avoided due to 
possible controlling of grinding pressure and the high performance of air classifier.   
 

MATERIALS AND METHOD 
 

Materials  
 

Two different raw materials/samples were received for testing, a sulfide ore from Boliden 
Minerals AB and a ferromanganese slag from EraMet. The samples were characterized for their 
comminution behaviors. Accordingly, crushing, rod milling and ball milling Bond work indexes were 
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determined for the materials. Furthermore, the abrasion index of the samples was defined, using 
standard Bond abrasion tests. The results from characteristic of the samples are shown in Table 1. The 
results indicates that sulfide ore can be categorized as soft to medium ore (rather low competency), 
however; the slag sample could be considered medium to hard ore/material (rather high competent).   
 

Table 1. The comminution characteristics of the samples 
 

 Crushing Work 
Index (Wic)  

Rod Mill Work 
Index (Wir) 

Ball Mill Work 
Index (Wib) 

Abrasion (Ai) 

Sulfide Ore  
FeMn Slag 

10 (kWh/t) 
14 (kWh/t) 

13 (kWh/t) 
17.7 (kWh/t) 

12,5 (kWh/t) 
17 (kWh/t) 

0.15 - 0.18 
0.38 – 0.51 

 
Comminution Tests 
 

After characterization, the samples were ground to explore the potential of implementing of 
VRM technology for eco-efficient comminution. The comminution tests were conducted at Loesche pilot 
facilities in Germany. The criteria for comminution were defined on the basis of mineralogical analysis of 
the samples and the related processes for downstream. Accordingly, the target product sizes for 
comminuting were considered as d80=60-65 μm for sulfide ore and d80

slag.  
 
Comminution tests were also conducted in both wet and dry modes in ball milling in order to 

compare the energy consumption by different comminution technologies. Moreover, the media needed 
for the grinding the samples were estimated based on specific energy consumption. Accordingly, the 
energy needed to size down the samples to the specific target size was estimated for different 
comminution modes. Furthermore, the media wear for both comminution modes were calculated to 
estimate the related wear costs.  
 

RESULTS AND DISCUSSIONS 
 

Series of comminution tests were completed by using VRM and the energy needed for 
comminuting the samples were defined. Fig. shows the results to achieve the target sizes for the 
samples. For conducting grinding tests, the received samples were crushed to obtain -20 mm product. 
The size distribution of the crushed samples revealed that the d80 of crushed samples were at 16 mm 
and 8 mm for slag and sulfide ore respectively. The grinding tests were conducted, using VRM to achieve 
the target sizes. The results are depicted in Figs 4 and 5. Accordingly, the energy needed to gain the d80 = 
60-65 μm is at about 7 kWh/t. However, about 4.4 kWh/t was needed to grind the slag sample to a 
target size of to d80 = 300 μm.  
 

 
 

Figure 4. Energy consumption vs particle size in comminution, using VRM for sulfide ore 
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Figure 5. Energy consumption vs particle size in comminution, using VRM ferromanganese slag   
 
Energy Estimation for Ball Milling (Based on Bond Equations)   
 

According to the Bond theory, to comminute a material/sample to certain size, crushing followed 
by rod and ball millings are considered. In fact, rod milling is rather low energy consumption device, 
tailoring a good feed for ball mill. In theory, after crushing the feed, the rod mill accepts a feed size up to 
35 mm and provide a product at d80 ~ 2mm for ball milling.  However, nowadays, in practices, i.e., plant 
design and operation, no rod milling is considered. One reason is that high performance crushers are 
emerged to efficiently size down the feed to about 10 mm or even smaller and more powerful and 
efficient ball mill are manufactured to grind the crushed material. The energy consumption to size down 
the two raw materials to the target product size was estimated based on Bond equations. A rough 
calculation for the energy consumption are shown in Table 2. 
 

Table 2. Estimated energy consumption for the samples in both dry and wet modes 
 

Etotal = EFs (10 Wi -  
 F80m(μm)  Energy (kWh/t) – Wet  Energy (kWh/t) – Dry 
Sulfide ore 
FeMn Slag

8000 
16000

65 
300 

14.8
9.10

19.24 
11.83 

 
According to the results, the energy consumption for grinding the samples, using VRM, is 

considerably lower than the conventional tumbling milling in both wet and dry modes. However, as the 
classification is done within the VRM, there will be additional energy consumption to separate/classified 
the ground products.  

 
Except the energy calculations based on Bond equations for dry and wet comminution of the 

samples, a series of laboratory ball milling tests was conducted to define the energy consumption for 
comminuting the samples. Accordingly, the energy consumption for comminuting the sulfide ore to the 
target size was defined at range of 19.73 to 21,2 kWh/t in dry comminution, while for wet comminution 
the energy consumption was estimated at 17.9 kWh/t. Nevertheless, the calculated energy consumption 
are based on the finer feed size to the laboratory ball mill based on Bond ball milling tests. The same 
procedures were completed for FeMn slag sample and the energy needed to comminute the material to 
target size were at 8.75 and 10.5 kWh/t for wet and dry mode respectively.  

 
It must be noted that, except the direct energy needed to grind the sample to specific target 

size, there will be an energy consumption for classification within the VRM. The energy consumption for 
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classification, using air cyclone, is defined on the basis of feed specifics, including feed size, its density, 
the product size as well as mill size, etc. Accordingly, the energy needed for classification can normally 
range from 50% and 100% of the energy needed for direct size reduction. However, in some cases when 
the coarse product is required, the energy consumption in classification may be higher than the energy 
needed for direct size reduction.  Further calculations were done to define the total energy needed for 
comminuting and classifying the samples. Accordingly, the relation between the energy needed for 
grinding and classification were at 100% and 130% for sulfide ore and slag sample respectively. 
Consequently, the total energy needed for grinding and classification of sulfide ore and ferromanganese 
slag were estimated at 13.8 (kWh/t) and 8.9 (kWh/t) respectively. 
     
Wear Consideration in Comminution   
 

Grinding media wear represents a significant cost in comminution, particularly grinding. In 
general, the total wear process of grinding involves a number of mechanisms including abrasive and 
corrosive wear. More knowledge about the wear mechanisms and the relative importance of each wear 
component would enable one to better select grinding media for specific applications, and could lead to 
the development of alloys with improved resistance to wet grinding wear. 

 
The impact of grinding media consumption on the cost of grinding. In fact, comminution 

accounts for an estimated 30–50% of typical mining operating costs, and of these, liner wear and media 
consumption account for roughly 50% of the cost. However, in some instances, media wear can 
constitute up to 40– 45% of the total cost of comminution. Two types of wear are common in grinding 
practices. i.e., abrasion and corrosive wear. However, in dry grinding, the abrasion wear plays the role 
that is directly related to the abrasiveness of the material to be ground and the energy needed to size 
down the material to the specific size. Nevertheless, in wet grinding, the corrosive wear would be 
predominant which is affected not only by the inherent characteristics of the ore, but by pH and Eh of 
the environment, type of the media used, etc. Despite the fact that the energy consumption is higher in 
dry grinding, the wear is higher when wet grinding is employed for sizing down any specific ore/material.    

 
Furthermore, the filling rate and size distribution of the media play a significant role in 

comminution efficiency and related cost. Improper size distribution or filling level of the media charge 
can reduce the efficiency of grinding, causing in losing media at higher rate. Accordingly, the cost 
associated with grinding media is chiefly determined by two factors, i.e., the wear performance (quality) 
and the price of the grinding media. 
 

Moreover, it must be noted that in comminution practices there are power consumptions 
related to ancillary equipment and embodied energy in media manufacturing. Steel media, e.g., rods and 
balls, are frequently used in tumbling to assist in ore breakage. Media consumption can cost as much as 
comminution power consumption (Daniel et al., 2010). Additionally, the mining, smelting, casting, and 
shipping of media consumes a substantial quantity of energy. Therefore, the embodied energy 
consumed through media wear is an important factor to be considered in evaluating eco-efficiency in 
comminution. Apart from the understanding of the phenomena involved in the wear of grinding media, 
the media consumption is typically reported as steel grams required per ore ton of treated ore. 
Converting the media consumption into the embodied energy consumption can help in defining more 
eco-efficient comminution practices.  Studies have revealed that the energy consumption to produce a 
ton of steel an average energy of 6 MWh is required. That is without considering of recycling through life 
cycle assessment. The production data indicated that 2 ton of CO2 is emitted for producing a ton of steel 
(Yang and Broadbent, 2017).  The energy consumed by diesel trucks can be between 0.15 and 0.25 
kWh/kg.km (Nylund and Erkkilä, 2005). However, the figures may change for other alloys since the 
metallurgy of the media and type of alloy to be used plays a role herein. For example, forged balls and 
low/high chrome balls require completely different manufacturing processes and feed materials 
(Ballantyne 2018). Accordingly, the embodied energy to manufacture both forged balls, as well as high 
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and low chromium balls varies from 4.8 to 6.6 kWh/kg, depending upon metallurgy type, ratio of 
recycled steel in the feedstock, and other parameters including transportation transport the media to 
site. It must be added that considerable amount of CO2 is emitted during production of steel and other 
alloys, which is indirectly contribute to global warming and reducing general eco-efficiency (CO2 emission 
for steel production ~2tCO2/tsteel).  

 
Furthermore, steel plants are water consumers that must be taken into account in a life cycle 

assessment of the comminution route. Steel is produced through two alternative routes, i.e., the 
integrated cycle, where steel is produced from virgin raw materials, and the electric route, which 
produces steel by melting scrap in an electric arc furnace (EAF). The average water intake for an modern 
integrated steelworks is 28.6 m3 per ton of produced steel, with an average water discharge of 25.3 m3 
per ton of steel. For the electric route, however, the average intake is 28.1 m3 per ton of steel, with an 
average discharge of 26.5 m3 per ton of steel. Accordingly, the overall water consumption per ton of 
steel produced is between 1.6 m3 and 3.3 m3 per ton of steel (Colla et al., 2017). Steel plants use 
freshwater, salty and brackish ones, however, the water consumption in practices may vary and being 
higher base on the plant and related technology. For example, an average fresh water consumption of 
7 - 8.3 m3 per ton of steel were reported for most big steel enterprises of China in 2008, which was 
merely lower at range of 3 to 4.2m3 per ton of steel (Gao, et al, 2011) in developed countries.  

 
Accordingly, by reducing the wear/media consumption in comminution practices, possibilities 

offer towards reduction in embodied energy in comminution as well as conserving water per ton of 
reduction in steel and/or different alloy consumptions.  

 
Wear Calculations in Comminuting Tested Samples 
 

Although, there is no common formula/equation to determine the wear, there are different 
equations to estimate the wear in comminution, however, in defining the wear rate must be defined in 
practices by running comprehensive tests. There have been attempts in estimating wear rates in both 
dry and wet practices that are mainly based on collecting data from tests and plant practices. In general, 
as the ore abrasiveness is increasing the amount of wear is increased, however, as indicated above the 
wear rate is increased as the energy consumption to grind the raw material is increased. Furthermore, in 
wet grinding the mill electrochemistry, i.e., pulp pH and Eh, dissolved oxygen, etc., are determining 
factors. While, the type of media used in comminution is another determining factor. Based on the type 
of comminution, related energy consumption to achieve the target size, and the abrasiveness of the 
sample the media consumption can be calculated. Herein, the wear rates for grinding sulfide ore and 
ferromanganese slag were estimated considering steel media. The estimations were done based on 
Bond’s wear equations for dry and wet grinding. Nevertheless, the wear calculations were conducted on 
the basis of the equation proposed by (Giblett and Seidel, 2011).   
 
Wear in Wet grinding (Bond equation)  
 
Wear Rate/Ball Consumption (kg/kWh) = 0.159*(Ai – 0.015)0.33 
 
Wear Rate/Ball Consumption (kg/t) = Energy Consumption (kWh/t) * (0.159*(Ai – 0.015)0.33 

 

Wear in Wet grinding (Giblett and Seidel 2011) 
 
Wear Rat /Ball Mill Media (kg/kWh) = 0.0817*(Ai)0.498    

 

 Wear Rate /Ball Mill Media (kg/t) = Energy Consumption(kWh/t) * 0.0817x(Ai)0.498  
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Wear in Dry grinding (Bond equation) 
 
Wear Rate (kg/kWh) = 0.05*(Ai)0.5  
 
Wear Rate (kg/t) = Energy Consumption (kWh/t)* 0.05*(Ai)0.5 
 
          In general, there are different factors affecting the degree of media wear in comminution practices.  
The media type (metallurgy), the ore/sample abrasiveness, the type of commination device rod, ball, 
stirred, roller, etc.), operational parameters in grinding (speed, tonnage, filling rate) and media size are 
the key factors defining the media wear.  
 
          Table 3 depicted the wear rate calculations for grinding the samples based on the abrasion index, 
Ai, and the energy consumption to grind the samples to the target size. Herein the wear was calculated 
based two different abrasion indexes.  The calculations indicated that the wear in wet milling is 
considerably higher than that of dry milling. It seems that the wear calculations, based Bond equation in 
wet mode are rather high, however, the calculations based on Gibelett and Seidel (2011) show 
considerably lower values.    
 

Table 3. Estimating the wear in milling samples 
 

 Energy- 
Wet  
(kWh/t) 

Energy- 
Dry 
(kWh/t) 

Abrasion 
Index (Ai)  

Wear* 
(g/t)– Wet 
(Bond 
equation)  

Wear* (g/t) – 
Dry (Bond 
equation)  

Wear§ (kg/t)- 
Wet (Gibelett 
& Seidel)  

Sulf-Ore 
FeMn Slag 

9.1 
14,8 

11.83 
19.24 

0.15 - 0.18 
0.38 - 0.51 

747 - 783 
1687 - 1865 

229- 251 
593 – 687 

289 – 316 
747- 865 

 
 
Wear in Grinding by VRM 
 
          The wear measurement for grinding the samples with VRM were estimated after the pilot test. The 
wear for grinding rollers was measured as the bulk wear rate over the complete duration of the grinding 
test.  
 
          For slag sample the wear was defined as186 g/t of mild steel. In fact, the wear was measured with 
C45 mild steel rollers and determined as bulk average wear over the set point for the target particle size.  
That means the grinding media consumption is a level of medium to high based on the VRM grinding 
experiences. On the basis of industrial processes and the installed mill, in practice the use of different 
types of rollers have been experienced. Accordingly, the Metal Matrix Compound (MMC) grinding 
elements have considerably higher abrasive resistant, resulting is much lower specific grinding media 
consumption. The wear rate in industrial size Loesche VRM would, using MMC alloy, be considerably 
lower, i.e., about 15 times lower, than that of mild steel resulting in a specific wear rate of ~ 12 g/t. 
 
          In similar way the wear was calculated for sulfide ore. The bulk wear rate over the complete 
duration of the grinding test was defined as 129 g/t of mild steel. The lower wear rate for sulfide ore is 
due to lower abrasion index for the ore. Based on experiences in industrial processes, using Metal 
Matrix Compound (MMC) grinding elements, the grinding wear can be considerably reduced. 
Accordingly, the wear is reduced by about 15 times, resulting in a specific wear rate of ~ 8 g/t when the 
rollers are made from a high quality MMC material.  
    
          In fact, MMC has considerably higher abrasive wear resistant which is governed by a combination 
of both high hardness and toughness. MMCs are made of different hard components, including CW 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

265

(Tungsten Carbide) which significantly improves wear resistance and hardness in comparison with the 
composition of matrix. Due to strong metallurgical bond between the matrix and reinforced region 
considerably higher mechanical performances are expected, resulting in dramatically reduction in wear.   
 

CONCLUDING REMARKS 
 
           Mining is one of the most energy intensive industries which consumes 6–7% of the world’s 
energy. Comminution is the most energy intensive within mining processes which is responsible for 
almost 50% of total energy consumption in mining, from which almost 90% goes for grinding part. 
Accordingly, comminution processes, in particular grinding, attempts have been made to introduce 
grinding equipment and flowsheets to conserve energy. According to an investigation by US Department 
of Energy (2007), there is a potential to reduce the energy consumption in US mining industry to half by 
implementing the best practices scenario(s) and conducting the outcomes from research and 
development (R&D) activities that improve technologies. The study indicated that there are certain 
areas that offer tremendous opportunities in energy saving. The largest energy saving opportunities 
were found to be grinding and materials handling.  
 
           Moving towards “Green Economy” requires responsible attempts to implement eco-efficient 
technologies. One identified technology would be dry comminution practices by using Vertical Roller Mill 
(VRM). Within this study, an effort was made to implement VRM technology in size reduction to grind 
the raw material to micron sizes and evaluate its potential in reducing energy and costs in mining 
industry. The results indicated that the energy consumption in grinding can be considerably reduced by 
implementing VRM technology in comparison with conventional tumbling mills. The reduction in energy 
consumption is much larger when comparing VRM grinding energy with conventional milling. 
Considering for the sulfide ore the reduction would be more than 30% while considering the energy for 
classification within VRM. The reduction in energy consumption is less when comparing wet ball milling 
with VRM, ranging from 2.5% to 7% for comminuting slag and sulfide ore respectively. However, 
considering the energy needed for classification, the reduction in total energy would be higher.  
 
          Furthermore, the results from media consumption showed promising prospect in reduction in 
wear which is an important part of operation cost in comminution practices. Reduction in wear 
indirectly reduced the energy consumption as the embodied energy in manufacturing wear parts, i.e., 
energy needed in metallurgy and related raw materials as well as energy for the transportation, etc.   
 
          At last, but not least, moving towards energy-efficient dry comminution, could preserve the water. 
Water consumption is reduced and its pollutant can be avoided or minimized. Water is valuable 
strategic asset and has become of strategic advantages. Mining activities impact the local water system 
resulting in contaminating and polluting the water sources due to dissociation of different ionic species 
and insoluble materials. Milling operation could be a source of contaminating/polluting the water. So, 
dry comminution can help in reducing water consumption and its pollutants. That also reduces the costs 
and energy in process water treatment.    However, reduction in wear/media consumption, indirectly 
affects the water consumption in wear materials production.  
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ABSTRACT 

 

management plan. Slurry is pumped from the ore process plant to the filter plant where it is dewatered 
using filter presses. The dewatered filter cake (Filtered Tailings) is then stored in a tailings storage facility 
constructed with a low permeability base liner. This method has been increasingly applied in mining in 
recent years due to several benefits, including improved physical stability of stored tailings by mitigating 
the risk of liquefaction, reduced storage footprint due to stacking of material, not storing large volumes 
of water (i.e., no supernatant pond), and the environmental advantages associated with progressive 
reclamation. This article discusses the benefits of implementing the filtered tailings storage method and 
shares practical information obtained as a result of direct operational experience. 

 
Keywords: Filtered tailings, filtered stack, filtered tailings management , sustainable mining, 
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ABSTRACT 

 
Iron ore is the main mineral input in Brazilian production, being exploited in high quantities and 

from different minerals, among which stands out hematite (Fe2O3), mineral responsible for most of the 
national production of iron ore. Hematite presents different morphologies, occurring in the compact or 
specular form, which directly influences the efficiency of processing circuits, such as fragmentation and 
concentration. Knowing this, this work seeks, through microflotation tests, to evaluate the influence of 
morphologies of specular and compact hematite on flotation processes. The optimal operating 
conditions were determined by varying parameters such as pulp pH, nitrogen gas flow, reagent dosage 
and fragmentation mechanism. After the tests, the influence of morphology and type of hematite 
fragmentation for the flotation process were confirmed. The use of cationic collector allowed the 
mutual recovery of compact hematites and specular hematites. The ideal operating parameters were 
defined at: 50 cm³/min of nitrogen flow, collector dosage of 20 , with flotation 
recoveries  
 
Keywords: Specular hematite, compact hematite, microflotation, floatability. 

 
INTRODUCTION 

 
Brazil is one of the largest producers of iron ore in the world, being this the main mineral input 

in terms of quantity and economic representativeness in the country. Currently Brazil is the third largest 
producer of iron ore globally, with production estimated at approximately 430 Mt, distributed in the 

(Jesus and Joaquim, 2017). 
 
Iron ore in Brazil is found predominantly in the form of hematite (Fe2O3), also occurring in a 

smaller amount in minerals such as ilmenite (FeTiO2), goethite (FeO(OH)) and magnetite (Fe3O4) 
(Gomes et al., 2013). Hematite, the most exploited mineral for iron production in Brazil, has varied 
morphologies, being found, for example, in its specular and compact form. These different 
morphologies for the same mineral stand out mainly in the physical and mechanical parameters, such as 
preferential fracture planes, mechanical resistance, shape and distribution of crystals. According to 
Gomes et al. (2013), compact hematite has higher mechanical strength, as well as reduced porosity and 
reducibility in relation to specular hematite. 

 
For flotation to occur efficiently, several variables are taken into account, requiring to be 

conditioned according to optimal parameters, determined through laboratory tests. According to Aguiar 
(2014), in the last 40 years, the reverse cationic flotation has become one of the main methods used for 
hematite concentration. This process is normally performed using amine as the collector of silicate 
gangue minerals and starch as an iron oxide depressant. 
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The definition of the ideal flotation parameters of hematite therefore depends directly on its 
morphology. For this, one of the methods for analyzing the behavior of these minerals in processing 
plants is based on floatabilitytests, such as microflotation in Hallimond tubes. Through these tests, it is 
possible to compare different parameters for a flotation step and define the best operating conditions, 
whether for hematite recovery with specular or compact characteristics. 

 
MATERIALS AND METHODS 

 
The procedures performed during the present study are described in this topic.The 

characterization tests of the samples were carried out in CEFET-MG Campus II and UFMG material 
laboratories, while the remaining tests were carried out in chemistry laboratory of CEFET-MG Campus 

the analysis of representative samples of 
specular and compact hematite, both provided by Companhia Siderúrgica Nacional (CSN) – Casa de 
Pedra mine, with particle size  

 
Technological Characterization 
 

For the technological characterization tests, a small portion of the hematite samples was 
reduced to less than  sieved into size fraction of - for 
microflotation tests. 

 
In order to analyze the influence of the fragmentation mechanism on ore characteristics, a 

fraction of specular hematite was fragmented by rod mill and another by disc mill. The same procedure 
was performed for the fraction of compact hematite, to compare the effects caused by different 
fragmentation mechanisms on the structure of ore grains and its behavior during the tests.  

 
In technological characterization of the samples, their physical and morphological characteristics 

were determined and compared by Scanning Electron Microscopy (SEM). In addition, the specular and 
compact hematite samples were characterized by X-ray Diffraction analysis (XRD), seeking to determine 
the mineralogical composition of the samples, an important parameter for microflotation tests.  

 
Microflotation 

 
The microflotation tests were performed using the modified Hallimond tube, equipment 

coupled with a height extender, that reduces the hydrodynamic drag of fines particles during the 
process. This equipment allows to analyze the floatabilityof hematite using small samples of the mineral 
(aliquots from 1 to 2g). 

 
To this end, a mathematical artifact is applied, capable of determining the degree of floatability 

of the mineral particle. Thus, the tendency of the mineral sample to be collected is represented by Eq.1. 
   (%) =   ( )  100   ( )                                                                                      (1) 

 
The first floatability assay of compact and specular hematites aimed to evaluate the behavior of 

minerals in relation to variation of nitrogen gas flow in the system without reagents addition. For this, 
the pH of the solution was set at 10.5, a value that, according to Viana (2006), is in the ideal pH range for 
iron ore flotation. 

 
After the system adjustment, the tests for natural floatability of specular and compact hematite 

were performed, increasing the flow of nitrogen injected into the system by 10 cm³/min at each assay. 
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The initial and final values of gas flow rate was 20 cm³/min and 110 cm³/min, respectively. Thus, it was 
possible to determine the optimal flow rate for flotation of each type of hematite. 

 
The ideal flow rate was fixed and applied in the next tests, which evaluate the ideal dosage of 

reagents for hematite flotation. Collector reagent solutions (Amina Flotigam EDA 3) were prepared with 
/L, being gradually increased 

by 0.5 mg/L up to 2 mg/L. The dosage was then increased sequentially by 2 mg/L and the tests was 
performed until the final value of 12 mg/l. 

 
Finally, with the optimal values of reagent dosage and gas flow defined, microflotation tests 

were performed to verify the optimal pH values of the system. By varying the pH values, it was possible 
to compare the optimal results found with the values suggested by the literature, and to determine 
whether the behavior of hematite during flotation follows the precepts already defined in previous 
studies. With the use of NaOH and HCl as pH modifiers, microflotation tests occurred at initial pH 2, 
ranging from 2 units to the maximum value of pH 12, in which the last test was performed. All tests 
performed in this stage were done in triplicate. Thus, the average values among the 3 results obtained 
are considered representative. 

 
Zeta Potential 
 

The tests for calculation of hematite Zeta potential, whose equipment used was Zeta Meter 4.0, 
were performed to determine the Point of Zero Charge (PZC) and the Isoelectric Point (PIE) of the 
mineral. For the tests, performed in duplicate, a solution of KNO3 was used as indifferent electrolyte. 

d by pH modulators (NaOH and HCl) at a 
 

 
RESULTS AND DISCUSSION 

 
Technological Characterization of Hematite Samples 

 
Initially, the X-ray Diffraction assays evaluated the purity of the samples, as illustrated by Fig. 1. 

It is possible to observe the presence of pure hematite compact samples (a), while the presence of 
quartz was observed with the specular hematites (b). 

  

 
 

Figure 1. X-ray diffraction spectra of the hematite samples  
 
The compact hematite samples have a high degree of purity. The specular hematite present 

quartz contamination promoting the reduction of the specific mass of the sample. 
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The analysis of the SEM results (see Fig. 2), allows us to observe that the hematites fragmented 
by disc mill (B and D) have greater homogeneity in relation to the samples cominuated by bar mills (A 
and C), presenting greater regularity in the size and shape of the grains. 

 

 
 

Figure 2. Specular hematite fragmented by bar mill (A) and disk mill (B). Compact hematite fragmented 
by bar mill (C) and disk mill (D) 

 
There is also a difference between specular hematites (A and B) and compact hematites (C and 

D). The images suggest that specular hematite presents greater porosity, thus having a lower specific 
mass in relation to compact samples, in addition to a greater propensity to flotability.  

 
Zeta Potential  
 

As shown by Figure 6, the isoelectric point for compact hematite was approximately 7.2, while 

negative, thus justifying the use of cationic collectors. 
 

 
Figure 6. Zeta potential of compact and specular hematites 

 
The zeta potential graph presents similar results to those obtained by Alexandrino (2012) and 

compact and specular hematite. As in the present article, the authors found isoeletric point values in pH 
 

 
 

Microflotation Tests 
 
Flotation tests allowed the floatability of hematites in several scenarios to be evaluated. The 

first test sought to determine the natural floatability of hematites and optimal conditions of gas flow in 
the system, whose results are represented by Figure 3. 
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Figure 3. Natural floatability of of compact and specular hematite vs gas flow ratio in pH 10.5.  
 
It is possible to notice that compact hematite presents natural floatabilityup to seven times 

lower than specular hematite. This is due to the greater porosity of specular hematite, which decreases 
the specific mass of particles and increases their surface area, which facilitates their loading and 
increases the contact area for particle-bubble interaction. 

 
In addition, the nitrogen flows that provided a higher floatability of hematites are in the range 

between 50 and 60 cm³/min, with floatability 
respectively. These values are supported by Baltar (2010), who defined that when gas flow is less than 
50 cm³/min, an effective interaction between mineral particles and bubbles cannot be achieved, as well 
as high flows promote turbulence in the system and prevent adsorption from being stable. For all this, it 
was concluded that the optimal flow rate for the next microflotation tests was 50 m³/min.  

 
Hematite floatability as a function of reagent dosage was performed with optimum gas flow (50 

cm³/min). The results in Fig. 4 show that with the addition of collector in the system, the floatability of 
hematite increased significantly, reaching in some scenarios v
compact hematite. 
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Figure 4. Effect of collector dosage on floatability of compact and specular hematite. (pH 10.5 and gas 
flow rate of 50cm³/min)  

 
It is possible to observe a higher yield of specular hematites, in relation to compact hematite. 

The reagent dosage with the highest floatability was approximately 20 
 for all samples analized. However, it is seen that a small variation in this 

dosage value leads to a considerable drop in system yield, especially for compact hematite. Thus, the 
optimal rate of reagent dosage among those used in the assays was defined at 20 mg/L. 

 
With the definition of optimum flow rate (50 cm³/min) and collector dosage (20 mg/L), the 

optimum pH for hematite flotation was determined. It is observed in Fig. 5 that the best results were 
, with floatability near 

With the increase in pH, the floatability of hematites did not change significantly. Corroborating Viana 
(2010), at pH 10 the recovery values of hematite remained high. 

 
 

Figure 5. Effect of pulp pH on floatability of compact and specular hematite (Collector dosage of 20 mg/L 
and gas flow rate of 50cm³/min) 
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CONCLUSIONS 
 

After analyzing the behavior of the compact and specular hematites of the Casa de Pedra Mine 
in flotation processes, it is perceived that the morphology of minerals has a direct and significant 
influence on the efficiency of their recovery. Specular hematites, because they had a lower specific mass 
and higher porosity in relation to compact ones, showed higher flotability. 

 
With the addition of cationic collector, this difference was reduced, giving the mutual recovery 

of specular and compact hematites, with average floatability
operational parameters for the cationic flotation of hematites were defined at: 50 cm³/min of Gas flow 
rate, collector dosage of 2 mg/L and optimum pH in range equal or above 
potential assays, the PIE values for the specular and compact hematites were defined, being located at 
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ABSTRACT 
 

The aim of this research is to study the energy evolution characteristics of brittle rocks and 
understand the effects of temperature and confinement on bursting mechanism. A new method based 
on post-peak energy characteristics and acoustic emission response obtained from a series of uniaxial 
and triaxial compression tests is developed for rock burst analysis on granite samples exposed to high 
temperature. The axial loading is controlled using the feedback from lateral strain to obtain snap-back 
behaviour that is associated with energy evolution and the material response under self-sustaining 
failure. For each loading scenario, excess strain energies are calculated. The elastic strain energy, energy 
consumed by dominant cohesion weakening, and energy dissipated during mobilisation of frictional loss 
are quantified. The experimental results underlined that the amount of accumulated elastic strain 
energy increases as the confinement increases, resulting in a large potential for rock burst. It was also 
observed that the dominant failure pattern of granite changes from multiple longitudinal splitting to a 
single shear fracture and finally to multiple conjugate shear fractures as the level of temperature and 
confinement increases. Thermally induced damage causes less strain energy accumulation and hence 
the excess strain energy decreases (by ~43% compared to the room temperature conditions) with 
increasing temperature. 
 
Keywords: Post-peak energy evolution, rock burst, circumferential strain control, triaxial compression 
test, temperature. 
 

INTRODUCTION 
 

As mining and civil engineering related projects such as caving mining and tunnelling operations 
progress to greater depths, the number of rock burst hazards has increased resulting in operational and 
safety challenges (Cai and Kaiser, 2018; Gao and Yang, 2021). The influence of elevated ground 
temperature has become remarkably significant on triggering rock burst with the increasing excavation 
depth (Su et al., 2017; Akdag et al., 2018). The coupling of high-stressed ground conditions and thermal 
damage will alter the overall mechanical behaviour of hard brittle rocks which can trigger bursting in 
deep engineering operations. Therefore, a deeper insight into the underlying damage mechanism of 
brittle rocks under high-pressure-temperature conditions is necessary to facilitate the safe construction 
and operation of underground excavations.  

 
Prediction of rock burst proneness of rocks is one of the basic problems in the field of rock burst 

research. Various criteria and indices have been proposed to assess the rock burst proneness of rocks 
using, for example, strain energy storage index ( ) ( , 1981), potential elastic strain energy 
(PES) (Wang and Park, 2001), peak strain energy storage index ( ) (Gong et al., 2019), and residual 
elastic energy index ( ) (Gong et al., 2021). Despite the significant contributions of these studies for 
estimating and classifying the rock burst proneness of rock materials, limited work has focused on 
quantitatively investigating the influence of high-temperature-pressure on rock burst proneness. 
Therefore, further work is required to improve the understanding of rock burst proneness in highly-
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stressed deep rock engineering applications. It has also been acknowledged that the manifestation of 
rock burst is related to the elastic stored strain energy and how this stored energy is released during 
unstable spontaneous failure (Tarasov and Potvin, 2013; Akdag et al., 2021). The intensity of rock burst 
is closely related to the energy storage capacity and dissipation of rocks. However, most, if not all, 
present evaluation methods do not consider the energy dissipation and excess strain energy (potential 
energy for rock burst) at the post-peak stage.  

 
In the current paper, the authors investigated the rockburst proneness of thermally-treated 

granite under confinement. A series of circumferential strain-controlled uniaxial and triaxial 
compression tests were carried out on granite subjected to different temperatures under compression. 
The effects of high temperature and confinement on the mechanical characteristics, time-domain AE 
responses and energy evolution behaviour of granite were analysed. The rock burst proneness of the 
granite is discussed based on the energy evolution characteristics.  

 
TEST METHODOLOGY 

 
Circumferential Strain Controlled Uniaxial and Triaxial Compression Tests 
 

For Uniaxial Compressive Strength (UCS) tests, rock samples were subjected to a monotonic axial 
loading by a closed-loop servo-controlled Instron 1282 hydraulic testing machine (Fig. 1a). The applied 
axial load was initially controlled using axial-strain feedback at a rate of 0.001 mm/mm/s until reaching 
approximately 70% of the expected peak force and then the control mode was switched to 
circumferential control, keeping lateral-strain rate constant by the circumferential extensometer (see 
Fig. 1b).  
 

Circumferential strain controlled triaxial tests were conducted on the granite specimens exposed 
to temperatures up to  over confining pressures of 20, 40 and 60 MPa using the same Instron 
1282 hydraulic testing machine. Circumferential strain control was utilised by means of a Hoek cell 
membrane fitted with four lateral strain gauges internally within the cell (Fig. 1c). The specimen was 
loaded axially with constant growth of a lateral strain of  (Fig. 1d) and PCI-2 AE 
system was used to monitor the damage within the granite specimens during loading. 
 

 
 

Figure 1. Testing setup and loading rates for lateral strain-controlled uniaxial (a, b) and triaxial 
compression tests (c, d). 
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TEST RESULTS 
 

Stress-Strain Curves and Failure Modes 
 

Fig. 2 presents the complete stress-strain curves of thermally-treated granite under different 
confining pressures. The failure mode of the granite changed from multiple splitting tensile fractures 
along the loading direction or a single shear fracture to conjugate shear failure with increasing 
temperature (see Fig. 2). Based on the experimental results, peak stress at 250 °C declined by ~25% 
when compared with the results at room temperature (25 °C) under unconfined conditions. It is the 
authors’ interpretation that the main reason for this descending trend might have been the thermally 
induced micro-cracks that could cause mechanical degradation by weakening the bonding among 
mineral grains due to the differences in the thermal expansion properties of constituent rock minerals. 
This observation is consistent with the existing literature (Xu and Karakus, 2018; Yang et al., 2020), 
however, further investigation is needed to prove the above postulation. As confinement increased (up 
to 60 MPa), the peak stresses decreased by 21, 13 and 6% with increasing temperature from 25 °C to 
250 °C, respectively. The confining pressure restrains the displacement and enhances the friction among 
grains under the condition of higher temperature.  
 

The main failure feature of the granite was the multiple longitudinal splitting failure pattern 
accompanied by local shear failure when  MPa. The formation of extension cracks oriented in the 
direction of principal stress was the prevailing pattern of macroscopic fracturing in uniaxial compression. 
In moderate confining pressures, the granite specimens mainly failed by shear localisation along an 
inclined macroscopic shear band. Under high confinement, a conjugate shearing or ductile failure was 
observed in which the thermal heating could also enhance the ductility of the rock samples, as shown in 
Fig. 2. 

 

 
 

Figure 2. Complete stress-strain curves and failure modes of thermally-treated granite at various 
confinement 
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The typical AE characteristics of granite after temperature treatment under various confinement 
are shown in Fig.3. It can be seen that with the increase of temperature, the evolution of accumulated 
AE hits for granite specimens becomes slower and slower, which indicates that at higher temperatures, 
the granite samples undergo more ductile failure and released less elastic strain energy due to the 
thermally induced damage. 

 
 

Figure 3. Evolution of AE characteristics of granite after temperature treatment 
( and ) 

 
Post-Peak Energy Calculation Principle  
 

Rock burst is a type of instantaneous brittle failure of rock which mainly occurs due to the stress 
concentration and rapid energy release at the conditions of high geo-stress. Therefore, in compression 
stage, enough elastic strain energy is accumulated in the rock, ensuring that it can transfer this energy 
into kinetic energy at the failure. The buckling of slabs or rock ejection in the sidewalls of underground 
excavations is a typical manifestation of rock burst damage. It is of great importance to analyse energy 
evolution characteristics during rock fracturing under compression condition because of the significant 
function of identifying the energy source of the rock burst and revealing the rock burst’s vulnerability. In 
this study, recently proposed energy method (Akdag et al. 2021) is used to evaluate the post-peak 
energy balance of thermally-treated granite under different confining pressures. Fig. 4 and Eqs. 1-5 
show the calculation method for the energies at the post-peak stage. 
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Figure 4. Energy calculation method based on the post-peak energy balance of snap-back behaviour 
(Akdag et al., 2021) 

 
Here, a new energy-based rock burst proneness index  is proposed: 
 

 (1) 

 
where  and  are the excess strain energy released during brittle failure (rock burst) and 

the elastic stored strain energy after Class II behaviour starts, respectively. The energy calculations are 
shown as follows: 

 (2) 

 (3) 

 (4) 

 (5) 
 

where , , ,  are the axial and confining stresses and strains at a point  on stress-strain 
curve, respectively,  is the energy consumption dominated by cohesion degradation during stable 
fracturing,  is the energy dissipated during the mobilisation of frictional failure,  is the residual 
stored elastic strain energy,  is the point of axial strain reversal,  is the point of brittle failure 
intersection,  is the elastic stiffness of the specimen and  ( ) is the post-peak modulus 
between two incremental stress points,  and  which can vary significantly with the fracture 
development. 
 
Rock Burst Proneness 
 

The energy balance in the post-peak stage reflects the mechanism of excess strain energy which is 
related to the rock burst intensity. The rock burst proneness of pre-heated granite under confinement 
are shown in Fig.5. The results show that high-temperature-confinement have a significant influence on 
rock burst proneness. Based on the energy evolution analysis above, the larger the maximum dissipation 
energy density was, the more likely were the damage and plastic deformation occur in the granite which 
would result in severe rock burst. The dissipated energy can indirectly reflect the irreversible plastic 
deformation that occurs in the rock and the friction dissipation effect between internal fissure planes. 
The greater the confinement was, the larger the stored elastic strain energy and dissipated energy for 
cohesion weakening and friction mobilisation were. The confining pressure could restrain the 
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deformation within the granite and enhance the plastic deformation. In the field, however, confinement 
loss due to excavation is one of the major factors causing rock burst in the high-stress areas in deep 
mines. Therefore, assuming the accumulated elastic strain energy under confinement is released in the 
lab conditions, which can be considered as a free face or ‘excavation’ during the test, the bursting 
potential of the rock would be more severe at higher confining pressures.  

 

 
 

Figure 5. Rock burst proneness of thermally-treated granite under different confinement 
 

CONCLUSION 
 

This work proposes a simple yet effective experimental analysis for the rock burst proneness of 
thermally-treated granite under triaxial compression. The results show that high-temperature-
confinement has a significant influence on the rock burst proneness. At the post-peak stage, higher 
confining pressure caused greater stored elastic strain energy and dissipated energy which would result 
in more severe rock burst damage in case of any confinement loss. With the increase of temperature, 
the strength of granite gradually weakened and the plastic failure characteristics were considerably 
enhanced due to the thermally-induced cracking. This approach could provide a preliminary assessment 
of the instability of brittle rocks in burst-prone areas to avoid potential hazards.  
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ABSTRACT 

 
The aim of this study is to employ the data gathered from gold deportment studies in order to 

select the most appropriate beneficiation method for a gold ore. Detailed core logging and mineralogical 
studies indicated that the resource comprised of oxidized, transition and sulfide ore zones. According to 
gold deportment studies, native gold grains were observed as free and/or associated with sulfides both in 
sulfide and transition ore zones while it is free or attached to iron oxide (mainly goethite) in the oxide zone. 
According to geometallurgical approach, it is important to have an insight about the recoverable metal as 
well as the method of the beneficiation, besides the grade and the quantity. Based on geological and 
mineralogical studies, experimental test plan was designed to select the most efficient beneficiation 
scenario. Preliminary flotation test was performed for these three ore zones separately. Based on the 
preliminary results, froth flotation would appear to be a proper method as pre-concentration of gold 
especially for sulfide and transition ore zones.  
 
Keywords: Refractory gold, flotation, pyrite and pre-concentration 

 
INTRODUCTION 

 
Gold, which has attracted people attention since ancient times, is a brightly colored metal used in 

many industries because of its resistance to different conditions and easiness to process. The world's oldest 
gold producers are the Egyptians. In 5000 BC, they started to extract gold, which was alloyed with copper, 
from underground (Yücel M.B., 2020). Gold can be found in nature as native, electrum, tellurium, solid 
solution, and inclusion in other minerals. Gold deposits are classified in different ways according to the 
formation temperature, the rocks in which it is located, the mineralogical structure of the ore, other 
elements found with gold and the geodynamic environment in which the deposits are formed (Yücel M.B., 
2020). 

 
Nowadays, due to the scarcity of high-grade and easily enriched gold ore deposits, the interest on 

low-grade and refractory gold ore deposits are increased. According to the literature, if the gold recovery is 
lower than 80-90% in the standard cyanidation process, it is identified as refractory (La Brooy S., Linge H., 
1994). According to La Brooy and Linge (1994), the refractoriness of gold is classified as follows:                                               
 
Gold Recovery: < 50% High Refractory 
Gold Recovery: 50% - 80% Medium Refractory 
Gold Recovery: 80% - 90% Light Refractory 
Gold Recovery: > 90% Non-Refractory 
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Sulfide gold bearing ores, e.g., pyrite and arsenopyrite, are becoming the most important gold 
sources. Typically, the gold is encapsulated or finely disseminated in these minerals and the direct 
cyanidation is not usually effective for gold extraction, even after the ore is ground to ultrafine size. In order 
to increase the gold recovery from refractory sulfide gold ores, oxidation pretreatment technologies such as 
pyrometallurgical, bio-metallurgical and hydrometallurgical processes were proposed. These techniques 
transform sulfides into oxides or sulfates thus, gold is exposed to be leached by cyanide easily.  

 
In the case of complex ore bodies, typical assay-based block model appears to be inadequate. 

Because it doesn’t contain information about processing method of different zones, expected recovery from 
the blocks and environmental issues related to whole project. Combining the various information about the 
resource e.g., elemental assays provided from the drill hole samples, core logging information, detailed gold 
deportment study, grinding test works, gravity/flotation/leach test results etc. these studies will be helpful 
in providing a comprehensive geometallurgical block model. This model will forecast the processing method 
of every zone as well as approximate gold recovery from of each block, actual cut of grade and finally the 
profitability of the whole project. 

 
The Gold deportment studies are the key tools in gold processing development and its optimization 

(Beyuo & Agorhom, 2021). Modern gold deportment studies include physical, chemical and mineralogical 
assessments, combined to obtain a full understanding of the nature and variability of gold in a resource. The 
main aim of a gold deportment analysis is to locate and describe gold containing particles in order to 
determine the gold speciation, grain size and mode of occurrence (gold liberation, exposure, and mineral 
associations) as well as to generally characterize the mineralogical composition of the ore (Coetzee et al., 
2011).  

 
The aim of this study is to employ the data gathered from gold deportment studies in order to 

select the most appropriate beneficiation method. This manuscript will be started with sharing geological 
and mineralogical information about the ore body followed by definition and results of the metallurgical 
test works and finally discussion of the results. 

 
GEOLOGICAL AND MINERALOGICAL STUDIES 

 
According to observations and chemical studies, the gold concentration was identified in the quartz 

veins and, its geometry has been determined the geometry of the ore-bearing zones. Gathering information 
from the geochemical and the core logging studies, the oxidized zone is close to the surface and followed by 
transition and sulfide zones (Figures 1 and 2). 
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     Figure 1. The Exploration Area and geological studies 

 
Figure 2. Drill cores taken from the zones 

 
Based on chemical analysis of the core samples, logging studies, 3D geology-ore solid model and 

resource estimation studies the resource comprised of over 87% sulfide and transition zones and around 
12% oxidized zone (Figure 3).  
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  Figure 3. Prediction of ore resource distribution 

In order to represent ore zones, eight samples (Table 1) were taken from different drilling holes 
based on their classification and depth. The gold deportment studies performed for these samples which 
consisted of the following steps; 

1. Assaying: a process used to determine proportions of precious metals in ores and other industrial raw 
material substances. 

2. QXRD: to determine the general mineralogy. 
3. Microscopy: to identify & characterize gold minerals by type, grain size and association. 
4. SEM/EDX: to determine the composition of gold grains 
5. D-SIMS: to quantify submicroscopic gold 

 
Table 1. The distribution of sample according to ore types 

 
Ore Type Samples 
Sulfide KT-02, KT-03, KT-06 
Transition KT-01, KT-04, KT-07 
Oxidized KT-05, KT-08 

 
According to gold deportment, native gold grains were observed free and associated with sulfides in 

sulfide and transition ore zones while gold is free or attached to iron oxide ore (mainly goethite). Pyrite is 
the principal sulfide mineral in the sulfide ore samples whereas arsenopyrite was observed in minor 
quantities. Both pyrite and arsenopyrite carry gold, in the form of associated gold grains and solid solution 
gold. Pyrite is the most important carrier because of its greater abundance over arsenopyrite. The very large 
majority of the gold with sulfides is carried by particles of floatable size, >10μm free sulfides. Free sulfides 
<10μm carry only minor gold. In oxide and transition ores, goethite was the principal iron oxide minerals. 
Hematite was observed much rarer. Iron oxide minerals carry gold as associated gold grains and 
submicroscopic gold (colloidal-size micro-inclusions).  

 
Figure 4 summarizes the free and attached gold distribution in various ore samples within the froth 

flotation perspective. Based on this information, flotation would be the preferred processing option for the 

12% 

23% 

65% 

Prediction of Ore Resource Distribution  

Oxidized Transition Sulphide
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sulfide and the transitions ores. Gold recovery is promoted by the good floatability of free sulfides and free 
ion with FeOx 

and rock in the transition ores. 
 

 
 

                  Figure 4. Deportment of gold – flotation perspective 
 
From the leaching perspective (Figure 5), gold was divided into: exposed cyanidable (free and 

attached gold grains), enclosed cyanidable (gold grains cyanidable after fine grinding) and refractory (gold 
which cannot be recovered by direct cyanidation). Refractory gold can only be recovered by pressure and 
bio-oxidation. 

 
Based on the findings and the amount of refractory gold, it seems that direct cyanidation would not 

be an efficient extraction method especially in the case of sulfide and transition ores.  However, oxide ores 
seem to be appropriate for direct cyanidation especially in the fine particle size distributions. Pre-
concentration methods like gravity separation and flotation can also be considered to reduce throughput 
and reagent efficiency. 
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                Figure 5. Deportment of gold - cyanide leach perspective 
 

METALLURGICAL STUDIES 
 

Based on obtained information from geological and mineralogical studies, an experimental test plan 
was designed in order to select the most efficient beneficiation scenario and then the samples were taken 
from different ore zones. The basis of the sample selection was relied on chemical analyses and 
macroscopic observations. The ore samples were crushed (%100 passing 2 mm) and divided into 
representative sub-samples for subsequent processing studies. 
 
Sulfide Zone 

 
Around 180 kg of core samples (equivalent to 113 m) with average 0.87 g/t Au content was taken 

from different six drilling holes of the sulfide zone. 
 
To investigate the effects of grinding time on flotation performance, three tests were performed 

employing the lab-scale Denver type flotation machine using xanthate and MIBC as collector and frother, 
respectively. Based on available lab facilities, Samples were ground using the lab-scale rod mill for 15, 20 
and 25 minutes.  P80 (%80 passing sieve size) of the samples are 63.4, 53.8 and 44.1 μm, respectively. In the 
tests 2 kg/t of sodium silicate (Na2SiO3) were used as dispersant at the grinding stage. After 5 minutes 
conditioning with potassium amyl xanthate and MIBC, flotation was commenced and continued for 10 
minutes. Figure 6 shows the effect of fineness of the feed on flotation recovery and concentrate grade. 
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Figure 6. Flotation recovery and concentrate grade of sulfide zone 
 
According to the results, there is not a major improvement of the gold recovery, however, 

increasing the grinding time reduces the concentrate grade presumably the entrainment of fine gangue 
particles into the concentrate. 

In order to investigate the effect of copper sulfate which is widely used as activator for the sulfide 
minerals, two flotation tests were performed in the presence and the absence of copper sulfate. Table 2 
shows the negative effects of adding CuSO4 in both gold grade and recovery. 
 

Table 2. Effects of CuSO4 addition on gold grade and recovery 
 

% With CuSO4 Without CuSO4 
Au Grade 15.5 17.1 

Au Recovery 94.5 97.0 
 

For selecting the best collector types, five different batch flotation tests were performed adding 
special collectors which are well known with their positive effects on gold flotation and their combinations 
while keeping other variables were constant (Table 3). 
 

Table 3.  Effect of various collector type on flotation performance 
 

% PAX SIPX PAX+Aero 8055 PAX+MaxGold 
Au Grade 15.5 10.8 9.4 4.3 

Au Recovery 94.5 93.3 70.0 21.6 
 
According to test results, the best flotation performance is obtainable using PAX (Potassium amyl 

xanthate) although SIPX is also suitable in term of recovery, but the concentrate grade is lower than the one 
with PAX. Combination of PAX as primary collector with other secondary collectors, did not give better 
results especially in the case of Maxgold 900. 
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Aforementioned test works were applied in the natural pH of the pulp (9-9.5) which is slightly 
alkaline. On the other hand, xanthate type collectors known to show better performances in the case of iron 
sulfides based on the surface charge of the mineral in the natural pH conditions. For examining the effect of 
pulp pH on the flotation performance, a comparative test work was applied using sulfuric acid for pH 
adjustment to the natural-slightly acidic condition (5.5-6). Unexpectedly, the results (Table 4) demonstrate a 
notable decline in both gold recovery and grade. 

         
Table 4. The graph shows result of flotation recovery and grade in asidic condition 

 
% pH 6-6.5 pH 9-9.5 

Au Grade 3.0 17.1 
Au Recovery 36.6 97.0 

 
Based on mineralogical and experimental findings, obtaining a rougher flotation concentrate with 5-

6% mass pull, up to 97% gold recovery with 17 g/t Au grade is possible. Additional flotation tests would be 
required including cleaning stages.  
 
Transition Zone 

 
Around 264 kg of core samples (equivalent to 101 m) were taken from eight holes of the transition 

zone and crushed to minus 2mm and divided to 1 kg subsamples. The head assay of gold in prepared sample 
was analyzed as 1.16 g/t. For gaining information about the grindability of the ore sample, three samples 
were grinded using lab-scale rod mil for 15, 25 and 30 minutes. P80 (%80 passing sieve size) of ground 
samples was calculated as 62.3, 41.1 and 33.6 microns respectively. 

For examining the effect of grinding time on flotation performance, four tests were performed 
employing the lab-scale Denver type flotation machine using potassium amyl xanthate and MIBC as 
collector and frother respectively. Figure 7 shows the results of these tests according to flotation recovery 
and concentrate grade. According to the results, although there is not a significant change in concentrates 
gold grade, the recovery of gold to the concentrate is slightly increased with grinding possibly improved 
liberation 
 

 
 

  Figure 7. Flotation recovery and concentrate grade of oxide zone 
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It is well-known that floatability of the oxidized and secondary sulfide minerals can be restored by 
sulphidization (Castro & Goldfarb, 1974; Ciccu & Curreli & Ghiani, 1979; Dashti & Rashci & Abdizadeh, 2004).  

Based on the mineralogical studies the transition zone is appropriate for this concept as it contains 
iron oxide and sulfide minerals together. In order to investigate the potential effect of sulphidization on 
flotation performance three test were performed with various sodium sulfide dosages while keeping other 
parameters constant (Table 5).  

 
Table 5. The Effect of Sulphidization on Flotation grade and recovery 

 
% 0.5 kg/t 1 kg/t 2 kg/t 

Au Grade 5.4 6.7 10.6 
Au Recovery 79.4 84.8 85.3 

 
Based on the results, increasing the sodium sulfide dosage improves both gold grade and recovery 

by activation the surface of oxidized minerals. Also, sulphidization test results are showed around 25% 
improvement in gold recovery compared to the test result in the absence of sodium sulfide. 

 
Similar to the sulfide zone tests, decreasing pH reduces the flotation performance in terms of both 

gold grade and recovery. Compared to the tests performed in natural pulp pH (8.5) and test with pH 6 
adjusted by sulfuric acid, the gold recovery decreased from 84.2% with 11.9 g/t Au to 65.5% with 7.4 g/t Au. 

 
Based on experimental results, a rougher flotation concentrates with 7-8% mass pull, 85% gold 

recovery with 11 g/t Au content can be obtained using sulphidization. As mentioned before, additional 
flotation tests would be required including cleaning stages.  
 
Oxidized Zone 
 

Approximately 100 kg of core samples were taken from six holes from the oxidized zone and 
crushed to minus 2mm and divided to 1 kg subsamples. Although gold deportment studies the gold is 
mainly either free or attached to the iron oxide minerals e.g., goethite, and minorly attached to sulfides 
and, although reasonable recovery with direct cyanidation is possible the flotation is considered in order to 
simplify the potential flowsheet.  

 
For examining the effect of sulphidization on flotation performance, four tests were performed with 

various Na2S dosages while keeping other parameters constant. Cyquest 4000 reagent was also added in 
grinding stage (15min) to improve dispersion. Pulp was conditioned with Na2S for 15 minutes and PAX was 
used as collector with MIBC as frother.    

 
Based on the results, gold recovery is increased to 79.8% with Na2S dosage   then slightly decreased 

to 74.6% at 2 kg/ton Na2S (Figure 8). The concentrate grade is increased with the Na2S dosage as well. 
Consequently, a rougher concentrate having almost 80% recovery with 14.5 g/t Au grade can be produced 
using sulphidization technique. 

 
Detailed comminution, classification, cleaner flotation and dewatering studies would be necessary 

for designing and optimizing such a flowsheet. Alternatively, gravity separation techniques like shaking table 
and falcon separator test works is planned. The comparison of the results of flotation and gravity test works 
would be helpful in development of the final flowsheet.  
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Figure 8. The Effect of Sulfidization on Flotation grade and recovery of the Oxide zone ore 
 

RESULT AND DISCUSSION 
 

The aim of this study is to use the gold deportment study results to select the most appropriate 
beneficiation method for a given ore characteristics. Based on combined geological and mineralogical 
information, it is possible to classify the ore into three different ore types. The gold in oxidized zone is 
mainly free or attached to iron oxide minerals like goethite. The gold in the sulfide zone is free or attached 
to sulfide minerals i.e., pyrite and arsenopyrite. The properties of transition zone are the combination of 
both oxidized and sulfide zones. 

 
Based on the geological and mineralogical data, every ore zone owns different liberation, oxidation 

and mineralization characteristics and consequently needs distinct beneficiation method. Based on these 
data and in order to have a holistic beneficiation method, froth flotation studies were carried out for every 
ore zone samples. The results of flotation test work indicated that: 

1. In the sulfide zone, obtaining a rougher concentrate with 5-6% mass pull, up to 97% gold recovery with 17 
g/t gold grade is possible using a simple reagent scheme. 

2. In the transition zone, a rougher concentrate, up to 85% gold recovery with 11 g/t Au content is possible 
using sulphidization. 

3. And finally, in the oxidized zone, a rougher concentrate with gold recovery of around 80% with 14.5 g/t Au 
content can be obtained using sulphidization. 

Further detailed flotation studies as well as alternative ore concentration methods like gravity 
separation would be beneficial to select the final flowsheet. 
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ABSTRACT 

 
Since the '50s it has been well known that the East Coast of Uruguay has a deposit of valuable 

mineral rich black beach send. It is analyzed, investigated but not exploited for economic, social, socio-
economic and environmental issues. The deposit first analyzed in 1950 and defined high grade of 
titanium-dioxide, ferrotitanium, zircon also rare-earth minerals. For long it has not been considered an 
economically viable project, however several attempts were done from different investor groups to 
establish a reasonably profitable operation on the sites. Most of it failed because of the resistance of the 
local communities looking at it as a destructive and environmentally harmful activity. Nowadays, all over 
the world there is a great demand to find solution for the people left without jobs or income to sustain 
their family meanwhile governmental regulations make clear alignment on economic and environmental 
issues. This paper aims to describe the possibility of a small scale, low environmental impact socially and 
economically viable project in order to satisfy all the needs of industries and communities involved. 
 
Keywords: Small scale mining, environment, sustainability, socio-economic impact 

 
INTRODUCTION 

 
The beach black sand is very well known as source of raw materials in different parts of the 

World. Magnetite, ilmenite and rutile are ores of iron and titan, monazite contains rare-earth minerals 
and normally there are zircon and garnet for other uses.The coast of Uruguay is very rich in black sand 
and the volume is considerable given the fact that almost all along the beaches it can be 
found.Prospection started in the 1950's by the initiative of the state company ANCAP to define volume 
and value of the material and make feasibility studies of its extraction. Several reports were made on it 
with different outcomes depending on the actual conditions and circumstances of publication, however 
all of them shown the same results in the sense of mineralogy and utility of the minerals.In 2015 started 
an initiative of “small scale sustainable mining” with help of the Foundation Fontaina Minelli to improve 
the culture of extractive industry in the country that has very interesting and rich history, anyway. To 
change the paradigm from looking at this activity as “the BAD” to one that can support the industry and 
the people with valuable prime materials without making destruction in an irresponsible manner, 
adding value to the society, was/is the proposal. In cooperation with the University of Republic of 
Uruguay that has an undergraduate course on mining in the CURE started the research and investigation 
of the most appropriate manner to take advantage of these resources. The situation of pandemic has an 
even more important effect on this project at this stage of economical restart and generate jobs and 
incentives to the most affected. 
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The Deposit and The Mineralogy 
 

The first report was made in the area of Atlantida in 1952 by discovering and describing the 
minerals on the coast. Since than several other investigation and publication have been made on the 
subject with the same result, some of them are more detailed and shown available volumes for further 
works. Other detailed paper (Bossi et al. 2002) explains the geology and occurrence of the raw sand 
along the coastline. The signs of black sands have been observed in a large part of the Atlantic coast of 
Uruguay, as shown in the map (figure 1.), from the Aguas Dulces until Barra del Chuy. 

 

 
Figure 1. Geological map of one of the most studied zones with a sample profile of prospection 

 
According to the investigations carried out, the constituent minerals of the deposit are ilmenite, 

monazite, rutile, zircon, garnet, epidote, tourmaline. The Aguas Dulces deposit is the one that has been 
investigated with the greatest emphasis, and where the preliminary results are known. 

 
According to these tests (Soares de Lima 2002) the mineralogical association of the heavy 

fraction in the Aguas Dulces deposit, with the value economic is as follows: ilmenite (60%), rutile (1.2%), 
zircon (4.75%) and monazite (0.65%). 

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

349

These documents conclude in the studied area (map) alone of approximately 22 million tons of 
heavy minerals that can be extracted from the surface from not more than 5 meters depth. This study 
covers only a small part of the coast that supposed to have the minerals from the mid-South-East 
beaches (Atlantida) to the very edge of the border in the South-East (Chuy). So, the prospected volume 
of useful material is much more than this (Soares de Lima 2002). 

 
As per the value of the resource estimated by the referred report in 2002 was around 650 

million USD in respect to the studied area. Once again, the entire resource can be considered even 3 
times more. 

 
Table 1. Updating these numbers to the current market should count as: 

 
 ilmenite rutil zircon monacite Total 

Reserve approved (ton) 5760 480 96 48  

Value (USD/t) 2002 70 354 312 1050 650 M USD 

Value (USD/t) 2021 340 1200 1630 6000 6981 M USD 
 
The composition of the material shows the following results (Bossi et al., 2002; Abre et al. 2021): 

 
Table 2. Mineral composition of black sand 

 
 Magnetite/ilmenite rutil zircon monazit 

content 60 – 80 % 0.7 - 2 % 0.5 – 15 % 2 – 11 % 
 
Earlier studies on other sites show very similar values (Soares, C. et al. 2002) 
 
Different samples show slightly different compositions; however, it is agreed that the genesis, 

formation and natural processes tend to homogenize the sand along the beaches. 
 
A representative map in one of the other areas of interest gives details of the 

drilling/prospection holes and the measured content of minerals is on the Figure 2. 
 

 
 

Figure 2. Exploration result map in the area of San Luis (ANCAP, 1964) 
 
The general grain size distribution shows variation in the heavy part, which results the careful 

examination of the physical properties of every location in order to establish the simplest methods for 
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the beneficiation, like gravity separation. In the table 4. it is more likely that the finer fraction contains 
more heavy minerals (Soares de Lima 2002; Abre et al. 2021). 

 
Table 3. Granulometry of the black sand 

 
Granulometry 
in micrones 

% weight % heavy in 
concentrate 
fraction 

Density > 2.9 Density < 2.9 

 0.2 50.0 0.1 0.1 

 9.7 15.5 1.5 8.2 

 11.3 25.7 2.9 8.4 
 39.9 81.2 32.4 7.5 

 30.8 89.5 27.5 3.3 
 8.1 98.8 8.0 0.1 

 
Studies on radioactive measurements of the samples also show and proves content of Polonium 

and/or Thorium in the heavy fraction and the monazite must bear REE as well. (Abre et al. 2021). 
 
The above photo shows under microscope the composition of the black sand. 
 

 
 

Figure 3. Microscope image of the black sand with its composition 
 

Also, the Figure 4. above shows the distribution of the different no ferromagnetic minerals 
(magnetite and ilmenite were separated before the study) in the black sand. The samples are from the 
San Luis site. 
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Figure 4. Distribution of the non-ferromagnetic minerals in the black sand sample of San Luis site 
 

In summary we can be assured that this beach black sand is full of useful minerals to consider its 
extraction in an appropriate scale and manner. 

 
Processing 

 
As it is shown in table 4. the sand can be separated first by density, then magnetically to obtain 

semi- or intermediate products to be sold. The density difference in the minerals and the sand indicates 
good efficiency if concentration by simple equipment, like a concentration spiral, while the magnetic 
properties of the different parts allow very good and sharp separation of them. Our tests show the 
results below. 

 
The most important properties of the heavy minerals are the density and magnetism. As per the 

first in general all of them have a density higher than 4 t/m3.  
 
Looking at the magnetic properties the ilmenite (with magnetite) shows ferromagnetism, there 

are paramagnetic minerals, and nonmagnetic ones, like zircon. Consequently, it is very viable to 
separate the heavy minerals with a magnetic separator to achieve concentrates or products accordingly. 

 
Table 4. Main mineral properties and contents 

 
Mineral Principal 

product
Compositión Density Hardness 

(Mohs) 
Tipical content 

Ilmenite Titan FeTiO3 4.5/5.0 5-6 45-65% TiO2 
Leucoxene Titan Altered Ti 

minerals 
3.5-4.5  70-93% TiO2 

Rutile Titan TiO2 4.23-5.50 6-6.5 95-97% TiO2 
Zircon Zircon ZrSiO4 4.2-4.86 7.5 63-67% ZrO2 

(Hf)4 
Monazite Tierras 

Raras 
(REE) 

P04(Ce,La,Nd,Th) 
4.6-5.4 5-5.5 50-70% REE 

Xenotime Tierras 
Raras 

(REE) P04Y(REE) 4.40/5.10 4.5 60-68 % Y/REE 

 
It is well known that “simple” gravity separation has good efficiency when the density ratio 

between different particles is more than 2:1 to 1,5:1. In our case the sand as general can be considered 
as a 2.3-2.6 t/m3, while the heavy part is over 4 t/m3. These values permit us to employ equipment 
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simple and easy to use without important education and technical knowledge of the personnel to 
operate. 

 
In the separation plant a LDMS (Low density magnetic separator) can produce high grade 

magnetic concentrate of iron ores, a HDMS (High density magnetic separator) would do the separation 
of paramagnetic materials meanwhile the rest contains the zircon and rutile with the impurities of the 
raw material. 

 
Installation 

 
As the processes are simple the extraction can be done with simple equipment, too. Install a 4x4 

pick-up with a concentration spiral can process 1-4 t/h raw material with the help of a water pump to 
feed it and two storage dishes to receive the concentrate and the middling for further processing. Water 
is available from the sea or the boreholes as the water level is near the surface. There is a need for a 
recipient or tank for the raw material to be mixed/agitated for feeding the spiral on the top of itself. 

 
The feed should be around 25-30% of solid content so a 30 liter/min pump can comfortably 

serve the equipment. 
 
As an energy source the most convenient way would be to use a pump with a combustion 

motor, however there are already available good, independent/off-grid electric supplies that can serve 
for an installation at this size. (5) Even further, compressed air-electric power supply, or other 
alternatives (green hydrogen) also can be considered as they are getting more and more accessible and 
important from the environmental point of view.  

 
This activity needs 2, max 3 persons on board without any prior technical knowledge or 

experience and processes 0,16-3,2 metric tons of black sand per 8 hours shifts. 
 
The concentrate can be transported than to the central deposit where the magnetic separation 

can be taken place producing the “products”. 
 

Environmental Impacts 
 

The extraction of beach black send is considered as the lowest impact on the environment. 
Mainly because of the ore concentration is low (in our case is 2-6%), the gangue material stays in the 
site as washed or cleaned sand re-deposited to its original place and no need for grand installations. 

 
In our specific case no installation of buildings or machinery is considered, only mobile 

equipment and temporary workplaces would be established. The capacity is low as well, but with 
several working groups it can reach the sufficient volume to feed the separation plant economically. 

 
As the only additional „raw material” needed for the exploitation is water and all the activity 

should be done on beaches, it must not mean any inconvenience. There are no chemicals used that can 
contaminate the environment. 

 
In case the energy source would not be combustible for the pump operation, but alternatives 

would be considered there is no air contamination, not even noise presented. 
From the nature point of view the situation is a bit more shadowed. The naturally concentrated 

materials are on beaches, however, not inhabited ones. As well there are dunes for the vegetation and 
wildlife that is very important as natural barriers against the destruction of the sea and gives refuge a 
wild variety of flora and fauna. Nevertheless, the majority of the resource falls outside of protected 
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areas and a well-established administration of granting permissions can avoid any sort of environmental 
damage. 

As per the tourism we consider that small scale, individual extraction out of season would not 
interfere to the interest of this industry, the job can be done with great care and attention. 

 
Socio-Economical Impacts 

 
At the moment of pandemic/post-pandemic condition all over the world it is a key issue to re-

establish or restart economical activities. Lack of workplaces, lack of income results other type of 
problems to be solved: the social issues. If there were jobs, people would have an income to live on that 
would result resilience for the families. 

 
To establish an appropriate business plan for this proposal not the objective of this 

investigation, but it should be done in case to put it on the run. But to create a very approximate 
balance it should be consider that: 

 
Small scale sustainable mining can have a positive impact in this recovery.  Its impact in 

employment, by the creation of several micro businesses, could be relevant, in particular, in areas 
where the lack of opportunities is the rule. 

 
In this stage, it’s possible to draw the relevant features of this business plan, prior to full 

development.  
 
The first thing to notice is the presence of a resource with a certain market value, 7.000 M USD 

at actual prices (22 million tons) 
 

Given the value of 7.000 M USD worth resource (22 million tons) 
Capital expenditure / working group should not exceed the 2.500 USD 
Capacity / working group per year can be limited to 100 tons with 20 years lifespan 
Results 10.000 working group by 4 persons 
Capital expenditure to a separation plant is about 500.000 USD 
Profitability 30% on product sold 
Costs of production in the separation plant per year (electricity+ human resources) 500.000 USD 

 
Should result an average income of around 500-510 USD/month/person before tax and 

expenditures (capital payback, general costs of transport), meanwhile the „company” should receive 95 
m USD/year before tax and costs. 

 
The market for these products is located abroad, there are no national possibilities of 

processing. 
 
Obviously, the above numbers depend on the actual prices, but it seems to be a good margin to 

propose a viable business plan that benefits all players. 
 

CONCLUSION AND FURTHER ASSESSMENTS 
 

The current project aims to define the way how a destructive activity - like mining – can be done 
with minimal environmental effect but with good social acceptance, low inversion and good return. 
However, it is vital to define the proper and detailed composition of the black sand regarding on the 
most critical metals and materials (REE, Th, Ti).  
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We found a very interesting and valuable source of minerals what for we are still looking for 
market. The results of this process are listed on different sites as semi-products or intermediate raw 
materials, so business plan can be assembled to look at feasibility. 

 
The necessary investment is very low, easy to operate, clean (no need for chemicals, additives, 

etc.). 
 
On the environmental side the biggest problem appears to be on the conservation sites and the 

opposition of ecological movements.  Another caveat is the limited capacities to properly enforce any 
regulation of the areas of extractions. Therefore, further investigation should be done on the critical 
sites with unique areas of the local flora and fauna to inform the authorities for permission evaluation.  

 
We found as well that the socio-economic impact would be huge, people could find jobs of their 

own account, financially viable with a very decent income for long term. However, a proper plan is 
necessary to put all the above on the practice, which seems to be a bit difficult in the sense of 
administration, distribution of information and final decisions.  
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ABSTRACT 
 

Many Indian opencast mines are reaching their pit limits and existence of surface dwellings mostly 
limits the expansion of such mines. In large number of cases, the overburden becomes so thick that coal 
extraction becomes uneconomical by conventional drilling and blasting. Under such circumstances, the use 
of highwall mining machines where a cutter is placed on the top of a system similar to a continuous miner, 
and taken through a conveyor into the seam almost 500-600 m deep inside, it becomes possible to extract a 
good proportion of such stuck-off coal which otherwise remained tapped owing to limited means and high-
cost of mining. However, such mining system requires suitable scientific extraction design which is safe and 
productive. The CSIR-Central Institute of Mining and Fuel Research (CSIR-CIMFR) has provided the extraction 
design to recover 45 to 60% of locked-up coal using empirical and numerical simulations. This paper provides 
the scientific elucidation of the design technology adopted by CSIR-CIMFR in the first four potential 
opencast mines in India along with their safety and productivity aspects.  
 
Keywords: Highwall mining, web pillar, pillar strength, roof convergence, safety factor  
 

INTRODUCTION 
 

Several opencut coalmines, around the globe, are reaching their pit limits. Existence of surface 
dwellings in many places limits the expansion of currently running opencut mines. Also, in many cases, the 
overburden becomes so thick that coal extraction becomes uneconomical. 
 

Continuous highwall mining (CHM) is a relatively new technology which can extend the life of 
opencast mines without disturbing the surface dwellings, while maintaining economy and productivity. It is 
a remotely operated coal mining technology which consists of the extraction of coal from a series of parallel 
entries driven into the coal seam from the face of the highwall. These entries are unmanned, unsupported 
and unventilated. This technology uses highwall mining machines such as a continuous miner which takes 
through a conveyor inside the seam almost 500 to 600 m. In the present day, penetrations up to 500 m have 
been consistently achieved with highwall mining systems, in contrast to auger mining wherein penetrations 
are limited to 100–150 m. The method comprises extraction of coal from a series of parallel entries driven in 
the coal seam from the face of the highwall. The method can be successful only if a feasible extraction 
design is made considering the complex rock geology and existence of multiple coal seams especially in 
Indian coalfields, which is unique in many respects.  
 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

356

 

The CSIR-Central Institute of Mining and Fuel Research (CSIR-CIMFR), Dhanbad a constituent R&D 
laboratory under the aegis of Council of Scientific and Industrial Research (CSIR) came out with the first 
extraction design for the complex Indian geo-mining conditions existing at the three highwall mining sites at 
Ramagundem Opencast Project-II and Medapalli OCP of M/s Singareni Collieries Company Ltd (SCCL), and 
Quarry SEB and AB, West Bokaro of M/s Tata Steel Ltd. (TSL). CSIR-CIMFR also worked for stability of 
highwall slope and improvement of blasting efficiency and pre-split blasting for the formation of highwall 
benches at Sharda Opencast Project of M/s South-Eastern Coalfields Ltd. (SECL), which was a very 
challenging task offered by M/s Cuprum Bagrodia Limited, who had been operating the highwall mining 
system at Sharda Project very successfully (CIMFR Technical Reports: GC/MT/139/2007-2008; 
GC/MT/174/2008-2009; CNP/2586/2010-2011 and CNP/4012/2014-15).  
 

In India, the first highwall mining system started operation on 10th December 2010 at Opencast 
Project-II (OC-II), Ramagundam Area-III (RG-III) of Singareni Collieries Company Ltd. (SCCL). The extraction 
design at this site was provided by CSIR-CIMFR and the same was operated by Advanced Mining Technology 
(AMT) of Hyderabad using ADDCAR highwall mining system of USA. The machine started extraction of 
locked-up coal beneath the opencut highwall under the guidance and monitoring of CSIR-CIMFR. Over two 
lakh ton of locked-up coal was recovered from seam-I and seam-II. Extraction in seam II had problems due 
to unexpected geological discontinuities and poor roof conditions. However, in seam-I, the extractions went 
smoothly with almost all the holes extracted to full-length as per the design opted by CSIR-CIMFR. Almost 
1/5th of the total project cost of highwall mining was recovered from OC-II. 
 

The machine was then shifted to the second nearby mine namely Medapalli Opencast Project of 
SCCL (Singareni Collieries Company Limited) for extraction of 6 seams. It extracted around 8 lakh tonn of 
trapped coal from 4 Seams and almost the complete HWM project cost was recovered from Medapalli OC 
Project. There had been no safety issues due to judicious guidance right through.  
 

The Tata Steel Limited (TSL), West Bokaro Division proposed to extract the locked-up coal in the 
final pit slope of Quarry SEB and that lay below Banji village in Quarry AB at West Bokaro Group of Collieries 
using the Continuous Highwall Mining (CHM) system. In that context, CSIR-CIMFR carried out the feasibility 
study on the design and safety aspects of highwall mining for implementation. 
 

At Quarry SEB seams V, VI, VII, VIII, IX, X Lower, X Upper and XI existed in ascending order and were 
exposed on the highwall towards the eastern side of the quarry. At Quarry AB, the coal seams left below 
Banji village and those considered feasible for extraction from the final highwall abutting the village 
boundary included seams V, VI, VII and VIII, occurring in ascending order. All the seams were gently dipping, 
with 3-7° inclination and occurred at a depth of 16-150 m within the proposed highwall mining sites. 

 
At Quarry SEB, no significant surface features existed, whereas Banji village has been densely 

populated with residential houses, to be protected from surface subsidence on a long-term basis. The final 
pit slope in both the quarries had been designed by CSIR-CIMFR (CSIR-CIMFR, 2000; 2008c). Starting in April 
2016, up till March 2019, the coal production from West Bokaro Collieries touched 1.5 million tonne costing 
nearly US $36.4 million (Indian Rupees 248 crore).  
 

At Sharda Project, CSIR-CIMFR worked for two different assignments namely (i) Design of optimum 
highwall slope and (ii) Basting efficiency and pre-split blasting for formation of highwall benches. The powder 
factor in the production blasting was drastically improved from 1.3-1.4 m3 of rock per kg of explosive 
consumption to around 2.0 m3 of rock per kg of explosive resulting in huge savings on explosive 
consumption as well as environmental implications of such blasting operations. 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

357

 

 
DESIGN ASPECTS 

  
Web pillars were designed for all the seams separately for each block. The methodology adopted 

for the empirical design is given below (Loui et al., 2013a, 2013b, 2013c, 2013d; Loui et al., 2014). 
 
Estimation of Pillar Strength 
 

The estimation of pillar strength was done using CSIR-CIMFR pillar strength formula, which reads as- 
 

 11
250

27.0 36.0

h
WHhS e

c MPa   (1)  

 
Where,  

S  = strength of the pillar, MPa 
c = strength of 25 mm cube coal sample  

h  = working height, m 
H = depth of cover, m 
We = equivalent width of pillar, m = 2W for long pillar 
W  = width of web pillar, m  

 
Pillar Load Estimation  
 

Load on pillars was estimated using Tributary area method, which reads as: 
 

 W
WWHP c )(

 (2) 
Where, 

P = the load on web pillar, MPa;  
 = the unit rock pressure (0.025 MPa/m) and  

Wc  = the web cut width, m 
 

The design patterns provided by CSIR-CIMFR were reviewed thoroughly at the mine site to check the 
operational feasibility during field implementation (Figure 1). Figures 2 and 3 depict the roof stability of I 
seam extractions and stress-strain curve as well as plasticity states of a Model of OC-II, SCCL while Figures 4, 
5 and 6 illustrate stress-strain curves and safety factor contours of Quarry SEB, Tata Steel Limited (TSL) 
obtained by numerical modelling. 

 
 

Figure 1. Design review at the site of MOCP Medapalli OC Project 
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Figure 2. Roof stability of I seam extractions                                     Figure 3. Stress-strain curve and plasticity  
                    OC-II, SCCL                                                                              states of a Model of OC-II, SCCL 
    

 
 

Figure 4. Stress-strain curves for width/height ratio of 2.5 in (a) long pillar 
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(b) equivalent square pillar of Quarry SEB, TSL 
 
 

 
 

                               Figure 5. Closer view of safety factor contours in (A) Seam XI and (B) Seams XU, XL,   
                                     IX and VIII of Quarry SEB of Tata Steel Limited (TSL) of the design of Highwall  
                                     Mining carried out by CSIR-CIMFR for the first time in the country  
Safety Factor  
 

Safety factor (S.F.) of the pillars was calculated using the following equation: 
 

               . . = =  (3) 

 
The CSIR-CIMFR pillar strength equation had been developed over a couple of decades after 

analyzing a large number of pillar stability observations from a gamut of Indian mining scenarios. On the 
basis of past experiences from Indian coalfields it was observed that a pillar safety factor of more than 2.0 is 
long-term stable, i.e., for many decades. A safety factor between 1.5 and 2.0 may be taken as medium-term 
stable, stable for a few years. If the safety factor of the pillar is 1.0, it may be treated as short-term stable, 
with a standup time of a few weeks or a month.    
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Figure 6. Closer view of safety factor contours in individual seams of Block A, MOCP 

 

Pictorial views of highwall mining operations in India are shown in Figures 7, 8, 9 and 10.  
 

                    
 
 Figure 7. Inauguration of 1st Highwall Mining                     Figure 8. View of ADDCAR-make Highwall  
                System in India at OC-II, RG-III Area,                              Mining machine in operation at SCCL  
                on 10th December, 2010 

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

361

 

        
 
Figure 9. View of Highwall Miner at Sharda                         Figure 10. Production of coal from the first  
                 Highwall Project of SECL                                                Highwall Mining in India at OC-II, RG-III 
                                                                                                            Area of SCCL 
 

MONITORING GROUND MOVEMENT AT SURFACE 
 

In order to fulfill the statutory requirement, two panels/blocks were selected for highwall mining in 
OC-II at Ramagundam Area of M/s Singareni Collieries Company Limited. The highwall was inclined at an 
angle of 45o towards the dip of the seam (Panel–B) as well as along the seam strike (Panel–A). Initially, 
working was started in Panel–B of bottom seam No. 2. The height of the wall was 100 m vertically from the 
decoaled edge of seam No. 2. The dip of the seam was 1 in 4.5. No bench existed in the highwall within the 
study block. It was proposed to mine two seams namely, seam No. 2 and seam No. 1 (Prakash et al., 2014).  
 

The panels were designed for no ground movement. As the technique was adopted for the first time 
in India, DGMS proposed to evaluate the stability of the highwall during the course of extraction for the 
safety of men and machinery. Figure 11 shows the plan layout of monitoring stations over highwall panels at 
OC-II, SCCL. 

 
Stability Study  
 

The stability study was conducted continuously using Total Station having a linear least count of 1 
mm with an accuracy of ±2 mm. A baseline (Figure 12) was established outside the influence zone of any 
ground movement due to highwall mining. The coordinates of baseline are given in Table 1. The reduced 
level was taken from Station No. 413 (Table 1). The lateral displacement of the ground as well as vertical 
movement of the surface was monitored to evaluate stability of the highwall during mining operation. 
Coordinate of each station was monitored from the base-line for lateral displacement and Missing Line 
Measurement (MLM) option was used for study of vertical displacement. Care was taken to keep the error 
of subsidence measurement minimum by maintaining the distance between instrument and the target 
within 100 m so as to accurately coincide centre of the target.  
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Figure 11. Plan showing layout of monitoring stations over highwall panels, OC-II, SCCL 

 

 
 

Figure 12. Establishment of baseline for orienting highwall miner for  
parallel web cutting using Total Station 

 
 
 
 
 

PANEL-A

PANEL-B

BLOCKS OF No.2SEAM
HIGHWALL MINING 

85m

40m

145m

Monitoring station 

Highwall 
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Table 1. Coordinates of baseline stations 
 

Station North  
(m) 

East  
(m) 

RL  
(m) 

A 933704.305 3060397.341  
B 933745.895 3060436.186  

413 933681.369 3060412.522 860.400 
  
Observations on Measured Values  
 

Initially there was slight fluctuation in the measurement due to settlement of the monitoring 
stations over the dump. A few stations got disturbed during the course of road cleaning. There were 
variations in the coordinate measurements in few millimetres due to cumulative effect of parallax error and 
target levelling error. It was evident from data that there was no trend of lateral movement of the mine 
edge towards the open-pit during the mining operation. There was no vertical displacement of the surface 
ground i.e., subsidence, during the study period. 

 
STABILITY OF THE HIGHWALL 

 
Stability assessment of the highwall slopes was made based on the stability analysis using “Slope 

Stability Analysis Software” (GALENA version 4.02). The stability analysis was conducted considering circular 
and non-circular failure surfaces passing through the ultimate slope. Bishop’s method of multiple analysis 
was used for circular failure conditions whereas Sarma’s method was considered for non-circular failure 
conditions (Jhanwar et al., 2014). At Medapalli OCP, the heights of ultimate slopes (Highwall) were 
considered at 105 m in the rise side/strike direction for Block A and at 152 m in the dip side for Block B of 
MOCP. The overall slope angle of Highwall/Ultimate slope was considered at 440 in both rise and dip side 
highwall (Figure-13). 
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Figure 13. Stability analysis of the rise/strike side (Block A) highwall along Section C-C’, MOCP 
 

IMPACTS OF SURROUNDING BLASTING ON HIGHWALL MINING 
 

Any blasting activity close to highwall mining may affect the stability of highwall mining entries, web 
pillars as well as highwall of the opencast from where the workings are to be executed. Ground vibrations 
generated by day-to-day blasting operations nearby the highwall mining entries can impose immature roof 
and side collapse, thereby, trapping the continuous miner (highwall hog or any other make, as the case may 
be) inside the mine entries. Flyrock generated from blasting nearby the highwall mining could also damage 
the equipment used for the mining like launch vehicle etc. and impose safety concern to the workers.  
 

Blast-induced ground vibrations may also affect the stability of the highwall slope. Ground 
vibrations have two-fold actions on rock mass. On one hand, they affect the integrity of the rocks or their 
strength parameters while on the other, they can provoke wall or slope collapses when unstabilizing actions 
are introduced.  During the process of blasting, the energy that is not used in fragmentation and 
displacement of rock, propagates through the rock-medium beyond the zone of disturbance and reduces 
the structural strength of the rock mass outside the theoretical radius of action of excavation. New fractures 
and planes of weaknesses are created and joint, declasses and bedding planes that initially behaved non-
critical, when opened, result in an overall reduction of rock mass cohesion. This is manifested by overbreak, 
leaving fractured mass in a potential state of collapse. The following generalized criteria, as given in Table 2, 
for damage level of particle velocity on rock mass and slopes, were taken into account while designing the 
highwall mining operations (DGMS Technical Circular, 1997). As such there is a remote possibility of any 
damage on rock mass and slope due to nearby blasting operations beyond a distance of 500 m from the 
highwall face.   
 
 

GALENA Version 4.02

Project:
Highwall stability-Rise side                                                    
Medapalli OCP                                                                                                 

File: C:\Project-Work\Medapalli OCP\MOCP-Rise side.gmf Central Mining Research Institute

Analysis:

Results

2 
Multiple Stability Analysis
Method:
Surface:

Bishop Simplified
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Factor of Safety: 1.77 
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Table 2. Damage level of rock mass based on ground vibration 
 

Particle velocity  
(mm/s) 

Predictable damages 

< 250 
250 – 600 

600 – 2500 
> 2500 

No danger in sound rock 
Possible sliding due to tensile breakage 
 Strong tensile and some radial cracking 

Complete break-up of rock masses 
 

GENERAL SAFETY REQUIREMENTS 
 

In addition to the specific requirements of a site, there are a few general requirements that must be 
fulfilled for safe highwall mining conditions as suggested by Porathur et al. (2017). These are given below-  

 
a) No person shall be allowed to enter the web cuts. 
b) Meticulous planning should be carried out to keep the highwall available so as to prevent the 

machine being idle.  
c) Working platform of CHM formed by dump material should be thoroughly consolidated for safe 

positioning and operation of the equipment.  
d) In no case should the bench width be less than the maximum dimension of the launch vehicle plus 

an additional 10 m for operational requirements, free movement of loaders, etc.  
e) Pit floor should be kept free from water and, if required, a suitable pumping arrangement should 

also be made.  
f) Effective drainage system should be implemented to divert surface run-off/rainwater entering into 

web cuts. 
g) If highwall slope is steep and height is more than 50 m, catch benches should be provided on the 

highwall at regular intervals to arrest the fall of loose material, hence ensuring stability during 
mining.  

h) Accurate and detailed up-to-date hole completion plan should be maintained for each and every 
seam targeted for highwall mining.  

i) All electrical enclosures and operating sensors should be intrinsically safe or flameproof certified. 
j) Preventive maintenance schedule should be planned and implemented for all equipment.  
k) Every moving part of the machine should be adequately covered, fenced and guarded. 
l) Operator should ensure proper functioning of all sensors and on-board cameras prior to the 

commencement of a web cut.  
m) No unauthorised person should be allowed to enter into the mining area. 
n) Adequate arrangements should be made for the training of personnel regarding drivages of web 

cuts and maintaining safe operating conditions near the highwall. 
 

CONCLUSIONS 
 

In India a huge potential for new coal mining technologies is envisioned to up the ante on much-
needed coal demand for the energy sector. Seen as a proven technology in USA, Australia and some other 
parts of the world, it was not a difficult decision for Indian mining companies to try this technology though 
Indian coal geology is complex compared to some other parts of the world. The occurrence of thick and 
multiple seams, and some at close proximity, with frequently varying roof conditions etc., makes mining 
difficult and challenging. Available conventional design methods of highwall mining do not incorporate 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

366

 

multiple seam interaction, does not account for pillar slenderness ratio, safety factor variations due to hole 
deviations, end effect and combination of short and long holes. CSIR-CIMFR design methodology incorporates 
all the above complex geological concepts and is therefore more realistic and comprehensive from optimum 
coal recovery and safety point of view. 
 

CSIR-CIMFR, being the sole developer of highwall mining design in the country, it is anticipated that 
huge amount of foreign currency can be saved (nearly US$ 0.21 million per Project). Coal recovery of even up 
to 60% had been designed by CSIR-CIMFR at the four said mining sites. In the process, novel approaches for 
pillar designing had also been formulated specifically for long and slender web pillars formed during 
highwall mining operations, which is unique in the world.  
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ABSTRACT 
 

In this study, the effect of the fine particle size (-0.300 + 0.090 mm) of the material forming the 
composition, which was not studied before was investigated on the kinetic model parameters of CEM II 
and CEM IV cement samples, which are in the blended cement class. Then, specific breakage rate and 
cumulative breakage distribution functions were obtained from the size distributions was taken at 
different grinding times in a single material fill and ball fill ratio in a laboratory diameter ball mill 

 
 

In the study, fine sieve sizes were chosen in order to give more accurate results in the design, 
modeling and simulation studies of cement production processes. It was observed that the upper sieve 
size was faster broken down to a lower sieve size and the original part was reduced to the lower sieve 
size more quickly with the decrease in the amount of clinker, one of the cement components. 
 
Keywords: Cement, grinding, specific breakage rate 
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 CEM II CEM IV 
SiO2 27.57 33.78 
Al2O3 8.69 10.84 
Fe2O3 3.26 3.27 
CaO 50.83 41.53 
MgO 1.64 2.07 
SO3 2.35 2.47 
Na2O 0.77 1.32 
K2O 1.35 2.00 

 
2, Al2O3, alkali 
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CEM II 0.92 0.194 0.554 0.422 
CEM IV 1.43 1.425 0.457 0.378 
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ABSTRACT 
 

When suitable and standardized rock samples are not able to be prepared, then, the uniaxial 
compressive strength of that samples will not be obtained directly. In order to eliminate this kind of 
rock-related deficiencies, some techniques, which are used in both laboratory and field with some 
mobilized instruments, have been improved. One of them is the point load index test.In order to 
indirectly determine the compressive and tensile strength parameters of rocks from the point load index 
values, when the experimental studies compiled from the literature are examined, it is seen that the 

all rocks is incorrect and it would be more accurate to develop 
rock- or site-based correlations instead of such generalizations. Within the scope of this evaluation; 

ed in our study 
in order to define the mechanical properties of a locally widespread formation and to determine the 
strength parameters of low-medium strength ignimbrite and tuff volcanic rocks. Here, using NX (54 mm) 
diameter core samples with a length-to-diameter ratio of 1 and 2.5, uniaxial compressive strength 
valuesdetermined by considering orientations in dry and saturated conditions, and point load strength 
tests performed in both dry and water-saturated conditions, high correlation values were obtained by 
comparing the results found after d50 equivalent core diameter correction. 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

395

Keywords: Uniaxial compressive strength, point load index, indirect rock strength test methods, 
strength values of volcanic rocks 
 

 
 

, tek eksenli 

(Brook, 1985). 
 

. Bu 

  
 

olarak a) da tayin edilebilmektedir. a 
a (ISRM, 1985; Broch et al., 1972; Topal, 2000).  

 
YÖNTEM 

 

 
 

 
 

 
  

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

396

 
 

 
 

 
 

(Broch et al., 1972). 
(Brook, 1977). 

-Jassar et al., 
1979; Bieniawski, 1975)

(Broch et 
al., 1972). 

 

fonksiyonudur (ISRM, 1985). Bu nedenle; standart 

(50)

 (ISRM, 1985) ve hatta standart boyut 
(Bieniawski, 1975). 

 
 

 

De
PIs  (1) 

 
2) 

 
 

 
, blok 

 
 

DDe  (2) 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

397

ADe ;  DWA Eksenel deneyler için (3) 

 
Burada; 
 
A: Platen  

 
W:  

 
 

 
 

1) 2 -log 
2=2500 50 

interpolasyon yolu ile tayini  
 

 

 
 

(50) 2 1985) 
 

P
Is  ;  (4) 

 
2)

 
 

 
DeF  (5) 

 
 

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

398

 
3)  

hesaplanabilir (Brook, N., 1985). 
 

mDeF   ;         nm  (6) 

 
n= log-  
 

 
 

FxIsIs ; (7) 

 

 
 

4. Boyut 1985) 
 

 
 

 
 

2 piston 

boyutlara 

yoktur. Ancak

 
 

 
deneylerde standart bir Is50 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

399

 
 

 
 

 
 

ak eksenel 
deneylerde standart bir Is50 

 
 

Is50 

 Ö
 Is50 ulunan 

 
 

 
-

(Brook, 1985; ISRM, 1985; Quane et al., 2003)
(Broch et al., 1972; Bieniawski, 1975; Aston et 

al., 1991).  
 

sb xI ;       (8) 

 
Chau ve Wong (1996)  

(Chau  et al., 1996). 
 

 
 

3 - 
(Tsidzi, 1991; Puech et al., 1988) -
2.8-6 (Chau et al., 1996) -20 (Topal, 2000) -30 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

400

(Quane  et al., 2003; Liang  et al., 2015). 
 

1.  
 

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

401

 
 

c
(Topal, 2000; Quane et al., 2003; Elhakim, 2015; Liang et al., 2015; Kahraman et al., 2009; Kahraman, 
2014; Binal, 2009; Sheraz et al., 2014) 

 

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

402

 
Por - UCS/Is= k” 

 
 (Kahraman et al., 2009; Palchik et al., 2004). Yine 

ir (Liang et al., 2015; Kahraman, 2014; Hawkins, 1998). 
 

 
 

50 

 
 

indeksinin, , 
k

(Greminger, 1982), 
(Quane et al., 2003) ve t  

(Bieniawski, 1975); Oysa 

elde 
 (Elhakim, 2015; Kahraman, 2014). 

 
-14 

- -20) ile uyumluluk arz etmektedir (Topal, 2000; 
Singh et al., 2012)

(Topal, 2000; ISRM, 1985)  
-

(Elhakim, 2015). 
 

(Kim et al., 2004; Quane et al., 2003), 
(Tsiambaos et al., 2004) 

(Salah et al., 2014) 

(Quane et al., 2003; Kahraman, 2014). 
 

–orta d
 

 
 

//



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

403

nden, d50 
 

 

 
 

 
  

 

   
 Ortalama Is  

Derecesi 
 

(Mpa) 

 Kuru   1.16 4.33 
//   

   -  

 Kuru   1.06 4.72 
//   

   -  

 
Kuru   1.08 1.52 

//   

   1.31  
//   

Gelveri 
Kuru   1.25 35.70 4.96 

//   

   1.36 1.43 
//   

Selime Alt Kuru   …….. 1.15 
 Kuru   …….. 1.91 

 
Kuru   2.94 0.58 

//   

   3.14  
//   

 
 

 
  

 

 UCS(MPa) NYDI(MPa) 
Bianewski (1974) 

 <25 <1 
 25-50 1-2 

 50-100 2-4 
 100-200 4-8 

 >200 >8 
 

 
 

 1993; Thuro et al., 2011). Bu 

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

404

 

  
 

 
 

 
 

. 
- -

c  
 

A
F

c  
(9) 

 

c  
F :  
A 2)  

 

. 
 

(Karaman et al., 2012; ISRM, 1981; Bieniawski, 1974; Kan, 2000; Deere et al., 1966). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

405

Çizelge 4.  
 
 
 
 
 

Çizelge 5.  
 

 UCS (MPa) UCS (MPa) 
Bieniawski (1974) 

 
ISRM(1981) Deere ve Miller (1966) 
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 60-200 100-200 110-220 B 
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 21.303 21.511 16.652 15.542 10.542 11.579 
 33.288 33.229 21.863 20.887 15.234 13.886 

 27.72 26.205 22.277 18.576 14.956 14.483 
Gelveri 24.168 24.247 17.214 15.782 14.525 11.692 

 5.921 ----  4.996 ---- 2.3107 ---- 
Selime alt 5.037 ----  4.096 4.157  1.003 1.195 
Karakaya 11.927 9.608 8.304 7.025 5.058 4.838 

 35.175 33.922 29.861 21.567 23.756 18.931 
 8.465 ----  5.443  ---- 2.436 ----  
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ABSTRACT 
 

Coal and gas outburst as an extremely complex dynamic phenomenon in coal mine production 
process can endanger miners and damage equipment facilities. Various geological factors affect the coal 
and gas outburst. One of these important parameters is the impact of faults in the region. Due to the 
high cost of initial investment and time-consuming mine development, it is necessary to investigate the 
displacement of the coal seam by faults in the longwall mining method. Therefore, the purpose of this 
study is to investigate the effect of fault displacement in Tabas Mechanized Coal Mine No. 1 and to 
identify the faults that cause coal and gas outburst. To achieve this goal, Schulz classification and ArcGIS 
software were used. The faults were divided into three categories namely uniform, semi-uniform and 
non-uniform, on the basis of displacement index varying from 0 to more than 3. The data obtained from 
coal and gas outburst during the extraction of panel E3 and the geotechnical and geological delays 
related to mined out panel E2 showed that the occurrence probability of coal and gas outburst near the 
non-uniform faults is very high. Comparison of the final map and the results of the analyzes with the 
experiences obtained from the mined out areas and accident occurrence points in the mine showed that 
there is a very good agreement between the outburst forecast map and the number of events in the 
mine. The results of this study show the need for precautionary measures in the extraction of deeper 
panels.  
 
Keywords: Geological information systems (GIS), outburst, fault displacement, longwall mining 
 

INTRODUCTION 
 

Coal plays an important role in the composition of the world's energy. With the depths of 
subsurface mining continuously increasing, coal mining accidents become more precarious causing 
thousands of fatalities in world every year. Globally, coal and gas outburst are recognized as one of the 
most catastrophic failures associated with the coal mining industry (Li et al., 2020). Studies have shown 
that most outburst incidents occur in strongly deformed zones along the axes of structures such as 
asymmetrical anticlines, the hinge zones of recumbent folds, and the intensely deformed zones of 
strike-slip, thrust, reverse, and normal faults (Cao et al., 2001; Mark, 2008; Shepherd et al., 1982). 
Tectonism has an important influence on coal pores (Jiang et al., 2020). During the coal mining process, 
faults are one of the major geological problems that have disrupted coal production (Lin et al., 2020). It 
has been investigated that the outburst of coal and gas is closely related to fault zones (Zai et al., 2016; 
Karacan et al. 2008). Fault zones are important since they disrupt the structure of coal and reduce its 
strength (Karacan et al, 2008). The presence of fault zones in coal basin is an important indicator and 
factor for predicting coal and gas outburst (Fisne and Esen, 2014). 
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In recent years, despite measures to prevent and control the coal and gas outburst, faults in the 
region have made the mining environment difficult, complex geological structure, increased pressure 
and stress, as a result, the risk of coal and gas outburst is still high. 

 
  Numerous studies have been conducted on the geological structures and the impact of regional 
faults on coal and gas outburst. Cao et al. (2001) checked out that coal seams in the footwalls of the 
reverse faults underwent greater tectonic deformation than those in the hanging walls and outbursts 
always occurred in tectonically deformed zones. Zhao et al. (2013) showed in their studies that tectonic 
soft coal is mainly formed on the fault top wall under the effect of the fault structure. Lin et al. (2020) 
checked out the influence of small faults on coal and gas outbursts in the working face, which has 
reference significance for the prediction and prevention of coal and gas outburst disaster in the working 
face. Their studies showed that the risk of small fault slip increases with the advancing working face. 
Jiang et al. (2020) checked out the mechanism of how faults affect coal pore structure and gas sorption 
characteristic. Gao et al. (2021) reported that fault zones increase the gas pressure and weaken the coal 
seam, which causes a sudden coal and gas outburst.  
 

Experiences from the mined out panels in the Parvadeh Tabas mine show that as the mine 
deepens, the impact and increase in stresses complicate the geological structures of the coal. As a 
result, the impact of faults in the region increases the potential for gas and coal outburst in working 
face. The parameters affecting the formation of the outburst can be listed as the gas content of the coal 
seam, thickness, slope, depth, and distance to fault zones. In this study, an evaluation is made only by 
considering the distance to fault zones. Due to the importance of the issue and few similar studies on 
coal mines in the country, the impact of regional faults on the outburst of coal and gas in Tabas 
mechanized mine is investigated in this study. For this purpose, due to the high capability of 
Geographical Information System (GIS), ArcGIS software is used to prepare a map of the impact of faults 
on gas and coal outburst in the mine. 

 
GEOLOGICAL SETTING AND OUTBURST OCCURRENCE 

 
 Parvadeh underground coal mine is located in Tabas coal basin with an area of about 1200 

square kilometers in the eastern part of central Iran, 75 kilometers southeast of Tabas city (Fig. 1). Coal 
reserves are estimated to be 98 million tons. The Parvadeh coal basin is located between two major 
North–South trending fault systems, the Kalmard hidden fault to the West and the Nayband fault to the 
East. Second-order structures trending East–West between these faults are the Rostam fault and 
Parvadeh anticline. The Rostam fault forms the northern boundary to the mining area. It is a reverse 
fault with a displacement of up to 700 m, down throwing to the North. The mine lies on the central 
portion of the asymmetrical Parvadeh anticline. Stratigraphically, the coal bearing sequence is of Triassic 
age. The rocks are mostly mudstone with prominent coarsening up siltstone/sandstone sequences. 
Locally developed, thin marine limestone occurs. The main coal horizons in the mine are seams B1, B2, 
and C1 that occur within 50 m of strata. Other seams C2, D and possibly E will affect mining principally 
because of their methane content. Figure 2 shows the stratigraphic column of the area. The total 
extractable reserves in all three available seams in Tabas Mine No. 1 are summarized in Table 1. 

 
Table 1. Total minable reserves of mine No. 1 

 
S

eam  
Seam area (hectares)                    Total extractable reserves (tons) 

C
1 

629.91                                                   15325000 

B
2 

601.18                                                   7342000 

B 356.11                                                    4940000 
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1 
 
The understudy area consists of 11 panels, among which panels E0, E1, E2, E3, W1, W2 and W3 

have been mined out and Panel W4 is currently under extraction. As the mine deepens, operations 
become more difficult and the occurrence potential of coal and gas outburst at the Tabas mine 
increases. With increasing depth in this mine, the effect of this phenomenon will increase. Figure 1 
shows the frequency and distribution of outbursts occurred in Panel E3. 

 

 
 

Figure 1. Location of the study area and distribution of outbursts occurred in Panel E3 
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Figure 2. Stratigraphic column of Parvadeh Tabas coal field (Mohtasham Seyfi et al., 2018), (Sereshki et 
al., 2016) 

 
METHODS 

 
Fault Modeling in ArcGIS Environment 

 
From the point of view of operational risk, the most suitable extraction Panel is a Panel that has 

low geological features and sufficient safety. In order to reduce risks and accidents, it is necessary to be 
aware of the ground conditions, especially faults. Due to the high cost of initial investment and time-
consuming mine development, it is necessary to investigate the displacement of the coal seam by faults 
in the longwall mining method. Therefore, the purpose of this study is to investigate the effect of fault 
displacement in Tabas Mechanized Coal Mine No. 1 and to identify the faults that cause coal and gas 
outburst in this mine. To achieve this goal, Schulz classification and ArcGIS software have been used. 

 
Schulz classification 

 
After collecting the data, Schulz classification was used to determine the uniformity of the seam 

in the fault zones. In 1993, Schulz proposed a classification system in which the uniformity of the seam 
was determined by changes in the displacement index (Vx)(Ataei et al., 2009): 

 
=                                                    (1) 

 
where,  is displacement index, x is the displacement of coal seam due to fault and m is the 

thickness of coal seam, both in meter. The degree of seam uniformity in this classification is assigned to 
the seam as a point according to the displacement index. The seam uniformity varies between 0 and 1. 
According to this theory, seams with a displacement index of 0 are perfectly uniform (uniformity rating 
equal to 1) and seams with a displacement index greater than 3 are non-uniform (uniformity score equal 
to 0). Table 2 shows the classification provided by Schulz.  

 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

421

 
 

Table 1. Classification of coal seam uniformity 
 

Seam uniformity 
Condition 

Fault displacement 
index 

Uniform 0-0.5 
Semi-uniform 0.5-1 

1-1.5 
1.5-2 

Non-uniform 2-2.5 
2.5-3 >3 

 
Fault Displacement Map 
 

Having used the Schulz classification to determine the changes in magnitude of coal seam 
displacement index in fault zones, layering was implemented in ArcGIS software. The faults of the mine 
were divided into three categories; faults with displacement index of 0 to 0.5 (uniform), faults with 
displacement index of 0.5 to 2 (semi-uniform) and faults with displacement index greater than 3 (non-
uniform). As can be seen in Figure 3, the faults marked in red are non-uniform, and according to a 
survey of experts and engineers of this mine, shearer loader usually encounters problems when crossing 
these faults, and in these places coal and gas outburst are usually recorded. Three of the faults in panels 
W4, W5 and E2 are marked in red, and according to the results of this study, the possibility of coal and 
gas outburst and its intensity in panel W4, W5 will be very high. It is necessary to take precautionary 
measures during the extraction of these panels. Figure 4 shows the fault concentration map. 

 

 
 

Figure 3. Classification map of fault displacement 
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Figure 4. The final map of the intensity of coal and gas outburst due to the concentration of faults in the 
region 

 
Underground coal mining has always been known as one of the most risky mining activities. 

Occurrence of potential accidents in underground coal mines and the resulting hazards create an unsafe 
work environment for workers and operational equipment. 

 
Parvadeh Coal Mine is one of the important mines for supplying raw materials to steel mills in 

Iran. Many problems, including collapse of the roof, spontaneous ignition, instantaneous release of 
methane gas, groundwater influx, sudden collapse and subsidence, threaten the production and safety 
of the mine. 

 
Verification of the performance of the final model and the emissions of gas and coal recorded 

during the extraction of panel E3 shows the high reliability of this method. As shown in Figure 5, due to 
the impact of the faults, several outputs have occurred at the top of panel E3. 
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Figure 5. Fault focus map in panels 
 

DISCUSSION AND CONCLUSION 
 
In coal mining, geological structures such as faults in the region are important influencing 

factors affecting the coal and gas outburst. With the start of mining and disruption of regional stress, the 
impact of these factors intensifies as a result of the potential of the coal seam for this phenomenon 
increases. Schulz classification and GIS were used to identify high-risk areas in terms of outburst and to 
map faults in the area. The most important results of this study are: 
(1) The combination of GIS technique and Schulz classification allows decision makers to identify the 
areas prone to high-risk coal and gas outburst. 
(2) The results of the coal and gas forecast map show the high concentration of faults in Panels W4, W5. 
Preventive measures should be taken during the extraction of these Panels. 
(3) Verification of the performance of the final model and the coal and gas outburst recorded during the 
extraction the top of the panels E3 show the reasonable reliability of this method and other events of 
Panel E3 are due to the effect of other parameters on gas and coal emissions.   
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ABSTRACT 
 

The technology of bacterial iron oxidation during in-situ recovery (ISR) of uranium has been 
developed and proposed for industrial use. Results of pilot tests at a uranium mine in Kazakhstan for 24 
months confirmed technology. Two bio-technological installations based on a new type of flow 
bioreactors with a volume of 20 m3 bioreactors installed in 40-foot containers.  The capacity of the 
plants installed in the geo-technological field was more than 150,000 m3/year for leaching solution. The 
redox of the solution rose from 360 mV to 430-450 mV in the flow mode in bioreactors. The content of 
trivalent iron increased from 0.1 g/l to 1.5 g/l and higher. The bioprocess was carried out with 
temperature of solution 10-140C (the optimal is 25-350C). This eliminated energy consumption for 
heating the solution. The test results showed an increase in the uranium content in the productive 
solution by 10-20 % without adding additional sulfuric acid and 40 % with adding additional sulfuric acid. 
The economic costs of using the technology are 6-8 times lower than when it is used chemical oxidizers 
(hydrogen peroxide). This confirmed the potential of using this technology for underground borehole 
ISR of uranium.  

 
Keywords:  Uranium, in-situ recovery, bioleaching, bivalent iron, bacteria 
 

INTRODUCTION 
 

The use of underground in-situ uranium recovery technology (ISL) has developed significantly in 
the world in recent decades. Kazakhstan's success in uranium mining is based on this technology (over 
20 thousand tons of uranium per year). Reducing the price of uranium requires the introduction of 
technologies aimed at reducing the cost of mining and processing of uranium and intensifying the 
process. 

One approach is to use bacterial leaching with the use of iron-oxidizing bacteria A. ferrooxidans 
according to the main technological indicators corresponds to the modes that are used for underground 
borehole in-situ recovery of uranium. There have been repeated attempts to use bioleaching for 
uranium, but these methods have not been widely adopted. One-time supplies of bacterial solution did 
not give the necessary result, especially since during underground borehole in-situ recovery of uranium, 
the solution flows through the ore-bearing layer for 20-30 days. Conditions for the vital activity of 
bacteria in the ore-bearing layer did not allow them to multiply and show their activity. 

 
The use of bio-geotechnology in mining practice differs significantly from the use of 

biotechnology in the production of specific medicines or food products. This is due to the significant 
heterogeneity of the composition, the presence of technological factors that significantly affect the 
process. It is necessary to take into account the complex nature of the ore body, as well as the fact that 
the material composition varies not only on different blocks, but also within the same block. 
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Bacteria capable of oxidizing iron (II) were first identified in the acidic waters of coal mines in 
the United States, and then – in the acidic waters of the Bindkham copper quarry (USA) (Colmer et al., 
1950; Bryner et al., 1954). Similar bacteria were later discovered at the Rio Tinto mine in Spain, where 
copper has been leached for ~ 300 years. On the territory of Russia, such bacteria are present, for 
example, in the acidic mine waters of the sulfide deposits of the Urals, Altai and Kola Peninsula (Polkin, 
1982). During microbiological leaching, bacteria oxidize sulfide minerals, which causes the formation of 
iron (III) and sulfuric acid ions in the aqueous phase – a set of reagents, due to redox reactions that 
oxidize U(IV) and form soluble U(VI). This transformation, due to the chemical activity of 
microorganisms, is the basis of a bio-metallurgical process that is economically justified in relation to 
poor, off-balance-sheet ores and dumps of uranium production (i.e., in cases where the standard 
process is not applicable) (Colmer et al., 1950; Bryner et al., 1954; Polkin et al., 1982). 

 
There several studies in the possibility of commercializing bacterial leaching of uranium from poor 

raw materials were carried out in the early 1950s, and in 1952-1953 in Urgeirica (Portugal), industrial 
use of a heap version of this process began (iron-oxidizing bacteria A.ferrooxidans were used) (Brand, 
2001; Harrison et al., 1966).Also at Elliot lake mine (Canada) using a solution of sulfuric acid and iron (III) 
sulfate as a bacterial medium (Hamidian et al., 2009; Guay et al., 1976; Tuovinen and Bhatti, 1999). 

 
Several important factor is the nature of mineralization of uranium, since its oxide, phosphate, 

sulfate and carbonate minerals are easily opened, while silicate forms are difficult or not at all opened 
(Munoz et al., 1995; Rawlings, 2004). Also amount of nutrients (added artificially or extracted by 
minerals) sufficient for the growth of the bacterial culture (Rawlings, 2005). A.ferrooxidans is resistant to 
metal ions such as chromium, copper, zinc, nickel, thorium, uranium, and mercury. The presence of 
certain metals and organic compounds in the environment can block the process of pyrite oxidation by 
this type of bacteria (Brand, 2001; Munoz et al., 1995). 

 
Temperature is a parameter that determines the diversity of microbiological populations 

(Kawatra and Natarajan, 2001). Moderately thermophyllite iron-and sulfur-oxidizing bacteria, initially 
isolated from mine waters and hot springs and operating at temperatures of 30-400C, proved to be the 
most suitable for research and industrial use (Rawlings, 2005; Brierley, 1978; Brierley et al., 1978; 
Holmes, 1988; Blais et al., 1994; Twardowska, 1986; Twardowska, 1987).  In all leaching processes 
involving acidophilic bacteria, the degree of oxygen saturation of the solution or pulp is an important 
parameter. Under conditions of forced mixing, a drop in the oxygen concentration below 0.5-1.0 mg / 
dm3 causes the process to stop. It has been shown that the use of forced aeration (air consumption of 
8t/t solid, oxygen utilization rate of 25 %) significantly reduces the leaching time during the heap 
bacterial leaching of ores from several Australian deposits (Brierley and Briggs, 2002). Lack of carbon 
dioxide stops the growth of autotrophic bacteria and can dramatically reduce the speed and 
completeness of their interaction with sulfide minerals (Pronk et al., 1992; Barrett et al., 1993). A 
number of studies have also established optimal process parameters (pH, temperature, and mixing 
time) (Polkin et al., 1982; Hamidian et al., 2009; Cerda et al., 1993; Schippers et al., 1995; Benedetto et 
al., 2005). 

 
At the Canada enterprise Rio Elgom, the process of periodic irrigation of the walls of treatment 

faces with acidic mine water was tested; as a result, in 1964-1965, about 57 tons of uranium were 
additionally extracted. Currently, Rio Algom use of heap bacterial leaching of uranium. Since 1984, 
several variants of underground leaching of uranium using A.ferrooxidans bacteria have been tested 
(Rawlings, 2004; McCready and Gould, 1990). Other examples of industrial use of uranium bioleaching 
are factories using the heap option (Figueria in Brazil, Ranger in Australia, Stepnogorskaya in Kazakhstan 
and Saint Pierre in France) and the well option (Olympic Dam and Beverly in Australia) (Tuovinen and 
Bhatti, 1999; Munoz et al., 1995; Garcia, 1993; Dwivedy and Mathur, 1995). But the information on this 
project is presented in a compressed form in the sources, and currently the technology does not seem 
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to be used. There is evidence that bioleaching is used in China in relation to the extraction of uranium 
from tailings dumps (Jianguo et al, 2004; Campbell et al., 2015; Watling, 2015. 

 
From this analysis, it follows that the use of bacterial iron oxidation and biotechnological 

methods for underground in-situ recovery of uranium is limited and there are no examples of effective 
organization for underground leaching “in-suti” (ISR). 

 
Analysis data show main reaction taking place for uranium recovery using bialeching. Ion ferric 

iron resulting from oxidation of ferrous iron by bacteria is an oxidizing agent of tetravalent uranium: 
 
UO2 + Fe2(SO4) 3 2SO4 + 2 FeSO4        (1) 

 
Bacteria (A. Ferrooxidans) can oxidize ferrous iron: 
 

2FeSO4 + H2SO4 + 1/2O2  Fe2(SO4)3 + H2O       (2) 
Also exist possible direct oxidation of uranium by bacteria (direct mechanism): 
 

2 UO2 + O2 + 2 H2SO4 2SO4 + 2 H2O        (3) 
 

But in underground condition there is too small amount of O2. 
 

On another hand in such condition take place formation of iron hydroxides is one of the factors that 
can cause clogging in the ore-bearing layer. 

 
Fe2 (SO4)3 + 6H2O             2Fe(OH)3         +3 H2SO4       (4) 

 
The Methodology of the Tests 
 
Uranium Deposit (Block for investigation) 
 

For investigation bacterial leaching for uranium deposit was used uranium field in the north of 
Kazakhstan's is geologically complex, with a depth of about 120 m. The operation of the mine is 
characterized by a high consumption of sulfuric acid due to its complex material composition. Leaching 
dissolution of the this uranium Deposit have a relatively high content of divalent iron in leaching 
solutions up to 3 g/l and the salt content accumulated in the solution reaches 20-30 g/l. 

 
Tests was done on one of the block (number 62) in this uranium deposit. Block consisted of 

several injection and pumping wells. Distance between wells 25 meters. an average thickness of the ore-
bearing layer of about 10 m. The volumes of the leaching solution supplied are on average from 30 to 50 
m3/h for a separate block of the Deposit. Pilot tests was done on an equipment with a solution flow of 
more than 20 m3 / hour, which in annual terms is more than 150 thousand m3 / year.   
 
Leaching Solution and Productive Solution 

 
The large-scale transition from laboratory research to pilot production and subsequent 

industrial application is associated with the presence of factors that are difficult to model in the 
laboratory.  The Composition of leaching dissolutions differs from the model compositions used for 
growing bacteria, primarily a significant amount of salts (up to 25g/l). The content of Fe2+ of iron does 
not exceed 3 g/l, under simulated conditions up to 10 g/l. The relatively low content of divalent iron in 
the solution requires more fine-tuning of the technology and taking into account scale factors. The 
temperature of the dissolution (10-140C) are significantly different from optimum (25-350C). The heating 
costs are much higher than the potential effect of using solution with the volume of the leaching 
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dissolution flow (2000m3/h). Trying to bring the temperature of the dissolution to the optimal 
temperature for the bacteria will require a cost comparable to the cost of the finished product. The 
operating Conditions of bioreactors in the flow mode differ from the model laboratory conditions, even 
if the solution compositions match. The Duration of leaching solutions passing (over 20 days) through 
the ore-bearing layer and the variety of physical and chemical processes taking place in the ore-bearing 
layer. 
 
Equipment 
 

Two units with a compressor station (up to 500 m3/h of air production each) and a pumping 
station with a capacity of up to 40 m3/h were used for testing. Flow bioreactors with a volume of 20 m3 
provided a free solution flow with minimal removal of bacteria from the bioreactor due to design of 
equipment. A pumping station with a frequency Converter and a storage tank provided solution supply 
to the main network at a pressure of more than 8 bar. After the bioreactors, the activated leaching 
solution was fed into the injection wells. Measurements of the content of iron in the dissolution, sulfuric 
acid, pH, redox process, and the content of uranium in the productive solution were carried out by the 
mine laboratory in the current mode. Regulation of the dissolution supply to the bioreactors was 
regulated by cranes based on data from electromagnetic flow meters («Omega» type). Development of 
the installation project and its installation was carried out by the research laboratory 
"BioGeoTechnology of gold, uranium and polymetallic ores" (Satbayev University)". Mobile execution of 
bio-installations in containers allows to transfer equipment to problem blocks for solving local problems.  
 
Biomass accumulation 

 
 Preliminary accumulation of biomass was carried out on the Sylvester-Langmuir medium. The 

accumulated biomass was fed to bioreactors on a one-time basis. During the month, biomass was 
accumulated in bioreactors in the cultivation mode. Biomass accumulation was carried out in the 
bubbling mode by air supply by a compressor. The dissolution was periodically updated as the divalent 
iron changed to the trivalent state. Measurements were made in the chemical laboratory of the mine on 
a daily basis. 
 
Measurments and Calculations 

 
Amount of U, Fe2+, Fe3+ and H2SO4  was measured in labalatory of plant by titration methods. 

Redox , pH  was measured  by ionometr I-160MI, Amount of bacteria measured using microscope.  For 
statistical analysis of  data was used program SPSS statistics. 
 
Testing 
 

The first stage tests were carried out during 2018. The dissolution was supplied to two 
installations under the code name BOI-1 and BOI-2 (bacterial oxidation of iron) in the volume of 20 
m3/hour. Since June 2019, only one BOI-1 installation has been operating in flow mode. Two weeks 
later, two installations were launched together. The total volume of the solution supplied to the unit 
was 30m3 / hour. No additional sulfuric acid was supplied. The volume of the activated leaching 
dissolution supplied was till 20m3 / hour, with the total supply of the solution to the injection wells up 
to 40m3/hour. Mixing the activated leaching solution and hydrous solution slightly reduced the redox 
parameter  of the solution and the content of trivalent iron in the solution. Data on the content of the 
target metal in the production solution were determined in the normal mode directly by employees of 
the mine (Turysbekova, 2019). 

 
The second stage tests were carried out during 2021. The leaching solution was supplied to 

installation under the code name  BOI-2 (bacterial oxidation of iron) in the volume of 10 m3/hour with 
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adding sulfuric acid 2g/l. Testing took place  Since 18 July 2021 till 18 October 2021. Only one BOI-2 
installation has been operating in flow mode. The total volume of the solution supplied to the unit was 
10m3 / hour. All leaching solution went through BOI-2.  

 
RESULTS 

 
Investigation Without Adding Additional Sulfuric Acid (1 stage) 
 

On the first stage was done investigation without adding additional sulfuric acid.  Usual leaching 
solution after uranium desorption was used. Part of leaching solution (50%) flow through bioreactors.  
After bioreactor solution redox increased from 360mV till 410-420 mV.  
 

On the figure 1 is shown everyday data of the content of uranium in the production solution 
since the beginning of 1 January 2018. The arrows indicate the start time of the activated leach 
dissolution supply units. The content of sulfuric acid in the leaching dissolution was 3.5-4.5 g / l. The 
tests were performed without additional acid supply. 

 
Figure 1 shows data on the content of uranium in the productive solution on the block since the 

beginning of the year. There is a clear tendency to reduce the content before the start of installations. 
After switching on the second unit and reaching the 30m3/h feed, there is a steady increase in the 
uranium content in the production solution, which allowed us to assume that the tests have reached 
their intended goal. 
 

      
 

Figure 1. Dynamics of changes in the content of uranium in the production solution from January 
2018 to 2019, indicating the time when bio-installations for the oxidation of divalent iron in the leaching 

dissolution were switched on. (U (g/l)) 
 

Taking into account that the reaction time of the system to the impact of the modified leaching 
dissolution is at least 20 days, it can be observed that the increase in the uranium content in the 
productive solution occurred after the launch of bio-installations. For individual wells on the block, the 
increase was more than 50 %. The average for the block was 10-20 %. The tests were performed without 
adding sulfuric acid. 



IMCET 2022 / ANTALYA / TURKEY / March/Mart 22 – 25

430

 
 
 
 

Investigation With Adding Additional Sulfuric Acid (Stage 2) 
 

For testing, sulfuric acid was supplied in the required amount of over 100 tons. The acid supply 
was adjusted by the acidification process unit (APU) through an electromagnetic flow meter. The acid 
supply was adjusted manually every hour. The acid supply was adjusted manually every hour. On 
average, the supply was carried out in the amount of 2 grams / liter, and after 20 days in the amount of 
6-7 grams / liter. 

 
The volume of the leaching solution was supplied in a volume of 10 m3/h through the 

installation Bacterial oxidation of Iron-2 (BOI-2). Samples were taken daily to analyze the parameters of 
the activated leaching solution (ALS): pH, Redox, Fe2+, Fe3+, H2SO4. Table 1 below presents data on the 
correlation of ATS indicators after leaving the BOI-2 facility. (Sample size 152)         
 

Table 1. Correlation of indicators of the solution in the ALS (in the bioreactor) 
**. The correlation is significant at the 0.01 level (two-tailed). ***RP- Redox potential 

 
  pH RP Fe2 Fe3 H2SO4 

pH Pearson correlation 1 -,078 -,006 ,016 -,880** 
 N 152 152 152 152 152 

RP*** Pearson correlation -,078 1 -,888** ,906** ,050 
 N 152 152 152 152 152 

Fe2 Pearson correlation -,006 -,888** 1 -,956** -,027 
 N 152 152 152 152 152 

Fe3 Pearson correlation ,016 ,906** -,956** 1 ,043 
 N 152 152 152 152 152 

H2SO4 Pearson correlation -,880** ,050 -,027 ,043 1 
 N 152 152 152 152 152 

 
Figure 3 presents data on the content of uranium in the PS (productive solution) since January 

2021. As noted above, tests were carried out at the block with the use of BOI-2 from 2018, and there 
was an increase in the uranium content in the PS during the testing period (2018-2019) by 10-20% 
without supplying additional sulfuric acid. 

 
New tests carried out with the addition of sulfuric acid showed that the content increased on 

the block by 40% (from 12 mg/l to 18 mg/l). Samples in the productive solution were analyzed daily (pH, 
U). Statistical analysis of the data on a sample of 225 data showed that the pH in the Productive Solution 
and the content of uranium are statistically significant and the correlation was 0.327. However, the 
mutual influence is not sharply expressed, which is connected with the indirect relationship of 
indicators. In contrast, for example, the relationship between the ORP of the solution and the content of 
ferric iron. 
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Table 2. Descriptive statistics for the block 
 

 Mean Standard deviation N 
H 2,1003 ,05355 225 
H 13,7018 1,38099 225 

 
 
This table 2 is based on a statistical analysis of production fluid data during 2021 
 

Table 3. Correlation (statisctics) of uranium content and pH values in the Productive Solution 
**. The correlation is significant at the 0.01 level (two-tailed) 

 
 pH U 

pH   Pearson correlation 1 0,327** 
N 225 225 

U     Pearson correlation ,327** 1 
N 225 225 

 
It follows from this analysis that there is a relationship between pH and U, but it is not very 

pronounced and the effect of pH on U is indirect 
 

Table 4. Correlation of technological indicators of PS at block 
*. The correlation is significant at the 0.05 level (two-tailed) 

 
  pH U RP Fe2+ Fe3+ 

PpH Pearson correlation 1 ,892* -,591 ,355 -,581 
 N 5 5 5 5 5 

U Pearson correlation ,892* 1 -,704 ,437 -,597 
 N 5 5 5 5 5 

RP Pearson correlation -,591 -,704 1 -,946* ,925* 
 N 5 5 5 5 5 

Fe2+ Pearson correlation ,355 ,437 -,946* 1 -,899* 
 N 5 5 5 5 5 

Fe3+ Pearson correlation -,581 -,597 ,925* -,899* 1 
 N 5 5 5 5 5 

 
Due to the small number of samples, the data are less statistically significant but give a general 

idea of the relationship between the parameters. 
 
From these data, it should be noted a strong relationship between the uranium content and pH 

in the productive solution (correlation coefficient 0.892), as well as a strong relationship between the 
uranium content and RP (correlation coefficient 0.7) and a relatively high relationship with the content 
of ferric iron in the productive solution. As expected, there is a very high correlation between the 
content of ferric iron and the RP of the solution (correlation coefficient 0.925), which confirms the 
influence of a strong oxidizing agent (Fe3+) on the RP of the solution. 

 
Figure 3 shows the data on changes in the metal content in the productive solution during 2021 

during testing. The arrows mark the start of the acid supply and the end of the acid supply. It should be 
noted that a change in the composition of the leaching solution affects the composition of the 
productive solution with a delay of 20-30 days. 
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Figure 2. Change in the content of uranium in the Productive Solution at the block in the period 
from January to October 2021 (arrows indicate the period of supply of sulfuric acid - from 07/27/2021 to 

10/15/2021) 
 
Since the beginning of the year, the uranium content at block 62 has risen from 12 to 18 mg/l 

(40%) 
 

DISCUSSION 
 

The problem of increased production costs with a relatively high iron content required 
innovative approaches to reduce production costs. A chemical oxidizer (hydrogen peroxide) is 
successfully used, and its use is constrained by the high cost of chemicals. An alternative option is 
bacterial iron oxidation, where the final oxidizer is air oxygen, and bacteria act as a catalyst for the 
process.  Laboratory studies have shown the applicability of bacterial iron oxidation to enhance the 
redox process of the solution and convert divalent iron to trivalent for existing mine leaching 
dissolutions.  The problem remained open as to how bacterial iron oxidation would affect the uranium 
content in the productive solution. 

 
The main problem in implementing a project on this scale is to establish a link between the 

operation of bacterial iron oxidation (BOI) plants and the increase in the content of uranium in the 
productive solution (Bektay et al. 2018). Modeling complex processes occurring in ore-bearing layer is 
complicated by the difference of material composition of ore-bearing layer and the composition 
changes as the flow of solution through the ore layer at 20-35 m at a depth of 120m (some another 
fields more than 700 m). Analysis of the results of using hydrogen peroxide (a chemical oxidizer) at the 
this mine allowed us to put forward a number of propositions that the activated leaching solution after 
bacterial oxidation of iron in bioreactors will affect the uranium content in the flushing liquid. In this 
situation, only direct tests on a separate unit allow us to understand and study the effect of bacterial 
iron oxidation on the uranium content in the production solution and determine the prospects for this 
technology.  

 
The conditions under which bacterial iron oxidation occurs correspond to the conditions of 

underground in-situ recovery of uranium in terms of the content of sulfuric acid in the solution (from 3 
g/l to 25 g/l), pH (1.5-2.5), redox process (360mv and higher), temperature and other technological 
conditions.  
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Studies were conducted on one of the blocks of a uranium deposit with industrial volumes of 
leaching dissolution flow. Studies have shown the effect of iron oxidation by A. ferrooxidans strains in 
flow bioreactors on the uranium content in the productive solution, despite the complex material 
composition of the ore body. Averaged indicators over the course of the year for the content of uranium 
in the productive solution for the block confirmed this effect. Tests were carried out in difficult natural 
conditions, the air temperature in winter reached   minus 400C.   

 
The Redox of the solution in bioreactors rose from 360 mV to 430-450 mV in the flow mode 

after passing the leaching solution through bioreactors. The content of trivalent iron increased from 0.1 
g/l to 1.5 g/l and higher. The process of bacterial oxidation of iron in the solution took place at a solution 
temperature of 10-140C (the optimal is 25-350C), which eliminated the energy costs of heating the 
solution.  The data obtained allowed us to determine several options for the industrial implementation 
of the technology at the mine.  Operating costs when using flow bioreactors are 6-8 times lower than 
when using chemical oxidants (hydrogen peroxide).  

 
Based on the conducted tests, it was done additional studies with the addition of "free" sulphuric 

acid, which improved the performance of bioreactors on leaching dissolutions and increased content of 
U in productive solution on 40 %. Influence of additional sulfuric acid can be explained by two reactions: 
(2) - acid need for this reaction and (4) – additional acid can dissolve iron hydroxides, which can block 
access to uranium minerals.   

 
CONCLUSIONS  

 
Increasing the Redox potential of leaching solutions up to 420-440 mV (with RP of leaching 

solution 360 mV), which ensured an increase in Productive Solution by 20% without adding of sulfur 
acid.  The increase in the content of uranium in the Productive Solution at block was 40% with additional 
sulfuric acid 2 g/l. There was an increase in the content of ferric iron in leaching solutions due to 
bacterial oxidation of iron. 

 
Industrial tests have confirmed the potential of this technology, as well as data obtained in the 

laboratory. As a result of studying the effect of BOI technology with the addition of sulfuric acid at one 
of the block (after-leaching stage) and control blocks, it was shown that the addition of sulfuric acid and 
the use of BOI technology increases the performance of productive solutions. The addition of sulfuric 
acid on other blocks did not show a significant increase in the uranium content in the productive 
solution. 

 
 Regression analysis of the data revealed statistically significant relationships between 

technological indicators in the Active Leaching Solution and in the Productive Solution, between RP and 
ferric iron content at a correlation level of 0.9. 

 
Analysis of the data shows that the use of BOI technology can increase the depth of uranium 

extraction from the designed 85% to 95% and more. As a result of the work carried out, two patents for 
inventions and one patent for a utility model were obtained. 
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ABSTRACT 

 
The mining industry has traditionally relied on conventional fossil-based fuel sources to meet its 

growing energy demand. The industry is now tasked with responding to the challenges of increasing fuel 
prices while commodity prices tighten, resulting in ever-narrowing operating margins and increased 
opposition from communities to new conventional energy sources. So far, research about such decision 
making on the use of renewable energy in production scheduling (PS) problem for open pit mining 
operation is underdeveloped. Due to the conflicting nature of economic and environmental objectives, 
the PS becomes a multi-objective problem. In this paper, a multi-objective gravitational search algorithm 
is used to provide Pareto optimal solutions which present the possible tradeoff between the cost and 
environmental objectives of PS problem. To solve the problem, weighted sum method is applied to 
convert multi-objective optimization to scalar optimization. The numerical results demonstrate the 
effectiveness of the proposed approach in solving multi-objective PS problem. 
 
 Keywords: Renewable energy, multi-objective, production scheduling, gravitational search algorithm. 
 

 INTRODUCTION 
 

The mining industry has traditionally relied on conventional fossil-based fuel sources (diesel, oil, 
coal, and natural gas) to meet its growing energy demand. The industry is now tasked with responding 
to the challenges of increasing fuel prices while commodity prices tighten, resulting in ever-narrowing 
operating margins and increased opposition from communities to new conventional energy sources. The 
mining sector is expanding into new and often remote locations as a response to increasing demand 
from growing emerging markets. This often means having to deal with unreliable power supply from the 
grid and uncertain power prices. In most instances, grid-connected electricity needs to be supplemented 
with on-site generation, typically large-scale diesel generation, resulting in a dependency on diesel fuel. 
The more remote the mine, the more likely off-grid power solutions are required. 

 
The sector is experiencing volatility in commodity prices and rising fossil fuel prices, placing 

margins under pressure. With global demand for energy set to increase 36% by 2035, the industry faces 
greater energy price increases and volatility. Managing costs sustainably is a priority for the sector. The 
mining sector is facing growing demand from governments, customers, communities and other key 
stakeholders to operate in a sustainable manner. Doing so has a growing influence on the mining 
industry’s “social license” to operate (Judd, 2013). 

 
Site-appropriate renewable energy solutions provide cost-competitive energy while delivering 

greater energy supply reliability and consistency. Reliable access to cost-efficient energy sources is a 
strategic imperative for mining companies. It is essential to their bottom lines and increasingly, their 
licenses to operate. In parallel, the sector is challenged with meeting the growing demand for mineral 
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resources often located in countries and sites where the supply of energy is not always available, 
reliable or, cost-effective. 

 
Many of the world’s largest mining companies are evaluating greater use of renewable energy 

plants (a trend set to intensify rapidly) as part of a broader strategy to lock in long-term fixed electricity 
prices and availability while minimizing exposure to regulatory changes, market pricing, and external 
fuels. 

 
The main issue of this paper on the penetration of renewable energy into the production 

scheduling problem has been raised in different studies. This issue attracts attention from both scientific 
experts and industrial decision-makers. Mining and metal processing are very energy-intensive 
processes. Moreover, costs for traditional energy sources increase year by year; European mining 
companies are looking for new solutions for the substitution of fossil energy sources for renewables. 
The key point is that the costs of RE generation, grid connection and renewable energy integration 
system and software for implementation to the mining sector deployment are equivalent to those fossil 
energy sources. However, the implementation of renewable energy for mining needs still has many 
constraints in European countries. 
 
Renewable Energy Investment in The Mining Industry 

 
The European Union has increasing tendencies for development of renewable energy. It 

confirms by renewable energy development data and the National Action Plan until 2020 by 20%, 2040 
by 40%, and 2050 by 80%. Taking in consideration Germany sample, the share of renewables in final 
energy consumption has risen steadily in the past decade to a current 12%. In the production of 
electricity of regenerative share of over 20% is already relatively high. Nevertheless, the electricity is still 
responsible for more than 40% of Germany's total CO2 emissions today. Therefore, decarbonizing the 
electricity sector for climate protection reasons has important significance. On the one hand, the mining 
industry is going to be less attractive in the modern society, who changes of the industrial priorities in 
favor of sustainable companies. Therefore, mining companies is searching of more sustainable way of 
production, and fulfill reorientation for renewable energy. In addition, the renewable energy becomes 
economically attractive year by year, thus motivating miners penetrate of renewable energy instead of 
fossil one (Judd, 2013). 

 
The transformation of the mining sector is driven by a number of strong converging trends, 

including: 
 

1. Energy security concerns, 
2. A recent history in most countries of rising and volatile energy prices, coupled with a consensus 

that such trends will continue over the medium-to-long term, 
3. The shift to a resource-efficient and low-carbon economy that will ensure community 

acceptance. 
 
In response, the international mining sector is deploying innovative energy-saving strategies and 

making substantial industry-wide direct investments into renewable energy infrastructure. At the heart 
of recent innovations in corporate mining energy strategies lie the construction and acquisition of 
renewable energy-generating assets, on- and off-site, and the direct contracting for renewable energy 
through power purchase agreements. Renewable energy plants can be developed, funded, built and 
operated by third-party developers as captive plants, with the mine committing to purchase the 
generated electricity at a fixed price over a certain period (see Fig. 1). 
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Figure 1. Renewable energy investment in the mining industry 

 
The mining sector derives most of its energy from diesel (41%), natural gas (33%), and grid 

electricity (22%), with the remainder supplied by a mixture of other refined fuels, coal, LPG, renewables, 
and biofuels. The percentage contribution from diesel has fallen from 49% to 41% over the last decade 
and been largely replaced by natural gas and grid electricity, as infrastructure develops and oil prices 
continue to show volatility (Judd, 2013). 

 
Mining energy intensity – the energy required per tonne of product – is a function of definitions, 

location, mining type, and processing type. Average energy intensity is estimated at 50.5 kWh/tonne for 
coal, 10.7 kWh/ tonne for minerals, and 54.5 kWh/tonne for metals, with the majority consumed in 
diesel equipment and comminution operations. The energy intensity in metals, however, ranges from 13 
kWh/tonne for bauxite to 210 kWh/tonne for gold, due largely to differences in on-site beneficiation 
operations. Energy for metals with low on-site beneficiation, such as bauxite and iron ore, is 
predominately consumed as diesel for plant involved in extraction and transport. Energy for metals with 
high on-site site beneficiation, such as copper and gold, is predominantly consumed as electricity (see 
Fig. 2). 

 
Figure 2. The estimated mining energy intensity and three most energy intensive operations for coal, 

metals, and minerals. 
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Integration of Renewable Energy in The Production Planning Problem 
 
Major real-world problems utilize the optimization of several objectives, which are often 

conflicting in nature. A general, multi-objective optimization problem with nm decision variable, mo 
objectives and several equality and inequality constraints can be formulated as follows: 

  = ( , , … , )                                                                                                                            
(1) 

 
Subject to: 
 ( ),   = 1, 2, 3, … ,                                                                                                                                

(2) 
 ( ), = 1, 2, 3, … ,                                                                                                                                

(3) 
 
Where, K and L are number of equality and inequality constraints respectively. x = (x1, x2,…, xnm) 

 X is the decision vector and X is the parameter space; y = (y1, y2,…, ymo)  Y is the objective vector and Y 
is the objective space. The set of all Pareto-optimal solutions in the decision variable space is called as 
Pareto optimal set (Abido 2003, 2006). The corresponding set of objective vector is called as Pareto-
optimal front or optimal trade-off solution. 
 
Gravitational Search Algorithm 
 

The GSA, a new optimization algorithm based on the law of gravity, was introduced by Rashedi 
et al. (Roy 2013) in (2009). In the proposed algorithm, agents are considered as objects and their 
performance is measured by their masses. Masses of the agents are directly proportional to their fitness 
function. During each iteration, masses attract each other due to gravitational force of attraction acting 
on them and these forces causes a global movement of all agents toward the agents with heavier 
masses. A heavier mass means a more efficient agent. Suppose the system with N agents, the position of 
ith agent is defined as: 

 
                                                                                                                                                                        (4) 
 
Where, yi

k is the position of ith agent in the kth dimension,  is the dimension of search space. 
The gravitational force acting on ith agent due to jth agent at tth iteration is given as: 

 
                                                                                                                                                                        (5) 
 
Where,  is a very small constant, EDij(t) is the Euclidian distance between the ith agent and the 

jth agents which is defined as: 
 
                                                                                                                            (6) 
 
G(t) is the gravitational constant at time t, which is initialized at the beginning and reduces with 

time to control the search accuracy and is given by: 
         
                                                                                                                                                                        (7)      
 
Where, Go is initial value of gravitational constant,  is constant term and Itermax (=100) is the 

maximum number of iterations. The total force acting on the ith agent is given by:           
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                                                                                                                                                                        (8) 
Where, randj is random number in interval [0,1], Kbest is the set of l number of agents with 

heavier masses and best fitness value, and is evaluated in such a way that it decreases linearly with time 
and at last iteration, its value becomes 2 % of the initial number of agents. According to Newton’s law of 
motion, the acceleration of the ith agent at the tth iteration in kth direction is given as: 

 
                             
                                                                                                                                                                        (9) 
 
                                                                                                                                                                      (10) 
 
 
Where, fiti (t) is the fitness value of ith agent at the tth iteration. The iterative best (t) and worst 

(t) values are given as: 
 
                                                                                                                                                                      (11) 
 
The updated velocity and position of each agent in the next iteration are calculated as: 
 
                                                                                                                                                                      (12) 
                    
                                                                                                                                                                      (13) 

 
CONCLUSIONS 

 
In this paper, gravitational search algorithm (GSA) is used to provide Pareto optimal solutions. 

The Pareto-optimal solutions present the possible trade-off between the cost and emission. To solve the 
problem, weighted sum method is applied to convert multi-objective optimization to scalar 
optimization. The proposed GSA is combined with pseudo-code operators to create new set of 
individuals from higher potential individuals and further refines them to provide near optimal solution. 
The feasibility and performance of the proposed approach is demonstrated on a test system. The results 
obtained using the proposed approach are encouraging and it is found that by efficiently utilizing the 
production scheduling considering renewable energy sources, the total operating cost and emission of 
the system can be reduced significantly. The intermittency of solar and wind power generations is not 
considered in this paper, however, this can be considered as different of wind and solar power 
generations scenarios. 
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ABSTRACT 
 

Core samples can be considered as inherently available specimens for site investigation in rock 
engineering problems. The geometry of core samples is commonly beneficial for preparation of 
specimens for rock mechanics tests. However, the collection and preparation of rock samples also pose 
challenges for certain types of experiments, especially for fracture mechanics tests. The accuracy of 
fracture mechanics experiments is of great importance for the design of various applications. The 
preparation of these samples can be considered challenging due to the potential human errors during 
crack opening and flattening of the specimen surface. Available 3D printer technology can be useful in 
overcoming such difficulties. This study focuses on the preparation of Semi-Circular Bending (SCB) 
specimens for three-point bending in fracture tests. SCB sample molds were printed using 3D 
technology and samples were prepared by shotcrete mixture poured into the 3D printed molds. In this 
study, it is aimed to minimize sample preparation errors by using 3D printer technology.  As a result, it 
was observed that the fracture and mechanical properties of the molded shotcrete by using 3D printer 
technology provided accurate results when compared to conventional sample preparation. 

 
Keywords: Rock mechanics, 3D printer, fracture mechanics, molded shotcrete, Semi-Circular disc 
geometry 
 

INTRODUCTION 
 

Mining activities play a major role for developing countries according to primary energy 
generation and raw material supply. The increasing demand for energy resources of modern societies 
necessitate mining activities to be sustained. For these reasons, utilization of innovative technologies in 
the mining industry related to all stages of production including the engineering design studies 
performed prior to operation is essential.  

 
Rock mechanics has an important role in tunneling activities and underground mining. Rock 

mass surrounding permanent or temporary structures in mining can be shafts, transportation galleries, 
production chambers, and other that might possess flaws and fractures. Improving the stability and 
maintaining the strength of surrounding rock is one of the main requirements of mining and 
construction projects. Support systems are designed and selected to meet this requirement where 
shotcrete is a major supporting unit for tunnel constructions, underground openings in mining 
applications and many other areas. The cracking of shotcrete is generally caused by a beam action. 
Furthermore, shrinkage of the shotcrete results in tensile loading that leads to the propagation of 
cracks. Cracks in the shotcrete pose a serious threat to the support system. Considering this 
phenomenon, the problem can be handled by performing valid fracture mechanics related experiments. 
Fracture mechanics experiments are of great importance in the realization of these activities. The 
accuracy of the fracture mechanics test results and the design criteria made according to these results 
ensure the continuity and reliability of mining and tunneling activities. The geometry of core samples is 
enabling rock sample preparation for fracture mechanics testing to be performed in laboratory 
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environment. However, the collection and preparation of rock samples also poses challenges for certain 
types of experiments. During the preparation of the samples required for these tests, both the creating 
flat surface stage and the errors caused by the person during the crack opening affect the test results. In 
this research, it is aimed to minimize these errors by using 3D printer technology in sample preparation 
and reduce time and costs related to sample preparation. The objective of this study is to investigate the 
fracture mechanism of shotcrete and to understand the crack behavior completely.  

 
Available studies in the literature about this research field indicate that fracture properties, 

cracks and failure mechanisms of concrete have been investigated with different geometries by various 
researchers.  

 
Griffith is one of the most important research in the field of fracture mechanics, as Kaplan 

(1961) discussed the Griffith crack theory of fracture strength. Tests on concrete beams were performed 
to determine the critical strain-energy-release rate. Fictitious crack analysis and crack growth in 
concrete (Hillerborg et al, 1976), expressing the fracture toughness of plain concrete through the 
specimen-size independent parameters (Nallathambi and Karihaloo, 1986), effective notch in three-
point bend notched specimens used for the determination of the fracture toughness of plain concrete 
(Nallathambi and Karihaloo, 1988), the size effect on explaining cracks and failure mechanism in 
concrete and/or concrete structures (Bazant and Kazemi, 1990) and the peak load method for 
determining material fracture parameter (Tang, Ouyang and Shah, 1996) are some of the pioneering 
research studies focusing on fracture mechanism of concrete.  

 
Jenq and Shah (1985) suggested a simple method to calculate size- independent fracture 

toughness parameter of concrete. The authors predicted the load crack mouth opening displacement on 
beam type concrete by using this constant KIc criterion. 

  
Perdikaris et. al. (1986) studied four-point bending (SENB) method to investigate the effect of 

fatigue on fracture toughness of concrete. It was stated that the fracture toughness under fatigue shows 
an increasing trend with increasing crack length.  

 
Wang et. al. (2010) developed a new test method for determining the fracture toughness of 

concrete materials. The method was defined as the spiral notch torsion test (SNTT) where the estimated 
KIc of the tested samples was found to be . 

 
Zhao et. al. (2020) examine the influence of the weight percentage of large aggregates with 

maximum size dmax on fracture toughness of concrete. Three-point bending specimens with different 
crack/depth ratios (0.1, 0.2, 0.3 and 0.4) were used in this study. The result of this study revealed that 
the peak load for the 3-p-b beams are affected by the amount of large aggregates with dmax. 

 
This research aims to contribute to the current studies in rock mechanics literature by 

introducing the potential of 3D printing technology for sample preparation. In this context, it will also 
provide an opportunity to utilize available technology to improve the existing knowledge related to 
fracture mechanism of concrete. 

 
NUMERICAL AND EXPERIMENTAL STUDY 

 
Numerical and experimental work for three-point bending test specimens are covered within 

the scope of the methodology of this study. The numerical computation of stress intensity factor (SIF) in 
the models was performed in ABAQUS 2019. Semi-circular disk geometry (SCB) were modeled in three 
dimensional (3D) with ABAQUS. The numerical computation was completed in two-stages as before and 
after the experimental study. The first stage of the numerical computation was done to define loading 
configuration at the crack tip. To reach this aim, the unit load was applied to the model geometry. The 
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loading condition was defined for three different points whereas the second stage was completed after 
the experiments were performed. In this stage, fracture loads acquired from experimental work were 
applied to the numerical models that were created before. The mode I fracture toughness was 
computed for shotcrete specimens that were tested with the MTS 815 system that provides 
displacement-controlled loading.  

 
The SCB specimen geometry modeled in 3D has a loading span length of S/R=0.50 The crack 

length was fixed as 10 mm resulting in a/R ratio of 0.20. The 100 mm diameter SCB geometry with 50 
mm thicknesses (t/R=1) can be seen in Figure 1 illustrating the geometric details. 

 

 
 

Figure 1. Undeformed and deformed shape of the SCB model geometry 
 

The stress intensity factor (KI) of SCB model geometry for mode I is calculated as 90.64 . 
The dimensionless stress intensity factor (YI) of SCB model geometry for mode I is formulated by the 
following equations; 

 
                  (1) 

                             (2) 
 
According to these formulas the dimensionless stress intensity factor (YI) of SCB is calculated as 

2.56. The deformed shape and undeformed shape geometries are shown in Figure 2. 
 

 
 

Figure 2. Undeformed and deformed shape of the SCB model geometry 
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Shotcrete molds were manufactured with a 3D printer to prepare samples in the desired size 
and geometry for experimental works. The ingredients of the mixture are 450 g cement, 225 g water, 
4.5 g admixture (plasticizer) and 1664 g aggregates. The mixture of a 0.25 dm3 volume was poured into 
the 3D molds after mixing with a Hobart N50 laboratory type mixer. Concrete sample was prepared as a 
shotcrete representation. The behavior of shotcrete is actually different due to the spray effect. The 
procedure to prepare the concrete samples can be summarized as follows; the aggregate and cement 
are mixed for 30 seconds at low speed which is followed by the addition of water and admixture into the 
mixer container. All materials are mixed first at low speed for 30 seconds and then at high speed for 
another 30 seconds. After the mixture was prepared, it was filled into the 3D molds and 7 days of time 
of was performed. Figure 3 shows a sample 3D mold of the SCB samples.  

 

 
 

Figure 3. 3D mold of SCB and SCB sample 
 

Static deformability tests were performed on shotcrete samples to predict and determine the 
mechanical behavior. The specimens were kept under load until failure to obtain the uniaxial 
compressive strengths (UCS), Elastic Modulus and Poisson’s ratio values. The loading procedure was 
defined with a rate of 0.0005 mm/s. Figure 4 shows static deformability test configuration, samples 
before and after the test. 
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Figure 4. Static deformability test configuration, before and after test 
 

The values of the uniaxial compressive strength, Elastic Modulus, and Poisson’s ratio are listed in 
Table 1. 

 
Table 1. Deformability test results 

 

Specimen Diameter 
(mm) 

Length 
(mm) 

Failure 
Load (kN) 

Elastic 
Modulus 

(GPa) 

Poisson’s  
Ratio 

Uniaxial 
Compressive 
Stress (MPa) 

UCS-B1 72.16 154.82 21.23 3.16 0.24 5.21 
UCS-B2 72.58 152.43 10.56 7.36 0.28 2.56 
UCS-B3 72.43 152.18 22.22 2.96 0.25 5.51 

Avg±Std. Dev. 72.39±0.21 153.14±1,46 18.07±6.47 4.49±2.48 0.26±0.02 4.43±1.63 
 
Mode I fracture toughness tests were conducted on SCB test samples with 100 mm diameter 

and 50 mm span length. The ISRM suggested method states a range for SCB tests 
(ISRM, 2007). The thickness of the SCB samples was 50 mm and notch length were fixed at 10 mm. A 
two-stage loading procedure was defined to the test specimens with high rate at 0.0005 mm/s until the 
load limit detector is triggered. In the second loading stage, loading was applied with low rate as 0.0003 
mm/s. The SCB specimens were tested with rollers that have 8 mm diameter under three-point bending 
condition to find the fracture toughness value for mode I. One of them was located at the upper surface 
of the specimen for loading purposes whereas the other two were located at the bottom surface of the 
specimen for supporting purposes. The specimens were coded in terms of the thickness, span length 
(S/R) and specimen number for SCB. The SCB specimen before, during, and after the fracture test can be 
seen in Figure 5. 

 

SCB   –   50   –   050   –   B1 
 

                Semi-Circular    Thickness        S/R        Specimen  
      Bend                Number 
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Figure 5. SCB sample before, during and after the test 
 

The mode I fracture toughness (KIc) was calculated with Equation 3 and Equation 4. The critical 
load value was obtained from the load- displacement graph results of the fracture tests. Figure 6 shows 
load- displacement graph of the sample SCB-50-050-B1. According to the graph, load at fracture for 
sample 1 is 4.31 kN 

                (3) 
                            (4) 

 

 
 

Figure 6. Load vs. displacement curve of SCB-50-050-B1 
 

All fracture test results for SCB specimens with 50 mm thickness are summarized in Table 2. 
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Table 2. SCB fracture test results 
 

Specimen Code Fracture 
Load (kN) 

Mode I 
Fracture 

Toughness 
(GPa) 

SCB-50-050-B1 4.31 0.39 
SCB-50-050-B2 6.76 0.61 
SCB-50-050-B3 6.22 0.56 
Avg±Std. Dev. 5.76±1.29 0.52±0.12 

 
According to Table 2, mode I fracture toughness (KIc) of SCB specimen was found as 0.52±0.12 
. 

 
In a study of 

rock material to assign mode I fracture toughness (KIc). The fracture tests with SCB geometry that had 50 
mm thickness were completed and the notch length was kept fixed as 10 mm for all SCB specimens. 
Numerical analyses were performed by ABAQUS finite element software to find mode I SIF. In the 
models, elastic 
(KI) of SCB model geometry for mode I was calculated as 89.72  . The dimensionless stress 
intensity factor (YI) of SCB model geometry for mode I was calculated as 2.53.  

 
Table 3. SCB fracture test results for t=50 mm (Batan, 2020) 

 

Specimen Code Fracture 
Load (kN) 

Mode I 
Fracture 

Toughness 
(GPa) 

SCB-50-050-1 11.19 1.00 
SCB-50-050-2 11.01 0.98 
SCB-50-050-3 12.54 1.12 
Avg±Std. Dev. 11.58±0.84 1.03±0.08 

 
In this study, mode I fracture toughness (KIc) of SCB andesite specimen and SCB shotcrete 

sample were compared to determine internal structure and fracture behavior.  
 

 
 

Figure 7. KIc values of SCB andesite sample and SCB shotcrete sample 
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As seen in Figure 7, the KIc measured by the SCB tests on shotcrete is about 50% lower than KIc 
measured by the SCB tests on andesite with 50 mm span length. 

 
 
 

RESULTS AND DISCUSSION 
 

In this study, the potential of using 3D printing technology was investigated to determine the 
fracture properties of concrete samples that were prepared by using molds. The shape and crack 
geometry of the shotcrete samples are achieved as nearly perfect with the help of the 3D printer 
technology. Therefore, more accurate test results were achieved with shorter preparation time than 
conventional sample preparation. Mode I fracture toughness (KIc) of SCB shotcrete specimen was found 
as 0.52±0.12 . By comparing this value with the same diameter and span length andesite 
sample with KIc of 1.03±0.08 , it can be concluded that the crack resistance under a specific 
loading condition of shotcrete specimen is lower than the andesite material. According to these results, 
rock samples and shotcrete samples have no similar internal structures as expected. As a conclusion, the 
mode I fracture toughness value (KIc) of SCB shotcrete specimen was assigned and further experimental 
studies will be performed to investigate the effects of the different notch angles and loading span on 
mode I fracture toughness of shotcrete with SCB method. 
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MINING ASSOCIATION OF CANADA- TOWARDS SUSTAINABLE MINING TAILINGS MANAGEMENT 
PROTOCOL AND APLICATION IN TURKEY 

 
H. Ürkmez 1,*,  C. Dumaresq 2, B. Chalmers 2 1, G. Uzuncelebi, S. Ennis 3, E.R. Castro 

 
1  

(* Sorumlu Yazar: halil.urkmez@tuprag.com) 
2 The Mining Association of Canada (MAC) 

3 Stantec 
 

ÖZET 
 

 
  
B

 
 

-
SM) performans sistemin

 
 

 

 
  
Anahtar Kelimeler: 

t en iyi teknikler 
 

ABSTRACT 
 
Rapidly growing mining provides great economic opportunities for countries as well as brings 

difficulties and risks for people and the environment. The challenge for governments / countries is to 
manage mining in a way that contributes to sustainable development goals and does not endanger 
people or the environment. 

 
 In this regard, The Mining Association of Canada (MAC) is a Canadian industry association that 

has adopted international principles, approaches, and standards in a structure that combines the mining 
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industry and communities that protect the people and the environment, consistent with the sustainable 
development goals of governments. 

 
MAC has developed and implemented the Towards Sustainable Mining (TSM) performance 

system, an internationally recognized corporate sustainability program developed to improve 
environmental and social performance of the mining industry. The purpose of the TSM performance 
system is to enable mining companies to meet the needs of society for mineral, metal, and energy 
products in the most socially, economically, and environmentally responsible way. TSM Protocols 
describe specific, measurable performance indicators. 

 
Tailings Management Protocol, one of the protocols of the TSM performance system, focuses 

safe, responsible tailings management at the site-specific level. It describes a management systems 
approach for sound corporate governance of tailings management that integrates engineering practice, 
including implementation of BAP (Best Available Practices) and BAT (Best Available Techniques), within a 
risk-based approach. 

 
Keywords: The mining association of canada (MAC), towards sustainable mining (TSM), 

sustainable development goals, tailings management protocol, OMS manual, trigger action response 
plan (TARPs), engineer of record (EoR), best available practices (BAP), best available techniques (BAT) 
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EVALUATION OF PRODUCT SINTER QUALITY IN BLENDS PREPARED WITH DOMESTIC AND IMPORTED 

FINE ORES AT KARDEMI  
 

T. Timur 1, C. Cantürk 2, F. Esin 2, *, O. Acur 2, M. Sevim 2  ,Y. Sun3 

 
1   

2  AR-GE Merkezi 
(*Sorumlu yazar: fesin@kardemir.com) 

3  
 
 

 
 

 toz demir cevherlerin 

analizi, tambur testi), kimyasal (XRF) ve metalurjik analizleri (

 
 

Harmanlama, toz cevher, sinter, sinter fabrika  
 

ABSTRACT 
 

In Integrated Iron and Steel Plants, fine ores of a size that cannot be charged directly to the blast 
furnaces are combined by subjecting to surface melting under the melting temperature. As a result of 
sintering, it becomes usable in blast furnaces. Sinter is the most economical ferrous material input of 
blast furnaces. Blast furnaces production speed, efficiency, quality and economy of the product 
obtained depend on the raw materials used. In this study, the quality of the product sinter obtained by 
blending domestic and imported fine ores in different proportions was evaluated. Physical (sieve 
analysis) and chemical (XRF) properties of the blend were determined by taking samples from the blend 
area to represent each blend. Blends has been categorized and sintered as domestic and imported fine 
ore, calibrated ore, pellet dust and other (waste dusts of some plant). Physical (sieve analysis, drum 
test), chemical (XRF) and metallurgical analysis (RUL, RDI) of the obtained sinters were made. When all 
analysis results were examined, it was concluded that the most suitable mixture for sinter used in blast 
furnaces would be provided using at least 30% imported ore. 

 
Keywords: Blending, fine ore, sinter, sinter plant, blast furnace 
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Elde edilen sinterlik malzeme 
 

 
 

 
 

 
 ltre 

 
 
 
 
 
 
 

 
 

Harman 
No 

Yerli Toz 
Cevher 

(%) 

Yerli 
Kalibre 
Cevher 

(%) 

Cevher 
(%) 

Pelet 
Tozu  
(%) 

 
(%) 

1 30,32 2,52 41,36 1,28 24,52 
2 53,36 1,89 18,32 1,04 25,39 
3 54,22 1,36 28,7 0,49 15,23 
4 48,11 1,65 24,06 0,49 25,69 
5 50,4 0,25 28,5 4,39 16,46 
6 48,61 3,72 23,57 4,18 19,92 

 
 

 

 
 

 
 

Harman 
No 

Fe  
(%) 

SiO2  
(%) 

CaO  
(%) 

Al2O3  
(%) 

MgO  
(%) 

Mn 
 (%) 

S  
(%) 

K2O  
(%) 

Na2O  
(%) 

Zn  
(%) 

P  
(%) 

Cu 
(%) 

TiO2  
(%) CaO/SiO2 

1 57,8 5,19 2,95 1,36 1,11 0,39 0,12 0,08 0,08 0,03 0,05 0,01 0,15 0,565 
2 53,33 8,12 4,61 1,73 1,86 0,75 0,29 0,147 0,08 0,04 0,038 0,02 0,17 0,568 
3 56,8 6,78 3,14 1,37 1,52 0,61 0,22 0,12 0,09 0,03 0,02 0,04 0,11 0,46 
4 53,68 7,85 3,94 1,03 1,65 0,8 0,21 0,12 0,07 0,05 0,04 0,04 0,1 0,5 
5 55,03 7,08 3,17 1,39 1,75 0,86 0,26 0,1 0,08 0,03 0,03 0,02 0,13 0,448 
6 55,59 6,24 3,25 1,41 1,35 0,75 0,22 0,1 0,09 0,03 0,04 0,02 0,12 0,538 

 

2 
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2 
-  

 
 

 
Harman 

 No 
+10  
mm 

-10+6,30 
 mm 

-6,30+3,15 
mm 

-3,15+1  
mm 

-1+0,5  
mm 

-0,5+0,21  
mm 

-0,21  
mm 

1 6,71 13,14 25,3 23,31 9,63 11,35 10,58 
2 3,89 15,9 25,71 25,37 8,85 11,49 8,79 
3 6,51 19,8 20,71 28,96 8,54 10,65 4,82 
4 4,55 15,24 21,01 29,19 6,89 11,46 11,67 
5 2,6 13,45 22,69 26,7 9,46 13,43 11,68 
6 3,1 12,12 25,66 27,03 10,26 14,17 7,66 

 

 
 
Ürün Sinterin Kimyasal ve Fiziksel Analizleri 

 

 
 
Sinter XRF Analizi 

 

 
 

analizleri 
 
Harman 

No 
Fe 
(%) 

SiO2 
(%) 

CaO 
(%) 

Al2O3 
(%) 

MgO 
(%) 

Mn 
(%) 

S 
(%) 

K2O 
(%) 

Na2O 
(%) 

ZnO 
(%) 

TiO2 
(%) 

P2O5 
(%) 

FeO 
(%) CaO/SiO2 

1 56,86 6,43 6,11 1,49 1,19 0,4 0,01 0,1 0,04 0,03 0,25 0,18 8,8 0,95 
2 54,18 8,18 8,02 2,09 2,01 0,74 0,01 0,11 0,06 0,01 0,22 0,13 10,44 0,98 
3 56 7,18 7,38 1,76 1,39 0,56 0,01 0,12 0,05 0,01 0,17 0,18 10,61 1,03 
4 54,96 8,45 7,94 1,27 1,4 0,86 0,01 0,11 0,05 0,02 0,14 0,07 11,44 0,94 
5 56,14 7,31 6,31 1,66 1,9 0,9 0,01 0,11 0,05 0,03 0,17 0,1 10,44 0,86 
6 56,81 6,68 6,42 1,62 1,67 0,79 0,01 0,14 0,05 0,04 0,19 0,13 10,68 0,96 

 

%SiO2
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Al2O3 
2O3 

2O3  
 
Bazite de 2 

TiO2 -
2

 
 
Sinter Elek Analizi 
 

 
 

 
 

Harman 
No 40 mm -40+25 

mm 
-25+10 

mm -10+5 mm -5 mm 

1 17,79 18 38,19 20,55 5,46 
2 12,53 14,35 38,76 27,18 7,19 
3 14,91 17,17 37,22 23,79 6,91 
4 20,82 17,79 30,21 23,4 7,77 
5 17,78 15,24 36,6 24,4 5,98 
6 17,57 16,03 36,86 23,58 5,96 

 
%5,46 %7,77

 
 

Sinter Tambur Testi 
 

 
 

 
 

Harman 
No 

 
(%) 

 
(%) 

1 71,67 6,66 
2 66,65 6,16 
3 69,09 7,08 
4 67,26 6,59 
5 68,21 6,58 
6 69,53 6,63 
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minimum %65 %71,67 ufalanma indeksine sahip olan 1 
 

 
Ürün Sinterin Mekanik Testleri 
 
RUL Testi 
 

 
 

Bu teste 
2O dan 

 
 

 
 

Harman 
No 

R40 
(% O2/min) 

Dp 
( mm H2O) 

Dh 
(%) 

1 1,51 1,02 2,67 
2 1,01 1,02 0,82 
3 0,83 1,02 1,25 
4 0,96 1,02 0,54 
5 0,98 1,02 1 
6 1,44 1,02 1 

 

 
 

 
 

RDI Testi 
 

500o
2 % 20 + H2 % 2 + N2 % 58), 500 gram 

 
 

%84 ve -
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Harman 
No +6,3mm +3,15-6,3mm +0,5-3,15mm -0,5 mm 

1 33,10 33,31 27,18 6,41 
2 27,06 36,45 31,07 5,42 
3 46,23 27,42 21,13 5,22 
4 48,17 28,74 18,77 4,33 
5 35,72 31,52 27,04 5,71 
6 33,25 32,60 26,95 7,20 

 
Bu testte (-

 
 

 
 

 
 

 
 

arman ve bu 

 
 

erlendirilmesi 
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Harman 

 No 
Kimyasal 

  
1 6 
2 3 
3 4 
4 2 
5 1 
6 5 

 
 

 
 

 ve kimyasal özellikler 
 

 
 

 
Harman 

 No 
Elek Analizi 

  
Tambur Testi  

 
Kimyasal Analiz 

 Toplam 

1 6 6 6 18 
2 2 1 1 4 
3 3 4 4 11 
4 1 2 2 5 
5 4 3 3 10 
6 5 5 5 15 

 
 

 

sinteri en 
 

 
 

 
Harman 

 No 
RUL  

 
RDI  

 Toplam 

1 6 3 9 
2 4 1 5 
3 1 5 6 
4 2 6 8 
5 3 4 7 
6 5 2 7 
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%15-
 

 

%30 
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INVESTIGATION OF THE CHARACTERISTICS OF CHEMICAL FILLING MATERIALS AND THE EFFECT ON 

SPONTANEOUS COMBUSTION OF COAL 
 

C. Tuz1,*, M. Bilen1, E. 1, 1 . 2, S. 1 
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Anahtar Kelimeler: , 
t 

 
ABSTRACT 

 
Ground injections are used for various purposes such as improving the ground to be excavated or 

made, sealing the water inrush, filling the cavity between the support and the ground. Foam products, 
which are chemical filling materials, are used in underground coal mining. These types of products also 
have areas of use such as filling large cracks in goaf and stabilizing goaf, constructing air barriers, and 
sealing for ventilation requirements, and fighting underground fires by sealing off all entries connected to 
the fire area. Foam products used as underground cavity filling materials are generally classified into two 
categories, polyurethane, and phenol, according to their chemical content. Since formaldehyde, which is 
included in the resin component of phenol-based filling foams, is in the category 1st carcinogenic 
substance, attention should be paid to the limit value of this substance. Since MDI in the content of 
polyurethane-based chemical filling foams is a toxic substance, it causes harmful gas emissions in terms of 
health when ignited. In applications made in coal mines, filling foams form a large contact surface with 
coal. Polyurethane-based chemical filling materials cause problems in underground coal mines due to their 
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spontaneous combustion triggering effect and flammability. On the other hand, the effect of phenol-based 
chemical filling foams on spontaneous combustion of coal is very low especially filling operations in 
underground coal mines. In this study, the characteristics of chemical filling foams used in underground 
coal mining applications and their effects on spontaneous combustion of coal were investigated. 

 
Keywords: Underground coal mining, chemical filling products, OHS (Occupational Health and Safety), 
Spontaneous combustion, Phenol based foam, Formaldehyde 
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-1:    
 

 

 
 

(°C) 

Ortalama 
 

(110-  
 

 
(dak-1) Yanmaya 

 

 231 0.51 2.19 
 231 0.52 2.24 
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