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ABSTRACT 
 
Energy demand has been increasing due to the rise of consumption and the need of energy 

production from thermal power plants is continuous. The optimized use of coal mine sites close to the 
thermal power plants is vital as per raw material site. Resource modelling and the estimation of energy 
potential of a coal mine site is important stage and it is a part of estimation problem solution. Konya 

site is an important site due to the location in which is in the middle of Turkey as well as 
serving to a 500 MWe capacity thermal power plant. Geostatistical evaluation of the coal mine site and 
the results of resource and quality investigations presented in this study. 

 
Keywords: Coal, Energy, Geostatistics, Resource modelling. 
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- -H zincir 
 

 
Anahtar Sözcükler:   
 

ABSTRACT 
 

 Collecting strength of xanthates, which are widely used in flotation of sulfides, varies depending 
on C-H chain lengths and structures. While the collecting strength increase with increasing chain length, 
the selectivity decreases. C-H chain structure, on the other hand, affects the adsorption of a collector to 
a mineral surface. Another important variable affecting flotation recoveries is the sizes and stabilities of 
air bubbles that carry hydrophobic minerals out of the flotation cell. In this study, the effects of 
xanthates with different chain length and structure (PEX and SIPX) on galena flotation recovery were 
investigated depending on collector concentration and pH. The effect of frother addition on the 
flotation recovery was also determined for both xanthates. The results showed that the flotation 
recoveries varied depending on pH, and the highest flotation recoveries were obtained under alkaline 
pHs. With the addition of frother, the size of the air bubbles decreased, so the meeting/collision 
probability between air bubbles and minerals, and thus the flotation recoveries increased. According to 
the results, the flotation recoveries increased for both xanthates with increasing frother amount, and 
the flotation recovery was higher with PEX having straight chain structure. However, with the use of 
frother, the increase in flotation recoveries with SIPX having branched chain was higher than that of 
obtained with PEX. 
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ABSTRACT 
 

Production scheduling optimization in mining activities has a significant effect on mining 
economics. In general, production scheduling in the mining process includes long-term, medium-term, 
and short-term scheduling. Long-term production scheduling is a strategic plan for mining operations. In 
contrast, the medium-term mine production schedule provides an operational scheme for mining while 
tracking the strategic plan, and it is also divided into short-term periods. In this paper, a mathematical 
optimization framework based on integer linear programming (IP) models is developed for long-term 
production scheduling in an underground Pb/Zn mine with the sublevel-caving method. Sublevel caving 
is one of the main underground mining methods for hard rock mining, and limited studies have been 
done about its long-term production scheduling. The objective of this mathematical model is the 
maximization of the net present value (NPV) of the mining process. The model contains acceptable 
technical and operational constraints of the sublevel caving method. The model was applied on an 
economic block model of the Gooshfil Pb/Zn mine, and the maximum NPV is determined. Comparing the 
results with the conventional scheduling method shows a 14% increase in NPV of the operation. 
 
Keywords: Underground Mining, Production Scheduling, sublevel-caving method, NPV 
 

INTRODUCTION 
 

Optimization of production scheduling is a key aspect for both surface and underground mines 
that in the underground mines has received less attention than in the surface mines. This is due mainly 
to the diversity of underground mining methods and the complexity of underground mining parameters. 
The open-pit mining method has great importance among surface mining methods, and there are many 
studies to optimize this method that; over the past decades, there have been many gains in this regard. 
Today, optimization in the open-pit mines is an integral part of designing and planning. Optimization of 
the ultimate mine limit and production planning in other surface mining methods has not improved so 
much. Studies on optimization and planning in these methods are very limited and primitive (Shenavar 
et al., 2018). The algorithms of pit limit optimization are numerous and more than the algorithms 
available for underground methods. The true optimum solution is guaranteed for the pit limit 
optimization, and several computer packages are available to the industry. However, only a few 
algorithms have been developed to optimize ultimate stope boundaries in underground mines (Ataee-
pour M., 2005).   

 
Production scheduling defines the mining sequence and the tonnages and grades to be mined 

throughout the mine life. The scheduling problems are usually complex due to the nature and variety of 
the constraints (Pourrahimian Y., 2013). Long, medium and short-term are three-time horizons for 
production scheduling. The long-term mine production scheduling provides a strategic plan for the 
mining operations. In contrast, the medium-term mine production schedule provides an operational 
scheme for mining while tracking the strategic plan. Medium-term schedules include more detailed 
information that allows for a more accurate design of ore extraction from a special area of the mine or 
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information that would allow for necessary equipment substitution or the purchase of needed 
equipment and machinery. The medium-term schedule is also divided into short-term periods. A long-
term production schedule contains fewer details than a short-term plan. However, a long-term plan 
includes clear definitions of mining reserves, production sequence, and production rate. 
 

Various models have been developed to optimize the production planning in underground 
mining methods, and in general, none of these models have been commercialized. Most of them are 
short-term planning models with the objective of minimizing production deviations from the existing 
manual non-optimized long-term program (Williams et al., 1973; Gillenwater, 1988; Chanda, 1990; 
Jawed, M. 1993; Winkler, 1998; Topal, 2003; Rahal et al., 2003; Rubio and Diering, 2004; Kuchta et al., 
2004; Sarin and Hansen, 2005; Newman and Kuchta, 2007). Some of these models are formulated for a 
specific mining operation, and they must be modified before applying to other cases (Carlyle and Eaves, 
2001; McIsaac, 2005). Some models do not have real optimal solutions, which are some expert-oriented 
search-based methods (Fava et al., 2013; O’Sullivan and Newman, 2015; Magda, 1994; Whitchurch et 
al., 1996). In developing these underground mining production scheduling models, various objective 
functions are presented, such as profit maximization (Epstein et al., 2003) and project time minimization 
(Zimmermann, 2010). Recently some models have been developed with the objective function of NPV 
maximization for long-term production scheduling (Pourrahimian, Y., 2013; Shenavar et al., 2020). 
 

Caving methods are favored among underground mining methods because of their low cost and 
high production rates. One of these methods is the sub-level caving method, which has gained 
popularity in hard rock mining methods due to its low operating cost and high productivity. There are 
limited studies about its long-term production schedule optimization. In this paper, a mathematical 
model is presented to sublevel caving production scheduling with the objective of NPV Maximization, 
and it is applied on a Pb/Zn mine of Iran. 
 

MATERIAL AND METHODS 
 

A new mathematical production scheduling model is developed for the sublevel caving method 
in this paper, and it is applied on the Gooshfil Pb/Zn mine of Iran. The floating stope optimizer is used to 
determine ultimate stope boundaries, and, in this section, the used material and methods are defined.   
 
Floating Stope Optimizer 
 

Floating Stope is a technique implemented in the DATAMINE package (Mineral Industries 
Computing Limited) to determine an ore reserve's optimal limits (boundaries), which may be economical 
to be extracted by underground mining methods. The general concept of the floating stope approach 
was outlined in 1995 as a search-based and heuristic approach, analogous to the Moving Cone method 
for pit limit optimization (Alford, C., 1995). 
 

The term Floating Stope is derived from the technique of floating a minimum stope shape 
through the ore body and evaluating the grade of material inside the stope at any position. In that 
regard, two envelopes will be created. The maximum envelope is the union of all possible economic 
stope positions, while the minimum envelope is found by taking the union of all best grade stope 
positions for every ore block in the ore body. The envelopes provide a limit for the engineer to design 
final stope positions, with the recommendation that the minimum envelope should be used as the guide 
in the first instance. 
 
Sublevel Caving Mining Method 
 

Sublevel Caving is one of the most advanced mining methods. This method is usually undertaken 
when mining the ore body through an open pit is no longer economically viable. In Sublevel Caving, 
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mining starts at the top of the ore body and develops downwards. Ore is mined from sublevels spaced 
at regular intervals throughout the deposit (Figure 1). A series of ring patterns is drilled and blasted from 
each sublevel, and the broken ore is mucked out after each blast. Sublevel Caving can be used in ore 
bodies with very different properties, and it is an easy method to mechanize. This method is normally 
used in massive, steeply-dipping ore bodies with considerable strike length. In this method, dilution and 
ore loss are usually high. 
 

 
 

Figure 1 .Sublevel caving method 
 

Gooshfil Pb/Zn Mine of Iran 
 

Gooshfil Pb/Zn mine is located in the central part of Iran. It is an underground mine that 
operates with a sublevel caving method.  Gooshfil mine was an open-pit mine until 2006. After that, 
because of the ore body depth, it changed to an underground mine with a sublevel caving method. This 
mine has an annual production capacity of 300,000 tons. 
 

PROBLEM DEFINITION 
 

The sublevel caving method is used in orebodies with very different properties, and it is easy to 
mechanize. Sublevel caving is used to mine large steeply dipping tabular or massive orebodies. In this 
method, the ore is extracted via sublevels which are developed in the orebody at regular vertical 
spacing. Each sublevel has a systematic layout of parallel drifts, along with or across the orebody. In this 
method, mining starts at the top of the ore body and develops downwards. Ore is mined from sublevels 
spaced at regular intervals throughout the deposit. A series of ring patterns is drilled and blasted from 
each sublevel, and the broken ore is mucked out after each blast. The mining cycle is illustrated in Fig. 2. 
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Figure 2 . Sublevel caving sequencing 
 

As shown in Fig. 2, if the numbers inside each block represent the economic value of that block 
different NPVs are achievable for various mining sequences, so it shows that the production scheduling 
with the objective of maximizing NPV is applicable for the sublevel caving method. This shows the 
importance of production scheduling in reaching the objective of NPV maximization and satisfying the 
mining constraints. 
 

In Fig. 3(a), the three-dimensional model of a cylindrical ore reserve near the surface part was 
mined by the open-pit method is shown schematically. As shown in Fig. 3 (b) and (c), sublevel openings 
can be excavated from different directions, and therefore, it is possible to extract this reserve in 
different directions. So, it is clear that development direction and production sequencing can make 
different NPVs for the mining operation. So, different NPVs are achievable for various mining sequences, 
and the production scheduling with the objective of NPV maximization is applicable for the sublevel 
caving method. In order to optimize the mining sequence, a new mathematical model is presented in 
this study that is suited for sublevel caving operations. 

(a) (b) (c) 
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Figure 3.  A hypothetical block model 

MATHEMATICAL MODEL 
 

The long-term production scheduling plan of the sublevel mining method with the objective of 
maximizing the NPV of the mining process is formulated within an integer linear programming 
framework. The schematic block model in three-dimensional space is shown in figure 4. 
 

 
 

Figure 4. Schematic block model in three-dimensional space 
 

Sets, Parameters and Decision Variable 
 

I: the number of blocks in x coordinate (Fig. 4), 
J: the number of blocks in z coordinate (Fig. 4), 
K: the number of blocks in y coordinate (Fig. 4), 
T: the number of scheduling periods, 
Bi,j,k: the block located in horizontal location i and vertical location j 
Pi,j,k: the amount of rock in block Bi,j,k 
BEVi,j,k: the economic value of Bi,j,k, 
d: discount rate, 
ppy (production per year): the maximum annual production capacity.  

Bi,j,k t  

 
Objective Function 
 

The objective function of the model for maximizing mining operation NPV is given in Eq. 1. 
 

BEVi,j,k

1+d t

T

t=1

K

k=1

J

j=1

I

i=1

×xi,j,k,t (1) 

 
Constrains 
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Two sets of constraints are taken into consideration. The first set is related to reserve and 
production capacity, and the second set deals with the sequence of blocks extraction in different 
coordinates. The constraints are given in Eq. 2-5. 
 

xi,j,k,t

T

t=1

 i= 1,…,I ; j= 1,…,J ;k= 1,…,K ; t T (2) 

Pi,j,k xi,j,k,t

K

k=1

 (3) 

xi+1,j,k,t' xi,j,k,t   i= 1,…,I ; j= 1,…,J ;k= 1,…,K ; t,t' T; t'  (4) 
xi-2,j+1,k,t' xi,j,k,t  i= 1,…,I ;j= 1,…,J ;k= 1,…,K ; t,t'  (5) 

 
In this model, Eq. 2 is the reserve constraint and ensures that each block to be mined ones. Eq. 3 

controls production capacity, and it ensures that the number of blocks that must be mined each year 
does not exceed the predetermined capacity. Eqs. 4 and 5 are the most important technical and 
operational constraints in the sublevel caving method, and they are related to the sequence of blocks 
extraction. They are originated from the roof caveability. According to the principles of the sublevel 
caving method, extraction of some blocks involves the extraction of some other blocks, which is called 
precedence constraints (Eq. 4-5). For direction i, the constraint is given in constraint 4. According to this 
constraint for example extraction of block  involves the extraction of block no. . For the 
direction k, extraction of block  involves the extraction of blocks ,  and  which is given 
in Eq. 5. It should not be forgotten that the precedence of the extraction of blocks discussed in these 
constraints is affected by roof caveability and geomechanical parameters, which is unique in each 
mining operation and it must be determined for different mines. 
 

APPLING THE MODEL 
 

The presented MILP model (Eq. 1-5) is generated using the MATLAB programming platform. The 
model is applied on the Gooshfil mine block model. As mentioned before, Gooshfil is an underground 
Pb/Zn mine located in the central part of Iran. The annual production capacity of the mine is 300,000 
tons, and the geometry of the sublevel mining method is shown in Figure 5. 

 
 

Figure 5. Geometry of the sublevel mining method in Gooshfil mine 
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As shown in fig.1, the horizontal distance between the sublevel drifts (SD) is 10 meters, the 
vertical distance between the sublevels (hB) is 10 meters, the height of the mining stopes is 20 meters 
and the depth of extraction sections (fired sections in each stage) is 2 meters. The block model of the 
Gooshfil mine is shown in figure 6. 
 

 
 

Figure 6. Block model of Gooshfil mine 
 

After generating the block model, ultimate stope boundary is determined using the floating 
stope algorithm. Using this optimizer, in addition to optimizing the ultimate stope boundary, it removed 
about 20% of the blocks inside the model (less than 3% of reserve) that were not dimensionally suitable 
for the stope geometry. So, it results in a significant reduction in computation time. The model is applied 
on the Gooshfil block model presented in Fig. 6. This block model is formed with the shape of a rhombus 
cube (the real blocks in the sublevel caving method are rhombus-shaped) with dimensions of 5 * 10 * 20 
cubic meters. In this block model, with the opinion of experts, geomechanical conditions and roof 
caveabilty, have been considered. The average grade of ore is 7.6% lead and zinc in this section. Other 
assumptions are as below: 
 

the number of scheduling periods is 5 years, 
discount rate is 10%, 
the minimum and maximum annual production rates are equal 280000 to 320000 tons 

per year,  
the minimum number of blocks that a sublevel must be in advance from its underlying 

sublevel is 3 blocks, 
the maximum number of active sublevels in each period is not considered in this mine. 

 
The model optimizes the mining sequence such that the NPV is maximized. The maximum 

achievable NPV for the Gooshfil block model is M$34.7, and the optimum mining sequencing is shown in 
Fig. 7.  
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Figure 7. Production sequencing for achieving maximum NPV  

The current production plan of the mine (the current development network is shown in figure 
8), which was done manually, is such that the sublevels are mined in order.  After the completion of one 
sublevel, it is possible to extract the next sublevel. According to this program, the net present value of 
the extraction of residual reserves by the manual method will be equal to M$ 30,4.  Which the optimal 
production program resulting from solving the proposed mathematical model is 14% more than it. 
 

 
 

Figure 8. The current development network of the Gooshfil mine 
 

Since the objective is to maximize NPV in production planning, high-grade reserves are extracted 
sooner. Figure 9 shows the average annual extraction grade of lead and zinc. As shown in figure 8, the 
extraction grade graph increases in the first year and decreases in the following years of the mine life. 
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Figure 9. the average annual extraction grade of lead and zinc in Gooshfil mine
 

CONCLUSION 
 

In this paper, a mathematical IP model is developed for optimization long-term production 
scheduling of sublevel caving mining method with the objective of net present value (NPV) 
maximization. This IP model is formulated for technical constraints that are present in sublevel mining 
methods. Considering these constraints will lead to a practical mining sequence that maximizes the NPV 
of the mining operation. The model is applied on a lead and zinc mine of Iran. In that regard, in order to 
determine the optimum stope boundary, a floating stope algorithm is used. Then, a minable stope 
envelope is determined prior to the application of the model. In that regard, the blocks that are not 
selected by the envelope are removed from the model. This will considerably reduce the number of 
blocks that improves the running time. Applying the production scheduling model optimizes the mining 
sequence in the Gooshfil mine and the maximum NPV that achieved equals M$34.7. Comparing the 
results with the conventional scheduling method shows a 14% increase in NPV of the operation. 
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ABSTRACT 
 

The Public Reports issued in the mineral industry can be divided into two main categories: 1) 
Reports on Exploration, Mineral Resource / Mineral Reserve estimation and 2) Reports on Valuation of 
Mineral Assests. While there are many experts disclosing reports for the former in the world, the number of 
valuators are quite limited. An important reason for this situation is that mine valuation is an emerging 
discipline. The main purpose of valuation is to determine the market value of the mineral asset. There are 
not enough systematic studies on the valuation of Mineral Assests in our country. First of all, the Mineral 
Assests to be valuated must be studied by Practitioners according to the code principles based on 
international valuation approaches. In this study, two unexploited coal fields of Turkey in the early 
exploration stage were valuated. Due to the characteristics of the fields, the "Cost Approach" was used in 
the valuation study and the monetary amounts of the resource and the present values of the expenditures 
were calculated and compared with each other, as well as the knowledge level about the Mineral Assets in 
the coal fields. In the study, valuation estimates were obtained by using methods such as Multiples of 
Exploration Expenditures and Kilburn Factor. The results showed that the resource and quality of the 
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mineral assets, as well as the increased amount and reliability of information about the field, is an 
important factor that affects the valuation. 
 
Keywords: Coal valuation, mining field valuation, Cost Approach, Kilburn Method, Multiples of Exploration 
Expenditures Method. 
 

 

Maden varl ; dar kapsamda maden potansiyelini, maden kayna n , maden rezervini, üretim yapan 
bir madeni ya da maden sto unu içerir. VALMIN (2015) kod maden sahalar n  (1) arama sahalar , (2) ileri 
arama sahalar , (3) ön-haz rl k projeleri, (4) ha rl k projeleri ve (5) üretim yapan maden eklinde 
s n fland rm r. 

 
  

 1984). Bunlar: 1) Piyasa de eri, 2) 
Tam parasal de er, 3) Hurda de eri, 4 ame de eri, 5) Defter de eri, 6) Takdir edilm de er, 7) Sigorta 
de eridir. 

 
maden varl n n pazar ya da piyasa de eridir. Bir maden varl n n piyasa de eri 

(market value), de erleme tarihinde aç k pazarda istekli bir sat ya istekli bir al  taraf ndan maden varl  
için ödenen parasal tutard r. Bu süreçte her iki taraf n bir zorlama olmadan ve bilinçli bir ekilde hareket 
etti i kabul edilir. Pazar de eri, sat  ve al c n n isteklilik derecesi ve sat n ko ulla le de i r. P  

‘bir sahan bil  bir sat araf ndan bil  bir a  sat ld nakdi de er
olarak tan mlanm r. Pazar de eri, pazar ko ulla  ve beklentiler de  de  dinamik bir özelli e 
sahiptir. Maden ekonomistleri, de erleyiciler ve vergi görevlileri daha çok maden sahalar n n kestirilen pazar 
de eri ile ilgilidirler.  belirli bir maden sahas na il in pazar de eri, pazarda ge rilen ge  bir 
sat  lemi ile belirlenebilir (Tercan, 2015).  

 
pazar ya da piyasa de eri

m

e 

 
 

anlamda 

 
 
Bu bildiri  

ndan olan 

i ömür 
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MADEN VARLIKLARININ GE EVRE   

De erleme y teminin se mi, maden varl na il in mevcut bilginin mikta  ve kalitesine 
dola s yla maden varl n n geli tirild evreye ba l d r. Lawrance (2001), maden varl klar n  ç ana 
kategoriye ay rmaktad r: (a) arama sahalar , (b) maden geli rme projeleri ve (c) letilen madenler. Arama 
sahalar nda cevherle me tan mlanm  ya da tan mlanmam  olabilir ancak bir maden kayna  z 
belirlenmem r. Geli tirme projeleri, retime geçme in bir karar n verildi i ancak hen letilmeyen 
maden varl klar na il in projelerdir. etilen madenler, retime ba nd  ya da retimin yap ld  
madenler ya da proses tesisleridir (VALMIN, 2015). Bununla birlikte bu ç kategori; temel arama lgeleri, 
ileri arama sahalar , n geli rme projeleri, geli mekte olan madenler ve letilen maden eklinde be
kategoriye ç kar labilir (Lawrance, 2001). 

 
Bir maden yata n n t  ve tona bir maden varl n n en kritik parametreleridir. 

 kestirimleri detay bir do rulama gerektirmektedir.  maden haklar n n durumu, sat  
s z meleri, ekonomik parametreler, co rafik k s tlar, çevresel etkenler ve di er sosyo-politik konular da 
ten r ve tonaj kestirimleri kadar nemlidir. Bahse konu maddelerin hepsi birden maden varl n  

. 
 
De erleme ya mla  temel olarak ç gruba ayr l : (1) Maliyet ya m , (2) Pazar 

ya m  ve (3) Gelir ya m .  
 
Maliyet yakla m , varl benzer ba  bir varl kla de rmek ya da yerine yenisini koyma in 

gerekli parasal tutar n hesaplanmas na dayanmaktad r. akdir edilm  de er, arama 
harcamalar n n katla  ve yerbilim fakt  (Kilburn) gibi y temleri mektedir. Daha çok erken evre arama 
sahalar n n de erlemesi amac la kullan l  (Tercan, 2015).  

 
Pazar ya m , benzer varl klar n piyasadaki al -sat ndan retilen fiyatlara ve ilgili di er bilgiye 

dayan . Bu ya m n temel varsay m , bir maden varl na bir al c n n deyece i tutar n, benzer 
zellikteki ba  bir varl a yece inden daha fazla olmayaca d r. Bu nedenle benzer varl klar n 

sat na il in bilginin temini de erleme in  nemlidir. Pazar ya m ; benzer sat y temi, 
lç t (ton ba na de er, alan ba na de er gibi) y temi ve ortakl k y temi gibi y tem mektedir. Bu 

ya m her t rl  maden sahas na uygulanabilir (Tercan, 2015).  
 
Gelir ya m , maden varl n n letilmesinden elde edilecek net kazanc n bug de ere 

indirgenmesine dayan . Net bug k  de er y temi, ge  opsiyon y temi, Monte Carlo y temi 
gibi y temler gelir ya m  inde yer al r. Maden varl azanç elde etmek amac yla letilece i 
için gelir y temi, ileri evre maden sahalar na uygulan  (Tercan, 2015). 

 
Bu ya m, birbir ya mlar olup, ayn  veri kaynaklar n  kullan lar ancak 

verileri farkl  y temlerle analiz ederler. Temel olarak ya m n birbirlerinin bulgular n desteklemesi 
gerekmektedir. ekil 1, maden varl klar n n de erlemesinde kullan lacak y temlerin maden projelerinin 
geli im ev indeki yerlerini grafiksel olarak g stermektedir (VenmyneDeloitte, 2013). 
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ekil 1. 
 

 

Ellis (2001), maliyet ya m n  de ere kat lkesine dayanan bir ya m olarak tan mlam r. Bu 
, maden varl n n mdiye kadar yap lan ve gelecekte garantili olarak yap lacak arama 

harcamalar  toplam  kadar de er i erdi i varsay m na dayan r. Saha üzerinde yap lan arama 
harcamalar n n miktar , sahan n de eri ile il ili olup burada yaln zca verimli olan harcamalar dikkate 
al nmaktad r. Verimli terimi, arama sonu  ekonomik maden yata n n varl  ve ke fine il in bir 
potansiyeli ortaya koyup, ileri a rmalar in yeterli bir te vik üretti i anlam na gelmektedir (Domingo ve 
Lopez-Dee, 2007  

Takdir (TED) Y  

Takdir edilm  de er y temi, bir saha üzerinde yap lm  arama harcamalar n n miktar n n  
d eri ile     (Roscoe, 2002). Y temin temel ilkesi, arama sahas n n 
ge m  yap lan arama harcamala  ve ayr ca gelecekte yap lma  teminat alt na al nm  harcamalar kadar 
de erli oldu udur. Y temin temel bir esi, yaln zca ak lc  ve verimli oldu u dü ünülen arama 
harcamalar n n bir d er üretece idir. Gelecekte yap lma eminat alt na al nm arama harcamalar n , 
tan mlanm  bir potansiyeli test etmek ama yla kullan lacak makul bir arama bü esi olu urur. 
Tan mlanm  potansiyel, jeofiziksel anomaliler, ya da daha ce tan mlanm  cevherle me zon ve it 
veren zuhurlar olabilir. Aram al mas , potansiyelin derecesini ü yorsa al ma verimli olma p 
maliyeti de bir de er olarak kaydedilmez ya da potansiyelin de eri er (Tercan, 2015).  Ge m te yap lan 
harcamalar genelde ll k temelde analiz edilir. Geri kalan arama potansiyelinin tan mlanma amac la 
hangi harcamalar n  al konaca ve hangi harcamalar n reddedilece ine teknik bir uzman karar verir. 
Enflasyonun yüksek oldu u zamanlarda ge m te yap lan harcamalar n g ü z ko ullar na g re ayarlanma  
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ya da güncel birim maliyetlerin elde bulundurulan çal maya uygulanma gerekir. 
geçm be la kadar olan arama harcama  dikkate al nmal d r (Tercan, 2015).  

 
Takdir edilm  de eri, geçm  yap lan harcamalara teminat alt na al nm  gelecekte yap lacak 

harcama ekleyerek belirlemek, bir saha üzerinde arama faaliyetinin maliyetini kestirmek amac la 
yap lan soyut bir uygulama gibi ünülebilir. Gelecek harcama program n n kimin taraf ndan 
ka lanaca n n bir i yoktur. Ayr ca takdir edilm  de eri, arama harcamalar n n kaydedildi i ve zamanla 
ya da elde edilen gelirle silinecek olan bir muhasebe uygulama  eklinde dü ünmemek gerekir. Takdir 
edilm  de erin en iyi uygulama aktif bir ekilde aranan sahalar olabilir. Yöntemi, özellikle geçm önemli 
ölç e harcaman n yap ld ancak bir süredir at l duran sahalara uygulamak oldu  zordur. Aktif olmayan 
sahalar n de erlemesindeki temel nokta, test edilmem  hedefler, mevcut kayna n tenör ve tonaj n  
art rma potansiyeli ya da teknolojik ve ekonomik ko ullardaki de iklikle geli me potansiyeli olan kalan 
arama potansiyelinin ge  bir de erlendirmesidir.  

 
Bölgesel piyasa ko ulla  belirgin bir ekilde ba  alt nda ya da yüksekse hesaplanan varl k de erini 

piyasa de erine göre ayarlamak gerekebilir. lem, hesaplanan varl k de erine prim ya da ceza eklinde 
subjektif bir piyasa faktö  (%25’lik art la) uygulayarak ge rilebilir. e in letilen bir madene 
yak nl k ve jeolojik benzerlik prim olarak göz önüne al n r (Tercan, 2015). TED yönteminin uygulamas , arama 
prosesinin, e stri standartlar n n, sondaj ve di er arama tekniklerine il in birim maliyetlerin iyi 
bilinmesini gerektirir. De er b i, sahan n jeolojisi, aranacak hedef bölgeler, araman n geçmi i ve 
sonu  ve uygun arama teknikleri konusunda bilgili olmal d  TED yönteminin üstün ü, pek çok arama 
saha  için arama maliyet bilgisi ve teknik verilerin kolay bir ekilde eri lebilir olmas d r. Ana kusuru ise 
verimli oldu u dü ünülen geçm  arama harcamalar , sahan n de erine ka  koymayacak olan 
harcamalardan ay ak ve gelecekte uygulanacak arama program ve maliyetini de erlendirecek deneyimli 
bir  olma  gerekti idir (Roscoe, 2002). 

 

kat

re belirlenir.  
 

1  
 

izelge 1. arama evrelerine ka l k gelen potansiyel art  katsay a  (*) 

Arama evresi PAK üst PAK alt Arama faaliyeti 

Arama 
konsepti 

0 0 Hiçbir eyin bilinmedi i ancak kuramsal olarak bir 
potansiyele sahip proje. 

Masa üstü 
incelemesi 

1 0 Önce al malar ve literatür incelemesi, sahadaki k r 
bulgular n n kay tlar  ve kan tlar , tarihsel üretim verileri. 

Ke if 1 1 Arazi uygunsa jeolojik haritalama. Temel top rafya
haritalamas . Geçm  yap lan k r kesm sondajlar, 
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Zemin 
çal ma  

1 1 Ayr nt l  mostra haritalamas , kömür içeren tabakalar n 
tan mlanmas , kömür dama mostra haritalamas , 
mostralardan örnek alma. Geçm te yap lm ömür 

Zemin 
çal ma  

2 1 Jeofizik, uzaktan al lama teknikleri, önceden yap lm
güvenilir ancak az sa da sondajlar. 

evre 
sondaj 

5 2 Karotlu sondajlar, ön kömür analizleri ile gen a  
sondaj düzeni. lk a ama tonaj kestirimleri.  

Kaynak sondaj 
çal ma  ve 
laboratuvar 

testleri 

11 5 Bo  doldurma (in fill) sondajlar , ayr nt l  kömür 
analizleri ve y kama te al malar . Kömür kalitesinin 
belirlenmesi, pazar potansiyeli, ayr nt l  kaynak tonaj 
kestirimi, y kama e rileri. eri  ve  

Tarihsel 
madencilik 

20 11 Önceden yap lm ticari üretim, güvenilir ve iyi 
haz rlanm alite tonaj e risi ve y kanabilirlik.  

Rezerv 
s n f  

>20 20 Tam fizibilite incelemesi, maden tasar m  ve para ak
modeli. Kömür rezerv s n f  

(*) Kaynak: VenmynDeloitte, 2013, Independent specialist valuation report on the coal assets of 
the Sekoko coal limited. 

nokta, saha 

olabilir 

Pot

 (Tercan, 
2015). 

 

 

KYY y temi, arama sahalar n n fiziksel lliklerini sistemli bir ekilde de erlendirmek amac la 
Kilburn (1990) taraf ndan geli rilm r. Bu y tem, bir sahan n jeolojik potansiyelini say sal olarak ifade 
etmeye çal r. Bunun için saha ile ilgili dört özelli i puanlar. Bunlar, (i) saha d faktörler (saha d ndaki 
olumlu jeolojik, jeokimyasal ve jeofizik anomaliler), (ii) saha içindeki faktörler (sahadaki cevherle menin 
t rü, büyü ü), (iii) mevcut jeofiziksel ve jeokimyasal hedefler ve (iv) mevcut jeolojik yap lard r. Daha 
sonra de erlenecek saha ile il ili olarak her bir kategoriye bir puan verilir ve bunlar çarp l r. Bunu izleyerek 
sahan n birim alan ba na edinme ve elde tutma maliyeti belirlenir. Bu maliyet ba vuru harc n , y ll k kira  ve 
bir y inde yap lan yasal harcama oplayarak elde edilir. Sahan n de eri toplam alan, toplam puan ve 
birim maliyetin çarp m na e  

 

P



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

590

 

 
 
De erleyicinin sahan n z  de erini azaltan ya da art ran çe zelliklerini sapta p s ralama

gerekir. Öz  de er, sahan n temel edinme maliyeti (SEM) dir. SEM, arama sahas n n birim alan na sahip 
olmak ve elde tutmak için gerekli ortalama maliyet eklinde tan mlanabilir. Kilburn y temi, çoklu fakt rleri 
belirlemek amac la sahan n rt temel de nini de erlendirir ve oranlar. Y temin ba ar yla 
uygulanabilmesi için sahan n potansiyelini yans tacak katsa lar n uygun b ekilde seçilmesi gerekir. 
Sonuçta bulunan de erin pazar de erini verdi eklinde bir beklenti vard r (Snowden, 2011). Y temin 
sak nca  taraflar  

  rama 
n keyfi olarak verilen bu 

. orentino (2000), Kilburn 
ayesyen y temler kullan l  

 

  

 si 

 ; 
A s  s  A 

B 
 ait  bilgiler   

 
Linyit p 2018 d  

r. Ruhsat 41.6 200 adet 
linyit numunesi akredite bir laboratuvar 

firma 

(measured),  (indicated) ve  (Inferred) kaynakla . B 
sah  dikkate al
daha sonra Maden K

-
  2 d  

 

 2. B  

 Tonaj (Mt)   (hkb)  (hkb) 
 300 33,2 20,9 1.980 

 arak, kuzeydeki  
ait sondaj verilerine 1,510 A 

B 
 B 
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 olan benzer  S  havza da 
 olup,  ait hedef saha   

A yeni 
elge 3 t -

 kategorisine  edilebilir. 
 

 3. A  

 Tonaj (Mt) Kül, % (hkb) Uçucu madde, % (hkb) kCal/kg 
(hkb) 

 1.510 34,7 21,5 2.200 

80-
  

Arama  

Her iki saha da, erken evre arama liny 2013) 
uygundur.   

 
A s 2019 dur. 

   
 

   
                         (1) 

 
; i    

9  

1
-  verilmektedir:  

 

2. A  
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Çizelge 4. Hedef Saha ( )  

Tarih 
 P veya F (TL) 

Toplam (TL) 

20.11.2019 24.550.000 1.421.316 TL 25.971.316 TL 
20.11.2020 24.550.000 1.292.105 TL 25.842.105 TL 
20.11.2021 24.550.000 0 TL 24.550.000 TL 
20.11.2022 24.550.000 2.455.000 TL 22.095.000 TL 
20.11.2023 24.550.000 5.130.950 TL 19.419.050 TL 
20.11.2024 24.550.000 8.047.736 TL 16.502.265 TL 
20.11.2025 24.550.000 11.227.032 TL 13.322.968 TL 
20.11.2026 24.550.000 14.692.465 TL 9.857.535 TL 
20.11.2027 24.550.000 18.469.786 TL 6.080.214 TL 
20.11.2028 24.550.000 22.587.067 TL 1.962.933 TL 

Toplam 245.500.000 85.323.456 165.603.386 
 

A Çizelge 5’te  
 

Çizelge 5. Hedef saha   

Harcama Kalemi  Tutar (TL) Tarih BD - Tutar 
(TL) 

Tarih 

 245.500.00
0 

20.11.201
9 

165.603.3
86 

20.11.20
21  

(Jeofizik, 
Jeoteknik, Hidrojeolojik, Reze

JORC/UMREK 

  

73.000.000 20.11.202
1 

73.000.00
0 

TOPLAM 238.603.386 TL 

:  
 

Çizelge 6. Kaynak saha   

 Harcama Kalemi  Tutar (TL) Tarih NBD - Tutar 
(TL) 

Tarih 

 50.000.000 20.11.2018 64.751.450 20.11.2021 
 (Jeofizik, 

 

9.000.000 20.11.2021 9.000.000 

TOPLAM 73.751.450 TL  
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-6’da  
:  F = P (1+i)N = 50.000.000 (1+0,09)3 

. Hedef sahada 
238,6 M TL; kaynak sahada da 73,8 M TL  

 

-1  
 
Bu çizelgeye  

analizleri ne 
8 5 

 
 

  
Tek Kaynak Saha (B)  : 73.751.450 TL x 5  = 368,8 M TL 

Kaynak Saha (B)  : 73.751.450 TL x 8  = 590,0 M TL 
Kaynak Saha (B) : 479,4 M TL  

 
-1   

 
4, 

1,5  
 

  
Hedef Saha (A)  : 238.603.386 TL x 1,5  = 357,9 M TL 
Hedef Saha (A)  : 238.603.386 TL x 4 = 954,4 M TL 

Hedef Saha (A) : 656,2 M TL  
 

kaynak saha 

 

 
 

ener

ve 
hedefleri n  

santrallerini kademeli olarak 
timlerine devam etmektedirler. 

%84 ). 
 

tlerin ele  
ve ilgili kurumlara ait Stratejik 

Planlarda bu hususlara yer verilmektedir. 



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

594

 

da 

n ma  hedef
r. 

mektedir. 
. 

enerji 
e deste iklimle ilgili 2030 ve 2050 s

 (AA, 2021). 
 

 , 

 

bahse konu kaynak saha ve 
indirim Bu nedenle sahalar ile 

lere %25 indirim uygulan  
 

  

Kaynak Saha ve Hedef Saha arak  verilen 
. 359,5 M TL; 

492,1 M TL  

.  

  Hedef  
 479,4 M TL    656,2 M TL 

119,8 M TL    164,0 M TL 
 359,5 M TL    492,1 M TL 

 

SONUÇ 

  8 de topluca . 
 

 8. Saha d ait  

Sahalar Kaynak 
(Mt) 

Ortalama AID 
(kcal/kg) (hkb) 

Tercih Edilen Teknik 
 (Milyon TL) 

(Kaynak Saha) 300 1.980 479,4 359,5 
 1.510 2.200 656,2 492,1 
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Maden K

  
 ile 

   
 
Her iki sahaya ait p gelecekte  

 
 
Özellikle “ ” 

“ ” az olan  
ktedir. 

 

-
mektedir.  
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RE- ION OF HIGH PRESSURE AI I I I

ZONGULDAK BASIN WI I I  
 

C. Yamudi 
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Anahtar özcükler:   
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Vaka 2 
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MICRO GRINDING IN VERTICAL MILL OF  ASPHALTITE SLIME, FLY ASH/ CHAR/ 

SOOT BY MICROWAVE RADIATION 
 

Y.I. Tosun 1, *, F. Çiçek 2 

 
1   

(*   
2  

 
ABSTRACT 

 
Depending on advanced technological developments in energy production the low-quality coals 

needed the most economical technologies and even in order to make it possible to produce coal-derived 
products. Compliance with environmental norms of coal grinding or washing of various type of coals, 
feasible combustion systems and energy production facilities are needed in today's modern technology, 
also enable the production of liquid and gaseous coal fuels. However, raw materials and chemical nature 
of them requires a variety of adaptation methods. The chemical and cement industry need to work 
together to provide the basic information required in pilot scale grinding over many materials. This 
study examined the high sulfur and ash types of Kütahya Gediz lignite, Sirnak asphaltite and coal shale. 
The representative samples were taken from local areas of the lignite. Fundamentally, the conditions 
regarding better desulfurization way, easy grinding lignite and washing, high calorific value lignite yield, 
24% high Hardgrove Grinding Index were determined at the chemical grinding of high fuel producing 
yield. For this purpose, chemical ground further washing for Kütayha Gediz lignite, Sirnak asphaltite and 
coal shale were discussed. The optimized use of microwave radiated vertical mill conditions is reported 

Turkey. 
 

 Microwave grinding, coal grinding, coal breakage, hgi, micro grinding,  
asphaltite slime, fly ash, waste slag, char, microwave radiation  

 
INTRODUCTION 

 
For grinding raw materials in a grinding mill plant, the chemical treatment method is becoming 

much effective in energy consumption of mills. Power needs will decrease with chemically fractured 
material. In the standards, the tests of mainly Bond and Hardgrove Index are commonly used as an 
industrial standard providing distinct energy requirements in all industrial applications. A chemically 
activated grinding process can save energy in grinding of hard materials, such as cement clinker, 
granulated slag, limestone, and quartz. This process subjects to the aggregate materials to high internal 
fracturing weakness between the macro and micro fissures and crack faces. Although this comminution 
technique closely resembles natural alteration, the degree of alteration by chemical breakage in 
chemical activation achieved within the chemical pots is carried out, even after only a single pass. 
Howard & Datta determined that chemical comminution having many advantages, this method using 
ammonia, providing ash liberation in coal grinding with chemical breakage (Howard & Datta, 1977, 
Howard & Datta, 1976). 
 

A Bond Work Index test is a standard test for determining the Ball Mill Work Index of a sample 
of ore. It was developed by Fred Bond in 1952 and modified in 1961 (Bond, 1952). In the design of 
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grinding circuits in a mineral processing plant, the Bond method is widely used for a particular material 
in dimensioning mills, determining power needs and in the evaluation of performance. Its use as an 
industrial standard is very common, providing satisfactory results in all industrial applications.  
 

The Hardgrove work index can be used not only for determining the grinding power for coal and 
soft rocks but also to classify the difference in hardness of different coals and coal shale. Every coal 
material has a characteristic Hardgrove index at standard level. The power required to break the high 
ash coal fine is higher due to the high content of harder shale material (Refahi et al., 2007, Tavares& 
King, 2005). 
 

The Hardgrove index is widely used to estimate the power required to grind microwave treated 
fractured coal materials. Because of the short determination of this index, fracturing intensity has 
investigated the effect of mechanical parameters on grinding, and the relationship between them 
(ASTM, 2008). 
 

The strength values obtained by the micro-cracks, fractures, tensile stress cracks and pores 
created by microwave treatment are the common geological design parameters for the materials in 
concrete structures or rocks. The parameters regarding rocks give the failure values to the construction 
engineers. Thermal fracturing and following comminution on the purpose is to break rock to given sizes. 
It has improved the assessment of tests interrelated between the failure energy and the final size 
reduction and surface area.  
 

It is significantly mentioned that alteration of cement raw materials, such as limestone, marl, 
tuff or shale rocks, interrelation between compressive strength and propagating fissures. Microwave 
alteration by improved thermal breakages changed the ground characteristics of coal (Unland & 
Szczelina, 2005, Toroman & Uçurum, 2012, Gökçen et al., 2012). The microwave heating improves the 
chemical technique. Microwave act and chemical treatment are especially useful for coal grinding in 
pulverized coal burning industries. 
 

The uniaxial compressive failure load of the cement raw materials interrelated with the grinding 
so that the relationship can be defined among the Bond Work and Hardgrove Index values and 
compressive strength of chemically fractured coal characteristics will emphasize the great importance. 
The aim of this study is to investigate the behavior of coal and shale under different microwave 
conditioning methods using 0.1M sulfuric acid and waste acidic water to establish a relation among 
strength and HGI properties and Bond Grindability, Bond Work Index. 

 
MATERIAL & METHODS 

 
In this study, Point load index Ic and uniaxial strength were initially measured for the coal and 

shale samples. Standard Bond grindability tests were carried out and work indices (Wi) were calculated. 
The proximate analysis of coal samples is given in Table 1. The chemical composition of the shale sample 
is also presented in Table 1. 
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Table 1. Proximate Analysis of Coal and Chemical composition of shale samples used in experiments. 
FC: Fixed Carbon,DC:Dried Coal, ADC:Air dried Coal,OC: Original Coal 

 

 
  

 
DC 

ADC 
ADC 

Kütahya Gediz Lignite 40.55 60.96 36.1 16 6.1 3207 
 40.28 62.5 39.4 0,2 6.6 4820 

 CaO,%% SiO2,% Na2O,% MgO,% K2O,% LOI, ,% 
Asphaltite Shale 5.42 54.8 2.1 4.1 2.1 2.15 
 

 
 

The most widely known measure of grindability is Bond Work Index which was defined as the 
resistance of the material to grinding and quantified the specific work input (kWh/t) required to reduce 
the material from theoretically infinite size to 80% passing 0.106 mm[4]. The work index is subject to 
variations due to variations in the inherent properties of minerals and rocks, variations in the grinding 
environment and variations in the mechanism of energy transfer from the grinding equipment to its 
charge.  

 
The standard Bond grindability test is a closed-cycle dry grinding and screening process, which is 

carried out until steady state condition is obtained. This test has been described as follows (Unland & 
Szczelina, 2005, Toroman & Uçurum, 2012, Gökçen et al., 2012).  

In the design of grinding circuits in a mineral processing plant, the Bond method is widely used 
for a particular material in dimensioning mills, determining power needs and in the evaluation of 
performance. Its use as an industrial standard is very common, providing satisfactory results in all 
industrial applications. Despite having many advantages, this method has some drawbacks, such as 
being tedious and time consuming, and also requiring a special mill. Due to these difficulties, a number 
of easier and faster methods have been developed to determine the Bond work index (Toroman & 
Uçurum, 2012, Gökçen et al., 2012). 

 
The general characteristic of all these methods is the need for either a Bond mill or a Standard 

laboratory mill. A different, non-standard method for determining the Bond work index was presented 
using an experimental relationship between the Bond work index and the mechanical and strength 
properties of the material (Li et al., 2005,  et al.,2008).  

 
The standard Bond grindability test is a closed-cycle dry grinding in a standard ball mill 

(30.5x30.5 cm) and screening process, which is carried out until steady state condition is obtained.  This 
test was described as in the standard. The feed samples had the particle size distribution as illustrated in 
Figure 1 and 2. The microwave activated samples at 20 minutes time period were tested for HGI and 
Bond grindability. 
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The HGI tests on parent coals and their binary and ternary blends were carried out using the 
standard Hardgrove method. For a comparative study, four standard reference coals were also used. 
The gross representative samples, weighing 1 kg, were collected by engineers for each coal seam with 
10 increments taken following the ASTM D 409-08 procedure (ASTM, 2008). A representative sample 
was obtained using the coning and quartering technique. 

 
 

For the determination of the HGI values, each gross sample was crushed to 4,75mm (4 mesh) in 
an impact crusher. The crushed sample was split into smaller lots of 250 g, using a standard method of 
sampling. Samples each weighing 250 g was dried in a microwave oven at 80oC for 20 minutes until a 
constant heating observed. Each air-dried sample of 4.75mm in size was placed on a 1.18mm sieve 
nested with a 0,600 mm sieve. The 1.18mm fraction was ground in a laboratory grinding mill until the 
whole material passed through the 1.18mm sieve, followed by sieving through the 0,600 mm sieve. 
Sieving of each sample was performed by a mechanical sieving machine for five minutes. The fine 
sieving procedure was changed by the thermal grinding in the thermal tension method (Austin, 2005, 

 
Figure 2. Particle Size Distribution and Normal Size Distribution of Bond Test Coal and 

Shale Samples. 
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Bergstrom, 1985, Tavares and King, 1998). The below 75 m fraction was weighed for determination by 
the standard Hardgrove Grindability Indice by an HGI machine. 

 
RESULTS AND DISCUSSION 

 
 

 
The material is packed to 700 cc volume using a vibrating table. This is the volumetric weight of 

the material to be used for grinding tests. For the first grinding cycle, the mill is started with an 
arbitrarily chosen number of mill revolutions. At the end of each grinding cycle, the entire product is 
discharged from the mill and is screened on a test sieve (Pi). Standard choice for Pi is 106 micron. The 
oversize fraction is returned to the mill for the second run together with fresh feed to make up the 
original weight corresponding to 700 cc. The weight of product per unit of mill revolution, called the ore 
grindability of the cycle, is then calculated and used to estimate the number of revolutions required for 
the second run to be equivalent to a circulating load of 250%. The process is continued until a constant 
value of the grindability achieved, which is the equilibrium condition.  This equilibrium condition may be 
reached in 6 to 12 grinding cycles. After reaching equilibrium, the grindabilities for the last three cycles 
are being averaged. The average value was taken as the standard Bond grindability (Gbg). 

 
The products of the total final three cycles are combined to form the equilibrium rest product. 

Sieve analysis is carried out on the material and the results are plotted in order to find the 80% passing 
size of the product (Pi). The samples are crushed in a laboratory scale jaw crusher, and then the standard 
Bond grindability test is performed. The Bond work index values (Wi ) are calculated from the equation 
below.  

 
 

8080
82.023.0 1010

5.441.1
FPGP

W
Bi

i

                                         (1) 
  

where W  is the work index (kwh/t); P , screen size at which the test is performed (106 m); GB, 
Bond standard ball mill grindability, net weight of ball mill product passing sieve size P  produced per mill 
revolution (g/rev); P80, sieve opening which 80% of the product passes (lm); 80, sieve opening which 
80% of the feed passes ( m).  

 
The Grindability of samples was determined from HGI and Bond test and the average values 

with minimum and maximum values for each sample type are given in Table 2. 
 

Table 2. Grindability properties of using rocks 
 

   HGI  
Asphaltite Shale 3.23 7.2 56 2.62 

Claystone 3.73 7.6 52 2.61 
Kütahya Gediz 2.52 6.7 72 1.71 

 3.39 7.7 57 1.81 
 

In experimental studies, The Bond grindability of  is the most difficult than 
other samples. The biggest reasons of low Bond grindability, the porosity of sample was low is based on 
the solid rock texture.  
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The rocks of  asphaltite and shale were showing the similar mechanical quality. There 
were slight differences in comminution characteristics. The reason of this condition, their porosity has 
similar as the structure of coal. 

 
 

 
The strength of samples was determined from compressive load test and the average values 

with minimum and maximum values for each sample type are given in Table 3. 
 

Table 3. Compressive strength of Coal and Shale Samples 
 

 I
2 2 

Asphaltite Shale 18.9-25.0 77.0 
Claystone 19.8-26.0 86.0 

Kütahya Gediz Lignite 24.0-44.0 52.0 
 27.0-44.0 60.0 

 
 

 
The effect of period of microwave activation on grinding was tested. The graphs were observed 

as illustrated in Figure 3. Two days treatment was sufficient for developing grindability manner of the 
coal samples. HGI values increased at about 24 % at 20 minutes microwave radiation period. The 
relationship among Bond Grindability and HGI values were similar in microwave treated coal samples. 
The most important reason of the relationship was the same as in the breakage under chemical 
shattered samples and porous structure is more effective rather than solution in the grinding mill. 

 
The microwave treated samples were ground in Bond and Hardgrove equipment and the results 

are illustrated in Figure 3 and 4. As seen in Figure 3 microwave treatment increased finer particle size 
fraction of minus 0,2 mm at about 13%. 
asphaltite reaching 3%/min. 

 
From the microwave activated test results, Hardgrove grinding Index are determined and the 

results were shown in Figure 4. Hardgrove index values increased to 85 values 
Kütahya Gediz lignite reached to 105 values of HGI from 72.  
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Figure 3. Bond breakage with microwave treated coal samples in 20 mins. 
 

CONCLUSIONS 
 

In this study, a method which reduces and eliminates inefficiency and problems during the 
determination of work index and Bond's grindability is described. The effect of physico- mechanical 
parameters of the materials on grindability and its relation with grindability are investigated. It is 
possible to determine physico-mechanical parameters. Statical methods contain difficult test 
procedures and problems as encountered at Bond's grindability process. However, tests are simple, easy 
and show minor problems in dynamic methods. A good correlation is obtained between Bond 
grindability and work index with the values determined from the Hardgrove Index method as a result of 
the tests done. The best correlation was found between Bond (grindability and work index) and HGI. 
Moreover, HGI give better results than static methods because coal grinding is also a compression 
process. The HGI method has many advantages, because of its ease of use and the relatively short time 
required compared to Bond methods. The depth of particle bed is a key variable in determining the 
fragmentation of coals and shale by high velocity impact. This may not be the case with static loading. 
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Figure 4. Bond breakage with microwave treated coal samples in 20mins. 
 
 

Two different methods of characterizing breakage manner of coal are investigated for the 
purpose of predicting performance in the comminution. Bond method was performed as standard tests 
and assume that the common test best reflecting the dominant behavior of coals.  

 
HGI method was important in the design of coal grinding plants and even mechanical properties 

of side rocks in coal.  
 
The most important result of this study is managed by the correlation between Bond HGI and 

compressive strength for microwave activated grindability. In future studies, the other grinding mills 
should be clearly established by taking the porosity into consideration, and other lignite samples using 
alternative grinding media. 
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 = cos (cos(E E ) sin(E ) × sin (E ) × (1 cos(A A )) 
 

 
 

 

RF = 2 × tan 2
 

2  

 
 NS = MD2 × (sin(E ) × cos(A ) + sin(E ) × cos(A )) × RF EW = MD2 × (sin(E ) × cos(A ) + sin(E ) × sin(A )) × RF TVD = MD2 × cos(E ) cos(E ) × RF  

1  
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ABSTRACT 

 
Electrorefining of copper is one of the most used processes to obtain high quality copper by 

electricity. The copper dissolves from an anode electrode and deposits on a cathode electrode. The 
main parameters that affect the process are temperature, anodic and cathodic current density, copper 
and sulfuric acid concentration, impurities, and suspended particles. For simplicity, the effect of 
temperature and impurities are not considered. Experimental design to consider the effect of three 
other variable parameters by the central composite design (CCD) for twenty runs is done, which current 
density varies from 50 to 550 A/m2, copper concentration varies from 10 to 90 g/L and sulfuric acid vary 
from 20 to 340 g/L. The copper electrorefining process is modeled by COMSOL Multiphysics software in 
which condition that only the diffusion affects the movement of ions. The current density and 
concentration of acid and copper in the batch process are predicted by considering the hydrogen 
evolution reaction in the process current efficiency and energy consumption are optimized. In the end, 
to validate the results, the available experimental tests are used. 

 
Keywords: Copper electrorefining, simulation, optimization, energy consumption, cathodic efficiency, 
anodic efficiency 

 
INTRODUCTION 

 
 Electrorefining of copper is one of the most used processes to obtain high quality copper by 

Electricity. The copper dissolves in the anode electrode and deposits at the cathode electrode. The main 
parameters that affect the process are temperature, anodic and cathodic current density, copper and 
sulfuric acid concentration, impurities, and suspended particles. Due to the importance of the electric 
electrorefining process, it is of special importance to study this process and the factors affecting it, and 
find a way to increase its efficiency (Mark E. Schlesinger et al., 2011), (Zeng et al., 2016). One of the 
methods to study the process of electrorefining is to perform simulations, by using equations of mass 
balance, energy balance, and momentum balance, via commercial software. The absence of laboratory 
errors, cost reduction, and time savings are the advantages of using simulation methods in examining 
processes. It is very difficult and expensive to study some mechanisms of the electric purification 
process in the laboratory and it requires advanced and expensive devices. However, by using relatively 
accurate equations of mass and energy balance, laboratory results can be obtained with reasonable 
accuracy at a low cost and at the right time. The optimization of the process is the most important thing 
of the process because of energy consumption and the current efficiency. This has not considered until 
today. Zeng et al. (2015) modeled the electrorefining process and considered the impurity particles 
behavior in this process (Zeng et al., 2015). 

 
 In this study, the optimization of the process and the effect of diffusion were considered. By 

using COMSOL Multiphysics, an electrochemical cell simulation was utilized. Concentration, the weight 
of deposited copper, and electrical potential were generated as results of the model. There are three 
mechanisms in the movement of ions: diffusion (based on Fick's law), convection (due to mechanical 
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movement of fluid), and migration (due to potential gradient). In this model, the movement of fluid due 
to density gradient was not considered. The model results show the three model variables' effect (effect 
of concentration of copper and hydrogen ions, and applied current density), which can be used to find 
an optimum condition of the system. 

 
MODELING FRAMEWORK 

 
Comsol Multiphysics uses the finite element method to compute model solutions. In this model, 

an electrodeposition module is used to simulate the electrochemical cell. To model the 
electrodeposition process, the Tertiary Nernst-Plank current distribution model is utilized to solve for 
the cell variables. A set of governing equations is used and solved.  

 
Model Geometry 
 

The geometry of the model is presented in Figure 1. In a three-dimensional coordinate system, 
the size of the cell is 0.1m×0.1557m×0.09m and two anodes with 0.08×0.006×0.8 and the cathode with 
0.08×0.003×0.08 size. Only the front side faces of anodes and cathode contribute to electrode reactions. 

 

 
 

Figure 1. The geometry of the model with two anodes and a cathode in the center of the cell 
 

Governing Equation 
 

 In the electrolyte, the mass transfer is controlled by the Nernst-Plank equation: 
 = z u Fc D c + c  (1) 

 
Where ,  z , u , F, c , D , , c ,   are flux density, charge, mobility, Faraday's constant, the 

concentration, diffusivity of species i, an electrical field, a concentration gradient, and velocity vector, 
respectively. No homogeneous reaction in the electrolyte in electrorefining cell is assumed, so the 
material balance equation is given as below: 

 ct + = 0  (2) 

As in the electrolyte = . , so the current density is given by: 
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= F z u c F z D c + F z c   (3) 

 
Where  is the current density in the electrolyte. Also due to the electroneutrality of the 

electrolyte solution, the third term in Equation 3 ( = 0) removes from this equation. Therefore: 
 i = F z u c F z D c   (4) 

 
The kinetic of electrode reaction is given by concentration dependant Butler-Volmer equation: 
 i = i C ,C , exp zFRT C ,C , exp zFRT  

 (5) 

 
Where i , i , , , , C , , C ,  are the localized current density in the interface of electrode 

and electrolyte due to overpotential, the equilibrium exchange current density, the anodic symmetry 
factor, the cathodic symmetry factor, the overpotential, the concentration of reductant species in the 
surface of the electrode, the concentration of the reductant species in the bulk of electrolyte  
respectively. For the hydrogen evolution, the kinetic equation obeys from Tafel equation that is given 
below: 

 i , = i , 10 /   (6) 

 
Hydrogen reaction doesn't contribute to the rate of copper deposition, but it contributes to the 

local current density on the cathode surface: 
 = i , + i ,   (7) 
 
Equation 7 shows the balance of the current density, which means an equal amount of current 

that left at the anode also enters at the cathode (Comsol Multiphysics Users Guides V 5.5, 2019), (Pryor, 
Roger W, 2009), (Zeng et al., 2016): 

 

anode surf. 
dS =

cathode surf. 
dS = iave. 

anode surf. 
dS  (8) 

 
Electrode reactions 
 

Two Cathodic reactions are assumed in this model: 
 Cu( ) + 2e Cu(s)  (9) 

 + 12   (10) 

 
For simplicity, only one anode dissolve of copper is assumed between all anodic reactions: 
 Cu(s) Cu( ) + 2e   (11) 
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All the other surfaces except anode and cathode are insulated: = 0  (12) 
 

Experimental Design 
 

To design the experiment and extract results, there are four input variables which are copper 
and acid concentration, applied density, and time. Table 1 represents variables. This method helps to 
extract responses and at the end will consider the effect of each parameter on each other and also on 
responses. 

 
Table 1. Variale parameters in experimental design 

 
Name Units Minimum Maximum Coded Low Coded High Std. Dev. 

Cu2+ Gr/L 10.00 90.00 -   18.19 
H2SO4 Gr/L 20.00 340.00 - 100.00  72.78 
Current Density Amp/m^2 50.00 550.00 -   113.71 
Time Sec 5000 45000 -   9097.18 

 
Input Variables and Simulation 
 

 Some initial inputs are constant in all runs that are given in Table 1 (Situmorang et al., 2020), 
(Zeng et al., 2015). By using the central composite method twenty runs with three different variables are 
utilized. Table 2 shows each simulation input variables. 

 
Table 2. Initial values for the model 

 
unit
e Value Parameter 

- 1.5 Anodic symmetry factor 

- 0.5 Cathodic symmetry factor 

A/m2 0.2 Equilibrium exchange current density of copper 
A/m2 0.01 Equilibrium exchange current density of hydrogen 

V -0.337 Cathodic potential 
V 0.337 Anodic potential 
K 323 Temperature 

m2/s 9.31·10-9 Hydrogen diffusion coefficent 
m2/s 1.07·10-9 Hydrogen diffusion sulfate 

m2/s 7.33·10-

10 Hydrogen diffusion copper 

V -0.118 Cathodic Tafel slope of hydrogen 
 

RESULTS 
 

Different simulations are being used to show why this type of meshing is used for the modeling 
procedure. Four types of meshes are considered here: Extra coarse mesh, Coarser mesh, Coarse mesh, 
and normal mesh. Different types of meshes are available in the software. The chosen mesh was 
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Coarser. Figure 2 shows the difference between the chosen type of meshing and three others for 
simulation 1. The chosen meshing depends on the accuracy and the time that takes each simulation.  

Table 3 shows the errors between the Coarser meshing run and the others and the time that is 
needed for each run. Therefore, it is acceptable to use the coarser meshing. Table 4 shows the ANOVA 
for current efficiency. Two responses are extracted from model results: Current efficiency and energy 
consumption. The optimized value for results by considering the maximum value for current efficiency is 
shown in Table 5. 

 
As this model only considers the diffusion of ions and the fluid flow isn't considered, the current 

efficiency of the model in the whole simulation is below. The results of the numerical optimization are 
presented in Table 5. It should be noted that these values are obtained according to this specific model. 
Table 6 compare predicted points from software and obtained values for each simulation. 

 
According to Faraday's law, an increase in applied current density increases cathodic reactions. 

Therefore, if the copper ions are available, they can deposit at the cathode. But when copper  
 

 
 

Figure 2. The difference between the concentration of copper by each mesh  
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Table 3. Variable parameters for each run (Copper and acid concentration, applied current density)  
 

Simulation No. Cu(g/L) H2SO4(g/L) I(A/m2) 
1 30 260 425 
2 50 340 300 
3 70 100 425 
4 70 260 425 
5 54 176 304 
6 50 20 300 
7 30 100 175 
8 51 179 301 
9 50 180 50 

10 70 260 175 
11 51 178 299 
12 49 182 298 
13 30 100 425 
14 10 180 300 
15 90 180 300 
16 46 184 296 
17 50 180 300 
18 70 100 175 
19 50 180 550 
20 30 260 175 

 
Ions aren't available, since the hydrogen diffusion coefficient is bigger than the copper diffusion 
coefficient (copper ions are bigger and heavier than hydrogen ions) the increase in applied density can 
decrease the current efficiency.  

 
Table 4.  The effect of mesh sizes on simulation time and precision of the concentration of copper 

 
Extra Coarse Coarser* Coarse Normal 

Required time for each simulation 29 mins 52 mins 1 h 50 mins 2 h 58 mins 
   errors after 50000 seconds 1.28% - 0.55% 1.33% 
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Table 5. Analysis of variance (ANOVA) for current efficiency- response surface  
 

Source Coefficient 
Estimate 

Sum of 
squares 

df Mean 
square 

F-value p-value  

Model 44.73 6621.7 14 473 19.67 3.85E-07 significant 
A-Cu2+ 10.53 2661.3 1 2661 110.7 2.55E-08  
B-H2SO4 -4.67 524.52 1 524.5 21.82 0.000301  
C-
Current 
Density 

-9.79 2300 1 2300 95.67 6.68E-08  

D-Time -4.23 429.01 1 429 17.85 0.000736  
AB -0.7447 8.8721 1 8.872 0.369 0.552606  
AC -2.4 91.796 1 91.8 3.818 0.069597  
AD -0.8409 11.314 1 11.31 0.471 0.503156  
BC -0.227 0.8243 1 0.824 0.034 0.855573  
BD -0.1551 0.3849 1 0.385 0.016 0.900989  
CD 0.9801 15.37 1 15.37 0.639 0.436432  
A²  -0.8215 18.51 1 18.51 0.77 0.394065  
B²  2.63 189.82 1 189.8 7.896 0.013191  
C²  3.71 377.09 1 377.1 15.69 0.001256  
D²  0.964 25.49 1 25.49 1.06 0.319465  
Residual  360.6 15 24.04    
Lack of 
Fit 

 322.74 10 32.27 4.262 0.061575 not significant 

Pure 
Error 

 37.862 5 7.572    

Cor Total  6982.3 29     
Std. Dev. 4.9  R² 0.948    
Mean 49.92  Adjusted 

R² 
0.9    

C.V. % 9.82  Predicted 
R² 

0.726    

   Adeq 
Precision 

18.64    

 
Table 5. Optimized values for the variables of the model 

 

 
Cu2+ 
g/L 

H2SO4 
g/L 

Current 
Density 
Amp/m2 

Time 
Sec 

Current 
Efficiency 

% 

Energy 
Consumption 

KWh/Kg 
maximize current efficiency 

(A) 68.7 105.2 190.8 5506 89.16 0.367 

minimize energy consumption 
(B) 67.8 100 175 5000 92.28 0.295 

maimaize current efficiency 
and minimiaze energy 

consumption (C) 
70 103 175 5000 93.3 0.291 
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Table 6. Predicted values and obtained values for three simulations mentioned above simulation 
 

predicted points obtained values 
A B C A B C 

curren efficiency 89.16 92.28 93.42 85.1 87 89 

energ consumptin 0.367 0.295 0.29 0.5 0.48 0.45 

 
When copper ions concentration increases in the bulk electrolyte (initial electrolyte) the current 

efficiency increases by the increase in applied current density, because of that copper ions are available 
near of cathode to deposit on it. This effect can be seen in Figure 3. As seen from Figure 3 that the 
maximum current efficiency is obtained when the concentration of copper ions is high and applied 
density is minimum. This is because hydrogen ions can evaluate better than copper ions in higher 
applied current density. 

 
Figure 4 shows the interaction between acid concentration and applied current density on 

energy consumption. As can be seen from Figure 4 that when the acid concentration increases, because 
of the high mobility of hydrogen ions, the conductivity of electrolyte increases and voltage 
 

 
 

Figure 3. Surface graph of the effect of Copper ions and applied current density on current efficiency 
(after 20000 sec and acid concentration is 180 g/L) 
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Figure 4. Surface graph of the effect of Acid concentration and applied current density on energy 

consumption after 25000 sec a) copper concentration is 10 g/Land b) copper concentration is 90 g/L 
 
drop decreases, so energy consumption decreases. But in low current density and high copper 
concentration copper ions. Due to the small diffusion coefficient of copper ions, it prevents the diffusion 
of hydrogen ions and by increasing the concentration of acid, a negative effect on energy consumption 
is seen (Figure 4 (b)), but in higher applied current density diffusion of hydrogen ions in high copper 
concentration must happen due to applied density, so the energy consumption can e constant (Figure 4 
(b)). 

But there is a negative effect: When the concentration of hydrogen ions increases too much, in 
low concentration of copper ions, because of hydrogen evolution, recovery decreases. As you see in 
Figure 5 this effect in a lower concentration of copper in more. This is because of the higher mobility of 
hydrogen ions in a lower concentration of copper ions. 

 
Figure 6-a shows copper concentration between anode and cathode when the initial copper 

concentration is different but the other parameters are the same. As seen in Figure 6 when copper 
concentration increases the amount of copper ions in the solution increase, and it can be seen that the 
boundary layer is constant due to the same applied current density and acid concentration. Figure 6-b 
shows the effect of applied current density on the copper concentration ions in the electrolyte. It can be 
seen that when applied current density increases the amount of copper that there is in the electrolyte 
increases (integral of each curve shows this effect). Figure 6-c shows the effect of acid concentration on 
copper concentration in the electrolyte. It can be seen from Figure 6-c that when acid concentration 
increases, due to an increase in electrolyte conductivity, the amount of copper that moves into 
electrolyte increases. It is noteworthy to say that Figures 6 are plotted for the concentration of copper 
from a line of the center of the cell. 

 
CONCLUSION 

 
After obtaining the optimum condition for the model that is 70 g/L copper concentration 103 

g/L acid concentration and 175 A/m2 applied current density, the interaction between three variables is 
considered. Each variable affects two others. Higher applied density needs higher ionic conductivity and 
on the other hand, higher conductivity in a higher concentration of hydrogen is available and 
consequently more evolution of hydrogen ions, this decreases the current efficiency. In higher copper 
ionic concentration, the higher concentration of hydrogen could have. Higher copper 
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Figure 5. Effect of copper concentration and acid concentration on current efficiency  
(after 40000 sec and applied current density is 175 A/m2) 

 

 
 (a) (b) 
 

 
          (C) 
 

Figure 6. Copper concentration between anode and cathode in different copper concentration 
simulations a) copper concentration, b) applied current density are constant are same, c) acid 

concentration 
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Concentrations can have a higher applied current density. But after a while, that process 
proceeds, hydrogen higher mobility, decreases current efficiency. Therefore, it needs a below current 
density to have maximum current efficiency and minimum energy consumption in this model. 
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ABSTRACT 

The present study encompasses a quantitative investigation on rock comminution using 
statistical and soft computing analyses. For this purpose, physical and mechanical rock aggregate 
properties were determined for nine different rock types (R1–R9) in Turkey. Then, crushability tests 
were performed to determine the size reduction ratio (SRR) using a laboratory-scale jaw crusher. Based 
on statistical and soft computing analyses, five different predictive models (M1 to M5) were established 
to estimate the SRR in this study. Consequently, the SRR values are associated with water absorption by 
weight (wa), dry unit weight ( d), and aggregate impact value (AIV) of the investigated rocks. However, 
the individual use of these independent variables results in undulating SRR estimations. Therefore, 
among the established predictive models, the empirical formulation based on artificial neural networks 
(ANN) (M5) was found to be the most reliable model with a correlation of determination value (R2) of 
0.88. However, the predictive models stated in this study should be implemented to several portable 
jaw crushers to observe the similarities or difficulties in quantifying SRR as a function of rock properties 
in future studies. 
 
Keywords: Rock crushability, crushed stone, size reduction ratio, jaw crusher, soft computing. 
 

INTRODUCTION 
 
Rock comminution is the first mechanical step in aggregate manufacturing. Different types of 

crushing equipment have been used in various combinations to produce rock aggregates. For instance, 
jaw and gyratory type crushers are mainly used to break down huge rock blocks in crushing – screening 
plants and, therefore, they are declared primary crushers. However, in secondary and tertiary crushing 
processes, cone, horizontal, and vertical shaft impact crushers are preferred to obtain rock aggregates 
with specific size fractions (Nikolov 2004; Johansson et al., 2017). In addition to such industrial crushers, 
portable crushing machines endowed with jaw or cone crushers are mainly operated in-pit crushing and 
conveying systems (Liu and Pourrahimian 2021). 

 
It is essential to note that the settings of the crusher and the physicomechanical properties of 

rocks become prominent to achieve the maximum output from the crushing equipment. In this sense, 
the rock-crusher interaction is of prime importance, and several studies have documented the effective 
parameters on the degree of rock crushability (DRC). More deeply, the particle size distribution of the 
product is associated with the setting of the crusher and the nature of the material fed (King 2012). It 
has long been experienced that the greater the strength of the rock, the more energy is required to 
break down the rocks. At the same time, lower size reduction ratios and higher wear rates in the 
crushing equipment are expected under the dominance of high-strength rock properties. Since rock 
strength and abrasion properties, such as Los Angeles abrasion value (LAAV), are clear indicators of rock 
aggregate quality, they have gained popularity to evaluate the rock comminution (Metso 2018). 
However, operational characteristics or crusher settings are by far the most critical variable in rock 
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quarrying. In this regard, the crusher discharge settings (i.e., open-side setting (OSS) and closed-side 
setting (CSS)) have been mainly considered to control general size reduction for compressive crushers 
(Evertsson 2000; Lee and Evertsson 2011; Fladvad and Onnela 2020). 

 
The particle size distribution (PSD) of the feed material and the CSS of the compressive crushers 

also play an essential role in product flakiness, which is another critical parameter for quantifying the 
quality of rock aggregates (Eloranta, 1995). Recently, Itävuo and Vilkko (2021) modeled the control of 
size reduction in cone crushing by adopting variables such as CSS, eccentric speed, and feed rate. As a 
result of their analyses, the researchers estimated the throughput and PSD of the product with high 
precision. Furthermore, Köken and Lawal (2021) also investigated the effects of feeding properties (i.e., 
feed quantity and feed size) on the DRC parameters such as size reduction ratio (SRR), specific energy 
consumption (Ecs), and product flakiness (FIp). Their laboratory test results demonstrated that the 
characterized feed size (F80) dominates the general size reduction, whereas the variations in the feed 
quantity (mf) are associated with crushing energy consumption and product flakiness. 

 
When it comes to the rock strength parameters in terms of DRC, Bearman et al. (1997) 

concluded that the tensile strength of rocks has a remarkable effect on the performance of cone 
crushers. Donovan (2003) found that fracture toughness affects the specific energy consumption of jaw 
crushers. Szczelina and Raaz (2002) and Tavares and da Silveira (2008) investigated the potential use of 
mechanical aggregate properties (LAAV, Axb breakage index, and Bond Work index) for their use in the 
selection and optimization of crushers for the mining industry. More recently, Korman (2015), Kahraman 
et al. (2018), and Köken and Özarslan (2018) concluded that the uniaxial compressive strength (UCS) of 
rocks determines the DRC for jaw crushers. On the other hand, the Brazilian tensile strength (BTS) of 
rocks is closely related to the energy consumption of cone crushers (Köken 2020a; Köken 2020b). 

 
The studies mentioned above provide quantitative information on using some rock strength 

properties to evaluate the DRC for several crushers. However, there is a lack of information on how to 
model the quantitative DRC parameters (e.g., SRR) as a function of the physicomechanical properties of 
rocks, which are easy to handle and based on highly repeatable testing methods. 

Such empirical models based on physicomechanical properties of rocks, which reveal the 
comminution rate for several crushers, would be beneficial in estimating the power draw and 
establishing a solid basis for quantifying the size reduction rate. These empirical models would also 
enable one to stress the performance of crushers with a view to physicomechanical properties. 
Modeling some DRC parameters for compressive crushers could also give one a chance to understand 
the weathering degree of feed material. All these potential benefits, which are based on quantifying 
some of the DRC parameters, constitute a solid basis for the performance of crushers and allow for 
understanding rock-crusher interactions in a detailed manner. 

 
In this study, detailed laboratory studies were carried out to reveal the comminution rate of 

nine different rock types from Turkey. For this purpose, the physical and mechanical aggregate 
properties, which are easy to handle in the laboratory, were determined for each rock type. The 
crushability tests were then performed using a laboratory-scale jaw crusher. Adopting sieve analyses, 
the SRR values of the investigated rocks were determined. Several predictive models were established 
to estimate the SRR using statistical and soft computing analyses. The performance of the proposed 
predictive models was compared with one another, and it was concluded that the artificial neural 
network (ANN) based predictive model (M5) outperformed the other predictive models established in 
the present study. In the present study, explicit mathematical formulations of the established models 
were also introduced to estimate the SRR, indicating how to model the SRR as a function of the 
physicomechanical properties of the rocks. 

 
 
 



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

639

 

 
MATERIALS AND METHODS 

 
Representative rock blocks were obtained from several parts of Turkey, and nine different rock 

types were considered in this study (Table 1). First, the initial size of the rock blocks obtained was 
reduced using a sledgehammer. Subsequently, rock aggregates with a particle size range of 11.2 to 16 
mm were prepared. Next, the physical and mechanical properties of the rock aggregates were 
determined for each rock type. In the last stage, crushability tests were performed using a laboratory-
scale jaw crusher, whose technical properties are listed in Table 2. Eliminating the flakiness effect on the 
rock crushability was based on the use of an 8 mm bar sieve. More profoundly, flaky particles were 
removed or minimized from the feeding material using an 8 mm bar sieve before crushability tests were 
performed. 

 
Table 1. Sampling locations and descriptive codes of the investigated rocks. 

 

Rock-type Code Location 
Number of rock 
blocks 
obtained 

Basalt R1 Erkilet / Kayseri 6 
Basaltic andesite R2 Mimarsinan / Kayseri 8 
Basalt R3  4 
Granodiorite R4  8 
Andesite R5  7 
Dacite R6  8 
Sandstone R7  6 
Gabbro R8  5 
Limestone R9  6 

 
 
 

For each 
of 

the crusher were 8mm and 4 mm, respectively. In other words, the jaw crusher operated in the range of 
8 to 12 mm during crushability tests. After every five crushability tests, the CSS of the crusher was 
controlled and calibrated, if necessary. 

 
Table 2. Technical properties of the laboratory-scale crusher used in crushability tests. 

 
Laboratory-scale jaw crusher 
Nominal voltage (V) 220 
Nominal current (A)  14 
Frequency (Hz) 50 
Cos( ) 0.94 
Power (kW) 2.20 
Feeding gape (mm) 100 
Capacity (t/h) 0.20 
CSS adjustment (mm)  40 
Plate type Convex with stiffeners 
Plate length (mm) 340 
Jaw speed (rpm) 285 – 290 
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Laboratory studies 

The physical and mechanical properties of rock aggregates determined in this study were water 
absorption by weight (wa, %), dry unit weight ( d, kN/m3), and aggregate impact value (AIV, %). The wa 
and d of the rock aggregates were determined according to TS EN 1097-6 (2013), while the AIV values 
were obtained following BS 812-112 (1990). The tests mentioned above were repeated three times for 
each rock block, and the average values were transformed into a comprehensive database for statistical 
and soft computing analyses. 

 
Crushability tests provide quantitative data on the production yield and comminution rate of 

several crushers (Köken 2020b). In the context of the crushability tests, the material with a particle size 
range of 11.2 – 16.0 mm and weighing 1000 ± 5 g was fed to the laboratory-scale jaw crusher in a single 
crusher by hand. After the crushing action had been completed, the crushed particles were sieved to 
quantify the size reduction ratio (SRR), which was determined by Eq. 1 as follows: 

 

                 (1) 

where F80 and P80 denote the theoretical square mesh aperture sizes (mm) corresponding to 80% of the 
cumulative undersize of the feed and product particle size distributions, respectively. 
 

Some of the laboratory studies are illustrated in Figure 1. Laboratory studies were carried out 
under oven-dried conditions. The physical and mechanical properties of the rock aggregates are listed in 
Table 3. Accordingly, the wa, d, and AIV values of the investigated rocks were found to be between 
0.211 and 3.661%, 24.980 and 27.885 kN/m3, and 8.682 and 23.586%, respectively. On the other hand, 
the crushability test results are given in Figure 2. From Figure 2, it can be observed that the values of F80, 
P80, and SRR ranged between 13.737 and 15.537 mm, 5.114 and 7.827 mm, and 1.878 and 2.950, 
respectively. 
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Figure 1 Laboratory studies a) Some of the feeding materials (11.2–16 mm) for crushability tests  
b) Laboratory-scale jaw crusher c) Aggregate impact value apparatus d) Sieving procedure e) Typically 
crushed particles obtained from a single crushability test f) Typically crushed particles obtained from a 
single AIV test. 
 

Table 3. Laboratory test results. 
 

Rock type wa (%) d (kN/m3) AIV (%) 
R1 1.80(1) ± 0.10(2) (18)(3) 26.55 ± 0.17 (18) 17.76 ± 0.43 (18) 
R2 2.53 ± 0.29 (24) 26.53 ± 0.27 (24) 17.90 ± 1.24 (24) 
R3 0.27 ± 0.06 (12) 27.26 ± 0.32 (12) 9.89 ± 1.13 (12) 
R4 1.04 ± 0.06 (24) 26.99 ± 0.37 (24) 11.97 ± 1.48 (24) 
R5 3.23 ± 0.28 (21) 25.42 ± 0.31 (21) 19.52 ± 2.67 (21) 
R6 1.42 ± 0.12 (24) 26.14 ± 0.26 (24) 15.74 ± 1.22 (24) 
R7 2.42 ± 0.24 (18) 25.67 ± 0.25 (18) 19.96 ± 0.99 (18) 
R8 0.79 ± 0.25 (15) 27.60 ± 0.29 (15) 14.11 ± 1.51 (15) 
R9 1.40 ± 0.15 (18) 25.45 ± 0.11 (18) 15.85 ± 1.74 (18) 

(1)Mean (2)Standard deviation (3)number of samples 
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Figure 2. Box plots of the crushability test results 
 

Statistical and Soft Computing Analyses 
 
In this section, statistical and soft computing analyses were introduced to evaluate the SRR. 

Based on the single and multiple regression analyses, several correlations were obtained. The 
regression-based models (M1–M4) yielded a correlation of determination (R2) ranging from 0.47 to 0.71, 
only stating some correlative parameters to evaluate SRR. Additional soft computing analyses were also 
performed to obtain other empirical formulations to estimate the SRR with higher accuracy. Soft 
computing analyses adopted in this study were based on artificial neural networks (ANN). ANN analyses 
were performed in a MATLAB environment. For this purpose, a neural network toolbox (nntool) was 
utilized to establish several neural networks. The database was randomly divided into training (70/100) 
and testing/validating (30/100) parts. Various possible network architectures with variable hidden layers 
and neurons were attempted to determine the most reliable structural combination. To estimate the 
SRR values, the most convenient ANN architecture was found to be  
3–6–1. Before performing the ANN analyses, the database was normalized between –1 and 1 using the 
following equation (Singh et al., 2012; Lawal and Idris, 2020). 

 

               (2) 

 
where VN is the normalized value, xi is the relevant parameter to be normalized, xmin, and xmax are the 
minimum and maximum values in the relevant dataset. 
 

Based on the ANN analyses, the SRR values can be estimated by model 5 (M5), which is given in 
Table 4. The subequation systems for M5 are also listed in Table 5. When comparing the R2 values of the 
developed models, M5 provided the highest R2 value (R2 = 0.88), which shows the most reliable model 
for estimating the SRR in this study. 
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Table 4. Proposed empirical models for the evaluation of SRR in this study. 
 

Model No Empirical formula R2 
M1  0.47 

M2  0.55 
M3  0.63 
M4  0.71 

M5  
0.88 

 
The developed empirical models (M1–M5) provide a piece of practical knowledge on how to 

model the size reduction process that occurred in a laboratory-scale jaw crusher. In other words, the 
SRR values increase with increasing wa and AIV of the rocks, while they decrease when increasing the d 
values. Furthermore, empirical formulations (M1-M5) can be used to evaluate rock aggregate quality in 
a rock quarry. In other words, considering fixed operational features in crushing equipment, higher SRR 
values obtained from crushability tests can indicate lower rock aggregate quality or the presence of 
weathered rock types. Nevertheless, the variations in SRR values can also indicate the heterogeneity of 
the host rock. 

 
In this context, such empirical relationships to evaluate the DRC parameters can save time and 

provide practical information on the quality of feed material. Furthermore, the anomalies in the SRR 
values can also show undulating energy consumption values, which were not considered in this study. 
However, further studies are required to obtain relationships between the SRR values and their 
correspondence with the energy consumption. 

 
Table 5. Sub-equation systems for the developed ANN model (M5). 

 
 

 

 

 

 

 

Normalization Functions 
 

 
 

 

RESULTS AND DISCUSSION 
 

Statistical analyses indicated that the wa d, and AIV of rocks have some influence on the SRR 
that occurred in a laboratory-scale jaw crusher. However, the regression-based models (M1-M4) are not 
high enough for precise estimations on the SRR. By implementing such ANN analyses, M5 was 
developed, which provides the highest R2 value (R2 = 0.88) among the models developed (Table 4).  
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The predicted and measured SRR values obtained from the M5 model are plotted in Figure 3. 
Accordingly, it can be claimed that the predicted SRR values are in good agreement with the measured 
ones. In summary, the comparison of all the developed models is given in Figure 4. It can be seen from 
Figure 4 that a single use of physical and mechanical rock aggregate properties would not allow one to 
assess size reduction processes by jaw crushers with a higher prediction capability. This phenomenon 
can be interpreted as the size reduction process in jaw crushers is a complex issue; therefore, the 
complexities arising from the nature of the rock can be overcome by multiple-choice of rock properties. 
In this manner, the ANN-based model (M5) can be an example of quantifying or modeling the size 
reduction process in a jaw crusher. However, the practical information stated in this study should be 
tried with a portable jaw crusher to observe similarities or difficulties in quantifying SRR values as a 
function of different rock properties. 

 

 
 

Figure 3. Predicted and measured SRR values based on the M5 model. 
 

 

 
 

Figure 4. Comparison of all predictive models to estimate SRR. 
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CONCLUSIONS 
 

In this study, the size reduction processes that occurred in a laboratory-scale jaw crusher were 
investigated using nine different rock types from Turkey (Table 1). The physical (wa, d) and mechanical 
(AIV) aggregate properties were determined for each rock type (Table 3). Then, detailed crushability 
tests were carried out (Fig 2). The SRR values were obtained from the sieve analyses of the crushed 
particles. The laboratory test results were transformed into a comprehensive database for statistical and 
soft computing analyses. The statistical and soft computing analysis results emphasize the importance of 
the selected rock properties for evaluating the SRR. However, it can be claimed that the ANN-based 
model (M5) provides the highest R2 value (Table 4), showing that soft computing analyses can be reliably 
implemented for the size reduction process that occurred in jaw crushers. However, more studies are 
required to observe similarities or difficulties in quantifying SRR values in portable jaw crushers for the 
industry. 
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ABSTRACT 
 
Excessive hangingwall or footwall dilution in narrow, tabular gold mines affects the payability of 

the mine. 3D scanning of the stope faces is seen as an option to quickly create maps that can be 
incorporated into the mine’s digital map. The mine’s current 3D scanner is bulky, expensive and only 
used in the mine’s haulages.  From March 2020, the iPad Pro models incorporate a LiDAR scanner. The 
scanner has a limited range of five metres. A 3D printed iPad holder was created, which also holds a 
compact yet powerful LED light, and an iPad Pro was tested in the mine mock-up at the University of the 
Witwatersrand. It was found to create excellent scans of both the tunnels and stopes. Underground 
testing then occurred in the ultra-deep stopes of Mponeng Gold Mine. It was found to be effective in 
capturing the contacts of the ore body, and the scans can be geo-referenced into the mine’s existing 
digital models. However, the iPad Pro is not waterproof, and the large screen makes it susceptible to 
being damaged. The mine is now testing LiDAR-equipped iPhone Pro as a more robust, compact option. 

 
Keywords: iPad Pro, LiDAR, 3D scanning 

 
 

INTRODUCTION 
 
This research project was initiated to identify orebody dilution on an ultra-deep South African 

gold mine. Mponeng Mine is southwest of Johannesburg (Figure 1) and mines the Ventersdorp Contact 
Reef (VCR). The narrow, tabular stopes are currently over 3,500m below the surface. The VCR is highly 
variable as it forms an unconformity with the underlying sediments of the Witwatersrand Supergroup. 
The orebody is typically 120 cm thick and dips approximately 18 degrees towards the south.  
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Figure 1. Location of Mponeng Mine, South Africa. 
 
Mine planning requires three-dimensional (3D) spatial measurements of the orebody. Currently, 

on Mponeng Mine, the geological and valuation departments gather this information on a regular grid. 
However, this information is not in a form that can easily be incorporated into the mines’ 3D model. The 
purpose of the study is to investigate how to best supply dynamic 3D information to the underground 
mine planning department and highlight any excessive dilution. Light detection and ranging (LiDAR) has 
been identified as a technology that will assist with gathering and disseminating 3D information of the 
orebody. 

 
Sishen mine is a large open-pit mining operation in South Africa that requires reliable 

geotechnical data to design and evaluate pit wall stability. Currently, the primary data sources to 
achieve this are “geotechnical borehole data, face mapping data, geotechnical laboratory testing data 
and implicit structural models” (Russell and Stacey, 2019, p. 11). Face mapping has traditionally been 
done via direct contact with the mapping face through techniques such as line mapping or window 
mapping (Russell and Stacey, 2019). Digital mapping of faces to capture geological discontinuity and 
structural orientation has become more prevalent. In 2013, Sishen mine acquired a terrestrial laser 
scanner with the resolution, photographic capabilities and software capable of carrying out geotechnical 
face mapping (Russell and Stacey, 2019).  

  
Although digital mapping is more practical than the traditional method of face mapping, digital 

photogrammetry does have drawbacks. This is because a surveyed reference point needs to be 
positioned on the face, and two camera tripod positions need to be accurately surveyed (Russell and 
Stacey, 2019). This is important if the scanned image needs to be geo-referenced to feed into a larger 
geological model. Sishen mine realised the following advantages from laser scanning: 
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1. The laser scanner provided faster and more accessible data collection. 
2. The laser scanner provided faster data processing and was less demanding on software 

systems. 
3. More accurate discontinuity orientation measurements were obtained using the laser scanner 

(up to 15° difference in dip measurements between the two techniques was observed); and 
4. Planes oblique to the exposed face were more readily observable with the laser scanner 

(Russell and Stacey, 2019). 
 
Once a stope face has advanced, it is impossible to capture the geological mapping of that stope 

face as it is lost. If stope faces are mapped regularly, a complete picture of the ore body’s behaviour is 
possible. The greater the distance between mapping, the greater the interpretation of geology required. 
In complex ore bodies, the grade may fluctuate over short distances, and for this reason, it is vital to 
map geology regularly. The data needed to estimate local grade and undertake stope design is provided 
by the mapping and sampling these exposures (Dominy and Platten 2012). The geological mapping 
information assists the geologist when he recommends the maximum stope width of a stope panel to 
ensure minimum grade dilution. 

 
Studies have shown that electronic mapping is less time-consuming than the traditional manual 

mapping method of using field books, tapes and clinometers (Dominy and Platten, 2012). Time at a 
particular face is limited and seldom exceeds 30 minutes. Therefore, the geologist must capture as much 
accurate information about the stope as possible. Once the stope face is blasted, this mapping 
information is lost. The mining process can be more efficient and cost-effective when a well-designed 
grade control programme, including geological knowledge, is applied. Such measures are also favourably 
received by stakeholders (Dominy and Platten, 2012). 

 
Identifying ways of identifying and reducing excessive dilution at Mponeng Mine forms part of 

an MSc research project conducted by one of the authors. This MSc is being done through the University 
of the Witwatersrand (Wits) School of Mining Engineering.  

 
Justification for the Research 

 
The mine has a LiDAR scanner available for use by the survey department on Mponeng Mine. 

This instrument is bulky and unsuitable for use in the narrow stopes prevalent on the mine. Simple, low-
cost solutions are explored in this paper that will allow for 3D scanning to be undertaken by geologists, 
valuation officers and production personnel to provide further coverage of the mine.  

 
Research Background 

 
The focus of this paper is primarily on the qualitative research where the Structure Sensor (Mark 

2) and iPad Pro was initially evaluated at the Wits School of Mining Engineering research tunnel and 
stope in the basement of the Chamber of Mines Building. Further testing was conducted at the 
University of Johannesburg in a simulated mine tunnel and stope environment available for educational 
purposes. The final portion of the research covered by this paper is the initial underground testing of the 
iPad Pro on Mponeng Gold Mine.  

 
INITIAL INVESTIGATIONS 

 
The research methodology aimed to investigate using a cost-effective 3D LiDAR scanner for 

underground use. The primary purpose of this scanner will be to capture underground information 
without interrupting the production in any way. The data captured underground should then be 
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distributed among relevant stakeholders daily as soon as an employee comes to the surface. Finding a 
fast and easy way was essential without losing any data. 

 
The research was done using both quantitative data and qualitative data. During the 

quantitative phase of the study, various scanners were considered for use as part of the study. The 
short-listed scanners were tested in a controlled environment during the qualitative research phase 
before further testing continued underground at Mponeng Mine. This was done to test the durability 
and practicality of the scanner. With free software (CloudCompare), the scans were geo-referenced and 
pulled into Deswik CAD for further use. 

 
The following criteria were followed to choose the final scanner considering the underground 

conditions of narrow tabular mining: 
1. Ease of use. The scanner must be used daily to share information productively. It was essential 

to consider the buy-in and willingness of underground users to use the device optimally. 
2. Accuracy and quality of scanners. It is vital to build the 3D block model from accurate 

information; and 
3. Cost of 3D scanners and software. This included the software required for capturing the scans 

and geo-referencing and viewing scans. 
 
Cost played an essential role since the project was in the test phase. Therefore, it was essential 

to keep all the costs as low as possible to ensure the possible implementation of the 3D LiDAR scanner 
for underground use. 

 
The aim is that Geology should use geo-referenced scans to digitise the underground stope 

mapping directly onto Deswik CAD. This mapping will then inform the 3D geological block model. This 
may help proactive action to control stoping width and grade dilution better. 

 
This portion of the study is focused on the following two options: 

1. Structure Sensor Pro and (Mark II) by Occipital; and 
2. The non-cellular Apple iPad Pro 11-inch. 

 
 

The Structure Sensor (Mark II) 
 
The Occipital Structure Sensor (Mark II) is a scanner that fits onto an iPad or iPhone mobile 

device (Figure 2). It has been indicated that the scanner ranges up to 10m and has an inbuilt infrared 
light source (Occipital 2019).  
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Figure 2. Occipital Structure Sensor (Mark II) 
 
The biggest problem with the Structure Sensor Mark II was finding a suitable application to scan 

large, open-ended volumes. The available applications are aimed predominantly at scanning objects or 
closed rooms. 

 
Since the Occipital Structure Sensor (Mark II) is attached to the iPad, it is more difficult to 

protect in underground use. This increases the risk of damaging the scanner. The Structure Sensor (Mark 
II) is not considered suitable for the expected underground applications, and no further testing was 
conducted.  

 
Apple iPad Pro 11 inch 

 
The iPad Pro 11 inch was released in March 2020 (GSMArena 2020). This iPad Pro is now 

possible to do 3D LiDAR scanning. This functionality is also available on the iPhone 12 Pro and iPhone 12 
Pro Max. This scanning range is up to five metres.  

 
The Apple iPad Pro 11-inch was tested in the DigiMine of the University of the Witwatersrand in 

May 2021. The DigiMine represents an underground stope panel of a narrow tabular mining method. It 
also has a crosscut tunnel that displays geological features. Scans were created from the Apple iPad Pro 
11-inch with the following software: 

1. Scaniverse; 
2. 3D Scanner App; 
3. Polycam; and  
4. Sitescape. 

 
The 3D Scanner App appears to be the most suitable of the applications tested, and the fully 

functional version is available for no charge. Polycam and Scaniverse are very similar in capabilities to 3D 
Scanner App but require subscriptions to allow the full suite of file formats to be available. Sitescape has 
limited points it can capture in a single scan. This is adequate for smaller spaces, but not mine stopes.  

 



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

663

 
 

The Apple iPad Pro 11 inch may seem a bit bulky for underground use because of its size. 
Unfortunately, the Apple iPad Pro 11 inch has not proven dust-proof or water-resistant (GSMArena 
2020). The initial scanning exercise in the School of Mining Engineering highlighted the need for 
additional lighting and protection for the iPad Pro. A mobile LED video light was attached to the iPad 
during testing scans. A 3D printed holder was designed (Figure 3) and printed (Figure 4) to protect the 
iPad Pro in the underground environment. The light bracket was incorporated into the print.  

 

 
 

Figure 3. iPad and light holder designed using Shapr 3D. 
 

 
 

Figure 4. 3D printing the iPad holder using an Ultimaker 5 printer. 
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SURFACE AND UNDERGROUND TESTING 
 
The initial testing conducted in the DigiMine stope and tunnel at the University of the 

Witwatersrand exposed that the lack of lighting was an issue that needed to be addressed. The scans 
were clear once the light was added, and the geology was clearly visible (Figure 5 and 6). The geo-
referenced points could be identified. The geo-referenced scans could be imported into other software 
like Cloudcompare.  

 

 
 

Figure 5. The University of the Witwatersrand Digimine stope. 
 

 
 

Figure 6. The University of the Witwatersrand Digimine tunnel. 
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Similar results were obtained in the University of Johannesburg’s tunnel and stope. Once the 
technique for scanning was determined, underground testing at Mponeng Mine was undertaken. Two 
stopes on 113 Level (11,300 feet below the surface) were scanned (Figures 7 and 8).  

 

 
 

Figure 7. 113-68 East 2 Panel 
 

 
 

Figure 8. 113-68 East 2 Panel. 
 
The results of the underground testing were considered very successful. The target geological 

formation (VCR Reef) could clearly be identified in the scans (Figure 9). Even though the iPad Pro’s LiDAR 
scanner only has a range of 5 m, this is more than adequate. The scans can be paused, and the operator 
can move to the next position down the stope face to resume the scan. There must be sufficient overlap 
for the software to link the new position with the previous one, and the scan appears to be continuous. 
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Figure 9. Visible differences in ground formation in the 113-68-East 5 stope panel 
 

 

 
 
Figure 10. Geo-referencing the underground scans using markers under the survey pegs. 
 
The geo-referenced scans could be imported into the mine’s 3D modelling software (Deswik). 

An accuracy test was conducted comparing the scanned face position with the one obtained using the 
traditional method of measuring (tapes). This is shown in Figure 11. 
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Figure 11. Accuracy test of the position of the scan. 
 
Besides the geology, the stope support could also clearly be seen in the scans. The temporary 

supports could be clearly measured for the correct spacing distances in the two panels tested, and the 
permanent support (backfill) distance from the face could be determined. This shows that production 
departments can use the scans for mining quality and safety purposes. The accuracy of the scans is 
considered adequate for its purposes, replacing simple measurements made by tapes and clino-rules. 
Further testing is being conducted to establish the accuracy of the scans. However, it is unlikely that the 
scans will replace the month-end measurements being carried out by the Survey Department (using 
tapes and total stations).   

 
Table 1 shows measurements compared at 5m intervals from the 113-68-East 5 stope panel of 

the VCR from three different sources, namely: 
 

1. Measurements underground on 5 July 2021; 
2. Measurements from Deswik CAD; and 
3. Measurements conducted by the sampling team on 6 July 2021. There was no advance on the 

face after the measurements from 5 July 2021. 
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Table 1. Measurement comparisons in 113-68-East 5 stope 

 

Method 

iPad Pro, 3D Scanner 
App and Deswik 

Software 
Surveyor 

Measurements Sampler Measurements 
Date 5 July 2021 5 July 2021 6 July 2021 

 Range of 
measure. 

Average of 
stope 

Range of 
measure. 

Average of 
stope 

Range of 
measure. 

Average of 
stope 

Stope width (cm) 103-161 138 119-139 130 88-136 120 
Hangingwall (cm) 7-41 23 0-75 21 0-32 12 

Footwall (cm) 47-74 65 58-85 69 55-108 84 
Channel Width (cm) 5-46 23 4-41 20 0-50 24 

Note: Measurements are taken at 5m intervals. 
 
Table 2 shows the stope volume determined from the iPad Pro scanner measurements using the 

Deswik software compared to the volumes calculated using the traditional measuring methods on the 
mine.  

 
Table 2. Volume comparisons in 113-68-East 5 stope. 

 

Method 

iPad Pro, 3D Scanner 
App and Deswik 

Software 
Surveyor 

Measurements 
Sampler 

Measurements 
Stope width (m) 1.38 1.30 1.20 
Face length (m) 33.60 33.60 33.60 

Advance (m) 4.70 4.70 4.70 
Volume (m3) 217.93 205.30 189.50 

 
It can be observed from Tables 1 and 2, showing the initial accuracy tests, that the area 

measured using the iPad Pro scanner are very similar to those obtained using the traditional measuring 
systems. The differences in the volume come from differences in the stoping width measurements. It 
should be noted that these results are from the first test. As the mine geologists become more 
comfortable with the scanning process, the accuracy will improve. 
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CONCLUSIONS 

 
The Occipetal Structure Scanner (Mark II) was found to be unsuitable for the underground 

scanning of mine stopes. The iPad Pro created excellent scans of both the tunnels and stopes at the 
University of Witwatersrand DigiMine and the University of Johannesburg. Underground testing then 
commenced in the ultra-deep stopes of Mponeng Gold Mine. 
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The scanner was found to be effective in capturing the contacts of the VCR ore body, and the 
scans can be geo-referenced into the mine’s existing digital models. However, the iPad Pro is not 
waterproof, and the large screen makes it susceptible to being damaged. The mine is now testing LiDAR-
equipped iPhone 12 Pro as a more robust, compact option. Further testing is also taking place at the 
Maseve Platinum Mine to compare the accuracy of the iPad Pro and iPhone 12 Pro scans to the survey 
quality laser scans. This research is being conducted in conjunction with the University of Johannesburg 
and the Mandela Mining Precinct. 
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NEW ERA OF AUTOMATION IN LEAK DETECTION INDUSTRY 
 

T. Gregor 
 

ELIS Technologies Limited 
 

ABSTRACT 
 

An innovative solution for integrity monitoring of a fully submerged geomembrane with a new 
automatic floating robotic device technology and its positive impact on the mining industry is presented 
in this article. Advances in technology in line with the developments in IT, robotics and GPS 
technologies, together with extensive experience in geomembrane leak detection, have enabled us to 
develop the new eLagoon robotic device. A comparison of the traditional methods and the new 
geomembrane monitoring technology in the mining industry is also presented. 
 
Keywords: Leak detection, monitoring, geomembrane, lagoon, floating drone, IT technology, mining 
industry, tailings ponds, tailings management 
 

INTRODUCTION 
 

The future of mining in the current push for a circular economy is unthinkable without 
innovation in green technologies as well. The mining industry, particularly the extraction of various ores, 
uses materials that could contaminate the surrounding environment. To prevent possible 
contamination, high-quality waterproofing geomembranes (mainly PEHD or LDPE) are used. These liners 
have high chemical resistance but significantly lower mechanical resistance. Mechanical damage to 
geomembranes may thus result in the release of contaminants into the environment, especially when 
toxic liquids leak from the lagoons. 

 
It is therefore important to ensure that the monitoring of the integrity of waterproofing 

membranes is performed regularly in order to secure the best prevention against possible 
contamination during the processes involved in mining and ore extraction. The leak-detection inspection 
must identify problem with the integrity of geomembrane early and accurately so that contaminants are 
not released, and any damage can be repaired as soon as possible before the surrounding environment 
is negatively affected. Leachate spills not only damage the environment, but also result in the loss of the 
raw material being extracted. Therefore, the resources invested in the geomembrane monitoring 
process are returned many times over. 

 
Proper and timely leak-detection monitoring practices have the power to improve the public 

perception of mining activities, particularly in communities living in the vicinity of the mining facilities. In 
fact, proper practices also help investors to protect their investments, which are not small, because if 
contamination of groundwater happens, the entire mining project may be delayed and/or severely 
disrupted by regulators.  

 
Currently, there are several methods for leak-detection monitoring on waterproofing 

membranes, but these cannot be used on already filled lagoons and tanks. It is for this reason that we 
have developed a new type of innovative floating drone that is capable of leak detection on submerged 
geomembranes. 
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DESCRIPTION OF THE DEVICE 
 

There are several ways in which monitoring of integrity of geomembranes is performed around 
the world. The most well-known and the most effective method of leakage monitoring in the world is 
the method of electrical leak localization in geomembranes.  

 
The first reference to electric leak location systems (ELLS) appeared in the USA. The initial work, 

carried out by the Southwest Research Institut (SRI) on behalf of the US Environmental Protection 
Agency, showed that the electrical resistivity technique was able to assess the integrity of 
geomembranes used in fluid impoundments and landfills (Shultz et.al. 1984).  

 
Subsequently, the method (ELLS) began to be developed and used not only in America, but also 

in Europe and later in Asia.  
 
The method was described in detail and in a comprehensive manner in 2000 at a prestigious 

international conference in Bologna, Italy (Second European Geosynthetics Conference „Nosko, V., 
Gregor, T., Ganier. F. : The boundary conditions of the electrical monitoring systems in practice“), as well 
as in the article by the authors Nosko V., Bishop I., Konishi. Y., 2002: Study of the use of electrical 
leak/damage detection and location systems around the word.  

 
The (ELLS) method has gradually made its way into technical standards in various countries 

around the world, such as ASTM D6747 in the U.S. “ Standard Guide for Selection of Techniques for 
Electrical Leak Location of Leaks in Geomembranes “.   

 
All the described methods and technical standards are used in the work of technical personnel 

moving in lagoons and tanks (Figure 1). 
 

 
 

Figure 1. Technician measuring the tightness of the geomembrane insulation 
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The device we have designed and constructed is fundamentally different from all the solutions 
described so far. First of all, it is a fully autonomous drone on which the measuring device is placed 
(Fig.1). 

 
 

Figure 2. Innovative monitoring drone eLagoon 
 

This device is fully programmable, it can move independently and take measurements at the 
same time. It then sends the measured data to the evaluation centre. At the same time, it is able to use 
a GPS device to pinpoint its position and thus pinpoint the location of the measured data. Since it is an 
autonomous floating drone, it has many advantages over technicians performing monitoring.  
First of all, the measurement is fully automated, digitised and therefore much more efficient. It can 
measure the monitored area in a significantly shorter time. On the top of everything, the measurement 
performed is many times more accurate. In addition to more precise data, the accuracy of the 
measurement also relates to a more precise localisation of the measurement location. A unique 
advantage of the eLagoon is that it can take measurements even when the reservoir is filled (Fig.3) and 
there is no need to drain the reservoir due to technicians needing access.  
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Figure 3. Measurement with a floating drone in a filled lagoon 
 

eLagoon can also perform leak-detection in reservoirs with highly toxic waste, where any 
movement of technicians would be severely restricted or even impossible.  
Another advantage of this autonomous floating monitoring device is that it can be equipped with other 
measuring devices, such as sonar or GPR. This allows us not only to monitor the integrity of the 
insulation but also to provide the reservoir operator with a 3D accurate image of the reservoir bottom, 
and possibly with accurate sediment depth information.    
The advantage of the autonomous floating drone is its size, which allows relatively easy transport by a 
regular passenger car. 
 

CONCLUSION 
 

The autonomous floating leak monitoring drone eLagoon used to track contaminant leaks is a 
highly efficient device that allows us to perform quality leak-detection measurements quickly and 
accurately in tanks and lagoons used by the mining industry. Unlike other technologies on the current 
market eLagoon can perform leak detection on a fully submerged geomembrane, without the need for 
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tailings pond drainage. Measured data cannot be tampered with and modified because the measuring 
device uses blockchain technology. The floating drone is an innovative solution that improves the 
processes employed by the mining industry players. 
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ABSTRACT 
 

Rising global energy demand has set nuclear energy as a trending power generation method due 
to its production cost and efficiency advantages. Remnants of the reactive process create large amounts 
of radioactive waste that pose environmental risks in case of improper management. High-level wastes 
are widely isolated by burying into deep geological voids or man-made excavations due to continuous 
heat emission for hundreds of years. Although design and excavating large underground caverns is a 
part of ordinary Rock Engineering practice, high temperature leads to challenging mechanical problems 
due to changing rock mass properties. Unexpected fracture propagation is risky in terms of seepage of 
polluted groundwater. Hence, the thermal effect on rock mass geomechanical properties must be 
considered for a proper cavern design. This study presents an experimental and numerical work to 
assess nuclear waste storage in hard rock caverns. The thermal effect on geomechanical properties of 
andesite samples was explored. Parametric studies were performed on Finite Element simulations to 
investigate alternative cavern designs. Thermal damage on rock mass has proven to be an effective 
mechanism for stability of storage caverns. 
 
Keywords: Nuclear waste storage, thermal damage, finite element analysis 

 
INTRODUCTION 

 
Industrial revolution was a milestone for fossil fuels to dominate the global energy supply. 

Today, due to rapidly depleting non-renewable resources, the world is on the verge of an energy crisis. 
The common sense in favor of cost-effective and carbon-free energy policies has made nuclear a 
popular alternative. Besides the advantages, nuclear end products, especially the high-level wastes, 
pose an environmental threat as radioactivity remains long.  Waste burial into deep geological voids or 
man-made excavations assures maximum safety by isolating radioactive material (Plúa et al., 2021). 
Storage room stability is of utmost importance as groundwater seepage from wall, roof or floor 
fractures may allow transportation of polluted materials. Conventional means of empirical and 
numerical methods can handle the design tasks for large underground openings. However, the heat 
produced from nuclear wastes elevates rock mass temperature around the storage opening, and the 
thermal damage disturbs rock mass geomechanical properties. In other words, mechanical and thermal 
stresses work together and pose a multiphysics condition. Long-term exposure to high temperatures 
have the potential to trigger instability issues within the rock mass governed by the altered rock 
strength parameters (Heap, et al. 2013). Previous studies of different authors have shown that elastic 
(modulus of elasticity, Poisson’s ratio), plastic (cohesion, internal friction angle) and strength parameters 
(uniaxial compressive strength) change by temperature (Brotóns et al., 2013; Ranjith et al., 2012). 
Therefore, characterization of temperature-dependent mechanical properties of rock in laboratory and 
field-scale is an essential step of a stable and reliable waste storage opening (
al. 2013).  Rock mechanics testing at extreme temperatures is tricky as it requires a complicated 
electromechanical loading frame, special measurement instrumentation, and precise thermocouple 
units. Alternatively, rock specimens exposed to high temperatures for a certain time are tested to 
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measure the thermal damage and used as an estimator for the actual mechanical properties working 
under high temperature. 
 

A review of the literature points out that temperature increase leads to a decreasing trend in 
overall for elastic modulus and uniaxial compressive strength of granite up to 1000 ; however, the 
trend is opposite only between 100  and 200  (Fang et al., 2016; Shao et al., 2015). The authors 
describe the anomalous behavior by evaporation of bounded water molecules at 100  (Zhang et al., 
2016). Another study mentions an increase in axial and radial borehole deformations due to 
temperature buildup induced by the radioactive wastes filling inside the borehole (Zhao et al., 2015). 
They claim that the hard rock elastoplastic properties deteriorate around 200 .  Observations on the 
stress-strain path of granite indicated an almost linear increase in stresses with increasing strain, 
creating a concave-up stress-strain graph (Jin et al., 2019). Even though this trend is constant among the 
observed temperature levels, the stress/strain ratios decrease with increasing temperature. The 
literature provides some useful experimental observations, however most of them are laboratory-scale 
studies, and they lack representation of the mass behavior (Zhao and Feng, 2019). 
 

This paper aims to present a parametric study that investigates the stability of underground 
hard rock waste storage caverns under different temperature, rock mass quality, and opening geometry 
conditions. Experimental works constitute a base for the prediction of rock mass properties.  Andesite 
specimen were tested to represent hard rocks. The elastoplastic parameters of pre-heated core samples 
were observed under uniaxial and triaxial loading conditions. The mass parameters were calculated for a 
range of rock mass quality, and finite element simulations were used to investigate the stability of man-
made storage excavations. Ideal storage opening geometry and rock mass conditions were determined 
from numerical model interpretations. 
 

METHODOLOGY 
 

Core samples taken from hard rock blocks were prepared according to the suggested methods 
by the International Society of Rock Mechanics (ISRM) and flattened on the top and bottom ends using a 
rock surface grinder. Static deformability test, triaxial compression test, and indirect tensile strength 
tests were performed on samples. Experimental values for unit weight, modulus of elasticity, Poisson’s 
ratio, uniaxial compressive strength, tensile strength, cohesion, and internal friction angle were 
calculated. Later, intact rock parameters were upscaled to the rock mass. Elastoplastic numerical models 
were simulated using Rocscience RS2 software and finite element method to investigate different 
excavation geometries, rock mass qualities, and temperature-dependent behavior. Staged analyses 
were done to observe the progress of stress and deformations within the rock mass by changing 
temperature. 
 

EXPERIMENTAL WORK 
 

Ankara Andesite was used to represent hard rocks. Intact cylindrical core samples with 54 mm 
diameter and 2.5:1 length/diameter ratio were taken from andesite blocks according to ISRM suggested 
methods. Core samples were exposed to different temperature levels (25 to 1000°C) for a period of 
fourteen days. In total, 55 specimens were heated up to 25, 100, 200, 400, 600, 800, and 1000°C.  The 
specimens to be heated higher than 200°C were only exposed to the exact temperature level in the last 
four hours but were conditioned at 200°C in the first thirteen days. The specimens were cooled down to 
room temperature before testing. For each level, three static deformability tests and three indirect 
tensile strength tests were conducted. Some visuals from the test specimen and the set up can be seen 
in Figure 1. A servo-hydraulic stiff testing frame was used to conduct mechanical tests on core samples. 
Axial and lateral deformations were measured on static deformability and triaxial compression tests 
using extensometers and strain gauges. Induced loads are measured by means of an electronic load cell 
component. The rock samples were loaded on a displacement-controlled manner using an MTS 815 
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Figure 1. Experimental set up and test specimen 
 

Figure 2 plots the fitted curves for uniaxial compressive strength and modulus of elasticity of 
andesite samples that are thermally conditioned for fourteen days. Both strength and elastic properties 
peak at 200°C and fall below the unconditioned state as soon as the temperature exceeds 800°C. A 
similar experimental outcome has been obtained with the literature that was presented in the previous 
sections. In other words, hard rock strength and elastic properties improve up to 200°C. However, the 
mechanical properties show a remarkable decrease around the temperature levels that are expected to 
be effective for high-level radioactive wastes (around 900°C). 

 

 
 

Figure 2. Experimental results for temperature-dependent UCS and Modulus of Elasticity of Ankara 
andesite  

 
ROCK MASS GEOMECHANICAL PARAMETERS 

 
Generalized Hoek & Brown failure criterion was used to calculate rock mass parameters from 

lab test results obtained from intact rock samples (Hoek and Brown, 1980, 2004). The numerical model 
input parameters were calculated based on the Geological Strength Index (GSI) and the empirical 
equation given in (1). 
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= + +    (1) 

Here c indicates the uniaxial compressive strength of intact rock, 1 refers to the major principal stress, 
and 3 is the minor principal stress, the constants m, s, and a are characteristic parameters for 
Hoek&Brown criterion and they are a function of GSI as shown in equations (2)-(4) 
 

 = exp  (2) 

= exp    (3) 

= +    (4) 

 
Using RocData software, the numerical input parameters were calculated for a GSI range of 30 

to 80. Figure 3 shows the calculated values for the internal friction angle, modulus of elasticity, 
cohesion, and tensile strength of rock mass. It is evident that experimentally observed relation between 
mechanical parameters and temperature increase remains on the mass scale, as also observed in 
previous studies (Peng et al., 2016). Besides, natural density of the rock was determined to be 2.3 g/cm3. 
Due to the insignificant change in Poisson’s ratio, the average value of 0.2 was implemented for all 
levels.  
 
 
 

 

 
 

Figure 3. Rock mass parameters for different GSI and temperature levels  
 

NUMERICAL ANALYSIS 
 

Temperature-dependent geomechanical properties shown in Figure 3 were used to simulate the 
thermal damage effect of radioactive wastes on a two-dimensional finite element code. A hypothetical 
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deep and large, underground cavity with dimensions of 30 m in width and 50 m in height was modeled 
1000 m below the ground. Assuming plane strain condition, two alternative cross-sections, each with 
three different width/height ratio (0.6,1.0 and 1.6) governed by Mohr-Coulomb material model and 
hard rock mass elastoplastic properties were analyzed. A horse-shoe-shaped profile with vertical walls 
and a half-circle roof (30 m for width/height=0.6 and 1.0, and 50 m for width/height=1.6 in diameter) 
was compared to a rectangular opening with rounded corners on the roof (10 m in diameter). Pre-
excavation field stresses were implemented by a horizontal-vertical stress ratio of 1, and the vertical 
stress was calculated based on depth and gravity. Knowing heat dissipates radially, a circular 
temperature transition zone around the storage opening with an assumed effective radius of 150 m was 
created and the related material properties were assigned. Coupled numerical codes are capable of 
computing thermally developed stresses in charge of extra computational cost. This study follows an 
alternative modeling scheme, which is a modification of the conventional method. Thermal damage was 
induced in multiple model stages by individual material properties for each temperature level. Stress 
concentrations and deformations around openings were analyzed. A common application to preserve 
long-term stability in any underground opening is to have sophisticated support configurations. As our 
research focuses on mechanical effects of high temperature on rock mass in a progressive manner, 
unsupported openings were modeled and investigated. 
 

RESULTS AND DISCUSSION 
 

Total displacements on critical excavation points with different width/height ratios were 
extracted from FEM simulations and plotted for different opening geometry, rock mass temperature, 
and rock mass quality. Because we analyzed the unsupported state of openings focusing only on the 
mechanical behavior of rock mass with thermal damage, the models with low GSI computed extremely 
large displacements and therefore excluded from the plots. Only GSI 50 – 80 range is covered in the rest 
of the text.   

 
Figure 4 presents the case where opening width/height ratio is 0.6. Independent of the 

excavation profile, a clear negative association was observed between the rock mass quality and the 
roof&wall deformations. Total displacements nonlinearly increase with decreasing rock mass quality. 
Larger wall displacements are related to the opening width/height ratio. While roof deformations are 
more sensitive to the opening geometry at low rock mass quality, the effect of geometry considerably 
decreases with increasing rock mass quality.  
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Figure 4. Total displacements on roof and wall at different temperatures when width/height ratio is 0.6 

 

Figure 5 shows the total displacements on roof and wall of two different opening profiles when 
width/height ratio is 1.0. Unlike the tall profile in the previous case, roof and wall displacements are 
close to each other in rectangular cross-section with rounded edges. However, wall displacements are 
larger on the horse shoe, similar to the previous case. Overall, displacements both on roof and wall 
significantly decrease in horse-shoe shaped profile. Deformations significantly increase with decreasing 
rock mass quality. 
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Figure 5. Total displacements on roof and wall at different temperatures when width/height ratio is 1.0 

 

Figure 6 shows a wide opening profile where the width/height ratio is 1.6. Unlike the previous 
cases, roof displacements are larger compared to the wall in the investigated rock mass quality range. 
The nonlinear increase of total displacements with decreasing rock mass quality is also valid for this 
case. Compared to the rectangular opening with rounded edges on the roof, the horseshoe induces less 
displacement on roof and walls and the difference is observed more clearly at low rock mass qualities. 

 
 

 
Figure 6. Total displacements on roof and wall at different temperatures when width/height ratio is 1.6 

 

At elevated temperatures independent of the rock mass quality, opening geometry, and 
width/height ratio, there appears to be a positive association with roof and wall displacements. 
Comparing the model stages at extreme temperatures, thermal damage leads to an increase in total 
displacements up to six times. Rock mass quality does not control the trend but the magnitudes of 
displacements are larger at low GSI values. Figure 7 showing the major principal stress contours for 
different opening geometry proves that stress concentrates more around the sharp edges. The yielded 
elements densify on the shoulders and the crown. The horseshoe shape apparently can be expected to 
mechanically perform better and be more reliable in long-term. 
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Figure 7. Major principal stress contours around openings with different geometry and width/height 
ratio at GSI = 70 

 
Figure 8 shows the propagation of plastic region and total displacements around the excavation 

by changing the temperature. Considerable deformations are observed on a larger region around the 
excavation with the influence of thermal damage. This implies the conventional support design will be 
incapable of providing a sufficient configuration, and thermally degraded rock mass properties should 
be taken into consideration.  

 

 
 

Figure 8. Total displacement contours and yielded elements around a storage opening under different 
temperatures when width/height ratio is 0.6 
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CONCLUSION 
 

As an emerging problem related to the growing demand, the energy crisis enforces quick actions 
to match the required power supply. Recently, the nuclear alternative has been popular due to being 
the largest carbon-free source. The end-products of the reactive process pose a serious environmental 
risk. However, systematic and sustainable waste management policies established by governments and 
multinational organizations do not progress as fast as the new plants on order or under construction. 
The current waste disposal strategy is to bury the wastes away from the human interaction, in the deep 
ocean or geological voids. Low and medium-level wastes create no technical difficulty as they can be 
preserved in protected containers even at shallow depth storage caverns. On the other hand, high-level 
wastes produce heat from radioactive decay, and the thermal damage mechanically influences the rock 
mass covering the underground storage. Fracture growth and propagation around the storage cavern 
has potential for groundwater seepage and transportation of radioactive material. Considering the 
expected life of a storage cavern is limited by the half time of the waste, which may be up to thousands 
of years, the long-term stability must be satisfied. 

 
This research investigates the influence of thermal damage on hard rock storage openings by 

experimental and numerical methods. Rock mechanics laboratory tests were applied on andesite core 
samples to characterize the overall mechanical properties of hard rocks. Test specimen were exposed to 
different temperature levels for a period of fourteen days. Mechanical tests were conducted on cool 
samples. An alternative numerical modeling approach was used by implementing thermal damage with 
reduced model input parameters. Finite element simulations for a single storage opening have shown 
that opening geometry influences the stability more dramatically at high temperatures and low-quality 
rock mass, and the geometry becomes less influential by increasing rock mass quality. Another research 
outcome is the positive association of deformations with the temperature increase. Although rock mass 
quality controls the displacement magnitudes, the deformation trend for the incremental temperature 
is similar irrespective of the rock mass quality. The plastic region around the excavation significantly 
expands around 800°C and classical support design systems lack of sustaining opening stability. 

 
Finally, it is worth mentioning about shape distortion that was experimentally observed for 

conditioning at extreme temperatures (around 1000°C). It implies the post-failure behavior of the rock 
tends to have a transition from brittle to ductile. Although numerical simulations with reduced 
mechanical properties successfully represented the thermal damage at low temperatures, the rock 
material should be expected to behave significantly different at high temperatures compared to the 
cooled-down state. 
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ABSTRACT 
 
 

Post-Mining Land-Use (PMLU) planning is one of the crucial stages of mine comprehensive plan 
to obtain sustainable mining operations. However, the suitable PMLU selection is a challenging task for 
mine reclamation planner. According to the mine reclamation objectives, the selected PMLU option 
should be sustainable. To this end, the suitability and vulnerability of the PMLU should be maximum and 
minimum, respectively. Therefore, Mined Land Suitability Assessment (MLSA) is essential for evaluating 
the mined land's suitability for PMLU options. In addition to MLSA, it is required the PMLU option's 
vulnerability aspects are identified, and appropriate solutions are provided to reduce them, relying on 
the PMLU option's strengths and existing opportunities. The SWOT (Strengths, Weaknesses, 
Opportunities, and Threats) analysis method is one of the best tools for solving this problem. The aim of 
this study is to develop a new hybrid general PMLU planning approach based on the MLSA and SWOT 
analysis. This new approach will facilitate choosing the sustainable PMLU with high accuracy due to the 
assurance of mined land's suitability and providing appropriate strategies for ensuring mine reclamation 
plan success. This approach is verified in the Chadormalu iron ore mine of Iran and the results' reliability 
is confirmed by considering this mine's characteristics. 

 
Keywords: Post-mining land-use, mine reclamation, mined land suitability assessment, SWOT analysis, 

sustainable mining 
 

INTRODUCTION 
 

Mining plays a vital role in economic growth and human development. However, these benefits 
have come with a cost to the environment and society that threaten Sustainable Development (SD) 
goals. Hence, one of the challenges of modern mining is to keep mining on an SD path (Amirshenava and 
Osanloo, 2019; Alves et al., 2020). Mine reclamation is an accepted stage in the Modern Mining Life 
Cycle (MMLC) to keep mining in an SD path by performing the responsible mining (Amirshenava and 
Osanloo, 2018). Post-Mining Land-Use (PMLU) is the most important element of the mine reclamation 
plan, and it should be raised and discussed in the primary stage of the mining study. PMLU profoundly 
affects all mine reclamation activities and their associated costs. PMLU is not necessarily similar to pre-
mining land-use, and other land-uses may be introduced according to the regional potentials and the 
community needs (Mborah et al., 2015; Amirshenava and Osanloo, 2018). Several studies have been 
conducted to present a classification of possible post-mining land uses regarding the importance of the 
type of PMLU in the mine reclamation planning and operation (Rowe, 1977; Dogan and Kahriman, 2008; 
Soltanmohammadi et al., 2008; Bielecka and Król-
and Osanloo, 2018, 2021). By reviewing the literature, the latest and most comprehensive classification 
of general and specific PMLU alternatives has been presented by Amirshenava and Osanloo (2021) (Fig. 
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general and specific groups based on mine reclamation objectives and hierarchy, with minimal 
overlapping between groups. This classification covers all three environmental, social, and economic 
indexes of SD entirely. 
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Figure 1. The comprehensive classification of PMLU alternatives (Amirshenava and Osanloo, 2021b) 

 
The suitable PMLU selection is the fundamental step in the mine reclamation plan so that a

correct choice can guarantee the success of the reclamation project (Soltanmohammadi et al., 2010). 
According to mine reclamation objectives, PMLU as a permanent use for mined land should be 
sustainable (McHaina, 2001; Christoffersen et al., 2019). To this end, the suitability and vulnerability of 
land-use should be maximum and minimum, respectively (Prakash, 2003). As the primary condition for 
the PMLU sustainability and to determine the applicable PMLU options, Mined Land Suitability 
Assessment (MLSA) has been investigated by many researchers, and several models have been 
developed in this field (Rowe, 1977; Sharma et al., 1996; Soltanmohammadi et al., 2008; Wang and 
Yang, 2011; Wang et al., 2011; Hao et al., 2015; Asmarhansyah et al., 2017; Cheng and Sun, 2019; 
Sukarman and Gani, 2020; Amirshenava and Osanloo, 2021). The MLSA process is responsible for 
evaluating the mined land's appropriateness for any PMLU and determining the applicable PMLU 
options (Ramani et al., 1990).  
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Although the mined land suitability is necessary for the PMLU option's sustainability, it alone is 
not enough. According to Amirshenava and Osanloo (2021), in addition to MLSA, the mine reclamation 
planner should also evaluate the vulnerability aspects of the chosen suitable PMLU option and provide 
the appropriate solutions to reduce them relying on the PMLU option's strengths and existing 
opportunities. The SWOT analysis technique is the best tool for identifying the internal strengths and 
weaknesses of the PMLU option and the opportunities and threats that exist from the external 
environment for that option. Hence, to minimize the PMLU option's vulnerability and ensure the 
option's implementation successfully, the appropriate strategies can be provided based on this method 
(Smyth and Krebs, 2019; Mhlongo et al., 2020). 

 
The SWOT analysis technique is a strategic planning tool that was originated in the 1960s by 

Albert Humphrey in the Stanford Research Institute. The SWOT word is created by putting together the 
first letters of the four words Strengths, Weaknesses, Opportunities, and Threats. As a robust strategic 
planning and environmental analysis tool, this qualitative strategic technique is used to identify the key 
internal (strengths and weaknesses) and external (opportunities and threats) strategic factors that an 
organization (group, person, etc.) faces and affect its objectives. Based on this technique's results, 
appropriate strategies can be developed to maximize strengths, eliminate weaknesses, exploit 
opportunities, and counter threats. Despite the importance of SWOT analysis and the role that strategic 
planning can play in ensuring the PMLU option's sustainability, very few studies (Dias et al., 2008; 
Carrión-Mero et al., 2020; Kurniawan et al., 2020; Mhlongo et al., 2020) have addressed the SWOT 
analysis of PMLU options to the best of our knowledge. Based on the literature review, there is no 
universal and perfect study for strategic planning of all possible PMLU options while focuses on 
evaluating the strategic position of PMLU options quantitatively and determining the appropriate 
strategies to ensure the sustainable deployment of PMLU. 
 

The aim of this study is to develop a new hybrid general PMLU planning approach based on the 
MLSA and SWOT analysis. In this regard, applying the MLSA model will determine the applicable PMLU 
options among all the possible general options. By identifying the possible strengths, weaknesses, 
opportunities, and threats of all the possible general PMLU options, the SWOT matrices are created for 
each PMLU alternative. Then, the External Factor Evaluation (EFE) and Internal Factor Evaluation (IFE) 
methods are applied to quantify the SWOT matrices. Based on the identified position in the Internal-
External (IE) matrix, the best strategies for each PMLU option are proposed, leading to the sustainability 
of PMLU options. Finally, this approach is applied in the Chadormalu Iron Ore Mine as the case study, 
and the results are reported and discussed. 

 
METHODOLOGY 

 
The research framework of this study is shown in Figure 3. As shown in Figure 3, the first stage 

of PMLU planning is applying the MLSA model to identify the applicable PMLU options. After identifying 
the viable options, the strategic planning process of the PMLU options is performed based on the 
approach developed in this study. 



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

729

 
 

 
 

Figure 2. Research framework of the study 
 
Mined Land Suitability Assessment (Mlsa) 
 

The first stage of the proposed PMLU planning approach is applying the MLSA model to identify 
the applicable general PMLU options. Indeed, the applicable PMLU options with an acceptable mined 
land suitability class, enter into the PMLU strategic planning approach. According to the literature 
review, Among the MLSA models presented by various researchers, the Amirshenava and Osanloo 
(2019) model, due to considering all possible general PMLU options, calculating the suitability score, 
determining the suitability level qualitatively, and classifying the suitability classes, is the most 
appropriate model. As a result, in this study, in order to MLSA of the general PMLU options, this model 
is applied as the newest and most efficient model in this field. 

 
 
 

SWOT Analysis of PMLU Options 
 

According to the comprehensive classification of post-mining land uses proposed by 
Amirshenava and Osanloo (2021) (Figure 1), each general PMLU alternative has several potential specific 
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PMLU options. This classification is so that the characteristics of the specific options in each group 
correspond to the general option’s characteristics of the same group. Nevertheless, the strategic 
analysis of general PMLU alternatives can broadly cover the strategic factors related to their subgroup's 
specific options. Therefore, only general PMLU alternatives are evaluated in the PMLU planning 
approach. In order to determine the strategic factors of PMLU options, the following questions are 
raised: 

 
Question 1. What strengths and advantages does this PMLU option have? 
Question 2. What are the weaknesses of this PMLU option? 
Question 3. What are the good opportunities for this PMLU option? 
Question 4. What are the threats of this PMLU option?

 
The SWOT matrices are formed after identifying the internal and external strategic factors. This 

matrix consists of 4 parts, 2 of which are related to internal factors, and the other sections are dedicated 
to external factors. Based on the results of this matrix, appropriate strategies can be proposed with the 
aims of maximum use of the strengths, minimizing and stopping the weaknesses, making the most of 
the opportunities, and preventing and treating potential threats. To achieve these objectives, the 
appropriate strategies are defined based on the identifies strategic factors in four general types (Table 
1).  

 
Table 1. The classification of strategies (David and David, 2017; Shahba et al., 2017)  

 
ID Type of strategy Strategy title Description 

SO Strategies based on 
Strengths - Opportunities Aggressive Using strengths to take advantage of 

opportunities

ST Strategies based on 
Strengths - Threats Competitive Using strengths to avoid the negative impacts of 

threats and even trying to eliminate the threats 

WO 
Strategies based on 

Weaknesses - 
Opportunities 

Conservative Reducing weaknesses by taking advantages of 
opportunities 

WT Strategies based on 
Weaknesses - Threats Defensive Preventing to be damaged due to weaknesses 

against threats from external environment 
 

 
Establishment of IFE Matrix 
 

The IFE matrix is a strategic tool for quantitative analysis of internal strategic factors. In this 
method, firstly, the relative weights of internal strategic factors are determined. In this regard, the 
experts were asked to determine the importance of each factor with numbers from 1 (low importance) 
to 5 (high importance). Then, the mean value of each factor’s score is calculated, and these values are 
normalized based on Eq. (1) to determine the relative weight of each internal factor (Tahernejad et al., 
2013). 

 

 

(1) 

 
Where  is mean value of importance of internal factor  and  is the weight of internal 

factor . Each factor's weight indicates its relative importance compared to other factors, and the sum of 
these weights is equal to 1. Then, experts give each factor a score from 1 to 4 (1 and 2 for weaknesses 
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and 3 and 4 for strengths). The weighted score of each internal factors is calculated based on Eq. (2). 
Then, the total weighted score of internal factors is calculated according to Eq. (3). 

 
 (2) 

 

    
 

(3) 

where  is the weighted score of internal factors ,  is the score of internal factor , and  
is the total weighted score of internal factors. The minimum and maximum value of  is 1 and 4, 
respectively. Therefore, the mean value of  is 2.5. The  below 2.5 represents the 
superiority of weaknesses over strengths, and  equal to or above 2.5 indicates a strong internal 
position (David and David, 2017). 
 
Establishment of EFE Matrix  
 

The EFE matrix examines the external strategic factors quantitatively. Calculation of the EFE is 
similar to IFE, with the difference is that external factors (opportunities and threats) are examined in this 
method.  

  (4) 

 
Where  is mean value of importance of external factor  and  is external factor  and  is 
the weight of external factor . Then, experts give each external factor a score from 1 to 4 (1 and 2 for 
threats and 3 and 4 for opportunities). The weighted score of each external factor is calculated based on 
the Eq. (5). Then, the total weighted score of external factors is calculated according to Eq. (6). 
 

 (5) 
 

          (6) 

where  is the weighted score of external factor ,  is the score of external factor , and  
is the total weighted score of external factors. The minimum and maximum value of  is 1 and 4, 
respectively. Therefore, the mean value of   is 2.5. The  below 2.5 represents the 
superiority of threats over opportunities (weak external position), and also  equal to or above 2.5 
indicates a strong external position (David and David, 2017) 
 
Establishment of IE Matrix  
 

In order to determine each PMLU option's strategic position, the IE matrix method is applied 
(Figure 3). The IE matrix examines the internal and external factors simultaneously. The horizontal and 
vertical axis of the IE matrix is dedicated to the TWSIF and TWSEF, respectively. As shown in Fig. 3, this 
matrix consists of 4 sections (blocks) that show the strategic position. (Ardeshir, Safaei and Abtahi, 
2016).  Based on the strategic position determined by connecting TWSIF and TWSEF in the axes, the most 
appropriate strategies are defined to ensure PMLU deployment success.  
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Figure 3. The IE matrix – Adopted from Ardeshir et al. (2016) 
 

VERIFYING THE PROPOSED APPROACH 
 

The proposed PMLU planning approach is implemented in the Chadormalu iron ore mine of Iran. 
Chadormalu iron ore mine is located in the central desert of Iran, 180 km northeast of Yazd, and 833 km 
from Tehran, capital of Iran (Figure 4). The total mineable reserve of the mine is 295 Mt with an average 
grade of Fe 55.2%, a total stripping ratio of 2:1, and an average annual production of 15.1 Mt. 
Chadormalu has a dry and cold climate in winter and hot in summer due to its geographical location in 
the desert. The annual average temperature of the region is 20.8 c. The annual average wind speed is 
52 Km/h, and the average yearly precipitation is 107mm in the area. The area's vegetation is low, and 
only in some places, plants resistant to drought, heat, and salinity can grow (About company, 2021). 
Based on Amirshenava and Osanloo (2021), the applicable PMLU options in the Chadormalu mine are 
given in Table 4. Therefore, strategic planning is performed for these five PMLU options (Table 2) with 
an acceptable mined land suitability class.  
 

Caspian Sea

Tehran

Yazd

Kerman

Chadormalu mine

 
 

Figure 4. Location and a view of the Chadormalu iron ore mine of Iran 
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Table 2. The applicable PMLU options in the Chadormalu mine (Amirshenava and Osanloo, 2021) 
 

No. The applicable PMLU option No. The applicable PMLU 
option 

1 A2- Forestry & nature 
conservation 4 A7- Renewable energy 

2 A4- Industrial & commercial 5 A8- Landfill sites 

3 A6 - Recreation & cultural 
services   

 
For generating the SWOT matrices, by considering the characteristics of Chadormalu iron ore 

mine, the internal and external strategic factors are identified according to site analysis, experts' 
opinions, and literature review. In this study, the expert team includes 10 persons selected with great 
care to provide a good and accurate view of PMLU options' strategic factors (Table 3). The SWOT 
matrices of PMLU options for five applicable PMLU options are given in Tables 4 to 8. 

 
Table 3. The experts' team characteristics 

 
Skill Education Number of persons 

Academic persons PhD 2 

Public sector’s stakeholders MSc 1 
PhD 2 

Private sector’s stakeholders MSc 2 

Mining engineers MSc 1 
PhD 1 

Non-governmental 
organizations MSc 1 

 
Table 4. SWOT matrix for the forestry and nature conservation PMLU alternative 

  
Internal factors External factors 
Strengths (S): Opportunities (O): 

(S1A2) - Improvement of the aesthetic 
appearance of the mined land (O1A2) - Creating job opportunities 

(S2A2) - Reverse the loss of biodiversity and 
wildlife populations 

(O2A2) - Opportunity to create added value by 
planting rare medicinal herbs 

(S3A2) - Shelter and food supply for wildlife (O3A2) - Potential high demand in the timber 
market 

(S4A2) - Wood production (O4A2) - Opportunity to use native and drought-
friendly species  

(S5A2) - Soil protection and improvement  (O5A2) - The potential of phytoremediation 

(S6A2) - Improving per capita income of residents  (O6A2) - Persian Gulf water transfer project to the 
central plateau of Iran

(S7A2) - Improving the morale of mine workers 
and indigenous people (increasing life 

expectancy) 
 

Weakness (W): Threats (T): 
(W1A2) - Requires intense earthwork and large 

volumes of topsoil 
(T1A2) - Environmental threats (e.g., drought, 

bushfire, etc.) 
(W2A2) - Difficulties of preparing and maintaining (T2A2) - Key threats for wildlife habitat (i.e., illegal 
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native plant species compatible with arid and 
semi-arid regions 

hunting, etc.) 

(W3A2) - Vulnerability to climate changes (T3A2) - Climatic condition of Chadormalu iron ore 
mine  

(W4A2) - Ecological and environmental 
vulnerability 

(T4A2) - Lack of legal requirement to implement 
the progressive reclamation plan by the mining 

company 
 (T5A2) - Soil erosion and salinity 

 
Table 5. SWOT matrix for the industrial and commercial PMLU alternative 

 
Internal factors External factors 
Strengths (S): Opportunities (O): 

(S1A4) - Ensure continued economic activities 
in the region (O1A4) - Creating job opportunities 

(S2A4) - High return on investment (O2A4) - New investment opportunities 
(S3A4) - Improving per capita income of 

residents  (O3A4) - Reusing potential of mine infrastructures 

(S4A4) - GDP improvement and wealth 
creation 

(O4A4) - Persian Gulf water transfer project to the central 
plateau of Iran 

(S5A4) - Availability of market and trading 
places for residents (O5A4) - Development of local business opportunities 

 (O6A4) - The potential of establishing the mining industries 
factory 

Weakness (W): Threats (T): 

(W1A4) - Industrial pollution  (T1A4) - The potential of intensification of mine closure 
environmental risks 

(W2A4) - High dependence on the existence of 
infrastructures  (T2A4) - Limited water resources  

(W3A4) - lack of improvement of the aesthetic 
appearance of the mined land 

(T3A4) - Investment risk due to unstable political and 
economic conditions 

(W4A4) - Does not address the environmental 
risks of mine closure  

(T4A4) - Legal restrictions (e.g., environmental permits, 
etc.)

(W5A4) - High maintenance and monitoring 
requirements  (T5A4) - Hostility of natives 

 (T6A4) - Lack of legal requirement to implement the 
progressive reclamation plan by the mining company 

 (T7A4) - Lack of proper monitoring and maintenance 
 

Table 6. SWOT matrix for the recreation & cultural services PMLU alternative 
 

Internal factors External factors 
Strengths (S): Opportunities (O): 

(S1A6) - Support of local and regional 
recreational and entertainment needs (O1A6) - Creating job opportunities 

(S2A6) - Improve the livelihood quality and 
longer life expectancy (O2A6) - New investment opportunities 

(S3A6) - Improving per capita income of residents 
(increase tourism incomes) 

(O3A6) - Reusing potential of mine infrastructures, 
welfare facilities, and the legacy of mining activities 

(S4A6) - Improvement of the aesthetic 
appearance of the mined land 

(O4A6) - Proximity to areas with tourism and cultural 
heritage potentials  
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(S5A6) - Preservation of mining heritage and 
unique geological phenomena 

(O5A6) - Existence of higher education centers with 
mining and earth sciences fields in the region 

 (O6A2) - The potential of desert ecotourism
Weakness (W): Threats (T): 

(W1A6) - Environmental pollution and 
destruction by tourists 

(T1A6) - Climatic condition of Chadormalu iron ore 
mines  

(W2A6) - High population density in the area and 
increase in traffic 

(T2A6) - Investment risk due to unstable political and 
economic conditions 

(W3A6) - High dependence on the existence of 
infrastructures and welfare facilities in the 

region 
(T3A6) - Health and safety risks left by mine closure 

(W4A6) - Strong dependence on climatic, 
geographical, anthropological, and cultural 

characteristics 
(T4A6) - Hostility of natives 

 (T5A6) - Lack of legal requirement to implement the 
progressive reclamation plan by the mining company 

 (T6A6) - Lack of proper monitoring and management 
 

Table 7. SWOT matrix for the renewable energy services PMLU alternative 
 
 

Internal factors External factors 
Strengths (S): Opportunities (O): 

(S1A7) - Reducing ecological costs (reducing 
carbon footprints) 

(O1A7) - High demand to generate electricity in the 
country 

(S2A7) - Lower cost and sustainable energy 
supply  (O2A7) - Creating sustainable job opportunities 

(S3A7) - Improving the real estate value (O3A7) - High efficiency of solar energy in central 
desert of Iran  

(S4A7) - Reduced earthwork requirements (O5A7) - Existence of energy-intensive industries in the 
surrounding areas  

(S5A7) - High revenue from electricity 
generation (O6A7) - Possibility of reusing existing infrastructure  

(S6A7) - Improving living standards (O7A7) - Government support policies 
Weakness (W): Threats (T): 

(W1A7) - Relatively high initial investment 
required (T1A7) - Technological weakness 

(W2A7) - Strongly depends on climatic and 
geographical conditions  

(T2A7) - Low energy prices in Iran and lack of sufficient 
incentives to invest in renewable energy sources 

(W3A7) - The advanced and complex nature of 
renewable technologies (requiring of 

specialized personnel) 

(T3A7) - Unpredictable weather events that disrupt 
these technologies 

(W4A7) - High maintenance and monitoring 
requirements (T4A7) - Lack of proper maintenance and monitoring 

 (T5A7) - Lack of founds 

 (T6A7) - Lack of legal requirement to implement the 
progressive reclamation plan by the mining company 
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Table 8. SWOT matrix for the landfill site PMLU alternative 
 

Internal factors External factors 
Strengths (S): Opportunities (O): 

(S1A8) - Low investment requirements (O1A8) - Existence of need for a place to dispose of 
industrial and domestic waste 

(S2A8) - Low corrective measures requirements (O2A8) - Climatic condition of Iran’s iron ore mine 
(S3A8) - Eliminating safety risks of the mine pit 

(e.g., pit slope failure, etc.) 
(O3A8) - The potential of using the completed landfill 

site for other land uses in the future 
 (O4A8) - Creating job opportunities 

Weakness (W): Threats (T): 

(W1A8) - Low efficiency of land-use (T1A8) - Legal restrictions (e.g., environmental 
permits, etc.)

(W2A8) - Environmental impacts of landfill sites  (T2A8) - Hostility of natives 

(W3A8) - Negative impacts on aesthetic values (T3A8) - Lack of studies on the chemical composition 
of wastes and intensity of their risks

(W4A8) - Does not address the environmental 
and socio-economic risks of mine closure  

(T4A8) - The potential of intensification of mine 
closure health and environmental risks  

(W5A8) - Human and animals health problems (T5A8) - Lack of legal requirement to implement the 
progressive reclamation plan by the mining company 

(W6A8) - High maintenance and monitoring 
requirements  

 
After forming the SWOT matrices for all of the possible general PMLU options, the TWSIF and 

TWSEF  are calculated based on the expert opinions, according to Eqs. (1) to (6). The total weighted 
scores of strategic factors and the strategic position of the PMLU alternatives in the IE matrix are shown 
in Table 9.  The appropriate strategies for each of the PMLU options regarding their strategic position 
are defined in Table 10.   

 
Table 9. The final scores of strategic factors and the strategic position of the PMLU alternatives 

 

PMLU alternative TWSIF TWSEF 
Strategic position 

in IE matrix The type of strategy 

A2- Forestry & nature conservation 2.778 2.604 II Aggressive (SO) 

A4- Industrial & commercial 2.744 2.554 II Aggressive (SO) 

A6 - Recreation & cultural services 2.528 2.478 IV Competitive (ST) 

A7- Renewable energy 2.957 2.808 II Aggressive (SO) 

A8- Landfill sites 2 2.333 III Defensive (WT) 
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Table 10. The strategic position of PMLU alternatives in the IE matrix 
 

PMLU 
alternative 

Proposed strategies based on the PMLU alternatives’ 
strategic position in the IE matrix 

The effective 
strategic factors 

A2 

- Soil stabilization and improvement by planting the native 
and drought-friendly species and also using the potential of 
phytoremediation 

S5A2, O4A2, O5A2 

- Creating a beautiful and eye-catching landscape by 
planting the native species and homogeneous with 
surrounding lands 

S1A2, S7A2, O4A2 

- Creating shelter and food supply for wildlife by planting 
the native species S2A2, S3A2, O4A2 

- Creating sustainable job opportunities and income by 
planting high value-added rare medicinal herbs S6A2, O1A2, O2A2 

- Utilizing the benefits of the Persian Gulf water transfer 
project to increase the efficiency of wood production for 
economic purposes 

S1A2, S4A2, S6A2, 
O1A2, O3A2, O6A2 

A4 

- Creating job opportunities by continuing intensive 
economic activities in the region through new investment 
opportunities 

 
S1A4, S2A4, S3A4, 
S4A4, O1A4, O2A4, 

O3A4 
 

- Development of the mining industries factory through the 
potentials of re-using of mine infrastructures and utilizing 
the Persian Gulf water transfer project 

S1A4, S2A4, S3A4, 
S4A4, O1A4, O3A4, 

O4A4, O6A4 
- Improving per capita income of residents by development 
of local business regarding the market and trading 

S3A4, S5A4, O1A4, 
O5A4 

A6 

- Create a sustainable income for residents by employing 
local people in jobs related to tourism guidance and 
monitoring and maintenance 

S2A6, S3A6, T4A6, 
T6A6 

- Development of desert ecotourism due to the climatic 
conditions of Chadormalu mine 

S1A6, S4A6, S5A6, 
T1A6, T2A6 

- Implementing the progressive reclamation activities to 
develop mine geotourism with the aim of preserving the 
mining heritage and reducing investment risks 

S4A6, S5A6, T2A6, 
T3A6, T5A6 

A7 

- Development of solar cells farm considering the high 
efficiency of solar energy in central desert of Iran 

S2A7, S3A7, S5A7, 
S6A7, O1A7, O2A7, 

O3A7, O6A7 

- Generation and transfer of electricity to the power grid 
using infrastructure in the mine in order to make income 
and benefit from government support policies 

S2A7, S3A7, S4A7, 
S5A7, S6A7, O1A7, 
O2A7, O3A7, O5A7, 

O6A7 

- Lower cost and sustainable energy supply for energy-
intensive industries in the surrounding areas 

S1A7, S2A7, S5A7, 
O1A7, O2A7, O3A7, 

O4A7, O5A7 

A8 

- Establishing effective periodic monitoring to assess and 
control the environmental impacts and health problems of 
the landfill site 

W2A8, W5A8, 

W6A8,T1A8, T2A8, 
T3A8, T4A8 

- Implementation of this option as a last resort in areas 
where the mined land is not suitable for other PMLU 
options 

W1A8, W3A8, 
W4A8,T1A8, T2A8 
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- Establishing waste management system W2A8, W5A8, W6A8, 
T1A8, T3A8, T4A8 

- Implementing progressive reclamation activities regarding 
the landfill site earthworks  W3A8, W6A8, T5A8 

 
DISCUSSION 

 
The PMLU planning approach presented in this study is a new approach that makes it possible to 

achieve a sustainable PMLU option. This approach effectively evaluates the mined land suitability as the 
most important condition for the sustainability of the chosen PMLU. Besides, to ensure the sustainability 
of PMLU, using the PMLU strategic planning model, the best strategies are provided to reduce the 
selected alternative's vulnerability. Due to the interdisciplinary nature of mine reclamation science, 
strategic planning helps the mine reclamation planner create a competitive advantage for the mine 
reclamation project and manage and even overcome fluctuations and uncertainties. Indeed, strategic 
planning can ensure the successful deployment of the PMLU by reducing the vulnerability of the PMLU 
option through defining and implementing appropriate strategies.  
A novel strategic planning approach was developed for all the possible general post-mining land uses 
based on the SWOT analysis method. This approach's main superiority is defining internal and external 
strategic factors in the SWOT matrices for all the possible general PMLU alternatives that fully cover 
mine reclamation objectives and three indexes of SD. Besides, determining the strategic position of 
PMLU options in the IE matrix through the IFE and EFE matrices' outputs and defining the appropriate 
strategies corresponding to the PMLU options' strategic position are some of the other innovative 
aspects of this study. 
 

In this study, to form SWOT matrices for 5 applicable general PMLU options in the Chadormalu 
iron ore mine, in total, 26, 23, 28, and 29 items of strengths, weaknesses, opportunities, and threats 
were identified, respectively. According to the obtained results of IFE and EFE matrices given in Table 9, 
except for PMLU options A8, TWSIF for other PMLU alternatives is greater than 2.5. It indicates the 
superiority of strengths over weaknesses of these PMLU options. Given the positive role of mine 
reclamation activities in improving environmental and social conditions, ongoing economic activities in 
the region, generating GDP, and increasing the life expectancy of local people, these results are 
consistent with the actual situation. The PMLU option A8 has the lowest value of TWSIF among all 
options (TWSIF = 2). Given that this option is a lower value land-use that is considered the last resort for 
mine reclamation, its weaknesses are more prominent than its strengths, and the results of this study 
confirm this point. The maximum value of TWSEF is related to PMLU option A7 (TWSEF = 2.808), which 
means the superiority of opportunities over the threats of this option. The reason is the high potential of 
Chadormalu iron ore mines for the development of solar cells farm due to its climatic conditions.  
 

Given the SWOT matrices and TWSEF scores, many of the opportunities available for PMLU 
options are related to the positive aspects of mining activities, especially in developing infrastructures 
and facilities. These results confirm that the positive aspects of mining activities are not limited to the 
operating life of the mine. After the mine closure, these positive aspects can be considered as 
opportunities to implement the desired PMLU options, and local people will still be able to take 
advantage of these benefits. For example, the Persian Gulf Water Transfer Project to the central and 
east plateau of Iran is a megaproject. Large Iranian mining companies have the most significant 
contribution to this investment. In addition to supplying the water needed by these mines and their 
related industries during their lifetime of operation, this project creates tremendous opportunities to 
provide the water required for agricultural, drinking water, industrial, and other economic activities. 
 

The proposed approach is a practical tool for decision-making in choosing the most appropriate 
PMLU option. So far, various models based on the decision theory approach have been proposed to 
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select the suitable PMLU option. In these models, the PMLU option with the highest rank is selected as 
the suitable option. However, the option with the highest rank will not necessarily be the most 
appropriate. In choosing the suitable PMLU option based on the decision theory approach, there is a 
shortcoming in the lack of considering the strengths, weaknesses, opportunities, and threats of the 
PMLU options. Therefore, it is necessary to analyze the SWOT of the options that have earned the 
highest ranking (first to third place) and updating the ranking by considering the TWSIF and TWSEF. The 
proposed strategic planning approach in this study is a good solution for this problem. Therefore, the 
most appropriate option is the option that, in addition to gaining the most points in terms of decision 
criteria, the most important of which is the mined land suitability score, also has the most appropriate 
strategic position. Indeed, its strengths and opportunities are superior to its weaknesses and threats, 
respectively. In this case, due to considering the MLSA and SWOT analysis processes in the Multi-Criteria 
Decision-Making (MCDM) problem to select the suitable PMLU option, the mine reclamation planner 
can ensure the sustainability of the chosen option. Besides, by defining appropriate strategies according 
to the strategic position of the PMLU option, the probability of successfully deploying the selected PMLU 
option will increase. 

 
CONCLUSION 

 
This study focuses on developing a new hybrid general PMLU planning approach based on the 

MLSA and SWOT analysis. This new approach ensures the achievement of a sustainable PMLU due to the 
assurance of mined land's suitability and providing appropriate strategies for ensuring mine reclamation 
plan success. The advantage of the proposed PMLU strategic planning approach is defining internal and 
external strategic factors for all the possible general PMLU options based on the mine reclamation 
objectives and consequently developing SWOT matrices. This general strategic planning approach is 
responsible for determining the strategic position of PMLU options in the IE matrix based on IFE and EFE 
matrices, which are applied to quantify the SWOT matrices. Defining appropriate strategies 
corresponding to the strategic position of PMLU options is another innovative aspect of the proposed 
approach that will lead to ensure the mine reclamation project's success. This PMLU planning approach 
paves the way for decision-making to choose the sustainable PMLU option and provide a general vision 
for the success of the mine reclamation project.  The proposed approach was implemented in the 
Chadormalu iron ore mine. To form SWOT matrices for 5 applicable general PMLU options in this mine, 
in total, 26, 23, 28, and 29 items of strengths, weaknesses, opportunities, and threats were identified, 
respectively. It is worth noting that this number of strategic factors has not been identified and 
evaluated in similar studies. Based on the results of IFE and EFE matrices, the A7- renewable energy, A2- 
forest & nature conservation, and A4- Industrial & commercial alternatives are ranked first to third in 
TWSIF and TWSEF. The A7 option earned the best strategic position in the IE matrix. The obtained result is 
verified due to the climatic conditions of the Chadormalu iron ore mine. Based on the strategic position 
of PMLU options, a total of 18 strategies were defined. These strategies are defined so that each of 
them covers several strategic factors related to the type of strategy to overcome the overlap of 
strategies. 
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ABSTRACT 
 

In copper electrowinning processes, the oxygen evaluation on the anode surface has a very oxidizing 
effect on the reactions performed. The amount of produced H+ ions around the anode reduces by the 
oxidation of Fe2+ to Fe3+ or Mn2+ to Mn4+ reactions, causing a decreasing effect on the anode materials 
corrosion. To investigate this process, two types of lead anodes, pre-passive and fresh (non-passive) anodes, 
were placed around the cathode with the same conditions. The potential difference between the anodes and 
the cathode was measured, and finally, the voltage difference between the two was calculated. Factors 
affecting the amount of potential include the concentration of acid, copper ions, iron ions, and the amount of 
forward and backward current flow through the circuit. Experiments at five different levels for these variables 
were performed by experimental design software based on the central composite method (CCM). Based on 
the obtained data, it was concluded that at concentrations of 10g/l copper, 22.44g/l acid, fixed 200g/l iron, 
200A/m2 forward current flow, and 700A/m2 backward current flow, the potential difference is minimized. In 
this circumstance, the anode oxidation is expected to be minimal, resulting in reduced energy consumption. 

 
Keywords: Copper electrowinning, lead anode, energy consumption, overpotential of OER 
 

INTRODUCTION 
 

Copper electrowinning (EW) is an electrolytic reduction of copper ions from an acidic solution to 
produce high purity copper material. The main anodic reaction in this process is the oxygen evolution 
reaction (OER)(Parada T and Asselin 2009, Tunnicliffe, Mohammadi et al. 2012). The overpotential for this 
reaction determines the anodic protection and influences the total cell potential of the process. The OER 
overpotential depends on the electro catalytical capacity of the anode material (Rüetschi and Cahan 1957, 
Matsumoto and Sato 1986). However, some other reactions occur on the surface of the anode that effects 
anodic protection and overall cell potential. 

                  2H O O + 4H + 4e     E = 1.23 V   (1) 
                  Cl 2Cl + 2e                    E = 1.35 V   (2) 
                  Fe Fe + e                                            E = 0.77 V   (3) 

 
Although a wide variety of anode materials has been used in the electrowinning of copper, the 

characteristic features of lead, such as high corrosion resistance and electrical conductivity, as well as the 
reasonable economical price, make it the best choice as the anode material. Lead and lead alloys can form a 
continuous protective layer of PbO2 which is highly conductive for the circuit and prohibits the corrosion 
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attack of the anode (Elrefaey, Gu et al. 2020). The fundamental efficacy of lead anodes depends on the 
properties of PbO2 (Prengaman and McDonald 1980). Lead anodes are used predominantly in sulfate-based 
electrolyte systems because of the protective ability of PbO2 -phase, 
which is the brown PbO2 layer closest to the anode surface, isolates the lead from the corrosive electrolyte. 
It is composed of large, rhombic, closely packed crystals. -phase, Pb(OH)2, 
PbSO4, and other complex sulfates as reaction intermediates (Mirza, Burr et al. 2016). The first stage in lead 
oxidation is the presence of oxygen in the formation of lead monoxide (PbO) and lead sulfate (PbSO4). As 
the anode potential increases, the surface layer of PbO/PbSO4 transforms to Pb(OH)2, followed by 

-PbO2 and 
-PbO2 layer is formed between beta layer and lead 

itself at higher potentials (figure 1). According to (Burbank 1956), it is necessary to maintain an anode 
-PbO2. Unless the anode potential is consistently 

maintained above this -PbO2 -PbO2 that 
flakes off and causes cathode contamination. This electrochemical layering effect explains the commercial 
success of lead-based anodes in sulfate media electrowinning in the last few decades. 

 

 
 

Figure 1. lead anode corrosion layers in sulfuric acid (Prengaman and Siegmund 1999) 
 

Invariably copper-bearing ores are associated with iron. During hydrometallurgical extraction of copper 
from these ores, the leach liquors often contain a substantial amount of iron. Recovery of copper from these 
solutions is generally achieved through cementation or electrolysis. Since low purity copper is produced by 
cementation, the electrolytic method is widely practiced. Copper is either directly electrowon from these 
solutions when iron contamination is relatively low, or won after purification from iron. Solvent extraction is 
usually adopted to separate copper from these solutions. The pregnant electrolyte thus generated often 
contains a substantial amount of Fe3+. When the electrowinning step is coupled with solvent extraction, and a 
closed circuit is formed, Fe3+ contamination builds up during copper electrowinning. The presence of Fe3+ in 
the electrolyte causes a loss in current efficiency and often produces poor quality, cathode copper. 

 
The present paper uses reverse (backward) current on an electrowinning circuit to achieve pure Cu from 

electrolyte that includes a high amount of Fe ions. In addition, the voltage difference between anodes was 
calculated by ADAMVIEW BUILDER software. This software gives voltage differences between each anode and 
cathode every second to investigate the effect of various factors such as copper and iron concentrations. 
Furthermore, the effect of forward and backward current on the potential difference between the pre-passive 
lead anode and fresh (newly used) lead anode was studied. So, the optimum amount of concentrations and 
current are carried out. 
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MATERIALS AND METHODS 
 

Cell And Placement of Electrodes  
 
The experimental work was carried out in a laboratory-sized cell (100×100×100mm) with a total 

electrolyte volume of 700cc, using stainless steel 716 as a cathode, with a total surface area of 0.025m2 a pure 
rolled lead (7×5) as an anode. To prevent the formation of copper on top of the cathode, some nun conductive 
liquid was used to isolate it from the electrolyte. Electrodes (each anode and cathode) are first washed with a 
1M caustic soda solution to clean their surface and then cleaned with distilled water and placed in the cell. 
Two types of anodes were used around the cathode, pre-passivate and fresh lead anode, to realize the voltage 
difference between anodes. The pre-passive anode was always used in the cell and had a passive layer before 
the experiment. The electrowinning cell used for this work is continuous, so it has two canals for solution input 
with the same rate of flow and one output canal. The construction of the cell is shown in figure 2. The duration 
of each experiment is 5 hours with a total of 4L (liter) solution. 

 

 
 

Figure 2. Electrowinning cell configuration 
 

Solution Preparation 
 

All chemicals were reagent grade and were used without further purification. Sulfate-based 
electrolytes were prepared using CuSO4;(7H2O), FeSO4;(7H2O), and 98% pure H2SO4. All reagents were mixed 
with distilled water to produce 4L of electrolyte for copper electrowinning experiments. All electrolyte 
concentrations are listed in Table 1, and all experiments were performed at room temperature.  

 
X-Ray Diffraction (XRD) Analysis and Voltage Difference Measurements  
 

Using X-ray diffraction (XRD) analysis, information about the composition of the surface layer on the 
Pb anode was obtained. At the 5 hours of anodic polarization at different voltages listed in Table 1, the sample 
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was rinsed, dried, and analyzed as a powder of corroded lead, which separated quickly from the surface of the 
anode. 

 
Table 1. Electrolyte concentrations and current at 38 experimental 5-hour run 

 
Runs Cu 

(g/l) 
H2SO4 

(g/l) 
Fe 

(g/l) 
Forward current 

(amp/m2) 
Backward current 

(amp/m2) 
1 5.00 20.00 20 300.00 500.00 
2 20.00 30.00 20 400.00 700.00 
3 15.00 0.00 20 300.00 500.00 
4 20.00 10.00 20 400.00 700.00 
5 15.00 20.00 20 300.00 500.00 
6 10.00 10.00 20 400.00 700.00 
7 20.00 30.00 20 200.00 700.00 
8 15.00 20.00 20 500.00 500.00 
9 15.00 20.00 20 300.00 500.00 

10 25.00 20.00 20 300.00 500.00 
11 10.00 10.00 20 200.00 700.00 
12 15.00 20.00 20 300.00 500.00 
13 15.00 20.00 20 300.00 100.00 
14 10.00 10.00 20 200.00 300.00 
15 15.00 20.00 20 300.00 500.00 
16 20.00 30.00 20 400.00 300.00 
17 20.00 10.00 20 400.00 300.00 
18 5.00 20.00 20 300.00 500.00 
19 15.00 20.00 20 100.00 500.00 
20 15.00 20.00 20 300.00 900.00 
21 25.00 20.00 20 300.00 500.00 
22 10.00 30.00 20 400.00 300.00 
23 15.00 20.00 20 500.00 500.00 
24 20.00 30.00 20 200.00 300.00 
25 20.00 10.00 20 200.00 300.00 
26 15.00 0.00 20 300.00 500.00 
27 15.00 20.00 20 300.00 100.00 
28 10.00 10.00 20 400.00 300.00 
29 15.00 20.00 20 300.00 500.00 
30 10.00 30.00 20 200.00 300.00 
31 15.00 40.00 20 300.00 500.00 
32 15.00 20.00 20 300.00 500.00 
33 15.00 40.00 20 300.00 500.00 
34 10.00 30.00 20 200.00 700.00 
35 15.00 20.00 20 300.00 900.00 
36 20.00 10.00 20 200.00 700.00 
37 10.00 30.00 20 400.00 700.00 
38 15.00 20.00 20 100.00 500.00 

 
 



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

753

The power supply used is a pulse generator made in International Silicon Power Conversion (IPC) in 
Iran, which switches the direction of DC (direct current) in the ratio of 40/1 Sec. The voltage difference 
between two types of anodes was measured every second using ADAM-4017-PLUS and ADAM-4561 
manufactured by Advantech company also shunt used for accessible voltage measurements. The measured 
voltage differences data are recorded with the ADAMVIEW-BUILDER software. After five hours of 
electrowinning (18472 sec), approximately 18476 digits of voltage differences were claimed in every 38 runs; 
thus, the average voltage differences as a final data used for every run claimed by following the example 
formula. All data was analyzed and optimized by experimental design software based on the central 
composite method (CCM). 

                  = V  (4) 
 

RESULTS AND DISCUSSIONS 
 

XRD Analysis 
 

As shown in figure 3, XRD detection was carried out on the anodic layers, which are claimed as a 
powder after five hours of the electrowinning process. The results indicated that these anodic layers are 
mainly composed of PbSO4 -PbO2. Furthermore, as shown in figure 3 intensity of PbO2 is higher than 
PbSO4; it shows that more lead oxide components are formed than the lead sulfate. As (Zhang and Guo 2017) 
reported, because -PbO2 is adherent to the surface, -phase, but on the other hand, there is 
too much -phase that is visible in figure 3. 

 

 
 

Figure 3. XRD of Pb after 5 hours of electrowinning process 
 

Average Voltage Differences Analysis and Reasons for It 
 

Design Expert Software Analysis 
 

After all the experiments were performed, the results were analyzed at design expert software. The 
suggested model was linear with a reasonable R2—the sequential model sum of squares listed in Table 2. The 
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fit summary and analysis of variance (ANOVA) are visible in Table 3. The F-value and p-value are calculated at 
31.79 and <0.0500, respectively. These facts release that this model is significant for these experimental data. 

 
 

Table 2. The sequential model sum of squares 
 

Source Sum of 
squares 

Degree of 
Freedom 

Mean 
square F-value P-value Suggestions 

Mean vs total 0.4528 1 0.4528 - - - 
Linear vs Mean 0.0452 4 0.0113 31.79 <0.0001 Suggested 
2FI vs Linear 0.0018 6 0.0003 0.7922 0.5841 - 
Quadratic vs 2FI 0.0003 4 0.0001 0.1938 0.9391 - 
Cubic vs Quadratic 0.0047 8 0.0006 1.81 0.1522 Aliased 
Residual 0.0049 15 0.0003 - - - 
Total 0.5097 38 0.0134 - - - 

 
 

Table 3. The fit summary and analysis of variance (ANOVA) for the linear model 
 

Source Sum of 
Squares 

Degree of 
Freedom 

Mean 
Square F-value P-value Description 

Model 0.0452 4 0.0113 31.79 <0.0001 Significant 
A-Cu(g/l) 0.0001 1 0.0001 0.2563 0.6161 - 
B-H2SO4(g/l) 0.001 1 0.001 2.88 0.0992 - 
C-I-F (amp/m2) 0.0393 1 0.0393 110.55 <0.0001 - 
D-I-R (amp/m2) 0.0048 1 0.0048 13.49 0.0008 - 
Residual 0.0117 33 0.0004 - - - 
Lack of fit 0.0080 20 0.0004 1.39 0.2753 Not significant 
Pure Error 0.0037 13 0.0003 - - - 
Total 0.0569 37 - - - - 
R2 0.7940 - - - - - 
Adjusted R2 0.7690 - - - - - 
Predicted R2 0.7256 - - - - - 
Precision 20.4957 - - - - - 

 
The Predicted R² of 0.7256 is in reasonable agreement with the Adjusted R² of 0.7690; i.e., the 

difference is less than 0.2. Precision measures the signal/noise ratio, and a ratio greater than four is desirable. 
The ratio of 20.496 indicates an adequate signal. This model can be used to navigate the design space. After 38 
runs that some of them were repeated, some validation runs were carried out to confirm models results. 
These validation runs are reported in table 4. 

 
Table 4. Validation runs values 

 
Runs A-Cu 

(g/l) 
B-H2SO4 

(g/) 
C-I-F 

(amp/m2) 
D-I-R 

(amp/m2) 
Actual voltage 
difference (V) 

Predicted voltage 
difference (V) 

Standard 
deviation 

Repeat 

1 20 40 100 100 0.07243 0.0766 0.0189 3 
2 20 20 200 500 0.08962 0.0758 0.0189 2 
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As shown in Table 4, the actual voltage difference and predicted one are close to each other 
according to standard deviation; additionally, the runs were repeated three or two times to confirm the 
voltage difference. As a result, the given model is acceptable. The maximum and minimum voltage difference 
between the two pre-passive and the fresh anode is calculated with DESIGN EXPERT software shown in Table 
5. 

 
Table 5. Extremum of the voltage difference between two anodes 

 

extremum A-Cu 
(g/l) 

B-H2SO4 
(g/) 

C-I-F 
(amp/m2) 

D-I-R 
(amp/m2) 

voltage difference 
(V) 

Minimum 10 22.44 200 700 0.053 
Maximum 10 30 400 300 0.177 

 
The design expert software was used to investigate the effect of parameters on the average voltage 

difference. Results indicated a linear relationship between X and Y. The linear equation for these parameters is 
as follows. 

 Average Voltage Difference =0.1092 + 0.0017(copper concentration) + 0.0057 (sulfuric acid concentration) +0.0350 (forward current voltage) 0.0122 (backward current voltage)  (5) 
 

Effect Of Sulfuric Acid Concentration on Corrosion of Lead and Voltage Difference 
 

As shown in figure 4, the results indicate that increasing sulfuric acid from 0 to 30 (g/l) or even more 
cause more lead corrosion. Additionally, as shown in figure 4 average voltage difference between two anodes 
is slightly increased by increasing sulfuric acid; because the fresh anode consumes more power than the pre-
passive anode to form a passive layer. As (Cifuentes, Astete et al. 2005) reported, as the standard equilibrium 
potential for lead is more negative than the standard equilibrium potential for hydrogen, so metallic lead 
oxidation can couple spontaneously with hydrogen ion reduction. At the same time, increasing hydrogen ion 
concentration caused the exchange current density for the hydrogen reduction reaction to increase, thus 
increasing the corrosion current density for the lead/hydrogen couple. 
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Figure 4. Effect of sulfuric acid concentration on voltage differences between two anodes 
 

Effect Of Copper Concentration on Corrosion of Lead and Voltage Difference 
 

The results (figure 5) indicate that increasing copper concentration from 10 to 20 (g/l) will accelerate 
lead corrosion slightly. This result shows that, as backward current is applied, copper in solution allows 
spontaneous copper deposition on the lead anode. This phenomenon provides an added cathodic reaction to 
couple with anodic lead dissolution; it leads to accelerated lead anode corrosion. Copper deposition on the 
lead anode during backward current has been observed in laboratory tests and industrial plants. As lead anode 
corrosion increases, the average voltage differences also slightly increase because copper concentration does 
not play a significant role in forming the passive layer on the anode; this is more dependent on OER (oxygen 
evaluation reaction) and lead oxide formation on the anode surface. 

 

 
 

Figure 5. Effect of copper concentration on voltage differences between two anodes 
 

Effect Of Current Direction on Corrosion of Lead and Voltage Difference 
 
The voltage difference of the two anodes is shown in figure 5 (A) effect of forward current and figure 5 

(B) effect of backward current. It can be seen (figure 5 A), the voltage differences between the two pre-passive 
and the fresh anode are increased by increasing forward current density from 200 to 400 (amp/m2). The 
corrosion rate of the new anode at the beginning of the reaction is higher than the pre-passive anode because 
it consumes more power to form the passive layer. It means on the surface of the fresh anode, both main OER 
(oxygen evaluation reaction) and leads oxidizing reaction and other reactions like Fe2+ oxidizing and Cl- 
reduction are happening simultaneously. On the other hand, only the OER is happening on the surface of the 
pre-passive anode. The oxidizing of lead plays a significant role in average voltage differences between two 
anodes. Figure 5 (A) shows that the average voltage differences and corrosion of 2 anodes increase each time 
the current density increases. 

 
Figure 5(B) shows that average voltage differences between two anodes decrease with increasing 

backward current from 300 to 700 (amp/m2). The main reason for this could be the dissolving of the passive 
layer as lead oxide or even lead sulfide in the electrolyte. Also, because one of the anodes is pre-passivated, 
the passive layer of this anode will dissolve more than the fresh anode. As a result, the average voltage 
difference is decreases. It also seems that while backward current is applied, the placement of anode and 
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cathode changes, which means the oxidation reactions occur on cathode and reduction reactions appear on 
the anode; hence, Fe3+ reduces to Fe2+. As (Cifuentes, Astete et al. 2005) investigate, while the concentration 
of Fe2+ is more than Fe3+, corrosion of lead decreases, it causes a decrease in average voltage differences. 
Furthermore, iron ions (Fe2+) and lead components dissolved in electrolytes do not affect copper purity. 

 
 

 
 

Figure 5. Effect of current direction on voltage differences between two anodes 
 

Effect Of Iron on Corrosion of Lead And Voltage Difference 
 

Although during the forward current applies for 40 seconds, Fe2+ oxidize to Fe3+ on the anode surface, 
during one second of backward current, Fe3+ reduced to Fe2+, as (Dew and Phillips 1985) researched, 
electrowinning and extraction of copper with a high concentration of ferric ion cause higher energy 
consumption and non-adhesive copper on the cathode. As a result, backward current, even for one second, 
will help to lower the energy consumption for electrowinning. Additionally, it helps to reduce the corrosion of 
anodes and average voltage differences. 

 
CONCLUSION 

 
This investigation highlights the effect of some essential elements and operating parameters found in 

copper electrowinning electrolytes on corrosion of the lead anodes and the average voltage differences 
between two different anodes that one of them was pre-passive and another one was fresh anode. The XRD 
analysis of powder that separated from the surface of the anode indicates that it is mainly PbO2 formed on the 
surface of the anode, and it is more than PbSO4.  
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The results analyzed by the design expert software indicated that the linear model significantly fits 

with experiments. Additionally, validation runs were carried out that show the results match with the model 
concerning standard deviation. The final linear equation is gained after the model is accepted. The equation 
below shows the effect of parameters on average voltage difference ideally. The equation indicates that the 
forward current has the most impact on the average voltage differences, and the backward (reverse) current 
has a contrariwise effect. The effect of sulfuric acid and copper in the electrolyte is not as impressive as the 
current, but they positively impact lead corrosion. 

 Average Voltage Difference =0.1092 + 0.0017(copper concentration) + 0.0057 (sulfuric acid concentration) +0.0350 (forward current voltage) 0.0122 (backward current voltage)  (5) 
 

Finally, the optimum average voltage differences were obtained through this equation, which shows 
how much the single reaction on the lead anode surface (lead oxidizing) can help toward energy consumption 
and corrosion resistance. 
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ABSTRACT 

 
Mining equipment requires significant capital investment; therefore, equipment failures and 

associated downtimes lead to significant increases in operating, production and maintenance costs and, 
in some instances, loss of revenue. Conservatively, the average mining equipment maintenance cost 
ranges from 20-40% of the mine’s operating cost, and it is increasing gradually. Hence, the need for 
reliable maintenance initiatives designed to enhance equipment availability, reduce unscheduled 
downtime and minimize maintenance costs. 

 
This study aims to give an up-to-date overview of equipment maintenance procedures in the 

mining industry as a prerequisite to establishing operational integration of artificial intelligence (AI) and 
machine learning technology for predictive equipment maintenance inside existing mining operations. 
Journal articles, reports and other publications were systematically reviewed and analysed to 
understand the historical development and evolution of equipment used in mining.  In addition, 
machine maintenance, understanding of the reactive, preventive, and predictive maintenance 
environment in the industry were also examined. Other factors attributed to predictive maintenance, 
understanding the type of equipment failure and identifying critical data-worthy variables that are used 
to build a predictive AI model have been extensively analysed. The outcome of the review will provide 
decision-makers with some guidance in considering predictive maintenance as a viable maintenance 
option within their operations. 

 
Keywords: Mining Equipment, Maintenance, Predictive Maintenance, Artificial Intelligence 
 

INTRODUCTION  
 

Breakdowns are typical of mechanical equipment and minimizing them over the useful lifespan 
of the equipment requires regular maintenance. For most organizations, the maintenance service helps 
reduce production losses and minimizes maintenance labour and material costs. A key determinant of a 
successful maintenance program is the healthy balance between too little and too much maintenance. 
The risk of breakdown is increased with the formal while the latter lead to a high operating cost. 
Another success factor is the willingness and commitment of the management. This usually comes down 
to how the interaction between the maintenance unit and the company's production unit is co-
ordinated (Chan and Kuruppu, 2006).  

 
A major difficulty in quantifying the benefits of servicing mining equipment is that equipment 

wears, and degradation occurs over a long period of time. These degradations are compounded by the 
complex processes and a large number of variables usually interacting with each other within and 
outside the machine (Jalili et al., 2015). Some of them are controlled by the operator, independently 
controlled, based on the properties of the ore and even variables based on the results. 



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

760

As a precursor to developing the operational integration of Artificial Intelligence (AI) and 
machine learning technology for predictive equipment maintenance in existing mining operations. this 
study seeks to provide an up-to-date review of maintenance practices for equipment used in the mining 
industry. Journal articles, reports and other literature were reviewed and analysed to understand the 
historical development and evolution of equipment and machine maintenance. Predictive maintenance 
is further explored to understand the type of equipment failure and the identification of critical data-
worthy variables/factors to be monitored and used to build a predictive AI model. 
 
Equipment and Maintenance Cost 
 

Mining equipment require significant capital investment; therefore, equipment failures and 
their associated downtime mean significant increase in operating, production, and maintenance costs, 
and in some cases revenue losses. Conservatively, the average mining equipment maintenance cost 
ranges from 20 - 40% of the mine’s operating cost and it is increasing gradually (Dhillon, 2008). Hence, 
the need for reliable maintenance initiatives designed to enhance equipment availability, reduce 
unscheduled downtime, and minimize maintenance costs. 
 
Factors Contributing to Equipment Maintenance Cost in Mines 
 

Due to the increasing complexity of machines used in mining and mineral processing, several factors 
influence maintenance costs. Though not exhaustive, Dhillon (2008) points to eight factors that 
contribute significantly to the cost of maintenance. They are further categorized into 3 broad areas. 

1. The machine/equipment; 
2. The working environment; and  
3. The labour involved.  

 

 
 

 Figure 1. Factors affecting mining equipment maintenance cost. 
 

Similarly, Caterpillar claims that the cost of mining equipment repair and maintenance is 
typically influenced by the equipment's application, operating circumstances, ownership time, 
maintenance procedures, and age (Lashgari & Sayadi, 2013).  
 

The realization from the above listed variables is that multiples factors are usually responsible 
for the equipment cost. The factors directly related to machine/equipment are usually subjected to 
wear and tears and can be effectively managed if prioritized. The working environment factors are the 
set of factors that are not usually directly controlled by the organization and it effects are usually quite 
significant. For example, decarbonization is forcing mining companies to adopt and significantly 
modernize the technologies used on majority of their equipment. This naturally increases maintenance 
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related cost. Labour related factor in most cases can be controlled and managed by the host 
organizations. 
 
 
Mining Equipment Downtimes and Maintenance Strategies 
 

Downtime of equipment is not desirable, especially as mining equipment becomes larger, costly, 
and difficult to tow. Therefore, it is very important to maintain this equipment, as breakdown will cause 
significant production and revenue losses. Although these outages and downtime are not completely 
avoidable, a good maintenance program can help minimize them, thereby increasing the availability of 
the machine (Safiuddin, 1967). According to (Faitakis et al., 2004), maintenance has evolved through 
three major ages;  

 
 The first generation (1940 - 1950): The approach to maintenance at that time was "fix when it 

broke" and that is because automation was minimal in the industry.  
 

 The second generation (1950 - 1980): Here, due to the increased mechanization and 
automation of the industry, a fixed-time maintenance practice was adopted. However, 
maintenance costs have gone up significantly. 
 

 The third generation (1980 - present): A computerized maintenance approach has been 
gradually introduced because of the complexity of mining. In addition, there is a better 
understanding of the malfunction modes of the equipment. 
 

One of the most notable features of the first generation was the lack of mechanization. Mine 
production was typically small-scale, and the consequences of breakdowns were less severe than they 
are now. However, rising globalization and the associated exponential mineral demand caused mining 
enterprises to boost production in the second generation. Following it, there was an increase in 
mechanization. The time-based maintenance strategy used here was more effective than the first 
generation, but the scale at which it was implemented quickly resulted in an exponential increase in 
associated operational expenses. In addition, the fact that not all of the components and parts being 
replaced are nearing their end-of-life indicated that the technique was ineffective. The computing age 
spread significantly in the third generation. In the third generation, the computing technology became 
widely adopted across several industry. Its combined use with mechanization allowed for a greater 
understanding of the various critical component and the operations of the equipment to which it was 
applied. This in-depth knowledge generated makes scalability easy. It also aids the management of the 
more complex future mining operations. 

 
Similar to the once outline above, Carvalho et al. (2019) outlined three maintenance strategies:  

 The Run-to-failure or Corrective  
 Preventive; and  
 Predictive maintenance.  
  

All have gained ground over the three generations listed above, respectively.  
 

Computerised maintenance has also evolved rapidly and remained relevant and profitable, as 
organizations are now dependent on the ability to adopt and adapt these emerging technologies to their 
existing and new operations. Over the past two decades, condition-based monitoring (CBM) has been 
on the rise in the mining industry (Faitakis et al., 2004). It is a subfield of the computerized maintenance 
approach, whose goal was to improve the predictability of failure and spur proactive maintenance 
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nature. In these situations, the maintenance team will be given sufficient time to implement corrective 
actions prior to equipment failures.  

 
Despite the fact that CBM is a proactive approach to asset management, its underutilization, 

limited unitary conditioning monitoring capability, and restricted ability to analyze several datapoints or 
variables at the same time limit its maximum effectiveness (Faitakis et al., 2004; Kerr, 2021). As a result, 
decision-makers are forced to revert to corrective maintenance systems where maintenance is only 
carried out after a breakdown notification alarm (Emiling & Stan, 2001; Faitakis et al., 2004). 

 
Although schedule/time-based maintenance or preventive maintenance, as recommended by 

original equipment manufacturers, is generally effective in avoiding failure, and increase in operating 
costs is unavoidable. In general, this involves corrections and replacements required for non-worn 
components. This necessitates predictive maintenance.  

 
Human-Centred Maintenance 
 

Even though predictive maintenance can be used to detect a number of failures and 
breakdowns in advance, its complementary use with the human-centred maintenance program makes it 
a success. Dhillon (2008) describes three basic human-centred maintenance processes that may be 
carried out on mining equipment. This involves a visual inspection, a physical inspection and routine 
work. 

 
In visual inspection, checks are done on visible components such as fasteners, labels, windows, 

operational pushbuttons, and handles. These checks are conducted to detect cracks and imperfections 
and to ensure that the equipment is generally serviceable and free from dust.  

 
In physical inspections, the aim is to ensure that there is no physical damage and that the 

general state of operation of the equipment is good. This includes checking wiring and electrical 
connections, making sure they are tight and not arching or overheating. Others include flame path 
verification, operational status of protective equipment, blank plugs/covers, etc. 

 
Some routine work involves tasks such as lubrication and cleaning of threaded holes, fasteners, 

and flame paths to impede rust and oxidation; ensuring indicators instruments are operational; ensuring 
protection and control relays are functional. 

 
Even though these inspections might seem simple, Jalili et al. (2015). highlighted their 

effectiveness in identifying wear in mechanical and electrical components of plants and other mining 
equipment provided the site maintenance program allows for it to be done frequently. 

 
 

PREDICTIVE MAINTENANCE, ARTIFICIAL INTELLIGENCE, AND DATA. 
 

Predictive maintenance uses predictive tools to determine when maintenance actions are 
necessary (Carvalho et al., 2019). It generally uses historical data which is obtained by continuous 
machine monitoring. This method makes it possible to detect faults quickly and in advance.  

 
The use of artificial intelligence (AI) techniques has been a major component of the prediction 

tools used recently (over the past five years) (Ong & Gupta, 2019). This increase in global adoption 
reflects the efficiency of technology to surpass humans in a few specialized tasks, including prediction. 
This success has been attributed to the combined effect of the following:   

 Ease of access to a large amount of data;  
 Exponential improvement in computing power; and  
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 Incremental improvement in data-driven machine learning (ML) algorithms (McCoy & Auret, 
2019; Ong & Gupta, 2019).  
 
The operational data to be used to build AI predictive algorithmic model can be collected from 

the existing equipment sensors and log files from the Computerized Maintenance Management System 
(CMMS) software. These will serve as input data used by data engineers for the AI/ML solution design. 
In addition, the AI/ML solution design process includes collecting, cleaning, and labelling operational 
data, constructing, and training the algorithmic ML model, and testing the model for accuracies and 
biases. Subsequently, they can be deployed in a coal or other mineral project.  
 
Data Collection and Failure Patterns 
  

Modelling the operating characteristics and failure patterns of a machine is important because it 
gives a blueprint of its operating conditions. In addition, it helps to design a suitable solution to minimize 
the recurrence of failures. However, before this can be done, Veganas et al. (1997) emphasised the need 
for a machine to be classified into systems and sub-systems. Data generated from each system or 
subsystem can be used and analysed independently or in an integrated format to generate useful insight 
about the machine. An example of system and sub-system classification for a load-haul-dump machine 
(LHD) provided by Veganas et al. (1997) is presented in Table 1. 
 

Table 1. A mining LHD system & sub-system classification 
 

No Systems/Sub-system Equipment components 
1 Drive train Drivelines, Torque Convertor, Transmission 
2 Structural Frame, Canopy, and Seat 
3 Hydraulic system Cylinders, Hoses, Pumps 
4 Engine Exhaust and Intakes Included 
5 Electrical System Charging, Wiring, Gauges, Starter 
6 Bucket - 
7 Braking system - 
8 Tires - 
9 Fire suppression - 

 
Like the LHD, other mining machines and equipment can be classified into systems from which 

data can be systematically collected and analysed to understand the failure pattern and provide data-
centric solutions.  

 
Equipment Maintenance Data Analysis 
  

The processing of data and the acquisition of meaningful information from this equipment data 
has been carried out in the past using several methods. Vegenas et al. (1997) highlighted two 
predominantly used processes, namely, basic graphical maintenance analysis and reliability 
maintenance analysis. Over time the condition-based maintenance analytic method has also evolved. 

 
In the basic graphic maintenance analytical method, only static measurements of equipment 

behaviour are generated. This static measurement is then used to evaluate equipment variables such as 
system availability, repair frequency, total repair time, total number of repairs and hours of operation. 

 
In reliability-based maintenance, a combined probabilistic and statistical approach is primarily 

employed. It is subsequently used to fit a probability distribution to the failure data. This result is used 
to evaluate the failure behaviour of the system or machine to be evaluated. 
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In condition-based monitoring, the emphasis is on integrating the equipment data from various 

data islands within the mining operation. It is usually real-time information capture and its integration 
with an alarm system make notification easy. Statistical and probabilistic approaches are also applied to 
select data from the pool of the integrated equipment data. 

 
Possible Equipment Data Points 
 

Safiuddin (1967) identified the following as the major contributors to wear on various 
components of electrical mining equipment:  

 
 Excessive ambient temperature variation 
 Dirty and contaminated air 
 Mechanical shocks and vibrations 
 Humidity and rainwater 
 Momentary electrical grounds 
 Electrical noise pickup 
 Line voltage variations 
 Operating conditions and operator abuse   

 
All of these potential data sources that can be tracked serve as input data to the algorithms in 

order to predict potential wear and tear in advance. (2020) further provided examples of 
how data were collect from this sources and used in the manufacturing industry. In accordance with the 
above list, Emiling & Stan (2001) and et al. (2020)  described in more detail the data-dependent 
analyses that have been implemented in some operations to identify equipment degradation. The 
analyses are:  

 
 Oil analysis/tribology: lubricants are examined for impurities such as the wear of the internal 

components.  
 Thermography: heat variation in the different regions of a machine is measured and 

transformed into visible signals. They are useful for temperature measurement in rotating 
devices such as roller chocks or motor armatures. It is also used to monitor electrical devices 
such as switchgear, transformer bushings, transmission lines, reactor, DC Rectifiers, etc. 

 Vibration monitoring: vibration signals and information generated over time are collected for 
processing. These are typically performed by hard wired sensors positioned to pick up data from 
a uniform location. 
  

CONCLUSION 
 

This paper provides an overview of the implications of equipment maintenance in the mining 
industry. The cost associated with mining equipment and the factors influencing this cost was 
highlighted. Maintenance strategies, their evolution over the last six decades and their transition to the 
current era of computerisation and digitisation were highlighted. Predictive maintenance was also 
studied to illustrate the categorization of equipment components into sub-systems. This has resulted in 
the systematic identification of critical data points from which an AI-infused predictive model can be 
built. The maintenance cost saving potential for adopting this predictive technology would be significant 
for any adopting mining operation. In addition, the increased knowledge of the operating condition of 
the machines and its various components used in the operations would provide a significant foundation 
on which more advance technology would be layered upon. 
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ABSTRACT 
 

Premature closure of mine before fully extraction of mineable reserve cause deviation from the 
durability of life cycle and leads to a significant impact on the economy, social and the investment 
sector. This paper analyzes factors associated with the risks of premature closure for the Galali iron 
mine located in Kurdistan province of Iran. To this end, after determining the most significant risks 
involved in the closure of this mine, the optimal Post Mining Land Use (PMLU) selection is regarded as a 
risk management measure. To determine the causes, twenty-one factors, including economic, technical, 
social, environmental, safety, and health are identified. Based on the ten experts ' opinions, these 
factors were evaluated using the Technique of Order Preference Similarity to the Ideal Solution (TOPSIS). 
Two items had high safety and health risks in the two-dimensional risk matrix. Six alternatives based on 
17 criteria were proposed to select the optimal PMLU. According to the experts' team opinions, using 
Analytic Hierarchy Process (AHP) and the TOPSIS as two of the Multi-Criteria Decision Making (MCDM) 
methods, the most suitable options for PMLU in the Galali mine were determined. Garden, agriculture, 
and pasture have the priority in this mine.  
 
Keywords: Mine closure, mine reclamation, risk management, multi-criteria decision making. 
 

INTRODUCTION 
 

Earlier mine closure, which is often referred to as “premature mine closure (PMC)”, may occur 
due to depletion of mineral reserves or environmental, social, and economic factors. Due to PMC occur 
in the unplanned form may lead to adverse impacts such as health and safety problems, job loss, loss of 
community services and facilities, water, air, and soil pollution on-site or off-site (Laurence, 2001; Unger 
et al., 2015; Venkateswarlu, 2016). These negative impacts can be considered a risk to PMC, threatening 
sustainable development goals. Therefore, PMC factors in the risk management process must be 
managed to reduce the negative impacts (Eggart, 2015; Espinoza and Morris, 2017; Laurence, 2006). 
One of the best methods for assessing the risks associated with mine closures is the 2D risk matrix 
(Gheisari et al., 2014; Laurence, 2001, 2006; Taveira and Sánchez, 2016). Mine reclamation is essential 
to keep mining activities sustainable development and protect future generations’ rights. Choosing the 
appropriate Post Mining Land Use (PMLU) is the foremost step of the mine reclamation plan. 

 
Since mine reclamation has a multidisciplinary nature, in this project, various fields of science 

and engineering such as soil mechanics and slope stability, soil fertilization, hydrology for quantitative 
and qualitative control of groundwater, agriculture for growing plants and trees, ecology as the basis of 
basic studies and sociology are used. In general, reclamation is not a separate operation from planning 
and mine design operations. Indeed, it is a part of the mining operation that begins in the exploration 
stage and continues until the decommissioning of the mineral processing plant.  Due to the importance 
of mine reclamation, many researchers have worked on this issue, and many of them have considered 
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Multi-Criteria Decision-Making (MCDM) methods to select the most suitable PMLU (Dimitrijevic et al., 
2014; Narrei and Osanloo, 2011; Shenavar and Osanloo, 2016; Yavuz and Altay, 2015). Ruiz et al. (2020) 
proposed the construction of technosols from human and animal waste as a low-cost strategy for waste 
management and reclamation of mined lands, because these technosols create a favorable environment 
in mined areas for plant growth. Broda et al. (2020) offered a new method for reclamating abandoned 
open-pit mines using geotextiles. In the post-closure opencast lignite mine Zechau in Germany, they also 
used this method to create suitable housing areas for agricultural, forestry, and nature conservation.  

 
In the present study, an attempt has been made to determine the factors of premature closure 

of the Galali iron mine by using Technique of Order Preference Similarity to the Ideal Solution (TOPSIS) 
method. Then, the PMC risks are evaluated with a 2D risk matrix, and finally, the optimal PMLU for the 
mined areas is offered by application AHP and TOPSIS method. 
 

METHODOLOGY 
 

This study consists of three main parts. The first part probes the causes of the PMC, the second 
step investigates the risk of PMC, and finally the third step suggests the optimal PMLU. In the following 
section, each of these steps is described in detail (Figure 1). 
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Figure 1. Flowchart of research method 
 

PMC Causes Determination 
 

PMC is associated with negative environmental and social impacts that needs to be managed to 
achieve sustainable mining. Therefore, it is notable to ascertain the causes of PMC to reduce these 
negative consequences. As displayed in Table 1, PMC causes are categorized into five groups, and each 
is divided into sub-categories. A questionnaire was created that asks experts to allocate the importance 
of each item by a number from 1 to 5. Number 1 means less likelihood of occurrence, while number 5 
indicates high likelihood. Mean, and standard deviation of scores determined by experts are the criteria 



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

769

for decision-making of TOPSIS method. Then, based on the results of questionnaires and the TOPSIS 
method, PMC causes are ranked from the most important to the least important. 

 
Table 1. Causes for PMC 

 
Issue Causes for PMC 

Economic

Low prices
More appropriate use 

 
Loss of markets 

High costs 
Downturn 

Financial problems of the mine owner in the development phase of 
the mine 

Technical 

Geology or geotechnical problems
Open cut resource depleted (but remaining underground resource) 

destruction of equipment 
lake of exploration 

Poor grade estimation 
Equipment/technical difficulties 

Lack of mining planning 

Social 
Regulatory or government intervention

Change of ownership 
The hostility of natives with mine owners and mine activities 

Environment Environmental issues
Weather Conditions 

Safety Health Safety and health issues
 
Risk Assessment by 2D Risk Matrix 
 
The level of risk was characterized based on the questionnaire results. The questionnaire was provided 
to the experts team for this intention (Table2). Tables 3 and 4, are showing the probability and 
consequences of occurrence risk. The risk level of each declared case was calculated and determined 
using scores assigned by experts for each case, the 2D risk matrix in figure 2 and Equation 1. 
 

Table 2. Classification of PMC risks 
 

Ri
sk

 
ty

p e Specific event Explanation 

En
vi

ro
nm

en
ta

l 

Acid mine drainage Contamination of water caused by seepage of acid mine drainage 
 

Decreasing the water level The decline in groundwater level caused by unconventional 
harvesting of water resources for mining purposes (extraction, 

processing, etc.) 
 

Greenhouse gases Air pollution and climate change due to greenhouse gases emission 
 

Dust Particulate material suspended by the wind causes air pollution 
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Aesthetic values Dissatisfaction with the unpleasant landscape caused by mining 

activities 
 

Waste dump reshaping Problems arising from the final shaping of the waste dump (e.g., 
slope stability problems, drainage problems, topographic problems) 

 
Soil contamination Destruction of soil fertility due to pollution from heavy metals 

 
Overflowing of tailings dam Overflowing of tailings dam caused by intense precipitation and/or 

flood (occurrence of environmental pollutions) 

Co
m

m
un

ity
 

The hostility of natives with 
mine owners 

Natives dissatisfied due to lack of fair distribution of wealth in the 
community (sometimes natives think that the mine owners have 
plundered the resources without creating any infrastructure and 

development in the region) 
 

Damage to the business of 
residents around the mine 

 

Decline business boom (that types of business which are directly or 
indirectly related to mining operation) 

 
Impact on residential property 

value 
Reduce the value of residential property 

 
Impact on lifestyle Adverse effects on lifestyle mainly because of unemployment 

La
w

 a
nd

 F
in

an
cia

l 

The financial risk of employees 
 

Problems caused by employee's financial issues (e.g., unpaid wages, 
etc.) 

The financial risk of contractors Problems caused by the financial debts to the contractors (failure to 
pay the cost of the completed projects) 

 
The financial risk of government Problems due to unpaid taxes and royalties 

 
Financial provision for mine 

reclamation
Failure to finance the reclamation activities during mining 
operations or inaccurately estimation of reclamation cost 

Te
ch

ni
ca

l 

Mine closure plan Failure to prepare a mine closure plan from the beginning of the 
mine’s life 

 
Lack of a professional team for 

mine closure 
Closure activities entail a group of highly knowledgeable persons in 
mining, environment, sociology, and economics. In some cases, the 

lack of such persons may impose risks to the project. 

He
al

th
 a

nd
 S

af
et

y 

Falling into the pit Injuries due to falling of equipment, person, or animal into the pit 
 

Unexploded blast hole The possibility of unexpected blasting of previously charged blast 
hole 

 
Pit slope failure Safety problems caused by pit slope failure 

 
Tailings dam failure Slope failure caused by hydric erosion or an earthquake creates 

problems for residents around the mine (e.g., damage to homes and 
agricultural lands, etc.) 

 
Toxic gases Respiratory diseases due to toxic gases emission 
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Toxic elements Diseases caused by releasing toxic elements to the surrounding 

water resources 
 

Table3. Probability of occurrence 
  

Table4. Consequences of the occurrence 
 

Probability of occurrence Score  Consequences of the occurrence Score 
Very High 5  Catastrophic 5 

High 4  Major 4 
Moderate 3  Moderate 3 

Low 2  Minor 2 
Very Low 1  Insignificant 1 

 
(1) 

Where RS indicates the risk score, L is regarded as the likelihood of occurrence, and C displays 
the potential of occurrence 

 

 
 

Figure 2. A schematic plan of 2D risk model 
 

Reclamation and Post Mining Land Use (PMLU) 
 
Selecting Appropriate Criteria for Determining PMLU 
 

To determine the optimal PMLU for extracted lands, criteria are first specified to select 
alternatives based on them. These criteria include 17 items (Table 5). 
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Table 5. Decision-making criteria in PMLU selection 
  

Type of group Criteria 

Economic factor 

Capital cost 
Operating cost 

Increasing local community income 
the potential of Capital attraction 

Social factors 

Employment opportunities due to implementation of 
PMLU 

Reducing immigration from the mining area 
Consistency with concerns and needs of locals 

Technical factor 

Shape and size of the mined land 
Distance to nearest water supply 

Current land use in the surrounding area of the mine 
Ability to implement the reclamation plan 

Mine site factors 
Properties of soil 

Land slope 
Precipitation 

Landscape & 
environmental factors 

Impact on the desertification stop 
Environmental acceptability of the PMLU option 

Landscape quality caused by the implementation of the 
PMLU 

 
 
Impact Matrix 
 

The impact matrix illustrates the importance of each criterion to each alternative. The experts 
have assigned a number between 1 to 9 for each matrix element. Then, the weight of each criterion was 
determined by the AHP method. Finally, the proposed alternatives for PMLU were ranked using the 
TOPSIS method. 

 
 VERIFICATION OF PROPOSED METHOD 

 
Galali open-pit iron ore mine is located in the west of Iran at 62 km from the center of Sanandaj 

Province. The approximate distance from the capital of Iran, Tehran, is 489 km (Figure 3). Its climate is 
cold and humid. Galali mine is located 1 km away from residential areas. The village's economy is based 
on agriculture, livestock, and gardening. 
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Figure 3. Location of the Galali iron ore mine of Iran. 
 

To determine the most important causes for the PMC of the Galali iron mine,  the questionnaire 
form was sent to experts (Table 7). They were asked to assign a number from 1 to 5 for 21 factors 
mentioned in the survey form. Fewer numbers mean that the option is less likely to occur. These 
numbers' mean and standard deviation were calculated, and the normalized and weighted matrix was 
formed. The positive and negative ideal solutions and distances from those were calculated in the next 
step. Finally, the similarity index was calculated, and causes for PMC were ranked (Table 8). 

 
Table 7. Experts’ qualification 

 
Participant's job position education 

No. MSc No. BSc 
Engineering team 5 1 

Management team 3 0 
HSE team 1 0 

 
Table 8. Similarity index and ranking 

 

Causes for PMC Similarity 
index 

Environmental issues 0.7203 
Downturn 0.6684 
Low prices 0.6627 

The hostility of natives with mine owners and mine 
activities 0.6029 

High costs 0.5412 
Loss of markets 0.5172 

More appropriate use 0.4721 
Regulatory or government intervention 0.469 

Lake of exploration 0.4626 
 0.4413 

Weather Conditions 0.4072 
Geology or geotechnical problems 0.3992 
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Poor grade estimation 0.3533 
Equipment/technical difficulties 0.3533 

Destruction of equipment 0.3266 
Safety and health issues 0.3174 

Change of ownership 0.2984 
Open cut resource depleted (but remaining 

underground resource) 0.2576 

Lack of mining planning 0.2234 
Financial problems of the mine owner in the 

development phase of the mine 0.1918 

 
As exhibited in Table 8, at Galali mine, environmental issues are the most important causes for 

the PMC. Therefore, it is required to investigate these issues and provide appropriate solutions to 
prevent premature closure of the Galali iron mine. The most critical environmental issues that cause the 
mine to close prematurely and the solutions presented to address them are as follows (Table 9): 
 

Table 9. environmental issues and solutions 
 

environmental issues that 
cause PMC proposed solution 

Dust 

- Water spraying the traffic route by trucks and machines in summer 
- Reduced dust caused by the explosion by modifying the pattern and methods of 
explosion 
- Purchasing the surrounding agricultural lands and turning the lands into 
gardening and planting trees. 
- Improving and renovating the local roads 

Vibration and noise 
- Modifying explosion pattern 
- Recording earthquakes continuously at the time of the explosion, by using a 
seismograph 

Acid Mine Drainage (AMD) - Analysis water quality in the mine regularly 
- Starting studies about AMD prevention methods 

 
 
Determination the Most Important Mine Closure Risks in the Galali Iron Mine 
 

After a survey from the Galali iron mine expert team, based on what was described in Section 
Risk Assessment by 2D Risk Matrix, obtained the mine risk matrix in Table 8. Then low, medium, and 
high risks were determined (Table 10). There are some ways to prevent and control them. 

 
To stem the unexploded blast hole, it should make them discharge from the blast hole, which to 

do this, compressors can be used. Of course, some solutions such as operating skillful experts, carefully 
charging the explosion holes, and checking the expiration date of explosive material can be offered to 
prevent this from occurring. 
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Table 10. Risk analysis results 
 

Row Risk type Specific event likelihood 
value 

consequence 
value risk risk level 

1 

Environmental 

Acid mine drainage 2 3 6 Moderate 
2 Decreasing the water level 1 4 4 Moderate 
3 Greenhouse gases 1 1 1 Low 
4 Dust 3 3 9 Moderate 
5 Aesthetic values 3 3 9 Moderate 
6 Waste dump reshaping 2 2 4 Low 
7 Soil contamination 2 1 2 Low 
8 Overflowing of tailings dam 2 1 2 Low 
9 

Community 

Hostility of natives with mine owners 1 4 4 Moderate 

10 Damage to the business of residents 
around the mine 3 2 6 Moderate 

11 Impact on residential property value 1 2 2 Low 
12 Impact on life style 1 2 2 Low 
13 

Law and 
Financial 

 

Financial risk of employees 1 2 2 Low 
14 Financial risk of contractors 1 3 3 Low 
15 Financial risk of government 2 3 6 Moderate 
16 Financial provision for mine reclamation 1 3 3 Low 
17 

Technical 

Mine closure plan 1 2 2 Low 

18 
Lack of a professional team for mine 

closure 
 

2 3 6 Moderate 

19 

Health and 
Safety 

Falling in to the pit 2 3 6 Moderate 
20 Unexploded blast hole 3 4 12 High 
21 Pit slope failure 2 5 10 High 
22 Tailings dam failure 2 3 6 Moderate 
23 Toxic gases 1 3 3 Low 
24 Toxic elements 1 3 3 Low 

 
In order to decrease the risk of pit slope failure, the following measures are proposed, some of 

them are being used in the Galali iron mine: 
 

1.      Geotechnical measures include control of cracks on benches in the form of visual observation 
and use the compass 

2.      Detailed rock mechanics studies to correct the final pit slope 
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The pit slope should be adjusted after PMC. For this purpose, the edges of the benches are 

exploded, and the stones resulting from the explosion are accumulated at the toe of the benches; 
therefore, the pit shape has a proper appearance. Then, suitable soil can be provided to create 
vegetation by utilizing technosols. These technosols can be fertilizers, domestic refuse, and sewage 
sludge related to Galali village, which is adjacent to the mine. As the Garden choice is determined as the 
most suitable PMLU, walnut and almond trees can be cultivated in these fields after providing an 
appropriate environment for growing trees. These trees are the most suitable species for this region. 

 
 

Selecting the Optimal PMLU 
 

According to the criteria noted in Table 5 and conditions of the region, the proposed 
alternatives for PMLU, including six items, were presented in Table 11(Narrei and Osanloo, 2011; Wei et 
al., 2011; Vickers et al., 2012). 

 
Table 11. Proposed alternatives for PMLU and Reasons 

 
PMLU 

alternatives Reasons 

Agricultural lands 

Earning income
 

Reducing rehabilitating costs
 

Previous use of these lands 

Garden 
Adequate and sufficient rainfall

Favorable results from planting walnut and almond trees by mine owners 
 

Pasture 
 
 
 

Pasture 
 

The location of the mine is suitable for Pasture use because it is located 
around the village 

(Reduce health and environmental risks) 
Help create jobs

Existence of a suitable market for the supply of agricultural and livestock 
products 

Park 

Creating favorable conditions for recreation and favorable weather for 
residents 

 
Reduced opposition of the region natives 

Residential Attracting the population and village development 

Industrial and 
Commercial uses 

Reduce migration  
 

Create employment and income 
 
Determination of the Most Suitable Option 

 
The six offered alternatives for PMLU of Galali mine mentioned in Choosing the optimal PMLU 

Section were ranked using the AHP and TOPSIS methods. In the next step, calculate the positive and 
negative ideal solutions, and the distances from them were also calculated. Finally, the similarity index 
was calculated and ranked the proposed alternatives regarding the PMLU. Based on the results, the 
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order of optimal PMLU priority is shown in table 12: 
 

Table 12. Ranking of proposed alternatives for PMLU  
 

PMLU alternatives Rank of 
alternative 

Garden  1 
Agricultural Lands 2 

Pasture 3 
Industrial and Commercial 

Uses 4 

Park 5 
Residential 6 

 
 Accordingly, the garden is the best alternative for PMLU and considering that this mine is 

located near the Galali village. In this village, most people are farmers and ranchers, and of course, the 
amount of rainfall is appropriate in this region, so creating a garden can be one of the best options for 
PMLU. In this regard, mine owners have planted some trees (walnuts and almonds) in this area, which 
had favorable results. Of course, because of the existence of suitable pastures and the previous land use 
of mine, which was agriculture, pasture and agriculture are suitable options for PMLU in this mine. 

 
DISCUSSION 

 
This paper aims to provide causes for closing and determine the most important risks due to 

PMC and the selection of optimal PMLU for the Galali iron mine in Iran. In this regard, environmental 
factors were identified as the most important causes for PMC by using the TOPSIS method and survey of 
experts team of this mine, including mine manager, Head of the technical office, HSE expert, and mining 
exploration manager, and six other experts. These environmental factors mainly include dust, ground 
vibration, and noise pollution from explosions and AMD. To prevent pollution and dust problems which 
were caused by explosions and machine traffic, proposed some solutions such as water spraying in mine 
roads, modifying the blasting pattern, purchasing surrounding lands of the mine, and changing their 
usage to the garden. In addition, using seismometers and sound level meters and correcting the 
explosion pattern suggested preventing the problem of ground vibration and noise pollution caused by 
extraction. High rainfall in the area and available springs periphery of Galali mine make the formation of 
AMD possible. Since these mine waters are used to irrigate agricultural lands, the quality of these waters 
is checked periodically. Although there are no worrying situations reported from water analysis yet, 
starting AMD studies were proposed because AMD studies are needed for warning situations to prevent 
contacting water with minerals. 

 
In the next part of this study, among 24 possible risks due to the closure of this mine, the risks 

related to the safety and health sector, including pit slope failure and unexploded blast hole, were 
identified as a high level of risk in the 2D risk matrix. To prevent unexploded blast holes, some solutions 
such as ensuring the discharge of holes by compressors, using skillful experts, being careful in charging 
the explosion holes, and checking the expiration date of explosive material were suggested. To prevent 
the risk of pit slope failure, should adjust the pit slope after closing the mine. For this objective, the 
stones resulting from the explosion of benches should be accumulated at the toe of the benchs so that 
the pit's shape has a proper appearance. Then, using technosols makes it possible to create a suitable 
environment for vegetation creation.  
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In the final step of this study, to select the optimal PMLU, at first, 17 criteria affecting PMLU 
selection were determined. The mining experts’ surveys and AHP, determined the weight of these 
criteria. Then, 6 PMLU alternatives were ranked by using the TOPSIS methods. Based on the results, 
optimal PMLU for extracted lands of the Galali iron mine were determined garden, agriculture, and 
pasture. 
 

CONCLUSION 
 

Economic, social, technical, environmental, health and safety factors cause PMC. PMC before 
the reserve exhaustion will significantly affect production planning and create environmental, social, 
and economic risks. Therefore, it is necessary to minimize the risks of PMC during the mine project life 
cycle. This paper will present a clear vision of premature closure on the Galali iron mine in Sanandaj 
province, west of Iran. To this end, after determining the most significant risks involved in the 
premature closure of this mine, the optimal PMLU selection is regarded as a risk management measure. 
To determine the causes for the PMC, twenty-one factors, including economic, technical, social, 
environmental, safety, and health issues, were identified. Based on the ten experts ' opinions, these 
factors were evaluated using the Technique of Order Preference Similarity to the Ideal Solution (TOPSIS) 
method. The environmental issues are identified as the PMC causes in this mine. Also, between twenty-
four possible risks due to the PMC, only two items had a high level of safety and health risks (8.3 
percentage) in the two-dimensional (2D) risk matrix. Six alternatives were proposed to select the 
optimal PMLU based on 17 criteria; four economic, three social, four technical, three mine site factors, 
and three landscape and environmental factors. Finally, according to the experts' team opinions, using 
the Analytic Hierarchy Process (AHP) and the TOPSIS as two of the MCDM methods, the most suitable 
options for PMLU in the Galali iron mine were determined. Garden, farmland, and pasture scored 0.84, 
0.82, and 0.76, respectively, prioritize Galali Iron ore mine. 
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ABSTRACT 
 

Scaled distance equations used for estimating peak particle velocity have been investigated by 
some researchers. The most widely used equation among these is one formulated by Duvall and 
Fogelson. In this study, peak particle velocity values were measured by a number of blast tests that were 
conducted in a limestone quarry by using a vibration meter. Scaled distance values for each blast test 
were calculated according to the equation proposed by Duvall and Fogelson. Subsequently, a new 
equation that calculates the scaled distance was proposed. The proposed equation gave more realistic 
values than the equation proposed by Duvall and Fogelson.  
 
Keywords: Blasting, peak particle velocity, scaled distance. 
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Anahtar Sözcükler:  
 

 
 

The research method and idea in this study were taken from the research conducted by A. 
Tosun in 2020. This paper supports this research with data from a different field test. 

 
As it is known from the literature, there are three controllable parameters that affect the peak 

particle velocity as a result of blasting operations. The first of these is the maximum amount of 
explosives used per delay. The second is the distance between the point of measured peak particle 
velocity and the blast point. The last of the controllable variables is the delay time. It is ensured that all 
blast holes do not explode at the same time with the delayed system used in blasting operations. Among 
the controllable parameters, the maximum amount of explosives blasted at once and the distance 
between the point of measured the peak particle velocity and blast point affect the peak particle 
velocities. Many researchers have carried out relations that predict peak particle velocity. (Duvall and 
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Fogelson, 1962; Ambraseys and and Ghosh and Daemen, 
 1991; Singh et al., 2002). 

developed by Duvall and Fogelson. In this relation, firstly, the relationship between the maximum 
amount of explosives blasted at once and the distance to the blast point is determined. This relationship 
is called scaled distance. 
 

In this equation, the scaled distance is calculated as follows: (Duvall and Fogelson 1962).      
 
SD= /(  )                                                                                                                                                               

(1) 
 
SD: Scaled distance 

The distance between the point of measured PPV and the blast point (m.) 
: The maximum amount of explosives blasted at once (kg.) 

 
According to Equation 1, the relation between the calculated scaled distances and the peak 

particle velocities caused by vibration is calculated by the equation 2 given below. (Duvall and Fogelson 
1962).    
  
             V= ( /(  ))-ß                                                                                                                                                     
(2) 
 
             V: The peak particle velocity (mm/s)                and ß: The coefficients the uncontrollable parameters in the blast field 
 

coefficients can have different values for each field. In order for the K and ß coefficients not to have 
different values in the same area, the peak particle velocity measurements as a result of blasting must 
always be made in the same direction. With the Equation 2, the peak particle velocity is estimated 
according to the explosives and distance for subsequent detonations in the same area. The distance 
between the point of measured PPV and the blast point affects the peak particle velocity. As seen in 
Figure 1, this distance has two components, v and h distances. While v distance expresses the vertical 
distance reached by the blast energy; t distance reached by the 
blast energy. 
 
 

 
  

Figure 1. The distance components between the point of the peak particle velocity measured and blast 
point. 

 
The distances v and  can be calculated as follows: 

             1 2v y y                                                                                                                                                     (3) 
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             1 2h x x                                                                                                                                                      

1 1,x y  are the coordinates of blast point, 2 2,x y  are the coordinates of the point of measured 
peak particle velocity. 

 
ing operations. In some 

blast explosions, the 

 In this 
study, seven blast tests were conducted in a Turkish limestone quarry. For all blast tests, peak particle 
velocity values were first measured by using a vibration meter in the same direction. After that the 
distances R, v and , the maximum amount of explosives blasted at once were determined. Scaled 
distances were calculated according to Equation 1, and correlation analyses were established between the 
peak particle velocities and scaled distances. Finally, the ratios /h v  were determined for each blast test. 
These ratios were divided into groups with values  
of 0-0.7; 0.70–2.25; 2.25–3.00; 3.0–7.0; and over 7.0. A scaled distance equation was proposed by using 
these ratios, and new scaled distance values were determined for all blast tests. Correlation analyses were 
conducted between the peak particle velocities and new scaled distances again. The correlation analyses 
established according to the proposed scaled distance equation increased considerably according to the 
scaled distance equation developed by Duvall and Fogelson. 
 

 
 

Seven blast tests were conducted to measure the peak particle velocities in a limestone quarry. 
Peak particle velocity measurements were performed in the same direction. Two geophones were used 
for the first blast test, and one geophone were used for the other blast tests to measure peak particle 
velocities. In the scope of the field studies, the coordinates of the blast points and the points of peak 
particle velocity measured were sensitively determined by using a GPS device. Subsequently, the 
distances between the point of measured peak particle velocity and the blast point were calculated by 
the following formula: 
 
             2 2 0.5

1 2 1 2[( ) ( ) ] .R x x y y                                                                                                      (5)    
 

The obtained distances R are presented in Tables 1 and 2. Maximum amounts of explosives 
blasted at once were determined through observations in a sensitive manner for each blast test. 
Nitroglycerine based dynamite was used as the igniter and ANFO type explosive was used to provide the 
disintegration in all the performed blast tests. Afterwards, scaled distance values were calculated for all 
blast tests by using the equation proposed by Duvall and Fogelson.  
 

 
 

The value of /h v ratios were determined for each blast test. In general, PPV can be expressed as 
( / )V K R Q Coefficient k was introduced to define the result more exactly, then the PPV expression 

takes the form: 

             
RV K k
Q

.                                                                                                                           (6) 

 
The values of coefficients K, k and  were determined by the experimental data. Then, the most 

suitable coefficients giving the PPV values measured realistically belonging to the first study site were 
determined by means of a computer program, by using these defined coefficients ranges. During the 
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determination of these coefficients, it was determined by creating a mathematical code with a software 
called Force 2.0. The main point here, /h v  ratio values only allowed to be connected to coefficient k. A 
new equation used to calculate scaled distance is proposed by using the limitations belonging to the 
parameters in Table2. Coefficients  k of the proposed equation are determined as 
1.6 in a fixed manner for performed blast tests belonging to the first study site. Depending on /h v  
value, the coefficient k was chosen. The same coefficients k corresponding to /h v  values were applied for 
other study sites when processing the data of experimental blasts. Maximum amounts of explosives 
blasted at once in delay interval and scaled distances are given in Table 2. The PPV values are also given in 
that Table. Using the data obtained, the correlation analysis was made between scaled distance values 
calculated by both methods and PPV values (Fig. 2). In the study area, using the proposed equation, the 
coefficient of determination 2R  increased from 0.2550 to 0.  compared to formula (1),  
 

Table 1. Intervals of change in /h v parameter and proposed equations to calculate scaled distance 
(Tosun, 2020) 

 

/h v  0
 0.7 / 2.25h v  2.25 / 3.00h v  3.00 / 7.00h v        

/ 7.00h v  
Proposed equations to 
calculate scaled distance 

( / )k R Q  

0.

 

0.7
R

Q
 1.3

R

Q
 0.4

R

Q
 1.6

R

Q
 

 
Table 2. The data for study field 

 

Blast 
no. 

Geophon
e no. 

Maximum 
amount of 

explosives blasted 
at once, kg 

Distance between 
blast point and 

geophone point, 
m 

Scaled 
distance 

(equation 
(1)), m 

PPV, 
mm/s 

Scaled distance 
(according to 

proposed 
equation), m 

, m v, m /h v  

1 1 16 
16 

 71.77 2.519    6.762 
2   1.67   165  

2 1  227.00    355  2.500 
3 1 35    36.66 366 565  

 1 32  50.91    302 1.507 
5 1 55  32.50 3.795 22.75 625  2.170 
6 1 61 227.00 29.06  26.16  755  
7 1  202.00 30.11  27.10 356   

 
 
 
 

 
                                     (a)                                                                                  (b) 
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for study sites (a) 
according to formula (1), (b) according to Table 2. 

 
 

It can be seen that PPV was estimated with a higher accuracy using the expression (6). Therefore, 
using this expression, it is possible to control the parameters of explosives and scaled distances effectively, 
for blast designing with a lesser effect on the environment. The limitation values of /h v  parameters must 
be determined more sensitively by performing several blast tests in different sites. 
 

 
 

In this study, the relation between peak particle velocity values caused by the blast and the 
scaled distance were examined by performing blast tests in four different sites with different rock mass 
characteristics. The distance R in the calculation was divided into two components—vertical v and 

  distances, which are required to calculate scaled distance. In this calculation, the /h v . 
ratio is an important parameter, and these ratios were determined separately for each study site. They 
were divided into groups with values of 0–0.7; 0.7–2.25; 2.25–3.0; 3.0–7.0; and over 7, and fixed 
coefficients k were developed by using the remaining /h v  ratio. A new relationship developed by using 
fixed coefficients increased the correlation between the PPV and scaled distance (Fig. 2). 
 

The research method and idea in this study were taken from the research conducted by A. 
Tosun in 2020. This paper supports this research with data from a different field study. 
 

 
 

The authors wish 
 whose number is 2019 . 
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ABSTRACT 
 
Iron removal is one of the necessities of extracting copper via electrowinning process. This 

substance causes a severe decrease in current efficiency in different stages of electrowinning. For this 
purpose, pulse reverse current (PRC) is applied with the aim of increased surface quality, increased current 
efficiency, optimal energy consumption and elimination of solvent extraction stage before electrowinning 
for small production workshops and rich electrolytes.  The process of pulsed reverse current electrowinning 
was designed and performed in continuous cells. Copper, iron and sulfuric acid concentrations as well as 
forward (positive) and reverse (negative) current densities are fixed design parameters. The ratio of forward 
to reverse current time is the acquired variable and the experiments were performed at room temperature. 
The optimal state with 30 gpl copper, 5 gpl sulfuric acid and 10 gpl iron concentrations with a forward 
current density of 200 amps/m2 and a reverse current density of 600 amps/m2 was achieved through a pulse 
ratio of 40 to 1 seconds. Optimal current efficiency of 76.71% And energy consumption of 2.84 kwh per kg 
of produced copper were attained and also the cathode quality is acceptable. 

 
Keywords: Copper electrowinning, iron removal, pulse reverse current, pulse time ratio 
 

 
INTRODUCTION 

 
Copper has high electrical and thermal conductivity as well as excellent machinability and 

formability, and for this reason it is considered to be a base metal in today's industry (Neikov, Naboychenko, 
and Murashova 2019). Hydrometallurgy is a common method of copper production.  The electrowinning 
process is generally applied for the purpose of reduction and recovery of copper from an aqueous solution 
(Das and Krishna 1996). Electrowinning electrolyte is a highly acidic solution with a high concentration of 
copper. In this electrolyte, in addition to copper, there are amounts of elements such as sulfur, lead, 
manganese and iron (Najminoori et al. 2019). The presence of iron in this process reduces efficiency and 
increases costs in such a way that iron turns from Ferro to Ferric on anode surface and vice versa on 
cathode again stablishing a detrimental loop of current consumption (Subbaiah and Das 1994).  

 
Most electrowinning cells have 316L reusable stainless-steel cathodes. these are almost identical to 

the electrical cathodes of the refining section. Older reservoirs use copper plate cathodes (Anderson 2016). 
Starter sheets are obtained from an electrical factory or made from electrowinning itself (Anderson 2016). 
Electrowinning anodes almost always consist of cold rolled Pb alloy (Mirza et al. 2016). In conventional 
electrowinning processes, electrolyte mixing and electrolyte flow through the electrochemical cell is 
produced by water decomposition reaction at the anode, producing oxygen bubbles on the anode surface 
(States 2003) which causes the electrolyte to mix and the oxygen bubbles reach the cell surface (Elrefaey et 
al. 2020). However, since the Ferro/Ferric iron anode reaction does not release any oxygen bubbles in the 
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anode, electrolyte circulation is the main source of mixing in the electrochemical cell (Cifuentes, Glasner, 
and Casas 2004). 

 
In an industrial electrowinning process, reactions other than the reduction of copper play a role in 

the consumption of electric current, which reduce the cathode efficiency. Possible electrode reactions 
involved during copper electrowinning are as follows (Davenport et al. 2002). 

 
On cathode surface (Cifuentes et al. 2007; Hannula et al. 2019): 
 + 2 (  ) ( = 0.34 ) (1) + (  ) ( = 0.773 )  (2) 2 + 2 (  ) ( = 0.00 ) (3) 
 
On anode surface (Cifuentes et al. 2007): 
 + (  ) ( = 0.773 ) (4) 0.5 + 2 + 2 (  ) ( = 1.23 ) (5) 
 
The duration of forward and reverse pulse may be from 20-200 seconds forward and 1-5 seconds 

reverse (States 2003). The aim of this study is to achieve the best ratio of forward and reverse pulse time. 
obtaining this ratio will result in the highest current efficiency and the lowest energy consumption 
combined with the best quality and surface adhesion of the cathode. 
 

EXPERIMENTAL PROCEDURE 
 
The electrolyte used in the electrowinning tests consists of copper sulfate heptahydrate and 

industrial iron sulfate heptahydrate with 98% assay sulfuric acid. In this study, a constant concentration of 
electrolyte contents was applied, which are 20gpl of iron, 30gpl of copper and 5gpl of sulfuric acid. In this 
experiment, a continuous solution injection system was used in a way that the electrolyte flows from a main 
reservoir to a chamber with a pump, which has 2 nozzles with specific output flows and the cell is filled with 
these nozzles. The cell has dimensions of 10 * 10 * 10 cm. The volume of the electrolyte solution in the cell 
is 700 ml, an electrolyte sink is provided to keep the volume constant throughout the experiment. The 
source of electric current is a pulse generator and shunts were applied to convert high current to suitable 
voltages. A copper cathode and 2 lead anodes were used as working electrodes. The electrodes were held 
by a brass clamp and placed in the electrolyte solution with specified dimensions of 5 x 5 cm. seven 
experiments were designed according to the existing conditions (table 1). The variable parameters are the 
forward-to-reverse pulse ratio and the frequency of each pulse, and the fixed parameters are 200 Amp/m2 
and 600 Amp/m2 current densities, forward and reverse respectively; the test duration is 5 hours. A 
computer was used to record instantaneous data. Using Faraday's law, the amount of copper deposition 
was theoretically obtained when electrowinning was undergone for 5 hours, and the current efficiency was 
calculated by dividing the actual weight of the sediment by the theoretical amount of sediment. In addition, 
the amount of consumed energy was obtained through integration of the available data. mtheoretical is the 
theoretical weight of copper that is supposed to deposit on the cathode when applying a current I during a 
period of time t. It was calculated from Faraday’s law: 

 = × .×  (6) . . (%) = × 100 (7) 
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Table1. Designed Experiment conditions 
 

Current 
condition 

Reverse time 
(s) 

Forward time 
(s) 

Forward to reverse 
time ratioTest number 

PRC 2 40 40 to 2 Test 1 
DC 0 40 40 to 0 Test 2 
PRC 0.1 4 40 to 1 Test 3 
PRC 1 40 40 to 1 Test 4 
PRC 1 49 49 to 1 Test 5 
PRC 10 400 40 to 1 Test 6 

 
RESULTS AND DISCUSSION 

 
DC and PRC Current Comparison 

 
In this section, a comparison was made between Test 2 and Test 4. Current efficiency and energy 

consumption were calculated for both experiments. As shown in Figure 1, in DC mode the current efficiency 
was 89% and in PRC mode this value reached 77%. Converting DC current to PRC is associated with reduced 
efficiency because in PRC mode part of the current dissolves the reduced cathode at return. Power 
consumption was acceptable for both cases and its value is equal to 2.50 kWh in DC mode and 2.84 kWh in 
PRC mode. In DC mode, according to Figure 2 the cathode does not have good adhesion and separates as a 
powder, and it is difficult to collect the powder from the solution. Due to the surface quality of the cathode 
and its better adhesion in PRC mode, it was selected as the optimal mode despite lower current efficiency.  

 
 

 
 

Figure 1. Current efficiency and energy consumption comparison. 
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Figure 2. Cathode surface quality in a) PRC mode and b) DC mode. 
 

Forward-to-Reverse Time Ratio Comparison 
 

In this section, experiments were performed in 3 different ratios. The forward to reverse current 
time ratios of 40:2, 40:1, and 49:1 was evaluated. According to the results presented in table 2, the current 
efficiencies and energy consumptions were calculated for each experiment. 

 
Table2. Current efficiency and power consumption results 

 
Energy 
(KWh/kgCu) C.E. % Test Number 

3.03 67.56 Test 1 (40:2) 
2.84 76.71 Test 4 (40:1) 
2.85 74.34 Test 5 (49:1) 

 
From this comparison (Figure 3) it was concluded that the highest current efficiency is in the ratio of 

40 seconds forward and 1 second reverse in Test 4 and also the lowest amount of energy consumption is in 
this ratio. In addition, the surface quality of the cathode and the degree of adhesion comply with Test 4 as 
shown in Figure 4, hence the ratio of 40 to 1 is selected as optimal condition. 
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Figure 3. Current efficiency and energy consumption comparison in different forward-to-reverse 
time ratios. 

 

 
 

Figure 4. PRC Cathode surface quality in a) Test 1 (40:2), b) Test 4 (40:1) and c) Test 5 (49:1). 
 
 
 
 
 
 
 



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

790

Duration Comparison 
 

According to the abovementioned results, experiments were performed in 3 different periods with 
a ratio of 40 to 1. These times include 0.1 of a second, 1 second and 10 seconds. This time means that by 
converting 1 second to 0.1 second, this coefficient is multiplied by a ratio of 40 to 1, and in fact there will be 
a forward current of 4 seconds and a reverse current of 100 milliseconds, and the same thing is done for 10 
seconds which means there will be a forward current of 400 seconds and a reverse current of 10 seconds 
and in these 10 second repetitions, a long time is expected to reach steady state. Table 3 provides the 
results of these performed experiments. 

 
Table 3. Current efficiency and power consumption results in different duration 

 
Energy (KWh/kgCu) %CE Test Number 
3.28 60.02 Test 3 (0.1 sec) 
2.84 76.71 Test 4 (1 sec) 
2.81 79.52 Test 6 (10 sec) 

 
Figure 5-a shows cathode surface is not of good quality and copper does not adhere well to the 

cathode surface. Figure 5-c also shows that the surface is powdery and not suitable, but Figure 5-b has both 
good surface adhesion and good cathode quality and separates as a sheet. 

 

 
 

Figure 5. PRC Cathode surface quality in a) Test 3 (0.1 sec), b) Test 4 (1 sec) and c) Test 6 (10 sec). 
 
 
According to the Figure 6 below and by comparing these 3 values, it should be concluded that 

duration 10 seconds have the highest current efficiency, but by comparing the quality of the cathodes and 
its adhesion, which is more important, duration 1 second is the best possible case. 
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Figure 6. Current efficiency and energy consumption comparison in different duration. 
 

CONCLUSION 
 
This study on the use of pulse reverse current on the surface of cathodes used for copper 

electrowinning has shown interesting and practical results: 
 
1) Using reverse current, the quality of the cathode is much better than the direct current mode, 

and copper sits on the cathode in the form of a sheet. 
2) In the ratio of 40 to 1, the highest current efficiency and the lowest energy consumption and 

the best cathode quality were observed. 
3) The coefficient of 1 second, despite the lower efficiency than the duration of 10 seconds, has a 

much better cathode quality. 
 

As a result, the optimal mode in this study is 40 to 1 with a duration of 1 second in the PRC mode. 
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ABSTRACT 

 
The phosphates of Djebel Onk in the extreme east of Algeria constitute a part of a vast set of 

phosphate deposits formed during the Cretaceous period on the southern and south-eastern shores of 
the Mediterranean. These concentrations of economic interest are exploited near the town of Bir El Ater 
(Wilaya of Tébessa) by the national company SOMIPHOS, a subsidiary of the MENAL group. This work 
concerns the beneficiation of black phosphate ore of Kef Es Sennoun by wet process. The appropriate 
treatment of the latter is settling; after removing the clay from the concentrate phosphate, the product 
undergoes heat treatment. The objective of this work is to study the variation of the temperature of 
heat treatment (Calcination) of black phosphate settled out of the wet process of Kef Es Sennoun. In 
order to see the influence of the temperature on the organic matter (Moukannaa and al 2020), 
therefore the effect the optimization of this treatment on the chemical, physical and mineralogical 
characteristics of the various major elements (MgO, P2O5, CO2). 
 
Keywords: Calcinations, djebel onk, phosphate ore, heat treatment, physico-chemical analyses.  
  

INTRODUCTION 
  

Despite of the Algerian underground conceals high potential of useful materials, namely the 
phosphate ores; in Djebel Onk deposits only, the proven reserves are about 2.2 billion tons, the 
production achieved remains relatively low, (about 1.5 million tons per year). (Nettour and al 2018).  To 
respond to both increasing local and international demands for fertilizers, producing companies are 
expected to rise their production capacities and create strategies for the development and 
modernization of their production tools (Nettour et. al. 2018). To adopt an adequate technique to 
achieve this goal, a detailed identification and characterization of the ore in question is required.  

 
This paper presents the calcinations method of Djebel Onk black phosphate; first the study is 

based on the particle size analysis of phosphate ore which has shown that the particle size range 
(00+63) use of the friability of region 
phosphate ore, followed by a mineralogical analysis to determine the different mineralogical phases 
(carbonate apatite, carbonate hydroxyapatite, fluorapatite, and carbonate fluorapatite etc, as 
phosphate elements. The gangue is consisted of dolomite, silica, calcite, deerite, quartz, and ankerite). 
Thus, a chemical analysis was done to highlight the different elements that make up the phosphate ore 
of Djbel Onk and results in that the P2O5 contents vary from 27.932 to 34.249% with an average = 30.156 
%. The contents of MgO vary from 0.508 to 3.214 %, hence the average content = 1.934 %) (Nettour D. 
and al 2019).  

 
To lead to the rise of the fertilizers’ production, this work targets the elimination of the organic 

matter of the product beneficiated by the wet way and to see the loss on ignition at different 
temperature degree of calcinations.  



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

794

MATERIALS AND METHODS 
 

A sample of black phosphate ore was taken from Bled Elhadba deposits; Djebel Onk - Tébessa; 
Algeria, was used in this study. The fragments of the raw ore samples were reduced by crushing to a 
particle size of -2 mm. 

 
Then, the broken product was homogenized, divided into 100 g bags and stored for later use in 

grinding and granular analysis, and chemical analysis. After the crushing operation, the resulted 
phosphate ore samples were dried ground in a ceramic mortar mill (Figure 1). The granular analysis was 
carried out in narrow particle size intervals, the product crushed for 3 min, collected for sieving in an 
assortment of sieves classified as follows: 4000 m, 2000 m, 1000 m, 125 m, 63 and 45 m. 
 

 
 

Figure 1. Ceramic mortar mill 
 
 
 
Particle Size Analysis of Jebel Onk Ore 
 

To identify the particle size composition of the ore, after the different stages of fragmentation, 
the sieving analysis is carried out by particle size analysis, to determine the respective size and weight 
percentage of the different families of grains called particle size fractions constituting the samples. 
Kechiched R. (2017). These fractions consist of particles whose size covers a relatively small range and 
decreases from one fraction to another. There are several methods of particle size analysis. Among 
them, the sieving method possibly used in our study, covers almost all ranges of particle sizes targeted. 
In addition, they allow the recovery of separate samples depending on the particle size. (Alain, 1994). 

 
The collected sample is sent to the mechanical ore preparation laboratory, divided by the 

quartering (in two rifles), for the next chemical analysis as well as for the reserve. The sample is divided 
into four equal parts of which only half is retained by joining two opposite quarters. This selection is 
homogenized and a new quartering is carried out, the operation is repeated three or four times until 1.5 
to 2 kg is obtained, Figure 2. The sample used is the black phosphate concentrate recovered by the wet 
process. 
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Figure 2. Quartering operation 

 
A high precision balance and moisture meter were used to measure the humidity of our sample, 

Figure 3. After the weighing operation, samples of 10 g are treated at different temperatures, 6 degrees 
of temperature ranging from 600 to 900 ° C, for different times 5mn, 10mn 15mn, 20mn. 
 

 
 

Figure 3. Moisture instruments measurements 
 

The process begins by introducing four samples of phosphate into the oven, such that each 
sample weighs 10g at 400C °, after using a timer, we put a sample in the air for 5 minutes, and therefore 
the same is done for the rest of the temperatures up to 900C ° to obtain samples as follows. Figure 4. 
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Figure 4. Muffle furnace used in the test 
 

The ore is heated to below its melting point either in the absence of air or in limited quantities. 
This method is commonly used to convert carbonates and hydroxides to their respective oxides. 

 
RESULTS AND DISCUSSION 

 
To determine the nature of our ore and highlight the physico-mechanical properties, a particle size 
analysis is recommended, the results of this analysis are presented in the table 1. 
 
 The main mode represented by the mesh [- , equals to 43.52% in weight; the 
weight yield of the second mode of mesh equals to -200 + 125 microns is about 16%; the third mode 
represents the coarse particle size range of a mesh of [-
the thin slice [- 
cumulative yields of passers-by are increasing as a function of sieve mesh. But the cumulative yields of 
the holdings are decreasing according to the openings of the sieves Figure 5.  
 
 
 
 
 



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

797

Table 1. Granular analysis results of black phosphate ore 
 

Size fractions 
(μm) 

Cumulative yield (%). 

%) – %) 
+ 4000 3,16 100 

- 4000 + 2000 
- 2000 + 1000 

9,76 96,84 
13,92 90,24 

- 1000 + 500 27,56 86,08 
- 500 + 200 71,08 72,44 
- 200 + 125 87,15 28,92 
- 125 + 063 94,35 12,85 

- 63 + 45 96,40 5,65 
- 45 100 3,60 
sum   

 

 
 

Figure 5. Variation of weighted fractions 
 

Physico-Chemical Analyses 
 

The purpose of the physico-chemical analyses is to determine the chemical composition of the 
various elements or combinations that go into the composition of the sample studied. To determine the 
content of P2O5 by the automatic spectrophotometer method (Auto analyzer), this technique of Auto 
Analyzer System is the latest in a comprehensive line of instruments for automatic liquid phase chemical 
analysis (Wissem et. al. 2016). But the determination of the magnesium oxide (MgO) is by atomic 
absorption (Atomic absorption spectrometry) to determine magnesium content in a test solution by 
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atomic adsorption spectrometry in the presence of lanthanum oxide, or lanthanum chloride. The 
absorbed photons being characteristic of absorbent elements, and their quantity being proportional to 
the number of atoms absorbent element, absorption makes it possible to measure the concentrations of 
the elements which one has decided to assay.  

 
To determine the dioxide carbon, a calcimeter measures the volume of CO2 released by the 

action of hydrochloric acid (HCl) on calcium carbonate (CaCO3) in a soil or rock sample. The value of the 
ore is expressed by its tricalcic phosphate content of (% TPL) or P2O5 Such as: TPL = % P2O5 equal 2.185 
see table 2.  

 
Table 2.  The results of the fire loss at 400 C° 

 
TPLP2O5 TPL MgO  % CO2 % loss on ignition Duration in 

minutes  
Temperature 

67.49 
67.73 
67.93 
68.23 

1.17 
1.27 
1.27 
1.14 

7.12 
7.12 
7.04 
6.96 

2.42 % 
3.39 % 
3.73 % 
4.61 % 

5 min 
10 min 
15 min 
20 min 

 
400° C 

 

 

  

  

 
Figure 6. Variation of major elements contents after calcination at 400 °C 
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Table 3. The results of the fire loss at 500 C° 
 

TPLP2O5 TPL MgO  % CO2 % Loss on ignition Duration in 
minutes  

Temperature 

68.23 
69.04 
69.17 
69.28 

1.26 
1.24 
1.19 
1.26 

6.96 
6.96 
6.88 
6.88 

3.2 % 
4.18 % 
3.39 % 
4.6 % 

5 min 
10 min 
15 min 
20 min

 
500°C 

 

 
 
 
 

 

 
 

  
 

Figure 7. Variation of major elements contents after calcinations at 500 °C 
 
 

Table 4. The results of the fire loss at 700 C° 
 

TPLP2O5 TPL MgO  % CO2 % Loss on ignition Duration in 
minutes  

Temperature 

68.47 
68.91 
69.15 
69.72 

1.21 
1.12 
1.24 
1.60 

6.23 
5.81 
5.48 
5.40 

6.47 % 
6.97% 
8.07 % 
10.42% 

5 min 
10 min 
15 min 
20 min

 
700°C 
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Figure 7. Variation of major elements contents after calcinations at 700 °C 

 
 

Table 4. The results of the fire loss at 800 C° 
 

TPLP2O5 TPL MgO  % CO2% Loss on ignition Duration in 
minutes  
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Figure 10. Variation of major elements contents after calcinations at 900° C 
 

 CONCLUSIONS 
 

This work was done on the black phosphate of Djebel Onk deposits it shows the evolution of the 
elimination of the organic matter at different temperature degrees. The results obtained and presented 
in figure 3-9 made it possible to conclude the following:  

 
1 / From 400 to 650 ° C: elimination of surface water. 
2 / From 650 to 750 ° C: elimination of organic matter and constitutional water. 
3 / From 750 to 900 ° C: decomposition of carbonates. 
 
Through the graphs, the magnesium element (MgO) was hardly affected by the heat treatment, 

and its content remained almost the same. Besides, from 400 to 650 ° C, the surface water was 
eliminated. 

 
The optimal conditions of the calcinations in time and temperature, makes the product meets 

the market profiles and the requirements of use. At 900 ° C and in a time of about 20 minutes, the 
organic carbon decreases to 79.35% and TPL increases to 6.08% in the phosphate. Noting that the use of 
techniques for characterization and monitoring of mineral concentration and enrichment technologies is 
efficient and the mastery of these techniques can help to improve the quality of final and intermediate 
products used in the mineral industry, mentioning that in the research field, there is a wide application 
of these techniques. 
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Madencilik 

  
 

 - 

nmakta ve s
madencilik gereklilikleri yerine getirilmektedir.   

 

 
 

potansiyelli olaylar, kritik kontroller, Kademeli Eylem 

- Uygula - 
Kontrol Et - 

 
  

Anahtar  R
(KEP), 

mevcut en iyi uygulamalar (MEU – BAP), mevcut en iyi teknikler (MET- BAT) 
 

ABSTRACT 
 
The growth and development of the mining industry in recent years has brought new 

technologies and methods to the industry, as well as bringing new social and environmental risks. 
  
The risk-based management/approach of the MAC-TSM Tailings Management Protocol includes 

pre-defined and comprehensive assessment of health, safety, environmental, social, economic and legal 
risks that may occur in tailings storage facilities throughout their lifecycle/life. With this evaluation, it is 
aimed to eliminate the risks or to minimize their effects. With a risk-based management/approach, the 
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performance of waste facilities is increased and risks are managed effectively, and the responsible 
mining goal is fulfilled with the BAT and BAP in the continuous improvement process. 

 
The risks of tailings storage facilities should be considered separately from the mine site overall 

risk assessment. The Different environmental and physical characteristics of each tailings storage 
facilities reveals a facility-specific performance and risk management. 

 
In risk-based management/approach, site-specific risk assessment, potential high-consequence 

events, critical controls, TARPs, ERP, EPP, performance assessment and management assessment 
improvement have an important place. Consistent with systems such as the environmental 
management system ISO14001, the tailings management framework follows the Plan-Do-Check-Take 
Action cycle and ensures that a management model is established for control and continuous 
improvement. 

 
Keywords: Risk-based tailings management/approach, risk assessment, potential high-consequence 
events, critical controls, tarp’s, ERP, EPP, best available practices (BAP), best available techniques (BAT) 
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Riskler, Hata Türü ve Etkileri Analizi (Failure Mode Effect Analysis – FMEA) modelli bir -
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KEP NO: 02 
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Orta Risk 
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 ve  
Depolama Tesisi performan erasyonel faaliyetleri kapsayan bir rapor, ilgili ve sorumlu 
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Operasyonel Faaliyetler – (Stat
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 ve 
 

 
  

 
 

irilir.  
 

OMS Manual: Assessment Criteria LA 
C The company has not met all Level B criteria. 

B 
An OMS manual has been developed for the tailings facility but it is not in conformance with the OMS 
Guide. 
The company has developed an action plan to meet all requirements for a Level A. 

A An internal audit has been conducted and determined that an OMS manual has been developed and 
implemented for the tailings facility that is in conformance with the OMS Guide. 

AA An external audit has been conducted and determined that an OMS manual has been developed and 
implemented for the tailings facility that is in conformance with the OMS Guide. 

AAA The external audit for Level AA included an evaluation of the effectiveness of the development and 
implementation of the OMS manual. 

OMS Manual: Frequently Asked Questions 

# FAQ PAGE 
5 What is an audit?  
6 What is an evaluation of effectiveness?  
8 How long are audits valid?  

 
TSM-  (MAC 2019a) 
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Section in 
Tailings 
Guide 

Management Action Responsibility Performance 
Measure Schedule References 

Overarching Principles 
Risk Assessment and Management 

2.2.1 Addressed below under Planning         
BAT and BAP for Tailings Management 

2.2.2 

Have the following factors been considering in 
selecting the tailings management technology for 
a specific tailings facility: 

        

Are the likelihood or consequences of a failure of 
a tailings facility reduced?         

Is material separation required to manage a 
potential geochemical concern?         

How much water will be retained in the tailings 
during their transport and placement?         

 Is there potential to place any tailings in mined-
out areas?         

Is the post-mining land use best served by a given 
technology?         

Independent Review 

2.2.3 

Has a mechanism been established for 
conducting Independent Review on a routine 
basis? 

        

Is Independent Review being implemented 
according to the established mechanism?         

Designing and Operating for Closure 

2.2.4 

Have long-term closure objectives and potential 
post-closure land uses been considered in the 
conceptual planning and design of the tailings 
facility? 
 

        

Has the tailings facility been designed to remain 
physically and chemically stable for the long-
term? 

        

 
Tailings Guide Implementation Checklist)

 (MAC 2019a) 
  

Indicator 1:  Tailings Management Policy and Commitment 

Criteria Document Section Yes No N/A Description and Evidence 
to Support Response 

Does the Owner have a demonstrated 
commitment to: 
 
 

Tailings 
Guide 3 

        
protection of public health and safety; 
 
         
responsible management of tailings with the 
objective of minimizing harm; 
 
         
allocation of appropriate resources to support 
tailings management activities; 
          
implementing a tailings management system 
through the actions of its employees, contractors 
and consultants?         
 

Uygunluk Tablosu (Table of Conformance)  (MAC 2019c). 
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ABSTRACT 
 

Gypsum saturation in lime-neutralized, high-density, sulphide ore slurries combined with high 
temperature triggered scale deposition at the Barrick (PVDC) slurry cooling towers’ (SCT) discharge 
pipelines to the carbon-in-leach (CIL) plant contributed to inflow restrictions and throughput 
constraints. Mechanical cleaning to restore pipeline flow was implemented but it was expensive and 
labour intensive, it required a cleaning frequency of approximately every 2.5 months and subjected 
operators to safety hazards. PVDC approached Solenis to help solve this problem. Solenis mimicked the 
process conditions, developed an antiscalant product, and proposed it for field validation. Following its 
implementation, the time between cleanings of the discharge pipelines increased from 2.5 to 21 
months, resulting in cost savings of $6,5 million per year, and ore throughput increased by 28,380 tons 
per year. The prior antiscalant dosing setup was a manually adjusted pump that targeted a fixed dosage. 
Solenis implemented an OnGuard™i Controller system that used a dosing algorithm. The automation 
eliminated excess consumption of the antiscalant. No environmental impact was noted on effluent 
containing the antiscalant, and the antiscalant did not inhibit the gold or silver recovery process. 

 
Keywords: Antiscalant, cost saving, high temperature, high density slurry 
 

INTRODUCTION 
 

The Pueblo Viejo gold mine (PVDC), located in the Dominican Republic, is the second largest 
Gold mine in the Americas and the fourth largest in the world with ownership shared between Barrick 
Gold Corporation and Newmont Corporation. The PVDC mine started production in 2012 and reached 
plant processing capacity of 29,000 tons of ore per day in 2021. The projected life of the mine is 20–25 
years with ore grades of 2.5 g/t gold, 17.4 g/t silver and 0.1% copper dating back to 2017. Current gold 
reserves are 6.2 MM oz, (Barrick, 2020). 

 
An important unit of operation for the PVDC is its slurry cooling towers (SCT) circuit, which is 

composed of five cooling towers, processing 2,400 m3/h slurry at 40% approximately solids with 
temperature reduction from 95 °C to 45 °C. The lime boil tank (LBT), located upstream of the SCT circuit, 
is where hot acidic slurry gets neutralized with lime as part of the silver recovery process. The SCT circuit 
is a high efficiency operation, critical to overall mine production. However, significant and progressive 
scaling of the SCT circuit, mainly of the discharge piping from the SCT to the CIL circuit, required the 
operation to be disrupted every 2–3 months to swap the pipes and conduct descaling to correct inflow 
restrictions and throughput constraints. This paper addresses the innovative technical solutions that 
improved the SCT circuit operation, improved throughput to achieve higher production targets and 
reduced cleaning costs. 
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EXPERIMENTAL 
 

Scale formation within the SCT circuit is the result of lime neutralization of acidic, sulphate 
containing, slurry occurring in the LBT. Gypsum, Calcium Sulphate Dihydrate, scale readily forms in 
highly saturated slurry streams, creating bottlenecks in the piping and pumps of the SCT as the slurry 
discharges to the CIL, as shown in Figure 1, with ~40wt% slurry and temperature is 90 °C. 

 
Figure 1. Process flow chart for SCT and adjacent circuits  

 
Solenis and Barrick PVDC partnered together to validate and launch a novel antiscalant Zalta™ 

MA11-556 product, which had been designed for high slurry, medium to high pH and high temperature 
process conditions with gypsum as the pre-dominant scale. The original goal was to extend up to 12 
months continuous operation of treated with antiscalant SCT circuit without negative impact on gold 
and silver recovery. The analysis conducted by the Solenis and Barrick PVDC laboratories confirmed the 
scale type and addressed the dry slurry and process water compositions. For this analysis, we employed 
well-established industry protocols and used the methods of XRF/XRD for dry samples analysis and ICP 
(Inductively Coupled Plasma) spectroscopy (Blue, manufactured by Spectro) for process water analysis. 
Additionally, we used the Brookhaven 90Plus zeta analyser to measure Z-potential and the Horiba LA-
950 laser diffraction particle size analyser to determine dry slurry particle size (P80).  
 

Scale type analysis indicated mainly, up to 90 percent, gypsum with minor impurities of 
pyrophyllite, kaolinite and quartz. Dried slurry analysis indicated quartz as main component with Fe, Al 
and Ca oxides as well as Al-silicates present in smaller quantities.  Particle size (P80) of dried solids was 
150 microns. Slurry had Z-potential of -31 mV and pH=7-8. Process water analysis revealed Ionized 
calcium concentration of 850 ppm average and sulphate ion concertation of 2100 ppm average. Ionized 
calcium concentrations varied in the field between (580-1100) ppm, as measured two times per day.  
Figures 2 represents pipe with scale deposited. 

 
 

 
 

Figure 2. Scale deposited in pipe section 
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The initial analysis of scale formation and inhibition using the novel Zalta™ MA11-556 

antiscalant in the laboratory while mimicking the field conditions was conducted using a proprietary 
scale deposition test. A set of metal alloy jars were placed on an airtight shaker platform, shown in 
Figure 3, and a shaking motion was subsequently applied at fixed rotations per minute (rpm) under a 
constant temperature.  

 

 
 

Figure 3. Jar scaling test 
 

Threshold inhibition for soluble Ionized calcium measurements by ICP was used for scale 
formation/inhibition tests using Solenis-designed 316 stainless steel jars. To screen for multiple 
conditions, shaker tests were conducted at temperatures ranging from 60 to 80 °C, for 16 hours per test 
at 200 rpm. Testing of gypsum scale formation and inhibition was conducted with process water from 
LBT. Slurry content in the laboratory tests was limited to 20wt% to ensure good mixing conditions. The 
impact of the process water pH, wt% slurry and the Zalta™ MA11-556 antiscalant ppm on scale 
inhibition was measured using this setup. Percent of threshold scale inhibition (by Ionized calcium ICP) 
was calculated as follows.  

 .       ( )  .      ( )     (    ) ( )  .      ( )  100 

 
The Zalta™ MA11-556 antiscalant was developed by Solenis using a three-phase approach: a 

scale deposition test without slurry, a high temperature shock test followed by a deposition test and a 
scale inhibition test of the impact of the slurry composition. The results of the laboratory tests and the 
results of the trial are discussed in the next section. 

 
RESULTS AND DISCUSSION 

 
Scale inhibition tests were conducted in the Solenis laboratory for the LBT slurry at various pH 

values and temperatures. The results are presented in Figures 4–6. 
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Figure 4. Scale inhibition for LBT tank 20% slurry, pH=11 
 

In this test, the mimic water contained 840 ppm Ionized calcium total and 6000 ppm added SO4-
ion with 20% dried LBT tank slurry per 200 ml total mimic water. These test results support product 
efficacy at the 13 and 18 ppm doses with the 18-ppm dosage showing improved scale inhibition.  

 
Test results with lower pH are shown in Figure 5. In this case, mimic water contained 900 ppm 

Ionized calcium total and the same other components amounts, as in Figure 4, except for slurry pH was 
adjusted with HCl down to 7–8. Product efficacy was retained at ~18 ppm dose level but reduced 
significantly at 13 ppm versus high pH test. 

 

 
 

Figure 5. Scale inhibition for LBT tank 20% slurry, pH is 7–8 
 

Scale inhibition results for 18 ppm and different temperatures are shown in Figure 6 with the 
same other conditions as for Figure 4. Product efficacy is retained at 60 and 80 °C although higher 
temperature reduces scale inhibition. 
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Figure 6. Scale inhibition for LBT tank 20% slurry, pH is 11, T – impact 
 

For the impact of the LBT tank slurry concentration on scale inhibition, we measured adsorption 
of the scale inhibitor onto the slurry. The results are summarized in Figure 7. 

 

 
 

Figure 7. Scale inhibitor adsorption onto gold ore slurry, pH and Ionized calcium impacts 
 

In the adsorption test, 500 ppm of the Zalta™ MA11-556 antiscalant was added to the gold ore 
slurry in high density propylene jars and placed on the shaker at 60 °C for 16 hours. Ore was then 
filtered out and the product concentration in the aqueous phase was analysed by size exclusion 
chromatography. The percentage of the antiscalant retained on the ore surface compared with the 
original amount added to the slurry (500 ppm) was then calculated. Product adsorption onto the ore 
varied with Ionized calcium and the pH level. However, only a minimum change in precent adsorption 
occurred after reaching the 20 wt% slurry level.  

 
To verify that the antiscalant product would not inhibit gold and silver recovery, tests were 

conducted at the PVDC metallurgical laboratory using mixtures of LBT tank slurry and the antiscalant, 
simulating the lime boil and leaching processes. The results are summarized in Table 1. 
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Table 1. Gold and silver recovery data and the impact of Zalta™ MA11-556 
 

 
 
Table 1 data refer to laboratory tests conducted to simulate LBT conditions of gold ore pre-

treatment as is and with added variable amounts of the antiscalant. Subsequently, gold and silver 
recovery tests were completed. The results achieved indicate that, for the range of dose applied, 0–30 
ppm, and within the test’s margin of error, the antiscalant did not inhibit gold and silver recovery. 

 
The successful results achieved in the laboratory using the antiscalant for scale inhibition 

efficacy and gold and silver recovery encouraged us to pursue field trials with the antiscalant. Initially, 
two trial campaigns were conducted with product doses in the range of 13–18 ppm, dose adjusted 
manually per slurry flow rate while and collecting Ionized calcium data over the same period, however, 
inconsistently. The trials lasted 8 and 7 months, well above 2-3 months Blank operation, but each 
resulted in abrupt scaling of the SCT pipelines. Scale monitoring was challenging because the coupons 
installed in the SCT circuit did not result in any scale deposit that was due to the abrasive properties of 
the slurry. The only remaining option was a visual inspection of the pipes, as shown in Figure 7, during a 
brief period, typically, prior to shut down. 

 

 
 

Figure 7. Scaling severity assessed in SCT discharge pipelines during brief shutdown 
 

Based on our research, we concluded that to improve the continuous run time of the SCT circuit 
using the antiscalant, while continuing to provide cost savings, we would need to implement a dosing 
algorithm. Consequently, several changes to protocols were made, including more systematic collection 
of Ionized calcium data, generating product dose ppm versus Ionized calcium ppm trend based on 
laboratory scale inhibition data and extrapolation method. Additionally, the team introduced the 
OnGuard™ i Controller dosing system as part of the dosing skid, with additional sensors, to automate 
dosing of the antiscalant based on distributed control system (DCS) data for Ionized calcium and the 
defined product parts per million trend. 
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The automated dosing equipment and the Ionized calcium data that was or were collected are 
shown in Figures 8 and 9, respectively. 

 

 
 

Figure 8. The Solenis OnGuard™ i Controller installed at the SCT circuit, PVDC 
 

Programmed algorithm for product dose level with systematic DCS input of Ionized calcium 
data, slurry flow rate, was automatically managed by OnGuard™ i Controller as well as providing alarms 
with various sensors indicating level of the product left in a tote, Temperature, pH, etc. 

 

 
 

Figure 9. Soluble Ionized calcium data measured and fed to OnGuard™ i Controller 
 
Measurements of soluble Ionized calcium were conducted by the PVDC mine two times per day 

and logged into the DCS. Algorithm design was based on tying in Ionized calcium data to Zalta™ MA11-
556 dose level for minimum 90% level of inhibition. Initial performance data were generated using 
laboratory testing. Table 2 shows the test results. 
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Table 2. Scale inhibition for Zalta™ MA11-556, 20 wt% LBT tank slurry, pH=11 - effect of dose level, 
Temperature. 

 
Temp.°C Ionized calcium/ppm -556/ppm % Inhibition 

60 900 13 62.5 
60 900 18 79.2 
80 900 18 67.7 

 
The results in the table were further extrapolated to T=(80–90)°C and 35wt% slurry 

concentration noted as average in the field. 
 
The following assumptions were made to complete the extrapolation. 

 
(1) Linear relationships existed between the % Inhibition and the 

- Product dosage per parts per million  
- Ionized calcium per parts per million 
- Scale(s) saturation indices 

 
(2) Targeting minimum 90% inhibition results for laboratory data to ensure required field performance. 
 
(3) “Active” product in solution = {total product} - {product adsorbed onto ore} in the slurry. 

As the results of it, extrapolated data were generated, Table 3. 
 

Table 3. Dosage for Zalta™ MA11-556 versus Ionized calcium ppm for 90% inhibition, (20 wt% LBT tank 
slurry, pH=11, 35wt% LBT tank slurry, T=80–90 °C). 

 
Ionized calcium/ppm 580 650 700 750 800 850 900 1100 
Zalta™ MA11-556/ppm 17 19 21 22 24 25 27 33 

 
Figure 10 shows the Ionized calcium content plotted over time and further assigned dosing 

levels of Zalta™ MA11-556. 
 

 
 

Figure 10. Ionized calcium data plotted as 21-day averages over a few years period with assigned Zalta™ 
MA11-556 dosages 
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The blue points in Figure 10 are a rolling 21-day averages for Ionized calcium, not immediately 

available on OnGuard™ i Controller; the grey points are exponential smoothing with  = 0.05 for Ionized 
calcium, available on OnGuard™ i Controller: 
 

St = (1- )St-1+ Xt where S0= X0 
 
Color changes from green to red indicate enhanced scaling trends associated with higher Ionized 

calcium content in the slurry, with average dose levels of Zalta™ MA11-556 assigned to five 
ranges/bands of Ionized calcium. At the top of the plot are comments associated with scaling tendencies 
in the field based on visual observations and two original events when there were shutdowns prior to 
implementing dosing algorithm. 

 
The result of dosing algorithm implementation can be seen in Figure 11. 
 

 
 

Figure 11. Overlay for Ionized calcium data (red) and Zalta™ MA11-556 dosing (blue) over time 
 

As shown in Figure 11, after we implemented the dosing algorithm, we were able to achieve a 
very robust match between the 21-day average of the Ionized calcium data and the Zalta™ MA11-556 
antiscalant dosed with the OnGuard™ i Controller programmer dosing for Zalta™ MA11-556. More 
importantly, that step was crucial to make substantial progress towards further extension of continuous 
operation for SCT circuit without scaling events. 

 
As the result of combined benefits for novel Zalta™ MA11-556 scale/deposit inhibitor with 

implemented dosing algorithm powered by OnGuard™ i Controller, the time between cleanings of the 
SCT discharge pipes increased significantly, from an average of 2.5 to 21 months, resulting in cost 
savings of $6,5 million per year, and ore throughput increased by 28,380 tons per year. 

 
This positive outcome is also manifested in significantly reduced scaling rates in the field, as 

shown in Figure 12.  
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Figure 12. Scaling rates for SCT five tours with Zalta™ MA11-556 and implemented  
dosing algorithm with automation 

 
CONCLUSIONS 

 
In summary, the use of a novel antiscalant product combined with a systematic approach to 

validation and algorithm-controlled product dosing have proven critical to the success of large scale 
mining operations. 

 
The cooperation between Solenis and Barrick PVDC allowed us to meet and exceed the original 

targeted return on investment to the PVDC plant while maintaining safe operations with a reduced 
frequency of shutdowns and pipe cleaning, which typically had required two separate teams to be 
scheduled and present at the same time. The time between cleanings of the discharge pipelines 
increased from 2.5 to 21 months, resulting in cost savings of $6,5 million per year, and ore throughput 
increased by 28,380 tons per year. 

 
The antiscalant approach is further helping mines with water management issues by reducing 

cleaning frequency for SCT pipes, thereby improving sustainability of operations. 
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ABSTRACT 

 
Dozers are playing an increasing role in strip mining in Australian Opencut mining. Not only 

they are supporting draglines, shovels, diggers and do rehab work but also, they are widely used in 
bulk overburden removal reducing mining costs and Carbon Emission.   
 

A typical strip mine in Australia starts with a cast blast followed by bulk dozing and finally 
dragline or digger stripping to uncover the coal. “Cast to Final” volume typically varies from 10 – 20% 
of the Insitu prime depending on drill and blast design and rock mass characteristics and possibly the 
cheapest waste removal.  Dozer horizon level and dozer waste volume on the other hand depends on 
many other factors, including strip width, depth, cast profile, fragmentation and fluffiness of the 
muck pile, traction, dozer size and type and equivalent digger or dragline unit cost for the waste in 
question and may be 10-30% of the total waste volume. The cut off level for dozing is defined by 
conducting iterative slicing analysis using either 2D modelling (Vulcan, Deswik) or 3D simulation tools 
such as 3Ddig.  
 

This paper sums up the current “State of the Art” developments in bulk dozing and planning 
in open cut mining in Australia for improved efficiency, reduced cost and hence reduced carbon 
emissions.   
 
Keywords: Strip Mining, cast blast, dozer horizon level, iterative slicing analyse, cut of level, bulk 
dozing 
 

ÖZET 
 

rtmakta olan bir role sahiptir. 
Dozerler 
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- , 
yerindeki hacmin %10-20’ si 
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-30’ u dur. Dozer 
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Anahtar Sözcükler: Dilimli madencilik, öteleme-d p  dozer basma seviyesi, a
dilimleme analizi, d seviyesi, dozerle y n öteleme 
 

INTRODUCTION 
 

Bulk dozing is a significant component of strip mining in Australia and many parts of the 
world. Properly designed and implemented, it would have significant cost benefits compared to 
other stripping methods (Figure 1). 
 

 
 

Figure 1. Typical Bulk Dozing in an Opencut mine 
 

A typical strip mine takes advantage of cast blasting techniques to move 10-20% of the Insitu 
material to its final position. The resulting profile then is either generally dozed to either fully up to 
coal roof or to a predetermined level. Then the rest of the waste can be taken as postrip by a digger 
fleet uncovering coal.  Prestrip, Doze, Postrip proportions of the cast waste need to be defined 
precisely by the dozer engineer to minimize the waste removal cost. If draglines are used as the last 
pass, then the cut off levels need to be defined for draglines working range. The method is 

 
 

 
 

Figure 2. -Doze-  
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Figure 3. Prestrip, Doze and Postrip Levels and Typical Mining Sequence 
 

Doktan (1998) has conducted an industry wide research on the status of bulk dozing in 
Australia and the world as part of an ACARP project. He has identified further opportunities for bulk 
dozing in coal mines, developing a calculator to estimate dozer push and rip productivity based on 
first principals.  In an open cut mine, generically speaking, dozers can benefit from the unit cost gap 
between the cast and dig & haul processes (Figure 4). 
 

 
 
Figure 4. Example typical stripping unit costs at a strip mine with the cost gap opportunity for dozing 

 
Sinclair (2019) has conducted a comprehensive study and proved the cost effectiveness of an 

excavator side casting on the highwall in a dozer operation compared to dozer side cutting.  
 

Remote dozing technology that allows a single operator to control multiple machines from a 
remote operator station is already in use at several sites across Australia.  The system has been 
delivering consistent results and high productivity. Fortescue Metals Group in Western Australia has 
also been trialling remote dozing technology since October 2019 and has now successfully 
implemented in their operations. They claim to have achieved 15% or more increases in utilisation 
and productivity.  
 

While remote dozers are successfully operating, significance of fully autonomous dozers are 
rapidly increasing due to increased demand for mining products and Net Zero Emission commitments 
in mining.   
 

Kulkaev, 2021 developed a novel mathematical framework called the two-level hierarchical 
search algorithm. It was found that constraints on bulldozer operations is often non-linear and 
finding an approach to address them can be crucial to developing a computationally feasible planner. 
Additionally, the search space would grow exponentially with the number of terrain discretisation 
(i.e. the accuracy at which the terrain is being represented in the model), and how far ahead the 
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model is planning. An accurate estimation of the volumetric capacity is also a crucial parameter as a 
small deviation can drastically alter the optimal solution.  
 

The University of Queensland (McAree, 2021) and a prominent dozer manufacturer are now 
trialling fully automated STAM dozer technology at a QLD coal mine site.  Remote or fully 
autonomous dozers are soon to be part of regular operations in Australia and mining companies are 
looking at reducing their costs and increase dozer utilizations through fully autonomous operation.  
 

Various path planning algorithms and methodologies with minimal operating time have been 
developed for fully Autonomous dozers (Hirayama et all,2019). 
 

COST DRIVERS in BULK DOZING 
 

Cost effectiveness of bulk dozing is dependent on several factors. These can be broadly 
classified into design, material and work conditions and may include but not limited to hourly 
operating costs, push and reverse distances, grades, dozer rehandle, soft or hard wall conditions, 
highwall cutting methodology, dozer tactics, pivot point location, dozer/blade size and capacity, 
traction, fragmentation, fluffiness, elevation, and operator experience.  Out of all these and assuming 
similar work conditions, the push tactics is the most important and can be optimized to suit the 
geometry and mining conditions at site for the maximized return of investment. To that end, most 
companies in Australia have developed a “Dozer Management Plan” which covers site specific dozer 
design and operational practices and “How to Guides”. 
 

Dozer hourly operating costs can be built from first principals and forms an important 
component of an optimization study. This would normally incorporate cost items such as and similar 
to the digger& haulage fleet hourly cost, operator costs, fuel, amortisation, GET, other consumables 
and maintenance costs.  
 

While dozer hourly operating cost may be fixed, the dozing unit cost ($/bcm “Dozed to Final” 
-DtF) varies based on rehandle, push and reverse speeds and grades.  Dozer prime productivity drops 
asymtothically with longer and steeper pushes.  The design therefore should try to minimize 
rehandles, push distances and grades through smarter design tactics. 
 

DOZER TACTICS (PUSH DESIGN AND PLANNING) 
 

A typical dozer push design involves several steps and usually an iterative and evolving 
process. Figure 5 below demonstrates the process at high level and in workflow diagram format. 
 

 
Figure 5. Typical Workflow in Dozer Planning 
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Dozer engineer builds a project data folder including the following items:  Pre-cast and Post-
cast surfaces, Roof & Floor surfaces (including mid burdens), mine design data (New Highwall, 
Lowwall and Endwall, Ramps, Roads, Accesses and Bridges, Strip and Block lines, Structural data).  A 
number of equally spaced sections are cut using Vulcan, Deswik or 3DDig and are then studied for 
physical dozing limits such as rehabilitated areas, Endwalls, lease limits, offsets and any risk areas, or 
structural challenges such as intrusions, faults, and structures. At this stage, a decision is made and 
agreed on whether to use a 3D or 2D modelling tool. If the geology or mining geometry is 
complicated and/or if it is a short-term design then 3D modelling should be used.  
 

Once potential dozing limits are established, and mining & geological conditions are 
understood, equivalent dig & haul costs are estimated using strings constructed from “dig point to 
dump location” and site’s cost matrix. The “Rise and Run” (R&R) unit costs for the proposed dozing 
location should be estimated, if possible, in 5m height increments. These costs provides a roof line 
for dozing costs may go up to (Figure 6). Then several sections are created perpendicular to the strip 
lines an at regular intervals for volume balance and to establish push limits and potential split 
between prestrip, dozer and postrip. Each section is then divided into several slices, slice lines 
passing through the Pivot Point” and in a fanning manner.   
 

The maximum slope of the steepest slice should not exceed 26% (or a site specific defined & 
tested grade) downhill (or uphill). It is important to keep push slices downhill as much as practical to 
utilise gravity for the dirt in front of blade roll down.   Then using centroid to dump point push 
distances and grades, dozer productivities for each slice are estimated. Productivity and rehandles, 
dozer hourly costs are then used to calculate dozer unit cost for “Dozed to Final” volumes (DtF) and 
compared with the equivalent digger fleet R&R costs. 
 

 
 

Figure 6. Rise&Run (R&R) costs for digger fleet and Calculated Dozing Costs (DtF) 
 

Based on these numbers, a decision is made to define the cut off level for dozing for each 
slide and finally a combined surface is created from all sections. 
 
Tipheading 
 

Tip heading refers to pushing waste downhill and tipping ahead of dozer creating a flat 
surface as seen in Figure 7 below. The maximum downhill grade is a site and muckpile dependent 
parameter and needs to be defined by a site trial program but usually less than 26%. The idea of 



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

847

maximizing tipheading in any dozer operation comes from the fact that the gravity helps to reduce 
drawpull force required to push the same dirt on a flat surface and speed ups the dozer. It is in some 
cases ideal to raise the pivot point to maximize tiphead volume while incurring a slight increase in 
rehandle.   
 

 
 

Figure 7. Simplified Tipheading 
 
Backstacking 
 

Backstacking is on the other hand involves dozing the lower section of HW in slices and 
stacking the dirt in inclined surfaces in the lowwall side past the Pivot Point (Figure 8) .  Gravity is 
working against the push, hence Backstacking is naturally lower in productivity and needs to be 
minimized as much as possible. Backstacking is done in successive cuts and dumps moving away from 
the pivot point towards HW. 
 

 
 

Figure 8. Typical Backstacking 
 

Slot Dozing 
 

Slot dozing has been proved to be 10-15 % more productive compared to surface dozing. Slot 
walls prevent material spilling from the side of the blade and hence keeping full blade along the 
push. Slot walls are usually as high as blade and removed at the end of completion of each slot as 
rehandle. 
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Defining Dozer Push Limits/Envelop 
 

The cost effectiveness of CDX mining (or dozer push alone) is related to the waste allocation 
and hence defining splits precisely. Then question is asked when to stop dozing?  The answer lies in 
another question which is: 
 
“What should be the dozer productivity to achieve a cost breakeven point with the digger fleet?”    
 

When you reach to that point (digger unit cost = dozer unit cost), dozing is no longer cost 
beneficial and hence postrip (dig&haul) needs to be considered.  
 

To this end, a process (Figure 9) and unique “Dozer Push Limit Calculator” has been 
developed as part of this study. The process of defining dozer limits involves dividing dozer area 
(cast) into a number sub regions represented by a section and each section into a reasonable number 
of slices. Then productivity and cost can be estimated for each slice until equivalent digger cost is 
reached. These can be done using Vulcan or 3DDig (Figure 10).  
 

 
Figure 9. High Level Process to Define Dozer Push Limits or Envelop 

 

 
 

Figure 10. Defining Dozer Push Envelope 
 

Slicing Analysis 
 

When the mining conditions allow 2D slicing method using software such as Vulcan or 
Deswik can be used to assess the viability of dozing and define the cut off limits. This is particularly 
suitable for Long term and Midterm planning purposes. The method involves creating several section 
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lines along the pit and then each section is divided appropriate number of slices (Figure 11 and 12) 
and volume balance for each slice is obtained. The push parameters such as distance and grade are 
recorded and used for productivity estimate using a spreadsheet model. This method is quite manual 
and may requires a set of iteration to reach the goal.    
 

 
 

Figure 11. Slicing Method – 1 
 

 
 

Figure 12. Slicing Method – 2 
 

Pivot Point and Importance 
 

Pivot point or Pivot Line is a conceptual point (or line) along push profile (usually at around 
midway more towards LW side) which separates dig or cut area from dump area and where push 
grade break point occurs. It is often accepted or defined as intersection of cast profile with a line 
draw from coal toe at the appropriate undercut angle (low pivots are at 45°or raised ones are at or 
up to 90° measured from LW floor). These are usually accepted as standard at each site and 
commonly not modified or optimized according to the muckpile profile for each cast. This may 
however result in higher rehandle, reduced dump space or reduced tiphead volumes. It is hence 
important to optimize pivot point at each section according to cast profile and volumetric balance for 
each cast.  
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Rehandle in Bulk Dozing 
 

The primary objective in bulk dozing is to move prime material to its final location in a safe 
and cost-effective manner. But doing that as with other mining equipment, some rehandle inevitable 
occur. The rehandle in dozing can be classified into two categories:  
 
 
Operational 
 

Establishing pads 
Establishing slots 
Removal of slot walls 
Cutting Highwall 
Dirt Spilling side of blade 

 
Sectional 
 

Building bridge 
Tipping ahead to ride on 

 
Operational rehandle in dozing cannot be physically measured by surveys and only 

discernible to the dozer engineer or to the dozer operator. On the other hand, still not measured by 
surveys, the sectional rehandle (Figure 13) can be easily estimated by the dozer engineer.  
 

If rehandle is not considered and productivities are estimated based on pre and post dozing 
surveys, a much lower dozer (total) productivity estimate is obtained. Experience indicates up to 30% 
dozer rehandle may incur if the design is not detailed enough and not due attention paid to 
minimizing it.  
 

 
 

Figure 13. Sectional Rehandle 
 
Cast Profile 
 

Cast blast is the cheapest way of moving dirt and often operations try to maximize it. 
However, it must be noted that if the cast profile is lowered below certain level to maximize cast, the 
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dozing may become costly as the tip head component of the push is significantly reduced and the 
benefits from the additional cast can be cancelled out by the increase in dozing cost.   
 

3DDIG MODELLING TOOL & SIMULATIONS 
 

It is important to identify the differences in 2D and 3D planning. In long term or midterm 
schedules, 2D approach may possible be appropriate provided there is no significant anomaly exists 
in the existing mining conditions or geology.  For short term planning and implementation, a 3D 
dimensional approach needs to be adapted.  A typical pit may have some significant complications 
due to intrusions, faults, seam rolls, buffer requirements, bridges, ramps (LW and HW) and access 
logic. Hence relying on sectional models will not suffice on its own and these need to be supported 
and verified by 3D models.  
 

The Earth Technology’s Dozer Simulation Module of 3DDig offers a set of modelling tools 
where a bench can be cast blasted, swelled to appropriate swell factors, and dozed in a way the user 
defines.  The riling of material and volume balance are simulated close to reality. It also offers 
manual or automatic slot generation facilities (Figure 14). 
 

 
 

Figure 14. Modelling Dozing in 3DDig (Post-Doze surface) 
 

MONITORING AND RECONCILIATION 
 

In order to reconcile and improve dozer design and planning, dozer engineers need to be 
able to monitor and measure how dozers are performing at least 1/3 and 2/3 of the implementation 
if not all the time. While this can be done through conventional surveying or drone scanning, surface 
surveys do not provide sufficient data on its own to assess the ongoing performance. The current 
instrumentation and data capture systems (IControl, IVolve or Blueview) (Figure 20) on the other 
hand, although they provide some indication, do not provide KPI data that are necessary to assess 
and improve the performance of the dozing either. These KPIs include dozer push direction, push 
grades, push distance, cycle time (forward and return) and dozing speed in both ways.  
 

A unique automated data acquisition and reporting system has been developed by the 
primary author of this paper and data science engineers. The reporting system generates all these 
KPIs automatically in a standardized format and on a shift basis (Figure 15,16 and 17). 
 
 
 



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

852

 
 

Figure 15. Example of Spatial data of Operating Dozers (GPS Locations) 
 

The following KPIs are reported for each dozer and summarized automatically as a shift report.  
 

 
 

Figure 16. Automatic Reporting of Dozer KPIs-1 
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Figure 17. Automatic Reporting of Dozer KPIs-2 
 

DOZER MANAGEMENT PLAN 
 

The scope of a site specific “Dozer Management Plan” should ideally include but not limited 
to the following documents and processes:  
 

Detailed list of site specific cost drivers in dozing & how to manage them 
Guidelines to define maximum push distances and grades for each waste horizon and 
How to create cost efficient dozing envelops 
Site specific documenttaion where to use 2D and 3D modelling tools 
Step by step process how to define dozer and digger fleet cut off 
Ways to maximize dozer waste while still staying economic 
Guidelines to optimize Pivot point location and how to vary its position 
Identifying the sources of rehandle in dozing and ways to reduce them 
Step by step “How to Guides” for design and planning 
Criteria for wall cutting with a small digger 
Demonstrating the impact of Cast profile and fragmentation on dozer productivity 
Discussing available tools to measure dozer performance real time (or near real time) 
Providing examples of the use of a calculator for dozer operators to define dozing limits 
(cycle time calculator) 
Dozer operator training manuals & schedule 
Dozer related TARPs and safety manuals 
 
A recent successful installation and implementation of a “Dozer Management Plan” at a mine 

site resulted 20% increase in productivity and cost reduction in dozer stripping.  
 
Every site with a dozer fleet needs to develop site specific “Dozer Management Plan” to help 
engineers and operations people to maximize the benefit from dozing. 
 

CONCLUSIONS 
 

Dozers are being increasing used in open cut mining due to their flexibility, low capital cost 
and low operating costs. They also help reduce “Carbon Emissions” in mines simply by reducing Truck 



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

854

Excavator Fleet (TEX) requirements at a given operation. A set of novel methodologies, processes, 
and tools (calculators) have been developed and presented here to help dozer engineers plan, 
design, and implement a cost-effective and low emission dozer operation at their respective 
operations. 
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ABSTRACT 
 

The electrochemical methods have been used in flotation of sulphide minerals by utilizing the 
semiconductor properties of the minerals. Electrochemistry is one of the tools that can be preferred to 
identify problems in flotation systems faster and to achieve more effective flotation results. In this study, 
some of the electrochemical methods such as open circuit potential (OCP), cyclic voltammetry (CV), and 
electrochemical impedance spectroscopy (EIS) were used to determine the galvanic interactions between 
locked and liberated sulphide particles.  As it was assumed that the surface area of the sulphide minerals 
effects the flotation characteristics, some mineral electrodes were prepared to simulate this phenomenon. 
For this purpose, a three-electrode system was set up to investigate the electrochemical responses of 
galena-pyrite (0.52 cm2), pure galena (0.20 cm2) and pure pyrite (0.18 cm2) minerals. The tests were carried 
out in a buffer solution at pH 9.2. The changes of the surface chemistry of the minerals, with (10-4 M NaEX) 
and without collector, were also examined. During the process, charge transitions between the minerals 
were occurred due to the galvanic interactions regardless of the surface area and changed the flotation 
behavior of these minerals by reducing and oxidizing each other. 
 
Keywords: Electrochemistry, sulphide minerals, surface chemistry 
 

ÖZET 
 

galen-pirit (0.52 cm2), saf galen (0.20 c cm2) ve saf pirit (0.18 cm2) minerallerinin elektrokimyasal tepkilerini 
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INTRODUCTION 
 

Most of the sulphide minerals have semi-conductive properties. Thus, surface changes and reagent 
adsorptions occur mainly through electrochemical mechanisms (Ekmekçi, 2008). Electrochemical properties 
of these minerals enable them to be used as electrodes (Peters, 1977) so electrochemical techniques can 
easily be applied to these minerals. 
 

Electrochemical methods are faster to evaluate surface responses and low cost compared to the 
other techniques. Some of the most common electrochemical techniques used in the sulphide minerals are 
open circuit potential (OCP), cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS).  
 

Open circuit potential is a method that is often used to find the resting potential of a system. In 
sulphide mineral flotation, OCP measurements are useful for monitoring changes either in the liquid phase 
or at the mineral/solution interface. 
 

Cyclic voltammetry is one of the most common electrochemical methods used to determine the 
reactions on the surface of sulphide minerals. In this technique, the potential of the mineral electrode is 
varied linearly at a desired rate using a potentiostat. When a current peak is observed during potential 
scanning, it can be used to identify the undergoing reaction. 
 

Electrochemical impedance spectroscopy (EIS) is based on measurement of conductance and 
resistance at of the electrode surface to the electrical current flow and it can be used to determine the 
species formed on mineral surfaces regardless of the reaction type (Zhao, Guo, Peng, & Mai, 2017). This 
method is used for characterization of solid/liquid interfaces. As the formation of non-conductive layer of 
oxides, hydroxides, elemental sulphur or collector reagents cause increase in resistance, the EIS method can 
be combined with the floatability of sulphide minerals.  
 

Since the mineral-collector interaction is electrochemical in nature, a sulphide mineral can be 
measured by the above-mentioned electrochemical techniques. The electrochemical methods can only be 
used successfully if there is measurable electron transfer due to adsorption of collector molecules at 
mineral electrode surface. EIS can successfully be used to measure adsorption of different types of 
collectors on mineral electrode surface. 
 

The effects of the locked particles on flotation are thought to depend on the surface area of the 
mineral to be recovered (Vianna, Franzidis, Manlapig, Silvester, & Ping-hao, 2003). However, galvanic 
interactions between minerals are observed in the locked particles, regardless of the area (Liu, Li, & Zhou, 
2009). Due to the galvanic interactions, charge transitions between minerals are observed. So that, they 
reduce and oxidize each other which results the change in the flotation behavior 
Veloz, & González, 2007). Investigating the galvanic interactions of the sulphide minerals by electrochemical 
techniques have been studied by many researchers (Mielczarski & Mielczarski, 2003; Moslemi, Shamsi, & 

.  
 

In this study, open circuit potential (OCP), cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) techniques were performed in an alkaline solution (pH 9.2), where the galena and pyrite 
electrodes were used to simulated free particles. Galvanic interactions occurring between the minerals and 
their effects on the surface chemistries were investigated by simulating the locked particle behavior. For 
this purpose, mineral pieces of galena and pyrite were paired to be in contact with each other and prepared 
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binary-bounded mineral electrodes. Effects of the addition of collector (NaEX) to possible surface reactions 
were also studied. 
 

MATERIALS AND METHODS 
 

Sulphide ores are adequate to get some reasonable electrochemical responses according to their 
natural semi-conductor properties. For better electrochemical responses, it is known that the sulfide 
content of a mineral sample should be high. For this purpose, mineral electrodes composed of high purity 
sulphide ore samples (pure galena and pure pyrite) were tested to investigate the surface characteristics, in 
this study.  
 

Mineral electrodes (working electrodes) were prepared by cutting a rectangular cross section of the 
minerals (0.18-0.80 cm2 surface area) from a massive mineral specimen, mounting the mineral piece into an 
electrochemically inert epoxy resin and placing it in a glass tube. The mineral electrode was connected to a 
potentiostat by a copper wire.  
 

Two sulphide minerals were also adhered to one another to simulate the locked particle behavior, 
besides single use of mineral piece in a mineral electrode. For this purpose, galena-pyrite mineral electrode 
was prepared. The mineral percentages of the mineral electrodes are given in Table 1. 

 
Table 1. Mineral contents and the surface areas of the mineral electrodes 

 

Electrodes Galena  
(%) 

Pyrite  
(%) 

Surface Areas  
(cm2) 

Galena El. 100 - 0.20 
Pyrite El. - 100 0.18 
Galena + Pyrite El. 50 50 0.52 

 
After each experiment, the surfaces of the mineral electrodes were polished by alumina paste to 

remove any kind of contaminants for the next electrochemical process. The electrode was rinsed with 
distilled water and immediately transferred to the cell after polishing the surface. 

 
erence 600 model potentiostat was preferred to perform electrochemical techniques in 

this work. To isolate the system form the outer noises, the potentiostat was placed in a Faraday cage. A 
conventional three-electrode electrochemical cell was used throughout the tests. A saturated calomel 
electrode as reference electrode, a platinum plate electrode with 1 cm2 area as counter electrode and 
mineral electrodes (galena, pyrite and galena + pyrite) were used in the electrochemical cell.  
 

All electrochemical experiments were performed in a buffer solution of pH 9.2 (0.05 M Na2 4O7 · 
10H2O)  to keep the pH value at the same level 
during the measurements and to prevent possible pH changes as a result of the reactions between the 
minerals and the solution. Prior to each run for 15 minutes, high purity nitrogen gas was introduced to the 
cell for intensive bubbling through the buffer solution to eliminate the fluctuations during measurements 
due to oxygen presence in the system. During the electrochemical measurements, nitrogen flow was ended 
and the cell was completely sealed to prevent the diffusion of any atmospheric oxygen into the system.  
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The electrochemical methods were studied in the absence and presence of 1 × 10-4 M sodium ethyl 
xanthate (NaEX) to investigate the possible electrochemical reactions upon adsorption of the collectors on 
the minerals. 
 

In this study, the electrochemical techniques such as Open Circuit Potential (OCP), Cyclic 
Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS) were tested to investigate the 
changes in the surface characteristics of locked and liberated particles.  
 

RESULTS AND DISCUSSION 
 

The electrochemical responses of the mineral electrodes (galena and pyrite) were studied in the 
absence of collector by three methods; open circuit potential, cyclic voltammetry and electrochemical 
impedance spectroscopy tests. To observe oxidation/reduction reactions between the locked particles and 
their possible galvanic interactions, two mineral pieces (galena + pyrite) were glued together so that one 
more mineral electrode was produced. Adsorption of 1 × 10-4 M sodium ethyl xanthate (NaEX) collector was 
also investigated in all the above-mentioned mineral electrodes by using the same techniques. 
 
The OCP Method Results 
 

Open circuit potential measurements of the samples were performed to compare their 
electrochemical reactivity in the presence and absence of the collector. The OCP values were recorded 
continuously for 20 minutes (Figure 1).  
 

 
 

Figure 1. Open Circuit Potential measurements  
 

According to the OCP results, galena mineral itself has lower potential values than being associated 
with pyrite mineral. However, pure pyrite mineral showed similar potential values as galena + pyrite locked 
particle after a while during the potential measurements. This indicates that different minerals have varying 
electrochemically reactive surfaces under significant conditions. 
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Figure 2. A schematic view of the OCP comparisons of all the studied minerals in the presence and absence 

of the collector (nil: absence of collector, NaEX: collector) 
 

In Figure 2, the OCP changes of the minerals in all conditions are presented. According to this, the 
voltage values decreased regardless of the mineral type when there was collector in the system. To reveal 
the surface characteristics of the mineral electrodes, further tests such as CV and EIS were conducted. 
 
The CV Results 
 

Comparative voltametric studies were performed to identify galvanic interactions. Figure 3 and 
Figure 4 show voltammograms of the mineral electrodes in the absence of collector and in the presence of 1 
× 10-4 M NAEX. In the voltammogram obtained from the collectorless condition, galena had very narrow 
response interval in terms of current density throughout the studied potential range (-0.80 V to +0.40 V). 
When the scan potential was initiated in positive direction in the presence of collector, an oxidation process 
was observed with one small peak that begins near 0.20 V value. This indicates the oxidation of galena to 
form PbX. 
 

In the voltammograms of the pyrite electrode, as the scan potential becomes negative, a reduction 
peak was observed at nearly -0.450 V both in the presence and the absence of collector. More apparent 
peak in the oxidation phase was observed at -0.365 V with collector. 
 

In order to identify different processes in the locked particles, involving the oxidation of galena, 
voltametric studies were carried out using galena + pyrite mineral electrode. Typical voltammograms of the 
positive scans on these electrodes were shown in Figure 4.  
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Figure 3. Cyclic voltammograms of galena (left) and pyrite (right) minerals in the presence and absence of 
the collector 

 

 
 

Figure 4. Cyclic voltammograms of galena + pyrite mineral electrode in the presence and absence of the 
collector 

 
The peak in the galena + pyrite electrode is related to the formation of PbX on the electrode surface 

by anodic oxidation of galena with the collector. The analysis of the voltammograms obtained in those 
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conditions showed that the galena oxidation was associated to peaks at 0.20 V and 1.20 V in the mineral 
electrodes of galena and galena + pyrite electrodes, respectively.  
 
The EIS Results 
 

Differences between the surface characteristics of the studied mineral electrodes were also 
demonstrated by EIS measurements. The EIS experiment results of different mineral samples are given as 

in the form of Phase Angle and Magnitude plots in Figure 5 and Figure 6, respectively.  
 
When the  are evaluated at the lowest frequency (0.01 Hz), it was observed that the 

galena electrode have higher rates than pyrite electrode. However, when galena + pyrite electrode was 
used as a locked particle representative, the phase angle or Zmod values were determined in between each 
of the individual mineral electrodes.  
 

There were significant differences when the collector was absent or present in the system, 
especially in galena electrode. The results also help interpreting the collector adsorption mechanisms. For 
instance, at low frequencies high phase angle values imply that the adsorption rates are low and diffusion 
controlled (Ertekin, Pekmez, & Ekmekçi, 2016).  

 

  
Figure 5. EIS results (Phase Angle) of all the studied minerals in the absence (left) and presence (right) of 

collector NaEX 
 

In Figure 6, at higher frequencies, Zmod values were typically low and mostly constant, reflecting 
the solution resistance. At medium frequencies, the relationships between Zmod and the frequencies are 
linear. That explains as capacitive behavior caused by the electrical double layer at the mineral/solution 
interface and the adsorption of NaEX . 
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Figure 6. The EIS results (Magnitude) of all the studied minerals in the absence (left) and presence (right) of 

collector NaEX 
 

CONCLUSIONS 
 

The surface changes of the pure mineral electrodes (galena and pyrite) and the locked-particle 
electrode (galena + pyrite) were observed by open circuit potential (OCP), cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) methods.  

 
The galvanic interaction plays a major role in the locked-particle electrode surface and it completely 

changes the surface properties. When two sulphide minerals interacted with each other in the bulk solution 
as locked-particle electrode, it was observed from the measured electrochemical techniques that their 
responses changed compared to liberated pure mineral electrode responses. 

 
Collector (NaEX) adsorptions to the electrode surfaces were also clearly observed from the 

electrochemical responses of the measured techniques. Although NaEX adsorption on the galena electrode 
was obvious in the CV results, the collector adsorption on the galena + pyrite electrode was not clear 
enough. This was attributed to the galvanic effect. The presence of pyrite together with galena caused a 
decrease in galena reactivity and avoid its free oxidation.  
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ABSTRACT 

 
Geological and Geotechnical Investigation and Reinforcement of the Ancient City Hasankeyf in 

Turkey, is carried out by a private company under the control of General Directorate of State Hydraulic 
Works (DSI). In the related site on the cliffs there are huge rock blocks which might cause a serious 
damage to the environment and historic fabric around. Prior to the reinforcement and protecting 
studies of stronghold the controlled dropping of the blocks mentioned must be performed. Knowledge 
and prediction of the seismic effects will be caused by dropping of the blocks to the historic fabrics 

literature are crucially important in means of reducing the blocks sizes before dropping. During the 
dropping of blocks previously specified which are of numbers 2, 3, 6 and 24 respectively, probable 

re determined and then the verification of the 

accelarations to prevent any damage might be caused, is done. When the acceleration values originate 
at the locations where the blocks are dropped are previously calculated, small samples of rocks are 
dropped, acceleration for unit mass is determined and used as a scale factor in subsequent calculations. 
Effective absorption factor on the route between the points where the blocks are dropped and the 
target, is evaluated by performing in-situ tests and induced amplitudes are calculated after the 
absorption is applied to the equations. 
 
Keywords: Acceleration, hasankeyf, seismic effects. 
 

INTRODUCTION 
 

The study was conducted at Batman/Hasankeyf historical places at Turkey. Hasankeyf location 
map of Batman Province is given in Figure 1. 

 

 
 

Figure 1. Location map of Batman/Hasankeyf region 
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Within the scope of the work of "Investigation and Strengthening of the Hasankeyf Ancient City 
in terms of Geological and Geotechnical Ways" undertaken by the contractor company, there are 
activities to reduce the hazardous rocks in the region. In case the large block stones on the cliffs in the 

protection works of the company; serious damages can occur in historical buildings called ancient 
-Middle Gate” and -Small Palace”. In order to know the seismic effects that may occur 

in these structures in advance and to prevent the threshold values permitted in the literature to be 
led manner. At this stage, to determine 

the vibrations that will be created during the dropping of the blocks, to make modeling studies with 
physical and geophysical approaches; it is the main purpose of the study to predict how important the 
structures will be affected by the acceleration value during the block drops by determining the 

the threshold-values in the acceleration / damage charts used in the earthquake-structure interaction 
will be determined and these rocks, which have been reduced in size by splitting into smaller pieces, can 
be lowered over the hill. The blocks to be dropped are named blocks numbered 2, 3, 6 and 24, 
respectively. The volume and ground heights of the blocks are given in Table-1, respectively. 

 
Table 1. Volumes and height of blocks to be dropped 

 

Rock no Volume 
(kg/m3) 

Height 
(m) 

2 60 69 
3 80 69 
6 6000 53 

24 500 72 
 

As rocks 2, 3, 6, and 24 fall to the ground, the acceleration value that occurs on the ground 
when the falling mass hits the ground and absorbed acceleration have been calculated. 

 
According to the literature, 

target points is 0.025 g, the results related to the reduction of the specified rocks into one or more parts 
 

 
MATERIAL AND METHOD 

 
The method applied in the study was carried out in two stages. A formulation study was carried 

predict the acceleration values that will occur when the blocks are lowered and to reduce the blocks to 

points as 0.025 g. 
 

The stages of the method:  
1. Reducing small size stones from the inn of the rocks numbered 2, 3, 6 and 24, which are planned 

to be dropped in a controlled manner; It is the calculation of the acceleration per unit mass by 
measuring the accelerations they create at the target point and where they fall. 

2. To calculate the absorption between the place where the rocks fall and the target points (Orta 
-Middle Gate, Kucuk Saray-Small 

effect. 
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CASE STUDY 
 

The coordinates of the blocks (2-3-6-24 Nolu Kaya) where the impact effect will be predicted 

 
 

 
 

Figure 2. Coordinates of target places and the rocks (2 Nolu Kaya, 3 Nolu Kaya, 6 Nolu Kaya, 24 Nolu 
Kaya) planned to be dropped. 

 
First Stage of The Field Study 
 

In the first stage, accelerations formed on the ground as a result of dropping only sample rocks 
were calculated (particle velocities were measured, converted to accelerations). Thus, particle-
acceleration, k (scale coefficient) per unit mass and unit height could be calculated in the calculations 
section. The damping along the road could not be calculated at this stage, since the geophones on the 
foot of the door and on the door could not record. For this reason, the second stage was planned, and 

iment was carried out. 
 

Second Stage of the Field Study 
 

At this stage, in order to calculate the absorption in the route between the location where the 
rocks will be dropped and the target points (the route between the rocks to be dropped and the target 
(Middle Gate / Small Palace), the JCB backhoe loader has been hit on the ground at certain intervals 
with the bucket of the machine; 3 seismographs were also on the same line. The vibrations created by 
measuring at intervals were measured. These measurements were completed in 7 stages between the 
source and the target, since the vibrations caused by hitting the bucket to the ground were damped at 
short distances. The absorption factor between average and source-target was found. The positions of 
the devices along the line and 7 stages are shown in Figure 3 in different colors. Vibrations obtained 
from JCB measurements done at 7 stages are given in Table 2. 
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Figure 3. Geophone positions along the line 
 

Table 2.  Vibration records 
 

Stages Instrument Particle Velocity, Vector-Sum, mm/s 
1 13638 

12269 
2.117  
1.078  

2 13638 
12269 
12270 

3.378 
1.000 
0.554 

3 13638 
12269 

2.685 
0.751 

4 13638 
12269 
12270 

2.896 
1.198 
0.751 

5 13638 
12269 
12270 

1.856 
0.696 
1.171 

6 13638 
12269 
12270 

3.219 
0.730 
0.539 

7 13638 2.789 
 

CALCULATIONS 
 

In the calculation phase, Linear-System Theory assumption is valid. The 
which is effective between the near station A and the remote station B (two seismograph with a certain 
distance between them on the same line on the route where JCB hits when performing the absorption 
test), is defined in Formula (1). The absorption coefficient is calculated from the formula (2) (Mares et 
al., 1984). 

  B=Ae- x                                                                                                    (1)  
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               lnA
B
x

                                                                                                                                        (2) 
  e= i i

n
i=1

    i
n
i=1

                                                                                      (3) 

 
 

A : Acceleration from Near-Station (g) 
B : Acceleration from Far-Station (g) 
 

x : Distance between two stations (m) 
            : Absorption coefficient (m-1) 
e : Affective absorption coefficient (m-1) 

n, i : Number of measurements 
 
 

Formula (4) gives the relationship between sample particle-acceleration A0 and potential 
energy. k scale coefficients are calculated from Formula (5). The effective scale coefficient is calculated 
from the weighted-average of particle-accelerations with the help of Formula (6). 

                =                                                                                                                                        (4) 
 
 

            k= A2
0

m0Gh0
= A2

0

V0d0Gh0
                                                                                                                  (5) 

 
 
A0 : Sample particle acceleration (g) 
k : Scale coefficient (g kg-1 m-1) 
m0 : Sample mass (kg) 
G : Gravity acceleration (= 1 g) 
h0 : Sample height (m) 
V0 : Sample volume (m3) 
d0 : Sample density (kg/m3) 
               ke= ki A0,ii=1

A0,i
l
i=1  

                                                                                                                                 (6) 

 
 
ke : Affective scale coefficient (g kg-1 m-1) 
l, i : Number of measurements 

Particle accelerations of Akaya ar calculated by Formula 7. Particle accelerations at target Bhedef 

Palace). 
                Akaya= keVdGh                                                                                                   (7) 

 
                Bhedef = Akayae- e                                                                                                                           (8) 
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Akaya : Particle accelerations at the rock (g) 
Bhedef : Particle accelerations at the target (g) 
V : Volume of rock (m3) 
d : Density of rock (kg/m3) 
h : Height of rock (m) 
x : Distance between the rock and the target (m) 
                     Rlimit=

ln
Akaya
Blimit

e
                                                                                                                                   (9) 

 
 
Rlimit : Limit radius (m) 
Blimit : Limit particle acceleration (= 0.025 g) 
 
The target particle accelerations in Table 3 and Table 4 were calculated from Formula 8 and 9. 
 

Table 3 -Middle Gate (Bhedef) 
 

Rock no Volume 
(kg/m3) 

Density 
Kg/m3 

Height 
(m) 

X(m) Akaya (g) Bhedef (g) 

2 60 2000 69 166 6.9235 0.000410463 
3 80 2000 69 217 7.9946 0.000023827 
6 6000 2000 53 290 60.6795 0.000002503 

24 500 2000 72 48 20.4164 1.223766000 
 
 

Table 4 -Small Palace (Bhedef) 
 

Rock no Volume 
(kg/m3) 

Density 
Kg/m3 

Height 
(m) 

X(m) Akaya (g) Bhedef (g) 

2 60 2000 69 256 6.9235 0.000002097 
3 80 2000 69 306 7.9946 0.000000129 
6 6000 2000 53 397 60.6795 0.000000005 

24 500 2000 72 135 20.4164 0.007452716 
 
 

EVALUATIONS AND CONCLUSIONS 
 

When Table-3 and Table-

For this reason, it is suggested that only rock numbered 24 should be divided into small pieces. Particle 
accelerations (g) at the place where rocks 2, 3,6 and 24 are dropped (o point) and at distances ranging 
from 0-150m are given in Figure 4. Threshold value of 0.025 g was chosen. 
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Figure 4. Particle accelerations vs distance 
 

According to these calculations: 
 

 Accelerations induced from dropping of rock-2 falls below 0.02g at a distance of 96 m from the source, 
 Accelerations induced from dropping of rock-3 falls below 0.02g at a distance of 98 m from the source, 
 Accelerations induced from dropping of rock-6 falls below 0.02g at a distance of 133 m from the source, 
 Accelerations induced from dropping of rock-24 falls below 0.02g at a distance of 114 m from the 

source. 
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ABSTRACT 

 
Frothers that are surfactants are used in flotation to reduce bubble size and produce stable froth. 

The term critical coalescence concentration (CCC) is described the minimum concentration giving the 
minimum bubble size. The aim of this study is to examine the effect of single and dual-use of different types 
of frothers on bubble coalescence and bubble size. The bubble size was stated as Sauter mean bubble size 
(d32) which is expressed as the ratio of bubble volume to the area is measured by ImageJ program. Aliphatic 
alcohol type frother (MIBC) and polyglycol type frother (Dow Froth 250) were used in this study. Depending 
on the increase of the frother concentrations, critical coalescence concentration (CCC), froth height, surface 
tension measurements were performed for single and dual-use of the frothers. According to the results, it 
was determined that MIBC reached the CCC value at a higher concentration compared to Dow Froth 250. 
Besides, smaller size froth was produced with the Dow Froth 250. However, better results were obtained in 
terms of bubble size when using frother blend.  
 
Keywords: Frothers, critical coalescence concentration, froth height, surface tension 
 

INTRODUCTION 
 

Froth flotation method patented in 1905 has been widely used for separating minerals based on the 
difference in surface properties of hydrophobic and hydrophilic minerals. In its application, the air or gas 
bubbles are introduced into suspension and the collision of air bubbles and mineral particles is performed. 
The bubbles attached to hydrophobic particles carry these particles to the froth phase (Wills and Finch, 
2016; Ata 2012). 

 
Frothers in flotation are used to facilitate air dispersion into fine bubbles by preventing bubble 

coalescence in the pulp phase, and stabilization of flotation froths (Gupta et al., 2007). They are mainly 
heteropolar organic reagents that provide strength to the air bubbles to transport the collected 
hydrophobic particles as the froth products. It is known that the surface tension of the solution decreases 
because of the heteropolar nature of the reagent when the frothers are added to water. As the surface 
tension of solution lowers, more stable froths are generated and bubble coalescence is prevented in pulp 
phase (Klimpel and Hansen, 1988). Froth structure and froth stability have a significant role to determine 
mineral grade and recovery. The type and amount of frother, particle hydrophobicity, particle size, quality 
of process water, gas dispersion and particle contact angle influence froth stability (Farrokhpay, 2011; 
Schwarz and Grano, 2005). 

 
Frothers can be classified into three groups. The first group is alcohols which contain aromatic 

-creasol and 2, 3-xylenol and aliphatic alcohols such as 2-ethylhexanol, diacetone and 
methyl isobutyl carbinol (MIBC). A second group is the alkoxy types such as triethoxy butane (TEB). Finally, 
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the third group is synthetic frothers consisting of PEO (polyethylene oxide), PPO (polypropylene oxide) and 
PBO (polybutylene oxide) types have been formed (Gupta et al, 2007; Gelinas and Finch, 2005). 

 
Critical coalescence concentration (CCC) is the most useful parameter used to evaluate frothers. 

Cho and Laskowski introduced this parameter in 2002. CCC is defined as a particular concentration at which 
the bubble size decreased with increasing frother concentration and then became stable. Critical 
coalescence concentration is the minimum frother concentration that effectively prevents air bubbles from 
joining during flotation (Szyszka, 2018). 

 
The aim of this study is to determine the effect of frothers and their blends on flotation. Therefore, 

first of all, the influence of frothers and their blends were examined in two phases systems.  Sauter mean 
bubble diameter and the critic coalescence concentration of the bubbles were obtained in the usage single 
and blend of frothers. In addition, froth height and surface tension measurement were undertaken. 
 

MATERIALS AND METHODS 
 

The tests were carried out in a two-phase system (water- nitrogen gas) using microflotation cell in 
order to specify their characteristics and differences depending on the concentration of frothers used as 
single or blend.  Methyl isobutyl carbinol (MIBC) and Dow Froth-250 were used as frothers. The tests were 
performed with distilled water. After the images of the bubble formed in the froth zone in the 
microflotation cell were taken by a camera, the bubble diameter was determined with image analysis 
program (Image J).  The experimental procedure for the measurements of bubble size has been described in 
Figure 1.  Sauter mean diameter was calculated with the bubble diameter values. In addition, surface 
tension measurements were done for usage single and the blend of frothers. The froth height was 
measured with a scale placed at the edge of the microflotation cell. 

 
Figure 1. The experimental setup for the measurements of bubble size 
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Microflotation 
 

The microflotation tests were conducted in the modified Hallimond tube. 100 ml nitrogen gas per 
minute at a constant pressure of 1 bar was supplied to the microflotation cell with a volume of 170 ml 
through frit of 15 μm pore diameter located at the bottom of the cell. Frothers and their blend were added 
at 1, 3, 5, 8, 10, 15, 20, 25, 30, 40, 50 ppm concentrations and volume of 100 ml into microflotation cell. The 
frother blend was prepared adding at a ratio of 50:50 from both of the frothers. 
 
Bubble Size Measurement 
 

In the test technique, after the rising bubbles through the microflotation cell were collected on the 
froth zone, the Digital USB microscope with 1000X zoom (Bushman CMOS 8 Led Microscope) connecting to 
the computer was used for taking photos from the froth zone. The diameters of all the bubbles taken in 
each image were measured with Image J software (version 1.8.0) to figure the Feret diameter. Sauter mean 
diameter formula was used for the transformation Feret diameter of the bubble.  

Sauter mean diameter is one of the main indications to define bubble size of frothers. Equation (1) 
was utilized to calculate Sauter mean diameter, which is given below;  
                                                                                                                                                                    (1) 
 Ap and Vp are the surface area and volume of the bubbles, respectively.  
 
Surface Tension Measurement 

 
A Du Nouy Ring Tensiometer (Krüss®) was used to measure the surface tension of frothers at 

varying concentrations. Surface tension was measured to determine the effect of concentration on their 
surface activity. For each frother, stock solution (2000 ppm) was prepared with distilled water and then 
diluted for desired concentration. Surface tension measurements were carried out for MIBC, Dow Froth 
250, and their blend in the range of concentration of 0-300 ppm. The blend was prepared by mixing the 
frothers in half the proportions. 

 
RESULTS AND DISCUSSION 

 
Bubble Size 
 

The tests were performed in the microflotation cell based on concentration of MIBC, Dowfroth 250 
and their blend. After the bubble size diameters were determined on the froth zone using Image-J 
programme at the end of the tests, they were calculated into Sauter mean diameters. In Figure 2, the 
sample images of MIBC, Dowfroth 250, and their blend at 50 ppm concentration are given. Figure 3 shows 
the effect of frother concentration on the Sauter mean diameter (d32) for the frothers and their blend. The 
results indicated that the bubble size decreased with increasing frother concentration. When the frother 
concentration reached critical coalescence concentration (CCC) the bubble coalescence was prevented and 
concentration above the CCC value did not have any effect on the size of air bubbles. The CCC value for 
MIBC was found to be the highest as 11.0, while that for the blend was the lowest as 6.0. The CCC value for 
Dowfroth 250 was between that for MIBC and blend. The minimum bubble sizes obtained using these 
frothers were correlated with their CCC values. The results indicate that MIBC- Dow Froth 250 blend is the 
most effective in terms of bubble size reduction and the least effective one is MIBC. The Sauter mean 
diameter values for MIBC, Dow Froth 250, and blend were obtained as about 3.55, 2.70, and 1.30 mm, 
respectively. 
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Figure 2. The images of MIBC, Dowfroth 250 and their blend at 50 ppm concentration 
 
 

 
 

Figure 3. CCC values determined depending on Sauter mean diameters and concentration of frothers 
 
Froth Height 

 
In general, frothers reach the highest froth height between 30 - 40 ppm concentrations. Afterward, 

the froth heights mostly remain constant or there are small increases. Concentrations of less than 10 ppm 
are typically used to measure froth height in flotation applications (Cappucitti and Finch, 2008). Figure 4 
shows the froth heights based on frother concentration. While MIBC has the lowest froth height, Dow Froth 
250 and the blend have the highest height at 10 ppm concentration. However, the froth height of the blend 
at concentrations higher than 10 ppm increased more than Dow Froth 250. As a result, it can be said that 
the polyglycol type frother (Dow Froth 250) has a higher froth height than the alcohol type frother (MIBC) 
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Figure 4. The effect of MIBC, Dow Froth 250 and their blend on froth height 

 
Surface Tension 

 
Surface tensions for MIBC, Dow Froth 250 and blend used in this study were measured and the 

results are shown in Figure 5. It is known that the frother molecules disrupt the hydrogen bonding between 
water molecules which lowered surface tension (Gelinas and Finch, 2005, An et al., 2018). According to the 
results, it can be seen that the surface tension decreased with increasing frother concentrations. It was 
found that the decrease in surface tension for Dow Froth 250 was more than MIBC, indicating that Dow 
Froth 250 is more surface-active. Surface tension for the blend was between that for MIBC and Dow Froth 
250. The surface tension of the frother from the highest to the lowest is as given below. 
Dow Froth 250 < Blend (MIBC-Dow Froth 250) < MIBC 
 

CONCLUSION 
 

Flotation of fine particles has become particularly important in recent years. One of the significant 
reasons for the decrease in flotation recoveries is stated as the inability of fine particles (<10 μm) to adhere 
to the bubble. It is necessary to produce small sized bubbles in order to increase of particle–bubble 
interaction. In this study, the synergic effect of the mixtures of frothers on the formation of small bubbles 
was investigated. The behaviour of industrial frothers such as MIBC and Dow Froth 250 and their blend in 
terms of critical coalescence concentration (CCC), surface tension and froth height were determined. The 
frothers showed the same characteristic with increasing concentration changes in all bubble diameter 
measurement tests. The bubble diameters first decreased rapidly and were almost fixed when they reached 
a certain concentration (CCC) and from this value, they were not affected by the frother concentration. 
While Dow Froth 250 was the frother with the lowest CCC value, the frother with the highest CCC value was 
MIBC in single use of frothers. However, the blend prepared with the mixture of both frothers has the 
lowest CCC value. In the froth heights tests, it was determined that polyglycol type frother (Dow Froth 250) 
has a higher froth height than the alcohol type frother. In addition, the tests related to surface tension of 
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frothers indicated that Dow Froth 250 was more surface-active due to its low surface tension. These data, 
which are measured in a binary system (liquid and gas), should also be examined with systems including ore 
or solid. Thus, the effects of frothers and their mixtures will be presented in a more realistic way for 
practice. 
 
 

 
 

Figure 5. Surface tension measurements of MIBC, Dow Froth 250 and their blend 
 

ACKNOWLEDGMENTS 
 

This study was financially supported by the Istanbul Technical University, BAP (Scientific Research 
Project) Department with the project ID 42787.  

 
REFERENCES 

 
An, M., Liao, Y., Zhao, Y., Li, X., Lai, Q., Liu, Z., He, Y., (2018). Effect of frothers on removal of unburned 

carbon from coal-fired power plant fly ash by froth flotation. Separation Science and Technology, 53(3), 
535-543. 

Ata S., (2012). Phenomena in the froth phase of flotation-A review. International Journal of Mineral 
Processing, Vol. 102–103, 1-12. 

Cappuccitti, F., Finch, J. (2008). Development of new frothers through hydrodynamic characterization. 
Mineral Engineering, vol. 21, 944-945. 

Farrokhpay S., (2011). The significance of froth stability in mineral flotation — A review. Advances in Colloid 
and Interface Science, 166, 1-7. 

Gelinas, S., Finch, J.A., (2005). Colorimetric determination of common industrial frothers. Mineral 
Engineering, 18, 263–266. 

0

20

40

60

80

100

0 100 200 300 400

Su
rfa

ce
 T

en
sio

n 
(m

V/
N)

 

Concentration (ppm) 

MIBC
Dow Froth 250
MIBC-Dow Froth 250



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

894

Gupta, A.K., Banerjee, P.K., Mishra, A., Satish, Pradip, P., (2007). Effect of alcohol and polyglycol ether 
frothers on foam stability, bubble size and coal flotation. International Journal of Mineral Processing, 82, 
126–137. 

Klimpel, R.R., Hansen, R.D., (1988). Frothers. In: Somasundaran, P., Moudgil, B.M. (Eds.), Reagents in 
Mineral Technology. Marcel Dekker, New York, 385–409. 

Schwarz, S., Grano, S., (2005). Effect of particle hydrophobicity on particle and water transport across a 
flotation froth, Colloids and Surfaces A, 256, 157-164. 

Szyszka, D., (2018). Critical Coalescence Concentration (CCC) for surfactants in aqueous solutions. Minerals, 
8, 431. 

Wills, B., Finch J., (2016). Wills’ Mineral Processing Technology, chapter 12th, Elsevier, 265-380. 



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

895

 
 
 

THE EFFECT OF FINE GRINDING ON CYANIDE LEACHING OF GOLD MINE TAILINGS 
 

B.  1, *, S.  1, H. Dündar 2 
 

1  
(* : ) 

2  
 

ABSTRACT 
 

-
, 

-  

 
 . 80

m) 

s 
s  m) 80), 

 
 

Key words:  , fine grinding,  
 
  



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

896

INTRODUCTION 
 

  , 
al  

-

 
 

  
 

-g
 

-
–

). 
-speed 

  
 

 
  -

 
 
 

f
 

, 200 ). 
 

 

 
 

MATERIAL AND METHODS 
 

 

- -  
-

- .  
 



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

897

1.  
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2.  
 

Particle 
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Amount  
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ABSTRACT 
 

Dewatering process has critical importance in terms of waste and process water treatment, 
reduction of harmful environmental effects of waste water, and reusability of scarcing water resources. 
Domestic and industrial (especially ore beneficiation) processes produce large volumes of wastewater 
contaminated with fine particles. The most common method used in dewatering is the conditioning and 
precipitation of pollutants with special chemical agents. The equipment commonly used for this purpose 
in mining industry is called thickener. 

 
The aim of this study is to examine the effect of static electricity on the sedimentation behavior, 

in addition to the methods used for dewatering industrial wastes. In this context, the flocculation and 
coagulation behavior of the sludge obtained from a blast furnace used in the iron and steel industry was 
investigated. Following the determination of the optimum flocculant and coagulant dosage, 
precipitation tests were performed using natural (without chemicals) and triboelectric implementation. 
Two commonly used methods (Talmage-Fitch and Coe-Clevenger) were used and compared for the 
determination of settling rates. 

 
Results of this preliminary study under certain conditions showed that triboelectricity yields 

higher rate of precipitation results compared to tests performed without chemicals and with the use of 
coagulants. However, they are quite low compared to the settling times obtained with the use of 
flocculants. 

 
Keywords: Dewatering, static electric, settling rate 

 
INTRODUCTION: BASICS of STATIC ELECTRICITY and DEWATERING 

 
Triboelectricity is based on the principle of changing the natural surface charges of the grains by 

the effect of static electric. Chemical bonds are formed at the molecular level between the particles 
touching/rubbing each other, and electron exchange takes place between the molecules with the 
breaking of these bonds (Bittnera et al., 2014; Iuga et al., 2001). Triboelectric series, on the other hand, 
is the name given to the material scale that provides a very general information about the amount and 
direction of the charges that will be formed by the touching/rubbing of different materials. Polymer 
structures, metals, minerals, many materials that we use in our daily life are located in different levels in 
the triboelectric series. When a material on the positive side of the triboelectric series is 
rubbed/touched with any material on the negative side, one of them is positively charged and the other 
negatively charged. The farther these materials are from each other on the triboelectric series, the 
higher the charge density (Diaza and Felix-Navarrob, 2004; Park et al., 2008; Wu et al., 2013; Panat et 
al., 2014). 

 
Micronized solid particles are widely used as intermediate or final product in many industries, 

especially in mining. These charged particles tend to suspend in the air and in the liquid which can cause 
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serious problems in the processes and in overall environment. For example, charged particles that 
encounter electrostatic forces on conveyor belts cause adhesions and thickening on equipment walls, 
reducing equipment performance. In another example, uncontrolled static electricity causes explosions 
with serious discharges in the air (Nifuku et al., 1989; Guardiola et al.; Yao et al., 2004; Ohsawa, 2003). 
On the other hand, many useful applications have been developed by utilizing the movements of static 
electrically charged particles in the electric field. Some of these are electrostatic separators (Dizdar et 
al., 2019), electrostatic dust collectors (Kleber and Makin, 1998) and dry electrostatic precipitators 
(Lawless, 1999). 

 
Although static electricity has been studied by many researchers for many years, this subject still 

contains many unknowns and conflicting results have been published. The reasons for this are briefly 
listed in the study compiled by Matsusaka (et al., 2010). There are many factors affecting the static 
electric based processes such as chemical, physical and electrical properties of materials and 
environmental conditions, uncertainties in the distribution of the amount of charge on the grains, and 
the difficulty of estimating and controlling the electrostatic charge. In this context, it is important to 
measure the electrostatic charge and evaluate the electrostatic properties in order to analyze and 
control the loading of the particles. However, it is also important to explore new areas of industrial 
applicability of static electric. Dewatering process has a critical importance in terms of purification of 
water from solid particles and recycling, reduction of harmful environmental effects and reusability of 
water. The aim of this study is to examine the effect of static electricity on the sedimentation behavior 
broadly in combination to the methods used for dewatering industrial wastes. In this context, the 
flocculation and coagulation behavior of the sludge sample obtained from a blast furnace used in the 
iron and steel industry was investigated. Experimental studies covered the determination of the 
optimum flocculant and coagulant dosages, precipitation tests with static electricity and comparing 
common methods used for the determination of settling times. 

 
Coagulation, Flocculation and Settling Time 

 
Coagulation and flocculation process are the unit physicochemical methods used for wastewater 

management (AWWA, 1999; Gregory, 2006). The purpose of this process is to 'flocculate' the particles in 
the water into larger particles using chemicals (Davis, 2010). Flocculants are small molecules or 
polymers that can be inorganic or organic (Tian et al., 2007). Polymeric flocculants can be classified as 
anionic, nonionic and cationic.  

 
Blast furnace sludge wastes are generally treated with polyacrylamides and FeCl3 (ferric 

chloride) for efficient dewatering. Polyacrylamides are a type of high molecular weight nonionic 
flocculants well known in mineral processing applications (Owen et al., 2002). FeCl3, which is a 
coagulant agent, is used in water treatment to precipitate sulfide and in wastewater treatment plants to 
precipitate phosphate, but it is very ineffective as a flocculant (Abbasi and Taheri, 2013). With the effect 
of static electric, there is a change in the natural surface charges of the grains. When the grains touch 
each other, they form a molecular level chemical bond (Dizdar et al., 2018). A flocculant and/or 
coagulant, which has an electric charge opposite to the electric charge of the particle, has to be used in 
order to reduce the zeta-potential and to accelerate the sedimentation/dewatering. For this reason, 
within the scope of this study, it is aimed to compare the precipitation times calculated using 
polyacrylamide, FeCl3 and static electricity. 

 
Industrial dewatering is primarily performed with thickeners in mineral processing operations, 

followed by industrial filters. Coe - Clevenger and Talmage - Fitch approaches are the most commonly 
used methods to determine the area and settling time of the thickener equipment (Parsapouret al., 
2014). In these methods, the settling time is calculated by measuring the change with time (Figure 1). 
The equations used to calculate the thickener areas with Coe-Clevenger and Talmage-Fitch approaches 
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Figure 1. Experimental method used to calculate the thickener area is schematized 
 
 = 1.25                                                                                                                                     (1) 
 
 = (  )( )/                                                                                                     (2) 
 
Where;  
A= thickener area (m2) 
W= tph dry solids fed to the thickener 
F= liquid to solids ratio by weight at any region within the thickener 
D= liquid to solids ratio of the thickener discharge 
S= specific gravity of liquid (kg/lt) 
C= pulp concentrations (kg/lt) 

 

 
(a) 

 
(b) 

 
Figure 2. Exemplary batch settling curves and tu determination with Talmage-Fitch (a) and Coe-

Clevenger (b) methods. 
 

MATERIALS AND METHODS 
 

Sample Preparation and Characterization 
 

Slag samples obtained from a blast furnace used in the iron and steel industry was used in 
experimental studies. This reaction by-product material was obtained from the existing thickener 
downstream located in the industrial plant. The analyzes of this material, whose contents and solid 
ratios radically change with time, were evaluated over average values. The sample was delivered to the 
laboratory having approximately 34% solids. The particle size distributions of the sample taken from 
different points (A, B, C, D and E) and the average contents of the feed sample are given in Figure 3 and 
Table 1, respectively. 

 

Time, t

Height, h

Time, t

Mudline 
height, H H1

H0

Hu

tu
Time, t

Mudline 
height, H H1

H0

Hu

tu



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

907

Approx. 150 ml samples from master sludge batch with 34% solids were obtained via a pulp 
sampler after strongly shaking the container. Solid amount of each 150 ml was also measured after 
completing sedimentation tests. Required calculations were performed according to measured weights.  

 

 
 

Figure 3. Particle size analyzes of samples taken from different parts of the thickener (top and 
bottom) at different times 

 
Table 1. Average chemical contents of the sample 

 
Content %, W 
Total Fe 34.377 

SiO2 7.591 
CaO 2.

97955 
MgO 0.

86625 
Al2O3 2.

45 
Na2O 0.

0755 
K2O 0.

178 
TiO2 0.

157 
S 0.

636 
Loss of 

Ignition 
3

4.555 
 
 

Experimental Studies 
 

Flocculation tests were initially carried out with approx. 150 ml of sludge samples (50 gr solids) 
with Polyacrylamide solutions (concentration=0.1%). Applied flocculant dosages were 10, 20, 30, 40, 50, 
60, 70, 80, 90 and 100 g/t for 50 grams of solids at each test. Following, coagulation tests were 
performed out with also 150 ml of sludges at dosages of 500, 1000 and 1500 g/t by using a FeCl3 
solution (concentration=10%). 
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In order to provide static-electricity, a laboratory scale static electricity generator unit was 

designed and used. In this setup, "rolls" and "bands" were produced from the materials at opposite ends 
of the triboelectric series in order to produce static electricity. Copper brushes were used to collect the 
generated electrical charges. By connecting the copper brushes to an electrode, the generated charge 
could be able to measured. The schematic and general views of the static electric generation unit are 
given in Figure 4. In the previous studies, it was determined that static electricity generation 
performance could reach a max of 35 kV when positively charged woven nylon-kestamide is used. When 
woven nylon-teflon and woven wool-delrin (Polyoxymethylene) are used, generated charges were 
measured as 28 kV and 28.6 kV, respectively. Experimental studies were carried out using a positively 
charged woven nylon-kestamide/teflon pair tape and roller at highest possible static charge. Settling 
tests with static electric was performed at the highest static charge possible. 

 
Natural settling times with no chemical addition were also tested. In both flocculation and 

coagulation tests, actual solid amounts were determined by drying the precipitate after the tests, and 
the applied dosages were recalculated according to actual weights. Each settling test was performed in 3 
repetitions and the average values were used in the calculations. Settling time determination with static 
electric application was performed at highest generated charge possible with 3 repetitions. Results of 
the settling times obtained with flocculant and coagulant were used to compare settling times 
calculated with Talmage-Fitch and Coe-Clevenger methods, along with the optimum dosage 
determination. Finally, results with optimum settling times obtained with flocculant, coagulant, static 
electric and natural conditions were compared. 

 

 
Figure 4. Generation and transfer of static electric to settling unit with schematical and actual 

images 
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The raw data obtained within experimental studies are given in Figure 5, collectively. Settling 
heights were noted for 24 hours of periods for each test. Afterwards, the settling time (tu) was 
calculated for test series using the Talmage-Fitch and Coe-Clevenger methods. 

 
Repeated tests were used to measure the error values in the settling rate calculations. The 

effect of polyacrylamide dosage on the settling rate calculated by Talmage-Fitch and Coe-Clevenger 
methods is given comparatively in Figure 6. It is seen that the optimum settling rate is around 50-60 g/t. 
Similarly, the effect of FeCl3 dosage on the precipitation rate calculated by Talmage-Fitch and Coe-
Clevenger methods separately and given comparatively in Figure 7. Here, it is observed that the 
optimum settling rate has been achieved around 1000 g/t FeCl3 dosages. As stated in previous studies, 
Talmage-Fitch method has been found to give relatively lower rates (Parsapour et al., 2014). Since, 
Talmage-Fitch method is considered to be relatively more reliable. 

 

 
 

Figure 5. Average settling curves obtained from each experiment 
 

 
 

Figure 6. Comparative analysis of the effect of polyacrylamide dosage on settling rate with 
Talmage-Fitch and Coe-Clevenger methods 
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Figure 7. Comparative analysis of the effect of FeCl3 dosage on settling rate with Talmage-Fitch 
and Coe-Clevenger methods 

 
In Figure 8, the comparison of the settling test results performed with 60 g/t Polyacrylamide and 

1000 g/t FeCl3, which are measured as optimum conditions, along with natural and static electric 
applications is given. Figure 9 also visualizes the comparison of optimum flocculant and coagulant 
dosages with chemical-free and static electric conditions. The highest precipitation rates were achieved 
with polyacrylamide, which is a widely used and powerful flocculant. However, in Figure 10, in which 
FeCl3, natural and triboelectric settling rates are compared, it is seen that static electric application 
provides better results in comparison with both chemical-free (natural) and FeCl3 conditions. 

 

 
 

Figure 8. Comparison of polyacrylamide, FeCl3, natural and static electric raw settling curves 
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Figure 9. Comparison of setting rates with polyacrylamide, FeCl3, natural and static electric 
conditions 

 

 
 

Figure 10. Comparison of settling rates with FeCl3, natural and static electric conditions 
 

CONCLUSIONS 
 

The results and recommendations can be listed as follows: 
 

1. Preliminary tests showed that static electricity (triboelectric) phenomena can be benefited 
for improved setting rates when generated and applied correctly. 

2. It is observed that static electricity has a positive effect on settling in comparison with 
natural and with coagulant conditions. However, it is far from catching the settling rate 
observed with the flocculant within given experimental route. 

3. In prospective studies, static electricity is planned to be tested with different flocculant and 
coagulant dosages. Also, experimental studies on testing the effect of different flocculants 
species (A110, A130, Magnefloc, Rheomax, etc.) and coagulant (Al2(SO4)3) types are also 
planned. 
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ABSTRACT 
 

The location of the mine facilities, type of mine fleets, road, and its geometric factors form a 
dynamic process. Besides, a growing volume of waste dump during the mine life unquestionably yields 
exponential higher levels of environmental crisis. In this regard, wrong site selection of haul road and 
dumpsite may damage the environment, wildlife, and even the ecosystem. Since the hauling system is 
the most influential factor in the hauling costs, there is a need for a plan to avoid waste of high capital 
expenditures associated with the appropriate locations. Allocating the waste dump is a challenging stage 
with many stochastic variables and related costs. This research provides a simulation framework to 
determine waste dump location and relocating time with an alternative, considering random factors and 
ecologically sensitive areas. The validation of the method was launched in an actual open pit mine. The 
synergistic effect of curvature and slope in each section, distance changing, parking, and repair shop 
location, with particular attention to reducing the road's negative impact on locating the dumpsite, were 
considered. The result leads to several modifications in the current case study. 
 
Keywords: Open-pit mine, waste dump, haul road, simulation, ecological constraints 

 
INTRODUCTION 

During recent decades, regarding the deepening of the open-pit mines, waste production crisis 
has plagued mine surroundings in case of environmental and economic issues. Since this problem 
contrasts to mining operations, it requires a long-term view to prevent a repeat of the unacceptable 
events such as wrong-site location seen over the waste displacing period before starting any operation. 
It is important to start with a consensus on objective factors with today's aim-oriented waste dump site 
determining. Most researchers agreed on distance and proximity to the road's exit point from the pit, 
crusher location, construction cost, mine fleet strategies, geological, environmental, and geotechnical 
properties (Osanloo and Ataei, 2003, Hajarian and Osanloo, 2020, Hekmat et al., 2008, Fu et al., 2015, 
Choi et al., 2009, Ramezanalizadeh et al., 2020, Puell Ortiz, 2017, Li et al., 2014, Li et al., 2016, Sari and 
Kumral, 2018, Kumral and Dimitrakoponlos, 2008, Li et al., 2013). Mainly, if several options for storation 
are available, looking for a common detonator is necessary. In order to assess the preferred choices, 
criteria for assessment must be chosen. The foundation ideal for selecting these criteria resides in the 
described factors as well as environmental policies. Mining operation mostly transportation affects 
surrounding wildlife populations (Davey et al., 2017). Also, the risk of closing mines by regulators and 
communities could happen if social and environmental constraints break(Cruz and Wakolbinger, 2008, 
Prno and Scott Slocombe, 2012). The damaging impression on wildlife on public roads is growing. In the 
United States, between 15 and 20% of terrains are affected by roads, leading to ecological events 
(Forman and Alexander, 1998). In the discussion of facility location in the mining realm, both in the 
waste dump and plant section, the main factors considered by researchers are as follows: 1-Economical 
Factors, 2- Technical Aspects, 3-Geomechanics, 4-Site Characteristics, 5-Environmental Subject, 6-
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Geological Factors, 7-Legal Factors; The diagrams in Figures 1 and 2 show a closer look at the statistics of 
these factors. 
 

 
 

Figure 1. Statistics of factors investigated in the discussion of waste dump location in open-pit mines 
 

 
 

Figure 2. Statistics of factors investigated in the discussion of plant location in open-pit mines 
 

Given the environmental factor's weight and importance, it is imperative to judge ecological 
effects, set threshold indexes, and incorporate the ecological model within waste dump allocation. 
Ensuring complete conformity with the main principles enshrined in the framework of environmental 
regulations and engineering principles, the stages of planning waste dump location in open-pit mines 
must be as follows:  

1- Maintain the sustainability of ecological terms. 
2- Ensure sufficient capacity for disposal place is available  
3- Safekeeping of natural features in the area of disposal and appropriate observation treatment  
4-Waste disposal planning from its origin through the haulage phase up to the final place and 
monitor the environmental and technical sector's concerns.  

 
Meanwhile, the following particulars about these objectives are noteworthy: First, these objectives play 
an instrumental role in reaching the dump site selection criteria but not as goals. Second, because 
objectives are in struggle, and the long-term goal is to reduce the cost of waste displacement, a 
simulation-oriented approach is necessary. Many studies with the general approaches, characteristics, 
and limitations focused on simulation models in open-pit mines. In the field of mine fleet simulation, the 
main goals are to analyze and increase equipment utilization, select type and combination of hauling 
trucks, dispatching systems, and maintenance plan (apos et al., 1968, Krause and Musingwini, 2007, 
Zhang, 2019, Muniappen and Genc, 2020, Roberts, 2002, Camargo et al., 2018, Lashgari and Sayadi, 
2013, Ogbonlowo and Wang, 1987, Dindarloo et al., 2015, Dindarloo and Osanloo, 2015).  
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Simulation is also well established in other fields like economic and investment factors such as cost, 
NPV, related items, grade estimation, blasting, Ex-Pit and In-Pit crusher location, selection optimum 
mining method, and mine planning (Franco-Sepulveda et al., 2017, Lisboa et al., 2019, Tahmasebi and 
Hezarkhani, 2012, Paricheh and Osanloo, 2018, Ataei et al., 2013, Paricheh and Osanloo, 2017, Ding et 
al., 2019, Abbaspour et al., 2018, Leng et al., 2020, Sari et al., 2014, Koushavand et al., 2014). Nip and 
tuck to disquisitions, intelligent object-based simulation software handles the problem using the power 
of computers. They allow building a simulation model that fully captures both the details constraints 
and variation within the system, producing a feasible solution. 
 

SIMULATION APPROACH FRAMEWORK 

Qualitative factor analysis is the first step in modeling a dumpsite location, illustrated in Figure 
3/first ring. The first ring is well considered in contents, but sub-criteria's superposition in the second 
ring changes the condition. Hajarian and Osanloo(Hajarian and Osanloo, 2020), while considering the 
main criterion in the first ring, highlighted the role of distance and planning of construction cost on 
waste dump site location but haulage distance, stochastic road condition variables, and stochastic 
distribution haulage system, increasing of mine deep and developing direction derivates of topography 
and technical aspects, respectively is neglected. Other researchers less see the second ring's 
superposition effect in the case of stochastic haulage conditions.  
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Figure 3. Qualitative factors and derivatives 
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Performance Measure Metrics 
 
To operate the simulation cycle, affecting parameters and related sets of data must be supplied as 
follows: 

1- Distance  
2- Road gradient  
3-Environmental and safety parameters/restrictions  
4-Truck Speed 
5-Stochastical depending time (Load/Unload/Maintenance).  

 
The statistical result can be derived and analyzed to measure performance metrics based on such data. 
The performance metrics from the view of the time study data are briefly described in Table 1. 

 
Table 1. Performance metrics 

 
Performance Metric Description 

Production Number of entities* exited the system in the simulation time (Number 
of loads hauled by truck) 

Flowtime/Cycle Time Average time of entities in a system 
Non-Value-Added Time Waiting in queues 

Number Waiting on In Queue The average number of entities expected to be seen in a waiting line 

Utilization Percentage time of busy server** when servicing entities 
*Any object like a truck. ** Any intersection point in space

 
Since the state of objects in the open pit only changes at defined event time, the open-pit mine 

simulation atmosphere is a discrete-event simulation. To compute the performance statistics at the first 
step, we need to facilitate simulation to track events using an event calendar (which contains records of 
what will happen arranged by time). Input modeling and simulation output analysis need matching 
observed processing time to a standard statistical distribution in the second step.  
Figure 4 shows the travel range, pit exit, and waste dump unloading points that need to be observed 
due to the scattering of time when the trucks arrive. The algorithm follows the steps in Table 2. 
 

 
 

Figure 4. A schematic plan view of sensitive points during waste dumping 
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Table 2. Algorithm steps 
 

1: Compute Procedure Utilization of Trucks 
2: Create Table of Events based on Arrival Time, Interarrival Time, Processing 

Time)/Event Calendar. 
3: Setup the simulation (Determine the number of trucks, Initial Network Path, 

Distances, Associated times in loading and unloading points, Initial Speed, Initial 
capacity, Initial Sequence, Routing Logic). 

4: Remove the next event from the calendar and update the time. 
5: Execute the processes such as adding additional events and collecting statistics 

(Arrival and Departure Event Process, End Event). 
6: Repeat Algorithm Step 4-6 

 
Tools preparing 
 
Before getting started, setting up the correct variables that can consider the scope of the work is 
necessary. Objects of the simulation environment are shown in the hierarchy ranked in Figure 5. Table 3 
represents the description of the ambiguous items in Figure 5. To establish the approach, we must 
logically relate to each other, so it needs programming and defining complementary objects. For 
example, since we need to observe the waste dump and truck capacity, a TANK object can model a 
weight or volume capacity-constrained location for holding entities representing mass quantities. It 
includes initial content, refill, and empty mode states. Since processing and interarrival times are 
random variables, we can match a statistical model using observed data. Depending on the nature of 
the data, try to pick out a statistical distribution, to match the model. 
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Figure 5. Object designation for simulation 
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Table 3. Description of items in figure 5 
 

Item Description 

Initial sequence Specifying an entity to follow the desired sequence toward the station. 

Entity type The type (Name) of the entity that arrives on the source (s). 

Arrival mode The method used by the source object to generate a stream of entity 
arrivals. 

Entities per arrival The number of entities that will be arriving at the source. 

Interarrival time An expression that evaluates whenever an arrival occurs. Indicate the 
time until the next arrival. It can be derived from a distribution. 

Entity ranking rule The rule is used to rank entry into nodes among competing entities. 

By Link Weight The probability of choosing a particular path. 
Unidirectional/ 

Bidirectional 
only allows movement in one direction / Only allows entities to move in 

both directions 

Capacity type Fixed/Work Schedule. 
Process type The method used to model the processing of an entity. 

Processing time The time required to process an entity 

Input/Output of 
server station 

A node that supports connection to paths and selecting a destination, 
path. 

 
 

CASE STUDY 
 

Once the target and content of the proposed model are appropriately established, we run it for 
current and alternative waste dump locations. For this, we chose the SARVIAN iron ore mine 
environment located in the central part of IRAN. By Using the photogrammetry method, the mine area's 
digital terrain model (DTM) was obtained (Figure 6). Over two weeks, other required data were 
collected from direct observation in the loading, dumping, switchback, curvature, and grade breakpoint. 
The source of other data is listed in Table 4. The alternative location was selected according to 
environmental constraints and hosting capacity. Using the following objective function equation 
presented in the article by Hajarian and Osanloo, the alternative hauling road was designed (Hajarian 
and Osanloo, 2020). Details have been omitted to shorten the text. 
 

          (1) 
Where: 

: Flat distance between the middle point of two blocks : Block model index 
: Volume to be cut from block b and moved to block  during period t 
: (binary variable): 1 if block b is adjacent to block  and have directed path, 0 otherwise 

 Discount rate : Set of cut blocks : Set of pit blocks 
: Set of fill blocks : Set of waste dump blocks T: Set of the time period 
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Crushing Line

Waste Dump Area

 
 

Figure 6. A limited plan view of SARVIAN iron ore mine environment 
 

Having determined the road path, we follow the steps in Table 4 to determine the optimal location of 
the waste dump location. The current established fleet system has the properties according to table 5. 

 
Table 4. Comparison Steps 

 
1: Start 
2: Initialize Value 
3: Compute Performance Index (Cycle Time, Transferred Tonnage Volume) 
4: Update and Store Model 
5: Compare Both Model 
6: Return Best Waste Dump Location 

 
 
 
 
 
 
 
 
 
 

     Alternative Model 
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Table 5: Properties of the current fleet system 

Item Metric 
Number of excavators 2 Kumatsu PC 400/ 1 Kumatsu PC 250 

Number of trucks 14 (25 Ton)
Working schedule Mine policy 

Maintenance schedule Not considered 
Hauling distance Derived from DTM 

Road gradient (Each Segment)/Forbidden Area Derived from DTM 
Waste tonnage Engineering reports 

Truck travel speed Statistical data 
Truck capacity Statistical data (Mean) 

Loading/Unloading time Statistical data 
Waste dump capacity Derived from DTM 

 
The following points are noteworthy: 

- In the eastern part of the mine, animals such as foxes and turtles were observed whose lives 
were affected by the transportation system. 

- There was no hauling dispatching system in the mine 
- Due to the proximity of the crushing line and waste dump location, the bottleneck formed the 

entry point. 
 
Distribution fitting software was used for data analysis and fitting distribution charts (Table 6). The 
processing times at the working bench, dump location, and different haul road segments vary with the 
type of entities. 
 

Table 6. Type of processing times for truck entity, Source, and sink objects 
 

Entity type Load/Unload time 
(minutes) 

Interarrival time 
(minutes) 

Speed at curvature/ 
Switchback (Km/h) 

Mine truck Random/Uniform - Random/Pert 
Source (Working Bench) - Random/Pert - 

 
The model entity object has a container element that will hold up to each truck capacity. The truck 
entity arrives at a node and mass transfers from the first tank (Waste mass) into the container on the 
entity. Mass flow is transferred until the entity's container is full. At this point, the transfer of mass flow 
is stopped, and the entity travels to the next node. At this point, mass is transferred from the entity's 
container into the second tank (Waste dump).  
When the entity's container is empty, the entity leaves the node and travels to the sink. Figure 7 shows 
the logical processes of the proposed assumption in four steps. Having and analyzing collected data, the 
model coded in SIMIO (student version). The case study block diagram is shown in Figure 8. 
 

RESULTS AND DISCUSSION 
 

Truck productivity has a key measure which is a function of the total operating time of the equipment. 
Implicit factors such as turns, road quality, and road grade (Figure 9) are also highly influential. However, 
the most important factor is distance. With the physical progress of the operation and increasing the 
hauling distance, their impact is multiplied. Figure 10 is a simulation of truck cycles considering travel 
distance with progressive operation vs. wavering it. 
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Figure 7. The logical process of transferring waste to a truck (7a), Fill truck (7b), Transfer from truck to 
dump (7c), and Empty truck (7d). 

 

Figure 8. Waste dumping cycle diagram 
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Figure 9. Average travel time for 100m Vertical Rise (Laden) considering turns and road conditio 

 
 

Figure 10. Simulation of truck cycles in both constant and dynamic distance for the current study
 
It can be deduced that the intensity of the effects increases over time and is not a constant value. For a 
better mindset, the difference in results is shown in Table 7. This amount of cycle differences can have 
economic benefits in many ways. After defining the waste dump location, the tangible result is that it is 
necessary to study the results in detail. In the current study, the results of these nonlinear changes can 
be seen in the waste tonnage displacement diagram for 34 months in Figure 11. 
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Figure 11. Simulation of waste tonnage displacement for current and alternative 
 

Table7.Constant distance simulation vs. dynamic distance for 14 trucks and 34 months 
 

                                        Constant Distance Dynamic Distance 

Cumulative Cycles 2880514 2017393 
Difference: 762725 

 
The location of the alternative dump is such that the distance manifests its impact on operation 

progress. In the meantime, the existing turns and grades are also effective in intensifying this factor. In 
this chart, the 20th month is a turning point. Simultaneously with the increase of the truck cycle in the 
alternative case, the amount of cumulative waste tonnage exceeds the first case. From another point of 
view, the waste dump location can be replaced by an alternative at the turning point. In this case, the 
investment costs for the preparation should be considered. 
 

CONCLUSION 

This article aims to investigate the effect of the main road on the site of waste dumps in open-
pit mines. Activities of other researchers are categorized in both Figures 1 and 2. The influential factors 
were shown synergistically in Figure 3. Based on this Figure, a framework was designed to focus and 
analyze factors that participate in waste dump location that originates from the main haul road. Unlike 
previous multi-objective models that only relied on ranking and screening methods for finding a waste 
dump location, the current methodology tries to find alternative ones using scenario-based simulation. 
The nature of this method is based on the reality that can be measured over time. Using the equations 
in Hajarian and Osanloo's (Equation 1) article, we designed the path leading to the dumpsite. Then, by 
collecting data simulate the factors affecting the dumpsite location. The returned results show that the 
capacity, type of turn, road grade, distance, and road quality effectively affect the waste dump location. 
In the design process, restriction areas such as wildlife, woodland area to consider an environmental 
restriction considered in the model. Another tangible result is the turning point in the relocation of the 
waste dump, which occurs when the cumulative hauling tonnage is balanced in two modes. The role of 
processing plan and stockpile location also need to be involved in the calculation for future work. 
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PREDICTION OF COMPRESSIVE STRENGTH IN BRIQUETTING COAL RECOVERED FROM TUNÇBILEK SLIME POND 
 

S. Karaca1, *, 1 , 1 
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- - le 

 
 

: Briket,  
 

ABSTRACT 
 

This study investigated the compressive strength parameter, which is one of the most critical 
parameters in coal briquetting, using the fuzzy logic method. The coal sample was obtained from the slime 
pond belonging to the Garp Lignite Enterprise (GLI). The sample was sized into two groups (-500+212 and -

 used in the briquette 
preparation. Briquettes have been prepared at three different diameters (20, 30 and 40 mm), pressure (7.5, 
10, 12.5 MPa) and molasses ratio (%10, %15 and 20%). The prediction studies used press pressure, 
briquette diameter and molasses ratio as the input variables, and compressive strength was used as the 
output variable. The fuzzy logic prediction results were compared with the actual values. It was revealed 
that the fuzzy logic system could be successfully used in the briquetting process according to the results 
obtained. 
 
Keywords: Briquetting, compressive strength, fuzzy logic. 
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WATER FOOTPRINT ASSESSMENT OF CARBON IN PULP GOLD PROCESSING IN TURKEY 
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INVESTIGATION OF THE EFFECT OF ULTRASONIC PRETREATMENT ON COAL DEMINERALIZATION AND 

DESULFURIZATION BY FROTH FLOTATION METHOD
 

U. Demir 1, *, A. 1 
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 elde edilirken elektirik enerjisi 
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Anahtar kelimeler: Ultrasonik,  
 

ABSTRACT 
 

Three-quarters of the energy production in the world is produced from fossil origin sources and 
approximately 25% of the electricity production is from coal. As in the world, coal is an important energy 
raw material in our country. The use of coal in energy production causes serious environmental 
problems such as air pollution, greenhouse effect, acid rains. An important part of this problem arises 
from the sulfur content of coal. Sulfur removal from coal can be removed by physical methods 
depending on the structure of sulfur in the coal and liberalization grain size, but this removal rate 
remains very limited. Inorganic sulfur and mineral material can be removed from coal with the flotation 
method, which utilizes the surface feature difference. In this study, the effects of ultrasonic sound 
waves as a pretreatment on coal flotation were investigated. The most suitable working parameters for 
removing inorganic sulfur and mineral substances were determined and the results obtained after 
applying ultrasonic pretreatment were evaluated. Ultrasonic pretreatment laboratory type 35 kHz 
frequency and 350 W power ultrasonic bath was applied using different times (1-15 minutes). As a result 
of the flotation process performed after 5 minutes of ultrasonic pretreatment, 54.90% mineral material 
removal and 14.46% sulfur removal rates were obtained. After the ultrasonic pretreatment, clean coal 
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containing 11.72% ash and 6.04% total sulfur was obtained from the coals of Gediz region containing 
25.99% ash and 7.06% total sulfur. 
 
Keywords: Ultrasonic, coal, desulfurization, demineralization, froth flotation 
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UTILISATION OF BY-PRODUCTS AND ALTERNATIVE CONSTRUCTION MATERIALS IN MINE 
CONSTRUCTION 

 
M. Koivulahti 1, *, H. Jyrävä 1, P. Potila 1, A. Virtanen 2, A. Nissinen 3 

 

 
ABSTRACT 

 
UPACMIC (Utilisation of by-products and alternative construction materials in new mine 

construction LIFE12 ENV/FI/000592) is project aiming to utilize alternative construction materials in 
mining facilities. Alternative construction materials are industrial by-products such as fibre clay. Initial 
problem targeted by this project is that mine closure consumes high volumes of aggregates. Alternative 
construction materials can replace non-renewable natural materials such as gravel and moraines and 
commercial sealing products like bentonite mats and geosynthetic geomembranes. UPACMIC project 
pilot’s alternative material mixtures for cover layers, bottom sealing layers and reactive barriers. Best 
practices learned in the project are available at a guideline. Cover structures have been tested first in 
field tests in Pyhäsalmi Mine and Hitura Mine which is being closed. Fibre clay was used for the first time 
in the mining environment in Finland in cover structures. The sealing bottom piloting includes Sorsasalo 
and Hitura mine water treatment industrial by-product utilization in vertical sealing barrier construction. 
The piloting of the reactive barrier was carried out in Hitura Mine. The aim of the pilot is to test two 
passively operating water treatment structures. The impact of the project actions will be monitored by 
evaluation of the results from environmental and technical monitoring. 
 
Keywords: Alternative materials, industrial by-products, cover structures, bottom structures, reactive 
barrier 
 

INTRODUCTION 
 
Rapid growth in Finnish mining industry has been a trend in recent years as of the mined ore and 
number of companies with mining operations in Finland. Profitability is dependent on metal and 
industrial minerals price development and simultaneously the global mining sector has suffered from a 
longer period of lower commodity prices. This means that mines have pressures to reduce costs and 
improve productivity. Especially in Finland, the public debate is focused on environmental and social 
impacts of the mines and ministry-level action plan for making Finland a leader in the sustainable 
extractive industry gives pressure for the mining companies to develop best practices for environmental, 
ecological and social considerations. Continuous improvement actions are related especially to resource 
efficiency, new technologies for water purification and waste management. (Ruokonen, E. and Temmes, 
A. 2018). For these issues UPACMIC project tries to find new solutions. 
 
 
 



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

960

 

 

 
 

COVER LAYERS FIELD TESTS IN PYHÄSALMI 
 

Field tests were done in Pyhäsalmi Mine, located in Pyhäjärvi in Finland. The mine has produced 
copper, zinc and pyrite and in 2019 the mine is gradually closing its operations. Lysimeters were 
implemented in 2016 as 10 m3 lysimeter structures. Total number of lysimeters were 10. The objective 
of the field tests was to study materials in real circumstances. Tested materials were earlier tested in the 
laboratory. Focus in the lysimeter tests was to complement laboratory studies (water permeability and 
leaching characteristics) with the seeping water results. When the lysimeters were built, notice was 
taken especially on the material handling, mixing and compacting. The materials chosen for the 
lysimeters were the most interesting and potential ones which could be later used in larger scale pilot 
cover structures.     
 
Lysimeter Pilot Materials and Methods 
 

Fine and coarse enrichment sand used in the test was sands hails from the enrichment sand 
basin D of the Pyhäsalmi mine, from the depth of 0...2,5 m. The enrichment sand segregates to finer and 
coarser material when it is deposited to the basin as very watery material with the help of outlet pipe. 
The coarser enrichment sand was more homogenous than the finer sand, so the need of 
homogenisation was lesser with the coarser material. Based on previous studies, the enrichment sand 
mainly consists of sulfidic minerals (76%) which occurs mainly as pyrite (iron sulphide) and baryte 
(barium sulphate). Enrichment sand also contains smaller amount (<5%) of pyrrhotite and small quantity 
(<5%) silicate minerals e.g. plagioclase, quartz and olivine. Enrichment sands contains also some amount 
of burnt lime, which is added after the enrichment process to prevent the acid generation caused by 
sulphide minerals. (Räisänen&Bäcknäs, 2016) Materials used in the test and material information are 
presented in Table 1.  
 

Table 1. Total concentrations and material properties of the used construction materials. 
 

Material 
Al  

(mg/kg
) 

Cu 
(mg/kg

) 

Fe 
(mg/kg

) 

Mn 
(mg/kg

) 

Zn 
(mg/kg

) 

Ca 
(mg/kg

) 

S 
(mg/kg

) 

pH 
(-) (kg/m3

) 

Enrichment sand (fine) 7180 680 297000 590 1680 25400 294000 7,
0 1870 

Enrichment sand 
(coarse) 6910 720 315000 430 2180 20700 310000 6,

7 2380 

Ash 52400 120 142000 2430 240 72100 12800 9,
5 830 

Gypsum 340 13 400 21 20 277000 215000 2,
8 1290 

Moraine 12800 55 17500 240 63 5040 350 4,
8 2300 

Inert material 11000 20 20800 190 33 6570 210 7,
5 - 

 
Moraine used in the tests was local moraine from the southern part of the mining area. Grains 

over d60mm were sieved off. Based on the preliminary leaching tests, the moraine might have acid 
generating properties while the leachate pH was relatively low (4,4 in L/S = 8). However, based on the 
acid-base accounting (ABA) test results the moraine is non-acid producing. Gypsum used in the test was 
waste gypsum from Yara fertilizer plant located in Siilinjärvi. Gypsum was stored on top of tarpaulin and 
covered with tarpaulin. Ash was moistened fresh fly ash from Oulu Energia energy plant. Ash was 
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moistened in the plant three days before construction to 15,5 % water content when the ash was 
unloaded from the silo. During the construction the ash was stored in piles on top of the tarpaulin and it 
was also covered with the tarpaulin. In the lysimeter the ash functioned as a reactive layer, which 
objective was to change water seeping through the structures. Lawn topsoil was used as a soil layer in 
the lysimeter. Soil was built to all test lysimeters despite structures numbers 5 and 8. Grass was planted 
on top of the soil. Inert material refers to the bottom layer made of gravel and functioning as a filtration 
layer directing the water through the material. Inert material used is equal to sandy gravel. 
Lysimeter Structures 
 

The used vessels are 10 m3 volume cylindric containers, with inner diameter 2.4 m and height 
2.2 m. Every vessel is equipped with three drainage pipes (surface runoff, lysimeter, bottom of the 
vessel). The waters are steered to collecting wells. The waters for analyses are steered to lysimeter 
wells, from where the water is collected for amount and quality checks. (Karjalainen, N., Autiola, M. and 
Jyrävä, H. 2016.) 
 

The material layer structure and thickness in each lysimeters are presented in Figure 2. Layer 
composition was selected based on the preliminary laboratory tests (Karjalainen, N. 2016). 5 different 
top structures were tested for both coarse and fine enrichment sands including reference structures 
without top structures (lysimeters 5 and 8). Lysimeter 4 represents traditionally used top structure, 
moraine and soil cover, used in closure of enrichment sand basins in Pyhäsalmi mine. 
 

 
 

Figure 1. The layer structure of the tested lysimeters in Pyhäsalmi Mine. 
 
Sampling from the Lysimeters and Analytics 
 

The bottom wells and lysimeter wells were emptied 2-5 times in month and the seepage water 
amount was measured. The quality of the seepage water was monitored after 42, 134, 165, 233, 345, 
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375, 453/459 days. The samples were collected during one-week period from the lysimeter well 
between emptying. The seepage water amounts varied during the test due to weather conditions.  
 
Lysimeter water samples were analysed for Al, As, Ba, Cd, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, Sb, Se, V, Zn, 
Ca, K, Mg, Na and S (μg/l) and also for sulphate, fluoride, chloride and DOC (mg/l). The focus in this 
study was the leachability of the main components in the enrichment sand Cu, Fe, Zn, S, Ca and sulfate. 
In addition, pH and conductivity were measured weekly, on average, at the same time when the 
lysimeter wells were emptied. The main objective was to compare different top structures for fine and 
coarse enrichment sands and find the most suitable cover structures for future large-scale piloting. 
 
Seepage Water Quality and Amount  
 
The seepage water quality was monitored from each lysimeter wells 6-7 times during the follow-up 
period 23/05/2016-24/08/2017. The amount of seepage water was determined almost every week. The 
measured average concentrations of selected parameters (SO4

2-, Al, Cu, Fe, Mn, Zn, Ca), pH and 
cumulative seepage water amount and calculated L/S ratio based on cumulative water amount and dry 
solid amount, including enrichment sand, moraine and by-products in lysimeters, during follow-up 
period are shown in Table 2. The average concentrations were calculated mg/kg dry matter based on 
the cumulative seepage water amount and dry solids.  
 
The comparison of main metal leachate concentrations Cu, Zn and Fe calculated per dry solids are 
shown in Figure 2 for different coarse and fine enrichment sand top structures. The comparison of S, Ca 
and sulphate calculated per dry solids are shown in Figure 3 for different coarse and fine enrichment 
sand top structures. 
 
Table 2. Average concentrations of seepage water and calculated L/S ratios during the test. 6-7 
measurements were conducted from each lysimeters during 459-day follow-up. Dry solids used in 
calculations includes enrichment sand, moraine and industrial by-products. Inert material and soil are 
excluded. * Lysimeter 6 well had leaked during the tests. **Calcium was determined only from 3 
samples during the monitoring period.  
 

Lysimeter no. SO4
2- 

(mg/l) 
Al 

 
Cu 

 
Fe 

 
Mn 

 
Zn 

 
Ca** 
(mg/l) pH  

Cumulative 
seepage 
water (l) 

Dry solids 
(kg) L/S ratio 

1 4986 17,1 2,6 10,5 3573 237,1 456 7,7 995 14153 0,07 
2 3229 710,8 2,5 30,0 2827 37,9 513 5,8 780 12733 0,06 
3 2786 33,8 12,0 25,6 7740 21,0 603 6,0 1120 14065 0,08 

4 (traditional) 3103 42,1 2,0 75,3 146 193,3 404 7,5 1047 14090 0,07 
5 (no cover) 4914 72,8 4,6 24,3 2464 75,9 547 6,5 1169 15370 0,08 

6* 4692 15,9 5,1 11,9 1065 502,6 357 7,3 739 10930 0,06 
7 4104 22,0 5,5 11,8 1377 666,7 570 7,4 1043 14430 0,09 

8 (no cover) 3443 2753 6,7 48,3 8717 203,4 447 5,2 1273 15345 0,09 
9 2214 1337 5,4 41,7 8509 123,6 501 4,9 985 11900 0,10 

10 1600 2632 15,6 175 11835 206,0 587 4,5 248 13760 0,01 
Coarse enrichment sand          
Fine enrichment sand          
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Figure 2. Average soluble Fe, Zn and Cu concentrations from different top structures in comparison with 

dry solids content (mg/kg dry). 
 
Values are calculated by using average metal concentrations, dry solids content and amount of seepage 
water shown in Table 2. 
 

  
 
Figure 3. Average soluble concentrations of sulphur, sulphate and calcium from different top structures 

in comparison with dry solids content (g/kg dry).  
 
Values are calculated by using average metal concentrations, dry solids content and amount of seepage 
water shown in table 2. 

The variations in seepage water amounts between different top structures showed remarkable 
variations during the test. Especially lysimeters 2, 6 and 10 had lower seepage water amount (248-780 l) 
compared to rest of the lysimeters (985-1273 l). Lysimeter 6 emptying valve had leaked during the test. 
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L/S ratios of lysimeters varied at the end of the test between 0,01-0,1. The average pH of lysimeters 
varied between 4,5-7,7 during the test. 
 

The average metal concentrations (Table 2) measured from fine enrichment sand lysimeters 2, 3 
and 9 were mainly lower in covered structures compared to uncovered enrichment lysimeter 8. 
Lysimeter 10 had higher Mn, Zn, Cu and Fe concentrations compared to uncovered structures. The Fe, 
Cu, Zn, S, Ca and sulphate concentrations were calculated to mg/kg dry (Figures 2 and 3) for comparison 
leachability from the dry solids. The comparison showed that ash cover in lysimeters 2 and 3 seems to 
be effective to reduce leachability of most metals as well as sulphur and sulphate compared to 
uncovered structure. The calculated metal and sulphur compound amounts were relatively lower from 
lysimeter 10 due to almost 10 times lower seepage water amount. Therefore, the calculated 
concentrations showed in the Figures 3 and 4 are not directly comparable. 
 

The average metal concentrations (Table 2) measured from covered coarse enrichment sand 
lysimeters 1, 4, 6 and 7 had more variations compared to uncovered enrichment lysimeter 8. 
Leachability of Al, Fe and S were lower with covered structures. However, the leachability of Zn was 
remarkably lower with uncovered structure which seemed to be illogical. Comparison of metal 
leachability form covered coarse enrichment sand structures (Figure 2) the Cu leachability was low for 
all tested structures; Zn leachability was lowest for ash cover structure (lysimeter 1) and traditional 
structure (lysimeter 4).  
Based on the results, the coarser enrichment sand seems to have different leaching properties 
compared to fine enrichment sand. The weathering of the coarse and fine sands might have effect on 
the leaching properties. 

 
 

Figure 4. pH of the seepage waters from different lysimeters during 6.6.2016-24.8.2017. 
 

The pH monitoring results (figure 4) show, that lysimeters 1, 4, 5, 6 and 7 with coarse 
enrichment sand have averagely higher pH than lysimeters 2,3,8,9 and 10 with finer enrichment sand. 
Even the coarse enrichment sand with no cover (lysimeter 5) has increasing pH during the test. Finer 
enrichment sand with no cover, only soil cover or with soil and gypsum cover (lysimeters 8, 9 and 10) 
had lower pH during the test. The finer enrichment sand with ash cover (lysimeters 2 and 3) had 
increasing pH during the test. The ash addition with both enrichment sands seemed to have positive 
effect on pH. 
 

However, the use of industrial waste materials in cover layers of different type of mine tailings 
or enrichment sands needs to be verified case by case. The industrial waste (e.g. fly ash) quality as well 
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as the mine waste composition may variate a lot and the compatibility of different materials needs to be 
verified. (Niemelin, 2019)  
 

FIBRE CLAY SEAL LAYER TEST STRUCTURES IN HITURA 
 
Initial situation in Hitura mine is that the enrichment sand deposited in the basins has grain size 
distribution varying from silt to fine sand. The finest materials are in the middle of the basins and more 
coarser materials are in the sides. Enrichment sand contains sulphide minerals 1,4-5,9 % and sulphur 
0,6-2,5 % but it is not characterized as acid producing waste. The nickel and copper contents exceed the 
threshold value of the national Decree 214/2007 (Government Decree on the Assessment of Soil 
Contamination and Remediation Needs) and zinc, cobalt and chromium contents are below of the 
Decree threshold values. In addition, the sand contains small amounts of benzene, carbon bisulphite, 
diethyl sulphate and terpenes. (Niemelin, 2019) 
 
The constructing licenses demanded water permeability value of sealing layer is k < 1,0x10-8 and 
minimum sealing layer thickness for moraine is 200 mm and fibre clay 250 mm.  The cover/growth 
layers on top of sealing layer minimum thickness is 100 mm in both cases. (Niemelin, 2019) 
 
Sealing layer materials  
 

Fibre clay is produced as a residual material in paper recycling process in Paper industry. Fibre 
clay is easy to modify, and it is a light material with good resistance for deformations. It is a 
weatherproof material, so it can be transported and stored already in winter at its construction site. 
Fibre clay (Mänttä, Finncao) has water permeability between k= 1 x 10-9 m/s - k=1 x 10-8 m/s. The 
environmental eligibility has been analysed and despite of the process materials, all the generated fibre 
clay fills earth construction and land fill requirements. Fibre clay has been used several decades in 
landfill liners as cover and bottom structures. In addition, references can be found in shaping of ski 
slopes, bicycle and pedestrian lane structures, 10 exercise path structures and encapsulating 
contaminated soils. Most recent applications are golf course structures and field structures and different 
types of embankments and barriers. 
 

Fibre clays from Äänekoski, Mänttä and from Oulu were tested for compactibility, water 
permeability and environmental properties and the conclusion was that all of those are suitable to use 
for sealing the enrichment sand basins. (Niemelin, 2019) 
 

In order to ensure the usability of fibre clay, a test field was constructed on 14th September 
2017 by utilizing fibre clay from Metsä Tissue Mänttä. The size of the test field was approximately 10 m 
x 20 m and the bottom of the field was equivalent for the actual structure. The seal course was 
constructed as one layer, and the compacted thickness was 250 mm. The fibre clay was spread by using 
20-30 t crawler excavator. When driving over the seal course (fibre clay) the amount of overdriving was 
varied in order to determine the needed compaction work for the target dry unit weight (445 kg/m3 ). 
The compaction of the structure was followed with Troxler measurement and the achieved water 
permeability value k < 1,0x10-8 m/s is conformed using laboratory samples which are prepared 
afterwards from field samples from field troxler points. The results are showed in Table 3. Other two 
fibre clay were similar properties wise. All three of them were used in sealing layer construction. 
(Niemelin, 2019) 
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Table 3. Measurement of test structure characteristics and laboratory samples Mänttä fibre clay 
(Niemelin, 2019). 

 
Troxler 
points 

Over driving 
times (back and 

forth) 

Layer thickness 
(mm) 

Dry density 
(kg/m3) 

Wet density 
(kg/m3) 

Water 
content (%) 

k (*10-9 
m/s) 

1-5 1 320 441 1200 173  
6-10 2 290 475 1222 162  

11-14 3 280 542 1248 131  
TRX 1   447 1201  7,3 
TRX 8   445 1199  5,5 

TRX 14   447 1203  5,8 
TRX 1   449 1208  9 
TRX 6   453 1207  7,5 

TRX 6 (2)   454 1210  7,6 
TRX 8   446 1201  4,5 

TRX 11   467 1213  7,6 
TRX 14   447 1204  5,6 

 
Altogether, fibre clay materials were utilized in 148 850m2 Hitura I stage construction. The whole 
compaction layer area in enrichment sand basin 2 was 265 092 m2, which lead to: 56 % of the sealing 
layer area in enrichment sand basin 2 was constructed with fibre clay. During the construction, the 
densities of the used fibre clays were tested. Density targets were achieved with all used fibre clays (and 
moraine). Construction with fibre clay did not need any special equipment. The material was levelled 
and compacted with crawler excavators (Niemelin, 2019). 
 

 
 
 

Figure 5. Map of different fibre clay and moraine areas in Hitura’s enrichment sand basin 2. (Niemelin, 
2019) 
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VERTICAL SEALING BARRIER PILOT 

 
 In Sorsasalo near Kuopio, vertical sealing barrier structure is piloted and construction is 
continued. Idea behind barrier is that it utilizes waste and surplus materials which will be already 
dumped to the landfilling site. That’s reduce virgin material usage and shorter transport distances. 
Before it there is done pilot structure which conform the barriers feasibility. It is constructed by 
utilization of waste materials. Objective of vertical sealing barrier is to prevent hazardous leaching water 
to seep from hazardous waste material dumbing sites to ordinary landfilling area. These two areas are 
side by side. (Fortum, 2020) 
 
The constructing license says that minimum thickness of barrier is 1000 mm and its water permeability 
value k must be under 1*10-9 m/s. Barrier can be build any soil material that can achieve that water 
permeability value.  On both side of the barrier needs to be 500 mm wide drainage layer. (Fortum, 2020) 
 
 The core of the barrier is made of surplus clay. It is compacted by mould which is about 1 m 
wide, 3m long and 1 m high. The clay is compacted with crawler excavator by thin layer at a time. On the 
bottom of barrier is on each side drainage pipes which collect seeping water and transport it to water 
treatment. The drainage layer on both side of barrier is constructed by using coarse sieved bottom ash 
from Riikinvoima Oy. After drainage layer on each side is about 4-6 m wide support layer. On hazardous 
side it is constructed using Hitura mine’s water treatment sediment and Mondi Powerflute Oy’s fly ash. 
And common waste side with same fly ash mixed to contaminated soil which is dumbed on the landfill 
site. These horizontal layers will be constructed on top of each other’s as the landfill sites rise on same 
level. (Fortum, 2020)  
 
Vertical Sealing Barrier’s Feasibility Tests 
 
 Pilot structure is 1 m high 3m long and 1 m wide block of barrier layer, which was constructed 
using surplus clay. Clay barriers density was measured in 50 mm intervals layer by layer. When pilot 
structure was ready one sample was taken from the top of barrier and after that it were cut in half 
horizontally and from middle has taken another sample for laboratory analysis. In laboratory from both 
samples has prepared samples with same density and water permeability of samples was tested. Results 
were from between 1,5*10-10 – 5*10-10 m/s. That fulfil the threshold value 1*10-9 m/s and clay fit 
perfectly to usage case. Barrier’ fulfil parameters what are demanded from it, so construction was 
continued.  (Fortum, 2020) 
 

REACTIVE BARRIERS  
 
In Hitura mine is waste rock pile where seeping low metal concentrations water to the ditch. The idea of 
the pilot is to test passive (gravity driven and low maintenance) water treatment systems for mine 
seepage waters with low metal concentrations. The location was selected based on preliminary water 
analysis and available free space for piloting. Reactive barrier piloting is carried out in Hitura mine area. 
In reactive barrier pilot has tested by two different type structure. First is Industrial by-product-based 
reactive barrier structure and second is commercial material-based bottom structure. Water is taken 
from the ditch by submerged dam to elevate water level. From forming pond, water is taken as a side 
stream and divide to the two constructed test structures. Preliminary construction works were done in 
summer 2020 and pilot construction during summer 2021. 
 
Industrial by-product-based structure contains two water treatment steps: 1) pH adjustment with 
limestone barrier and metal precipitation and 2) metal adsorption with by-product based geopolymer 
adsorbent. Limestone fraction used in the pilot is 5-20mm and it is surplus material from limestone 
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producer SMA Minerals Oy. Geopolymer adsorbent for the pilot is provided by KAIVASU-project and it is 
produced in Oulu University. The principle of by-product-based reactive barrier pilot is shown in figure 6.  
 

 

 
 

Figure 6. Reactive barrier pilot structure. 
 
Main working mechanism is in first step that limestone increse pH value from acidic to alkalic. In alkaline 
condition ionic metals precisipate as metalsalts and form with calcium low solubility sediment. After this 
first step the second is residual metal adsorption with geopolymer. Geopolymer is packed to bag which 
water can penetrate easily. Bag is fitted into the well after precipitation pond section (figure 6). Idea is 
that most of the reduction occured in barrier presipitation pond and residual metals is adsorbed by 
adsorbent. Monitoring is still ongoing so geopolymer adsorpton results is not yet fully combined and 
evalueted.  
 

 
Table 4. Average values of inflow water of reactive barrier pond. 

 
pH EC 

mS/m 
SO4

2- 
(mg/l) 

Al 
(mg/l) 

Co 
(mg/l) 

Cu 
(mg/l) 

Fe 
(mg/l) 

Mn 
(mg/l) 

Ni 
(mg/l) 

Zn 
(mg/l) 

5,48 278 2083 3,082 0,188 0,435 0,391 1,426 6,013 0,601 
 
 

  
 

Figure 7. Reactive barrier performance monitoring. 
 
As can see from figure 7 the reactive barrier removes effectively metals and heavymetals from water. Al, 
Fe, Cu during whole monitoring period. Zn removing efficiense is over 90% during first 2 months but 
removal efficiensy decrease after that. Nickel removal efficiensy is in first 2 month quite good but after 
that it about 10 %. Nikkel initial concentration is much higher (t. e. 10 time higher than zinc) than other 
metals, so lover reduction prosentage is resonable.  
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Commercial material-based structure contains two water treatment ponds with similar structure. The 
idea is, that water flows through active geocomposites in each pond. The geocomposite is Tektoseal 
Active HM 4000 which is manufactured by HUESKER Sythetic Gmbh. Geocomposite keeps inside cationic 
adsorbent which adsorb metals from water.  The system is gravity driven (passive). The water flow is 
adjusted so that the water level in each pond is approximately 10-20cm. The planned flow rate is 4 
m3/day but – with regard to lab test results - the material can handle flow rate up to 12 m3/day. The 
principle of horizontal reactive barrier pilot is shown in figure 8.  
 

 
 

Figure 8. Reactive mat’s pilot structure. 
 

Table 5. Mat system waters average initial values. 
 

pH EC mS/m SO4
2- (mg/l) Al (mg/l) Co (mg/l) Cu (mg/l) Ni (mg/l) Zn (mg/l) 

5,63 290,00 2241,43 2,56 0,17 0,37 6,19 0,57 
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Figure 9. Mat structures 1st and 2nd ponds metal reductions compared to initial concentration. 
In figure 9 is shown the reduction of metals and heavy metals in reactive mat pilot structure 

during monitoring period. As can see the first mats removal efficiency is weakened during monitoring 
period dramatically. The breakthrough is occurred with zinc and almost nickel. Metals compete about 
space on the adsorbent surface. In the end of monitoring period the zinc atoms start to give their spots 
to other metals and reduction is negative. After the second mat removal efficiency is still in good level 
during whole monitoring period.  
 

CONCLUSIONS 
 

The lysimeter testing carried out in Pyhäsalmi showed some promising results for utilization of 
industrial wastes in mine cover structures. Especially use of fly ash in cover structures of acid generating 
enrichment sand seemed to lower the leachability of metals and hold the pH level of leachates near 
neutral with both tested enrichment sand grades. Compared to the traditional moraine cover structure 
the use of fly ash has potential in material savings in. In this testing 0,1m thick fly ash cover layer gave 
similar or even better leachability results with coarser enrichment sand compared to 0,8m thick moraine 
layer. UPACMIC project continues with large scale construction in Hitura Mine, which is located in 
Nivala, Finland. Fortum Waste Solutions has used fibre clay in the cover structure of enrichment sand 
basins. In addition, reactive dam has been constructed as a reference structure for mobile water 
treatment plant for the comparison of these two different water treatment methods. Alternative 
materials are tested in Hitura Mine, in bottom structure and in reactive dam structure, which is meant 
to filtrate harmful substances from the mining area waters.  
 

In the cover structure construction, fibre clay materials were utilized in 148 850m2 which is 56 % 
from the sealing layer area of enrichment sand basin 2. The vertical sealing barrier pilot was success and 
it work as intended.  The required water permeability value is reached, and construction will be 
continued layer by layer when more height is needed. At the first 2 month of the monitoring period both 
pilot structures for passive water treatment perform quite well. Heavy metals such as nickel, copper, 
and zinc concentrations has reduced 60-95 % and almost all aluminium has been removed from water. 
The limits of structures are also almost reached which helps designing larger structures in the future.  
 



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

971

 

 

AKNOWLEDGEMENTS 
 
The authors thank EU LIFE funding (LIFE12 ENV/FI/000592) for the project funding and Ministry of the 
Environment and Yara Finland for co-funding. 
 

REFERENCES 
 
Fortum. (2020). KOEKENTTÄRAPORTTI, MÄKELÄ ALUE 2 SAVI KUOPIONKÄSITTELYKESKUS, 

PYSTYERISTYSSEINÄ TAV/VJ-KP VÄLI. (non-public).  Research report. 
Niemelin, T. and Suikkanen, t. (2019). Technical report, piloting cover structure. (action B1) UPACMIC 

LIFE12 ENV/FI/000592. Available: 
https://projektit.ramboll.fi/life/upacmic/matsku/deliverables/Reports/B1%20Technical%20report,%
20piloting%20cover%20structure%20with%20PR4.pdf. 

Räisänen, M-L. Bäcknäs, S. (2014). Pyhäsalmen kaivoksen kaivannaisjätteiden geokemialliset 
ominaisuudet, hapontuotto- ja metallien liukenemispotentiaali (non-public). Research report. 
Geological survey of Finland. 

Ruokonen, E. and Temmes, A. (2018). The approaches of strategic environmental management used by 
mining companies in Finland. Journal of Cleaner Production 210 (2019) 466-476. 



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

972

 
 
 

ÜNYE (ORDU)   UV-VIS  
 

CHARACTERIZATION OF CALCIUM TYPE BENTONITE FROM UNYE (ORDU) REGION BY UV-VIS ABSORPTION 
SPECTROSCOPY 

 
Y. E  1, O.E. Kök 2, * 

 

1T.C. Enerji ve , Ankara, Türkiye 
2   

(*Sorumlu yazar: oeserkok@iste.edu.tr) 
 

ÖZET 
 

Bentonit, 
 kil olarak  

 

 (genellikle sodyum 
ve kalsiyum) element bulunm
temelde Sodyum Bentonit (Na-Ben), Ara Tip Bentonit (Na/Ca-Ben) ve Kalsiyum Bentonit (Ca-Ben) olmak 

 Bentonit, rezer
abilmesinden hammaddeler 

 
l ve 

 
- -

. 200-  optik 
  

 
 

: Bentonit, uv-vis absorpsiyon spektroskopisi, ca-ben 
 

ABSTRACT 
 

Bentonite is defined as a crystalline, porous and soft rock formed as a result of the weathering 
of volcanic ash, lava and tuffs rich in aluminum and magnesium. Bentonite, which is included in the 
smectite group clay minerals due to the fact that the dominant mineral (>75%) in its composition is 
montmorillonite, is among the soft colloidal aluminum hydrosilicates. The named and types of 
bentonites varies according to the dominant element/mineral type in their chemical composition. 
Although there are many minerals in its composition, there are basically three different types: Sodium 
Bentonite (Na-Ben), Mix-Type Bentonite (Na/Ca-Ben) and Calcium Bentonite (Ca-Ben).  Bentonite is 
among the important raw materials because its reserves are located in a wide geography in the world 
and can be used directly in many sectors. The usage areas vary according to the bentonite types. 
Therefore, it is necessary to determine the physical and chemical characteristics in detail in order to 
better determine the existing usage areas and to take place in new sectors. In this study, the 

high-quality Ca-Ben type of our country, 
were determined by UV-Vis absorption spectroscopy method. Within the scope of the study, optical 
measurements were made between 200-1100 nm wavelength; the results obtained were associated 
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with the physical and chemical analyses in the literature, and evaluations were made between the 
current and potential usage areas. 
Keywords: Bentonite, uv-vis absorption spectroscopy, ca-ben 
 

 
 

 

rlar. Bu 

geneli 
 

 

-

 
 
Smektit grubu kil mineralleri 2Al2O3.8SiO2.2H2O.nH2

2O,  Bu kil 

  
 

katyon  
.  

 
Smektit grubu kil mineralleri  olarak 

 Bentonit, 

kimyasal alterasyonu neticesinde meydana gelen bentonit, 
-Nagar ve Sary, 2021). 

 

Fiziksel ve , 
   

(ABD), Ponza ve Sardunya 

2018). 
 toplam 
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 bentonit y , 2017; MTA, 2018) 
 

Kalsiyum Bentonit (CB) 
 

 ve daha  -  
  

r. NB tip 
 

 
 

 
                                                   (1) 

 
  CB tipi bentonitin 

ilave olarak UV-Vis absorpsiyon spektros  
metodu hem de 
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kedi kumu gibi 
 

 
  

 
 

  
 

 X-  (Rigaku marka ZSX Primus II model), X- aksiyon 
spektrometresi (XRD) (PANalytical marka Empyrean model),  (FEI 
marka Quanta 650 model) ve Brunauer-Emmett- (COSTECH marka 
Sorptometer 1042 model)  Bu analizler neticesinde ise 

  
  

 
Temin edilen numunenin XRF analizi 

 SiO2 Al2O3 Na2O CaO K2O MgO Fe2O3 TiO2 CuO ZnO ZrO2 K.K. 

% 65,94 20,14 0,87 4,97 0,45 0,44 2,89 0,22 0,032 0,008 0,03 4,01 

 

~
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it 
  minerali 

 kuvars ve dolomit gibi  
ve bentonit uyumlu morfolojisi 

 
 

 UV-  
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-  

 

 
 
 bentonitlerin UV-Vis absorpsiyon spektrumu 

 
spektrum  

 
+3 

meydana gelmektedir. -400 -
 nm 
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 SONUÇLAR 
 

UV-Vis 

, denge sabitlerinin 
  

 
Bu kapsamda,   olarak 

  . Bu durum 
bentonitin 

 metodu olabilmektedir.  
 

KAYNAKLAR 
 

 

Envanter Serisi No: 204, Ankara. 

 
El-Nagar, D. A., Sary, D. H. (2021). Synthesis and characterization of nano bentonite and its effect on 

some properties of sandy soils. Soil and Tillage Research, 208, 104872. 
Erdem B. (2004). Na-Bentonit ve organo-
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K

minerall
nin 

mekanik   arak, ikli sert minerallerin 
Mekanik  

sonucu elde edilen - tane una sahip  
 (1145°C, 49 dk.) ve granit (1205°C, 63 dk.) sinterlenerek % 

 
 

M  ile  
si    

 
: seramik. 

 
 

 

composition. During grinding, hard, coarse-sized impurities are ground into  size, got involved 
increased  that cause  

dispersed sodium hegzametaphosphate, than 
iron-

bearing minerals  - m sized material 

(1145°C, 49 min.)  (1205°C, 63 min.) sintering conditions, then the 

product. 
 

 , sintering, ceramics. 
 
 



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

980

 
 

k
bir 

grubudur. Killer malzeme 

 
da devam etmektedir (Ferrari ve Gualtieri, 2006; Kahraman, 2006; Tarhan ve Tarhan, 2019). 

2000)  
(Ngun vd., 2011). 

s
sahiptir.  

 
Kil mineralleri literatürde,  

. Kaolin grubu kil mineralleri  

 ( ). 
nin indedir. 

400-
 birincil mullit kristalleri 

– de ise birincil mullit 
 (Castelein vd., 2001).  

 
 sonucunda Birincil 

kuvars, mika, demirli ve 
 alabilmektedirler üzerinde 

  

 
 

- - -13 -15 m 

piro  (Ece vd., 2008)

). 
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  -  
konileme-  ler 

. Numunenin 105o ki etüvde 4 saat 
 Çizelge -  

 
 

Çizelge 1. Tüvenan  
 

 2 2 3 2 2 3   2  2  
12,0 50,9   3,9 0,2 0,4 0,2 1,1 

              *  
 

Çizelge asal   
TiO2, Fe2O3, CaO, MgO, Na2O ve K2O de  

, gibsit ve  minerallerinin  
2). 
 

 
 

Tüvenan  
 

 
 

 
 ülmektedir.  
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emme testi TSE EN 10545- - olarak 
 

 
 

 
 
-  
 

- - - - - -
 

 
Çizelge 2. -  

 
 

  2 2 3 2 2 3  
 

 2  2  

-  10,4 51,6   8,0 0,0  0,3 0,0 1,3 
-  12,5 50,1 31,0 0,6  0,0  0,2 0,0 1,0 
-  11,9 51,9 30,4 0,6 3,6 0,0  0,2 0,0 1,3 

-  11,8  30,2  3,1 0,0  0,3 0,0 1,2 
-0,5 12,5 53,0 29,5   0,0  0,3 0,0 1,3 

 
-0,5 mm 

2O3  iken -
 2O3, SiO2 2

. Bu  2O3 -
2 

-  
 
-  
 

 
-

 
 

Çizelge 3. Mekanik  
 

   2 2 3 2 2 3   2  2  

  11,9 50,2 26,4 0,6 9,6 0,1 0,2 0,1 1,0 

-  82,5 12,2 50,9 31,3  3,2 0,1 0,3 0,2 1,2 
 

M   -

analizler sonucunda 2O3, SiO2 ve Fe2O3   %26,4, %50,2 ve %9,6 
iken -   
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ndan elde edilen malzemelerin seramik 
 

karosu   49 dk sinterleme süresi ve granit  
ve 63 dk sinterleme süresi  

 
 

 
 

    
Granül/Toz Rutubeti  6 

 2 325  

 °  1145 1145 
  49 49 

  9,12 4,90 
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Granül/Toz Rutubeti  6 
 2 400 
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a 9,24 6,31 
b 11,52 9,48 

 

 
 

. Mekanik 
 

 Demir mineralleri 

 

  64,55 ve 58,14 
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ABSTRACT 
 

Stope optimisation is developed to define a minable portion of ore deposit in an underground 
mine operation by considering cost and revenue items satisfying the targeted values of projected ore 
tonnage and grade. Stopes are designed, grade-tonnage is calculated, and extraction order is optimized 
by getting the solid ore model and resource block model as input. Stopes are transferred to a Gantt 
Chart to optimise monthly or yearly operation plans by the strategic scheduling. Finally, operational 
scheduling could be conducted to create a short-term mining plan following the extraction order of 
stopes defined by the strategic scheduling. Minable reserve could be determined based on the output 
obtained through stope optimisation and strategic scheduling optimisation. 

 
Ring design in a stope is important to reduce the dilution and to increase the ore production. 

Rings could be designed to accommodate the exact edge of a vein, especially for thin veins.  
 
A computer application on above mentioned issues are explained in detail by using Micromine 

2022 exploration and mining software.  
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(Ton) (Ton) (Ton) 

 1650  2900 

ANKARA 300 400 650 
ZONGULDAK  160 210 170 

 30 45 65 
TOPLAM 2140 3535  

 
 

 
  

 
OSHA 

 
 

 
 

 

 
 

 

 
 

 
 

 . 
 

 
 

(Madde 8) ” (Madde 
  
 

a) “
”  

  
“

 
 

(Madde 10)  
 



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

1023

a) “
 

”  
1) “

”  
2) “

”  
3) “

”  
4) “

 
 

“  
”  

(Madde 6) “

  
 

 

 
 

 
 

Bu  

 u 
 

 

 
 

 
 



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

1024

  

, 2015  
 

 
 
 

KAYNAKLAR 
 

-44 
 

 

 

-  
 

- -  

- 512. 

 -492. 

-  

-435 
-  

  

 

 

-260 

 

 



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

1025

 

 
 
 

 
TECHNOLOGICAL DEVELOPMENTS ON CHAIN SAW MACHINES AND REASONS OF BROKEN CHAIN SAW 

PARTS 
 

S. K  
 

Hacettepe Üniversitesi,  
(seyfi@hacettepe.edu.tr)  

 
 

 
 

 Kesici uçlarda ise elmas uçlar 
geli

 

i ucun 

 
verimliliklerinin 
verilecektir. 

 
Anahtar : , zincirli kollu kesici makinalar, kesici uç , 
kesme kuvveti.  
 

ABSTRACT 
 

Chain saw cutting machines were used first in coal mine. Later they were developed by 
Korfmann (1946) and started to be used in travertine and marble. Since 1998, the undercarriage of the 
classical rail (sliding) types has taken the form of tracked, rubber wheeled and tracked fixed rail. 
Diamond tips have been developed in the cutters, and differences have started in the chisel geometry 
and arrangement, resulting in an increase of cutting efficiency. In chain saw cutters (CSC), the most 
important part is the chain tool assembly that does the cutting work. The hardest working and most 
wearing elements of the CSC machine are the cutters in the chain set, the insert holders and the chain 
links. In field observations and some researcher cost calculations, the related subjects and figures are 
given, but the reasons are not mentioned. The main problem is the alignment of the insert in the tool 
and the lack of arrangement on the chain. Chain saw machines are operated with more or less factory 
design and general operating concepts, regardless of natural stone and quarry conditions. In this paper, 
information about increasing the efficiency of chain arm cutters used in natural stone quarries will be 
presented, problems will be explained and discussed and possible solutions will be given. 
 
Keywords:  Natural stone, chain saw cutting machines, cutting pick, chain, cutting pick array, cutting 
force. 
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da bahsedilen  a-
; b- ; c-

 
 

 
 

Makine B  
 

 
eri 

ta 
 

 
Kesici U  
 

 (  
 ).  

 -  Keski ucuna 
10 a 

gerekir. 
 

 
 

-  rulman,  
 

 
, 2006; 

d., 2010; , 2010; , 2014; 2015;  2018; d., Dagrain, 2011; 2012). 
 

 i kollu makinalar  
dizilimleri  1’  -  bunlar 
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Isparta’   – limra - – mermer---  
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.  1’ ta, 
 

 
 

1. , 
2. , 
3. , 
4. , 
5.  , 
6. alede gecikmeler, 
7. t . 

 
nin  

 
Zincirli kollu kesicilerin 

 vidalama yerleri keski tutucus  
-

  ve 
 ana nedenidir. 

 
dizilim yapmakla beraber sorunlar 

   
-  

 
 

 
 

 
 

  geometrisi 
 da (Mancini vd., 1994, , 

2006,  vd., 2010, d., 2009; 2010;  vd., 2009, , 2014; 2015) keski u  
,   ve lerine . 

 



 

Çizelge ç - -  
 

Ocak  Modeli  
Seri 
No (m) 

 
Kesim 

(m2/sa) 
 Kaynak 

Traverten 
XF Star Sup 13 2005 5593 6,2  4,45   AKSOY SEY 
XF  2014 6214 3,4  11,82    AKSOY 

Burdur Bej 
XF Star Sup 13 2008 5777 7,2  3,17    AKSOY 
XF Sup H 2018 6581 7,4 pcd  4,23    SEY 

Limra 

XF Sup H 2011 5995 7,4 #0/#1/#2/#3/#4/#5/#5 bis/#6 7,65    SEY 
XF Sup H 2008 5781 3,4 #0/#1/#2/#3/#4/#5/#5 bis/#6 5,42    AKSOY 
XF  2016 6374 3 pcd0/*1/*2/*3/*4/*5/*6  12,3   SEY 
XF  2016 6410 3,4  12,2   SEY 

Bucak Bej XF Star Sup 13 2011 5986 3,4  3,15   SEY 
  XF   2012   7,4  5,2   SEY 

 XF   2014   7,4  7,2   SEY 
 XF   2O14   7,4 0 7,3   SEY 

AFY Gri B   2021   7,4  9,3   SEY 
Limra  ZG MRCH 2007   5,4    6- 6,5 6,5-7,0 ÇA-YA   L 
TravertenANT YD       4,3   6,8-7,0 7,0 YA         L 
Ant Bej XF   2012   4,9 pcd 0 16 adet 2,8-4,3 5,0-5,5 YA          L 
Ant Bej XF   2014   7,2  7,0-8,0 8,0-9,0 YA         L 
Senir Bej XF   2017   7,4 #####    8,5    
Senir Bej XF       3,4  6,29    
kak TRAV YD   2013   6,8  11,5 18,5 ALSA     L 
AFY BE YD   2013   6,8  9.0 12,0 ALSA     L 
BEJ YD   2013   6,8  4,5 9,0  

 B   2015   7,2   9.o   SEY 
 HB   2O14   7,2 0   1   2   3  4    5   6   7   8    9   10   11   11.5   12KARE 5-7.0    SEY 
 XF   2012   7,2 o   10.5   SEY 
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 zincir rulman tutucu bölgelerinde 
 ( 15).  

 

 
 

5. Kesici  
 

SONUÇ 
 

ile ciddi paralellik 
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U TEK 
  

DETERMINATION OF BREAKAGE PARAMETERS FOR SEVERAL SIZE CLASSES OF COPPER ORE BY SINGLE 
IMPACT BREAKAGE TEST 

 
 1,*, B. Ozlu 1, 2  

 
 

(*Sorumlu yazar: can@colakoglumakina.com) 
 

 

 
 

,  boyunca cevherler maden ekipmanlar  de 
n 

 
 sebebiyle ciddi deformasyonlara 

ki  
ruplara ay

 . 
ma 
 , ilgili 

Darbe enerjisine ve 
e na tek darbeli 

lleri   
 

:  testi 

 

ABSTRACT 
 
In mining industry, particles are exposed to breakage in the interaction with mining equipments 

throughtout the whole process. Equipments like transfer chutes, crushers, mills etc. suffer remarkable 
deformations due to the particle breakage which varies in a wide range of particle sizes. The impact 
effect which arises at the contact areas of mills and crushers is particularly enormous. Therefore, it is 
important to understand the effect of breakage above facility equipments for their design, to predict 
equipments life spans and moreover the cost enhancements about the facility. In this study, copper ores 
in various size classes have been broken based on the single impact breakage event via using drop 
weight test set up. For every particle, specific crumbling energy value which is related to the height of 
the drop weight is determined. Then, this height has been increased with repeated experiments and the 
ores which are divided into various fragments have been sieved by the screen of the 1/10th of the initial 
particle size. At last, as using the formula which is related to the impact energy and the proportion of 
under screen weight of broken particle to the initial weight, breakage parameters have been 
determined. 
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Keywords: Breakage, copper ore, single impact breakage, drop weight test 
 

 
 

Maden endüstrisine  uzun 
 devam etmektedir. 

  (Napier-Munn vd., 1996).  cevherler 
diklerinden 

tesis   
. 

Tavares (2007) 
  1

ve bu  
  

 

 
 

1   
 

 

d Tekrarlanan 

(A ve b)   
 
 

 
 
Narayanan ve Whiten (1988)  ile 

t10 parametresi, 
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ini vermektedir (Napier-Munn vd., 1996). 

 
 

 

ol (Barrios vd., 2011). E enerji seviyesindeki 
t10  

 
 (1) 

 
Burada t10

10 
10 A olarak belirtilirken, b Ecs 

Ecs 

 
 

 (2) 

Burada Ei  veya darbe mp

Napier-Munn vd. (1996) 
denklem (1  

 
 

 (3) 
 

Burada y g md , 
 hi ve 

son hf .  
 
A ve b 

etmektedirler. A*b cs - t10 
A*b 

(Tavares, 2007). 
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Tablo 1.’de  Söz konu
numuneleri 2  

 

 
 

2  
 
   1

ki  
 

ekmektedir.  
 

denklem (3’de hf  
, belirli bir seviyede 

 
Denklem (1’deki ufalama 

enerjisi Ecs .  
 

. T
cevherin 

cevherin  
 t10  

 
C grup cevher cevhere ait ilk 

Ecs daha  testler 
 Denklem (1  t10 belirlenmektedir. Her bir cevher grubu  

Tablo 1’de .  
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Tablo 1  

 

 

cevher t10  A cevher 
. Deneyler sonucu elde edilen , her bir cevher 

enklem (1  gruplara ait b  
 

Bulgular 
 

Tablo 2  
– t10   

3-7   
 

Tablo 2  

 

 
 

3. – t10  
  

0,0

10,0

20,0

30,0

40,0

50,0

0,0

t 1
0 

[%
] 

Grup 
No 

Elek 
Boyutu 
[mm] 

Cevher Boyut 
 

[mm] 

Ecs 
[kWh/t] 

Enerji Seviyesi 
 

[kWh/t] 

 

1 0.5  5 (-0.8 + 0.9) 0.965 0.965 - 6.452 19 
2 1.0 10 (-0.7 + 1.0) 0.278 0.278 - 1.826 16 
3 1.4 14 (-1.0 + 1.3) 0.199 0.199 - 1.172 24 
4 2.0 20 (-1.5 + 2.0) 0.235 0.235 - 0.635 16 
5 2.5 25 (-2.0 + 1.9) 0.138 0.138 - 0.431 22 

Grup No A b A x b 

1 33.7 1.10 37.07 
2 20.00 2.81 56.20 

3 7.059 1.784 12.59 

4 10.204 3.017 30.79 

5 5.45 3.09 16.84 
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