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Abstract 

In practice, a number of methods have been developed for calculating the settlement of shallow 

foundations on sand, but in general it can be said that there is no standardized calculation method. 

The practice has shown that when calculating the settlement of mat foundation of large dimensions, 

significantly larger settlements are obtained compared to the measured ones. This may indicate cer-

tain shortcomings when using the usual empirical relations for settlement calculation. This work pre-

sents the most commonly used semi-empirical methods for calculating the foundation settlement on 

sandy soils, and it analyzes the results obtained using different approaches (Schmertmann et al., 1970, 

1978; Schultze and Sherif, 1973; Janbu et al., 1956), including the numerical simulations in the Set-

tle3 program, which combines the simplicity of one-dimensional settlement analysis with the visualiza-

tion capabilities of more modern three-dimensional programs. The analysis was carried out on one 

specific facility that was built in Novi Sad. During its construction, geodetic monitoring of settlement 

was performed, which enabled a comparison between the calculated and measured values.   

Keywords: elasticity theory, mat foundation, calculated settlement, geodetic measurement 
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1 INTRODUCTION  

The load on the foundation facility causes 

its vertical dislacement - settlement. The set-

tlement  process can be caused by the momen-

tary deformations of the soil, long-term con-

solidation or changes in the stress state in the 

soil, and the total settlement is typically divi-

ded into three components    (Figure 1) 

i c ss = s + s + s  (1) 

where: 

s - total settlement 

si - initial (current, elastic) settlement 

 
 
 

sc - consolidation settlement 

ss - secondary settlement 

A similar equation is used in the EC7 

regulations where for the settlement calcula-

tion in partially saturated and saturated soil, 

three components are also analyzed 

Ed i c s Cds = s + s + s s  (2) 

where: 

sEd - total settlement caused by the ac-

tion effects 

sCd – limit value of settlement, i.e. al-

lowable value of settlement 
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Figure 1 Schematic representation of the settlement components of different soil types 

 

The listed components of settlemen oc-

cur in all types of soil. However, in granular 

soils, such as sandy soils, the water permea-

bility is very high, so the majority of settle-

ment occurs almost entirely during the ap-

plication of the load (Figure 2). For this 

reason, in sandy (i.e., coarse-grained) soils, 

typically only the initial (elastic) settlement 

is calculated.   

 

 

 

Figure 2 Schematic representation of the temporal settlement of  

foundations in different types of soil 

 

The initial settlement of a shallow founda-

tion can be estimated using the theory of elas-

ticity, and depends on soil properties, founda-

tion type (rigid or flexible), and the location 

of the observed point (center or corner). Nu-

merous methods have been developed for 

calculating the initial settlement of founda-

tions founded on sand, but in general it can be 

said that there is no reliable "standardized" 

method that implies the consistent and accu-

rate settlement forecasting. The methods, 

used for calculating the initial settlement of 

foundations on sandy soils, can generally be 

classified into three categories [1, 2, 3]: 
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- methods based on measurements/ ob-

servations of settlement of facilities or 

large-scale models (these methods are 

empirical in nature and are correlated 

with the results of the standard field 

tests, such as cone penetration test 

(CPT) and Standard Penetration Test 

(SPT). This group includes the follow-

ing methods: Tercaghi and Peck (1948, 

1967); Mayerhoff (1956, 1965); De 

Beer and Martens (1957); Peck and Ba-

zara (1969); Burland and Bulbridge 

(1985). 

- semi-empirical methods based on a 

combination of observed settlement be-

havior and theoretical analysis. The 

most commonly used methods in this 

category included: Schmertmann (1970, 

1978); Schultz and Sheriff (1973); Bri-

jud (2007); Akbas and Kulhawi (2009). 

- methods based on theoretical founda-

tions, derived from the theory of elas-

ticity. 

Many methods rely on the results of in-

situ tests such as SPT or CPT, and therefore 

it is not possible to satisfactorily study the 

theoretical relationships between the differ-

ent methods.  Estimates obtained using var-

ious methods are typically evaluated 

through comparisons with measured settle-

ments, based on a large number of actual 

observations. The settlement of foundation 

mats of large dimensions can be evaluated 

using the methods based on the theory of 

elasticity, assuming that the load is trans-

ferred to the soil in a manner similar to that 

of classical shallow foundations of smaller 

dimensions, and considering that the set-

tling layer has finite thickness.   

This paper aims to analyze and compare 

the settlement results, obtained using different 

methods, in order to evaluate their reliability 

and precision in the assessment of behavior 

the foundation soil, when it comes to the 

foundation mats of large dimensions. As a 

case study, the settlement of the Court of Ap-

peal building in Novi Sad, which is founded 

on sandy soil, was analyzed. Geodetic moni-

toring of settlement was conducted during the 

construction period of this facility, providing 

valuable data for comparison. Settlement 

calculations were performed using several 

methods, based on elasticity theory, with a 

provisional definition of the final thickness of 

the settling layer. 

In addition, a numerical settlement analy-

sis was carried out using Settle3 software, 

which included the time-dependent progres-

sion of elastic settlement by phases, where 

each phase was defined according to the geo-

detic measurements.This analysis made it 

possible to identify the potential differences 

between the methods used, as well as to de-

termine the factors that affect the accuracy of 

settlement values obtained, which can con-

tribute to a better understanding the applica-

tion of these methods when analyzing the 

shallow foundations of large dimensions. 

2 THE MOST COMMONLY USED 

METHODS OF SETTLEMENT 

CALCULATION ON SANDY SOIL 

In practice, the equations from elasticity 

theory are most commonly used to calculate 

the settlement of sandy soil, despite the fact 

that the soil is not truly elastic and does not 

exhibit a linear stress-strain relationship. 

Nevertheless, settlement calculation based 

on the elasticity thory, is the simplest ap-

proach, as it requires only two soil parame-

ters (Es – - 

Poisson's ratio). This simplicity is the main 

reason for the frequent use of these equa-

tions. In cases where a rigid (non-

deformable) layer exists at a certain depth 

below the foundation base, and the soil is 

considered homogeneous, the settlement of 

a shallow foundation according to elasticity 

theory is given by [2]: 
2(1 )

( ')e s f n

s

s I I q B
E


       (3) 

where: 

se – elastic (initial) settlement 

qn – additional applied load 
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B – foundation width (B’ = B/2 – for the 

central point of foundation  

B’ = B – for the corner point of founda-

tion 

Es - modulus of elasticity of the soil (due 

to the multi-layer environments and inho-

mogeneous nature of soil, the value of Es 

may vary with depth. For this reason, a 

weighted average of the moduls is recom-

mended) 

ν – Poisson's ratio 

If – depth influence factor 

Is –shape influence factor  (these factors 

depend on the Poisson's ratio, and the ratios 

between foundation dimensions and thick-

ness of the settling layer) 

– factor that depends on the analyzed 

point and on the type of foundation through 

which the load is transferred. 

Regardless of the number of available 

methods based on elasticity theory, the 

methods proposed by Schmertmann 

(Schmertmann et al., 1970, 1978), Schultz 

and Sherif (Schultze and Sherif, 1973) and 

Burland and Burbridge (Burland and Bur-

bridge, 1985) are the most widely used in 

worldwide. This is due to the fact that their 

results show the highest accuracy when 

comparing calculated and measured settle-

ments, as well as their simplicity of use [4]. 

This paper focuses on the Schmertman's 

method and the Schulz and Sherif method, 

as these two methods have proven to be 

particularly accurate and reliable. 

The Schmertman's method is a semi-

empirical approach based on elasticity theo-

ry, by means of which the distribution of 

deformations is modeled in a homogeneous, 

isotropic, linearly elastic half-space. It as-

sumes that coarse-grained soil (sand) be-

haves elastically, meaning that deformations 

occur in proportion to the applied load. 

Based on numerous experimental studies, 

Schmertman proposed the following equa-

tion for calculating the settlement of foun-

dations founded on sand: 
2

1 2

0

z B
z

e n

z s

I z
s C C q

E






     (4) 

where: 

C1 – correction factor for the embed-

ment of foundation   

C2 – correction factor o account for 

creep in soli   

z – layer thickness 

Iz – strain influence factor of vertical de-

formations in the middle of layer 

The strain influence factor Iz increases 

linearly from zero at the foundation level, 

reaches a maximum value of approximately 

0.6 at a depth of B/2 (half the foundation 

width) below the foundation base, and then 

decreases linearly back to zero at a depth of 

2B below the foundation level. Due to these 

reasons in practice, it is often called the 

"2B-0.6 distribution" (Figure 3a). The cor-

rection factors C1 and C2 are determined as 

follows 

1 1 0.5 0.5
f

n

D
C

q

 
     (5) 

2 1 0.2 log
0.1

t
C

 
    

 
 (6) 

where: 

Df – weight of the upper layer at the 

level of foundation elevation (effective geo-

static stress) 

t - time from the application of load to 

the moment for which the settlement is cal-

culated, expressed in years 

Immediately after the construction of a 

facility, the correction factor C1 s taken as 

1. The elastic moduls Es can be defined 

based on the results of in-situ tests, such as 

SPT and CPT. Schmertman suggests that Es 

should be derived from the CPT static pene-

tration test for each individual case, using 

the expression Es = 2qc (qc – average re-

sistance of the static penetrometer tip in the 

sand layer whose settlement is determined). 

Since the original approach did not ac-

count for the foundation shape, the method 

was partially modified (Schmertmann et al., 

1978), with specific adjustments made for 

square and strip foundations. As a result, the 

shape of the influence diagram Iz (Figure 
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3b) and the corresponding equation for its 

determination were revised.   

,max

z,max

0.5 0.1
'

n
z

q
I   


 (7) 

where: 

’z,max – maximum primary effective 

vertical stresses at the depth where the in-

fluence factor  

Iz reaches its maximum value (i.e., at 

B/2 or B, depending n the foundation shape) 
 

 

 
Figure 3 Different variations of the distribution diagram of the influene factor Iz 

 

Considering that the stiffness is about 

40% higher under plane strain conditions 

compared to axisymmetric loading, a differ-

ent dependence between qc and Es was pro-

posed. For square foundations Es = 2.5qc 

while for the strip foundations Es = 3.5qc. 

As the dependencies are shown primarily 

for the square foundations (L/B=1) and 

strip-shaped foundations (L/B>10), when 

calculating the settlement of rectangular 

foundations (1<L/B<10), it is necessary to 

perform the interpolation in order to achieve 

the accurate results. This proposal was sim-

plified by Tercagi [3], so the influence fac-

tor Iz,max = 0.6 was proposed for both square 

and strip foundations as shown in Figure 3c, 

while for the rectangular foundations the 

influence depth is calculated on the basis of 

the following equation 

2 1 logI

L
z B

B

 
   

 
 (8) 

Although the modified Shmertman 

method from 1978 is more complex than the 

original, it did not bring the significant im-

provements in practice, and due to this rea-

son both variants of the Shmertman method 

are used in geotechnical practice. 

The method proposed by Schulz and 

Sherif is also based on the equation for cal-

culating the foundation settlement in an 

elastic isotropic subspace. 


 n

e n

s

q B
s f

E
 (9) 

where: 

fn – influence factor that depends on  - 

Poisson's ratio, the ratio of the foundation 

length to its width (L/B) the ratio of the 

thickness of the settling layer (H) to the 

foundation width (B) (Figure 4). 
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Figure 4 Diagram on the basis of which the influential factor fn is defined 

 

It should be noted that the original equa-

tion does not use the soil’s modulus of elas-

ticity directly. Instead, this value is estimat-

ed based on the results of the SPT test, spe-

cifically the N60 value, and was derived 

from empirical data. Additionally, an as-

sumption was introduced that at depths 

greater than 2B, the influence of the addi-

tional load is becomes negligible. There-

fore, when the ratio H/B > 2, a value of 2 is 

adopted. 

Yanbu et al. [4] proposed a generalized 

equation for calculating the average elastic 

settlement of uniformly loaded foundations 

in the following form 

0 1
n

e

s

B q
s

E


    (10) 

where: 

   – influential factor that depends on 

the ratio Df/B and L/B and is read from the 

diagram  

   – influential factor that depends on 

the ratio H/B and L/B and is read from the 

diagram 

This equation was originally derived for 

calculation the initial settlement in clay, but 

it can also be applied to sand, where the 

drained moduls of elasticity is used as the 

deformability parameter. It should be noted 

that Christian and Carrier (1978) proposed 

partially corrected values of the coefficients 

0 and 1 which were initially derived for 

flexible circular foundations [6], however, 

based on the conducted analysis, the ade-

quate values were also proposed for the 

rectangular foundations. 

The building analyzed for settlement 

behavior is located in the Novi Sad neigh-

borhood of Stari grad, in Stražilovska 

Street. It consists of 2W+W+D+6 floors, 

and has an approximately rectangular base, 

with dimensions L x W = 55.0 m x 20.0 m. 

The structure is supported by a foundation 

mat at depth of Df = 10.9 m in relation to the 

projected terrain elevation.  

The total gross load transferred from the 

base plate to the ground is q = 225 kPa, 

while the net contact load used in the set-

tlement analysis is qn = 35 kPa (qn = q - 

Df, when calculating the effective geostatic 

stresses, the NPV at a depth of 3.0 m was 

also taken into account). 

The terrain is built of alluvial sediments 

from the flood facies primarily composed of 

sandy dust and dusty sands with clay frac-

tion content (saSiL). The bed facies include 

fine-grained to medium-grained sands inter-

layered with dusty clay, with increasing 

depth revealing gravelly sands (saSa-SaP). 
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At depths of about 22 m, the sandy dusty 

clays (CIH-saSim) were found, likely corre-

sponding to lake deposits of the upper Plio-

cene, formed in shallow freshwater condi-

tions. 

For the purpose of building the facility, 

two exploratory boreholes were drilled to a 

depth of 35 m, from witch 15 soil samples 

were collected. Additionally, 7 standard 

penetration tests-SPT and 2 static penetra-

tion tests-CPTu were performed. Based on 

the results of these field investigations and 

laboratory geomechanical tests, a geotech-

nical model of the terrain was defined (Fig-

ure 5), which served as the basis for calcu-

lating the settlement of facility. 

 
 

 

Figure 5 General geotechnical model of the terrain at the facility location 

 

Analyzing the laboratory and field data, 

the values of soil parameters used for the 

settlement calculation, were adopted, and 

are shown in Table 1. 

 
Table 1 Soil parameters used in the settlement analyses 

Layer 

designation 

Bulk weight 

 (kN/m3) 

Cone 

resistance 

qc (kN/m2) 

Elasticity module 

Es = qc (kN/m2) 

Poisson coefficient 

 

saSiL 16.7   2000   4000 0.3 

siSa-SaP 19.2 15000 30000   0.25 

CIH-saSiL 19.8    9000 18000 0.3 

 

4 ANALYSIS OF FOUNDATION  

SETTLEMENT 

4.1 Analysis of settlement using the  

semi-empirical methods 

The most commonly applied semi-

empirical method for estimating the settle-

ment of foundations founded on and is the 

Schmertmann method, which considers the 

 

 

 

 

 

 

 

time elapsed from load application to the 

moment when settlement is calculated (t). 

Due to the existence of data related to the 

geodetic observations during the construc-
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tion of the building, settlement calculations 

were performed for two time periods: t = 3 

months and period of t = 1 year. 

Considering the large foundation dimen-

sions (width B = 20 m), instead of the usual 

depth of influence of 2B (which in this par-

ticular case would be 40 m in relation to the 

foundation height), an alternative proposal 

can be adopted. Specifically, for environ-

ments where the elasticity module Es is 

greater than 10 MPa, the thickness of the 

layer is determined as follows [7] 

0( )  eH m z B  (11) 

where m - the correction factor which for 

the sandy environments is m = 0.5 and the 

coefficients z0 and are tabulated depend-

ing on the ratio of length and width of the 

foundation L/B (z0=12.4, =0.51), so that 

the thickness of the elastic layer that settles 

is He = 11.3 m. This implies that at deoths 

greater than 22 m relative to the ground 

surface, there is a non-deformable layer that 

corresponds to the contact with the sandy-

dusty clays (CIH-saSim). 

Based on the analysis, the estimated set-

tlement for a period of 3 months is se1= 2.89 

mm. In the case of analyzing twice the width 

of foundation for the impact depth (He = 40 

m), the settlement value would be se2 = 12.37 

mm, which is more than four times the initial 

value. Over a longer period of 1 year, slightly 

higher settlement values are obtained (se1 = 

3.21 mm and se2 = 13.75 mm). 

The Schulz and Sherif method implies 

the use of a unique value of the elasticity 

module, for th previously defined thickness 

of the elastic layer of He = 11.3 m, its value 

is Es = 30 MPa, and the settlement value 

obtained is se1 = 1.05 mmwithout account-

ing for time-related effects. Otherwise, 

when analyzing the thickness of elastic lay-

er that settles as twice the width of founda-

tion, a layer of sandy-dusty clay is also tak-

en into account, so it is necessary to adopt 

the weighted value of the elasticity module, 

which would be Es = 22.5 MPa, and the 

settlement value would be se2 = 1.40 mm. 

In addition, the settlement was calculated 

on the basis of the method of Yanbu, Bjerum 

and Shansli, considering an influence depth 

of He = 11.3 m, where the settlement value of 

se1 = 8.07 mm (Es = 30 MPa), i.e. settlement 

se2 = 10.76 mm, when the weighted value of 

elasticity module of Es = 22.5 kPa is adopted, 

i.e. when analyzing the thickness of elastic 

layer of He = 40 m. 

4.2 Settlement analysis based on 3D  

modeling in the Settle3 program 

As a part of this analysis, the settlement 

calculations were performed using the Set-

tle3 program, which is a part of the Rock 

Science software package. The Settle3 is an 

advanced program that includes a 3D analy-

sis of soil settlement and consolidation, thus 

enabling the modeling of various geotech-

nical conditions, using the theory of elastici-

ty and theory of consolidation [8]. 

The same geotechnical model was used 

for calculation, and as the Settle3 software 

package also provides insight into the time-

dependent progression of settlement based 

on increasing supplementary load, the 

phased construction of the building was 

modeled. In this connection, the supplemen-

tary load was added gradually in three phas-

es over time intervals of 18, 46 and 64 days, 

namely qn = 15 + 10 + 10 kPa. 

This approach enables a more realistic 

representation of development the subsid-

ence over time and simulates a gradual in-

crease in the load on soil. Monitoring of 

subsidence was carried out in phases, which 

partially coincided with the geodetic meas-

urements, and in characteristic time inter-

vals of increase in the supplementary load, 

i.e. t = 18, 46, 64, 89 and 365 days in rela-

tion to the beginning of construction. 

Figure 6 shows the calculation of foun-

dation settlement in different stages of load-

ing, i.e. as a function of time, taking into 

account four characteristic periods: stage 1 - 

18 days, stage 2 - 46 days, stage 3 - 64 days 

and stage 4 - 89 days. The settlement val-

ues, when the thickness of elastic layer is 
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limited to He = 11.3 m, change depending 

on the load intensity change, i.e. the appli-

cation phase, and are: phase 1 - se = 4.25 

mm; phase - 2 se = 7.09 mm; phases 3 and 4 

are se  = 9.92 mm. 

In the Settle3 program, the simulation 

was also performed for a time period of 365 

days, but the settlement size remained iden-

tical to that obtained in stages 3 and 4 (se1 

= 9.92 mm) and for these reasons these re-

sults are not shown in Figure 6. For the case 

without elastic layer thickness limit 

(He = 40 m), the calculated settlement value 

is se2 = 28.58 mm. 

Considering the time factor, the dia-

grams clearly show that the elastic settle-

ment took place in a very short time inter-

val, reaching maximum values between 46 

and 64 days. Also, the final settlement value 

obtained by the numerical model in the Set-

tle3 shows a relatively good agreement with 

the results obtained by the semi-empirical 

methods, when the thickness of elastic layer 

is limited. 

 
 

 

Figure 6 Graphic representation of settlement calculations in the Settle 3 program 

 

4.3 Presentation the measured values of 

subsidence based on geodetic observa-

tions of benchmarks  

During the facility construction, the six 

control geodetic benchmarks (R1-R6) were 

placed, on which observations were made 

(Figure 7). The accuracy of these measure-

ments depends on several factors such as 

the environment, instruments, stability of 

 
 

 

 
 

reference points, as well as the data pro-

cessing methods. When it comes to the en-

vironment, it is necessary to pay attention to 

the atmospheric conditions such as tempera-

ture, humidity and pressure, which can af-

fect the accuracy of measurement. 
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If the certain vibrations are generated in 

the vicinity of the site in question due to the 

operation of construction machinery, this 

can significantly affect the accuracy of 

measurement. Additionally, the stability of 

reference points is very important, so they 

should be placed on a terrain that is not sub-

ject to sliding or other types of deformation. 

The monitoring period was relatively 

short lasting approximately 3 months (25/07 

- 22/10/2022), and the observations were 

carried out within four series at time inter-

vals of approximately one month, not taking 

into account the zero series. 

 

 

 
Figure 7 Locations of control benchmarks for geodetic observations 

 

The measurement results are tabulated, 

with the indicated period of observation, 

individually for each benchmark (Table 2), 

and are also shown graphically in Figure 8, 

together with the average settlement of all 

benchmarks. 

 

Table 2 Presentation the results of geodetic observations of subsidence 

series of 

observations 

Bench mark - measured settlements s (mm) 

R1 R2 R3 R4 R5 R6 

0: 25.07.20222. 0.00 0.00 0.00 0.00 0.00 0.00 

I: 12.08.20222. 0.30 0.40 0.10 0.50 0.30 0.40 

II: 09.09.20222. 1.20 1.00 0.80 1.30 1.00 0.60 

III: 27.09.20222. 2.00 2.20 2.10 2.70 2.10 1.60 

IV :22.10.20222. 3.00 2.70 2.90 3.10 2.80 2.70 
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Figure 8 Graphic representation of the benchmark time subsidence  

 

5 COMMENT AND CONCLUSION 

The results of calculating the settlement of 

foundations of large dimensions highly de-

pend on the adopted thickness of layer for 

which the settlement is calculated. The choice 

of thickness of this layer is influenced by 

several factors, such as: the dimensions of 

foundation, load that the foundation receives 

as well as the characteristics of the soil itself. 

The presented settlement results using the 

semi-empirical and numerical analyzes (Set-

tle3 also uses a 3D model) were obtained 

based on the previously defined effective 

 
 

 

thickness of layer (He), which is harmonized 

with the geotechnical model of terrain and 

geotechnical parameters (primarily the elas-

ticity mode of the soil Es), which are the key 

importance for the accurate assessment of 

settlement. 
Figure 9 presents a comparative overview 

of all settlement calculation results and meas-
ured values, clearly illustrating the differences 
between geodetic observations and analytical 
predictions derived from semi-empirical 
methods, numerical analysis, and the Settle3 
software. 

 

 

 

Figure 9 Results of settlement calculation based on different calculation methods 
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The analysis clearly shows that deviations 

are significantly larger when settlement calcu-

lations are performed without a predefined 

thickness for the elastic layer (Hₑ). There are 

several reasons for this, such as: changes in 

the lithological composition of the terrain and 

differences in the physical-mechanical pa-

rameters, i.e. the accuracy of the formed ge-

otechnical model, climate changes at the time 

of conducting the explorations and possible 

changes during the geodetic observations 

(rainfall, temperature change and possible 

partial change of the groundwater level), as 

well as the fact that the geodetic measure-

ments were performed in a short time interval 

and did not cover the entire construction peri-

od of the facility. 

For large-dimension foundations, wherev-

er possible, the thickness of the elastic layer 

should be limited by defining the depth to the 

conditionally non-deformable layer, particu-

larly in environments with an elasticity modu-

lus exceeding E = 10 MPa. Otherwise, if the 

effective settlement depth is assumed to be  

Hₑ = 2B (twice the foundation width), signifi-

cantly higher settlement values are obtained. 

The analyzes also showed that consider-

ing the foundations of large dimensions, the 

closest estimate of settlement in comparison 

to measured values were obtained using the 

methods of Schmertman and Schulz and She-

rif. In addition, based on numerical simula-

tions performed with Settle3, where the 

phased load application is also included, it 

was concluded that the settlements occur rela-

tively quickly and mainly during the con-

struction phase when facilities are built in 

environments dominated by coarse-grained 

soils. 

Ultimately, this research highlights the 

importance of employing multiple analytical 

methods for soil settlement assessment, which 

enhances result reliability, improves long-

term foundation behavior predictions, and 

supports the optimization of engineering solu-

tions. 
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Abstract 

Maintaining the open pit slopes in a stable condition requires compliance between the geometrical 

parameters of the open pit on one side and the pit-technical conditions, physical-mechanical 

properties of the rocks and hydrogeological properties of the deposit on the other side.When the 

underground activity is located below an open pit, deformation of the open pit slopes can be expected 

as a result of subsidence caused by the underground mining. For an adequate analysis of the stress-

strain states in the massif, it is essential to consider the partial relaxation of the primary stresses in 

the excavation. Numerical analysis simulates the progress of mining works and stress changes and 

deformations in the vicinity of the underground room, the amount of subsidence on the ground surface 

depending on the chosen method of mechanized excavation, i.e. the impact on the open pit slopes. 

Numerous examples in the world provide a clear warning regarding the possible impact of 

underground works at the open pit. Analysis the impact of dimensions and spatial position of the wide 

front panel and column-chamber excavation on the stress-strain state, i.e. stability of the open pit 

slope, was done on the example of the "Gacko" open pit mine. 

Keywords: open pit slopes, slope deformations, underground exploitation, numerical modeling, 

environment 
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1 INTRODUCTION  

The Palabora copper mine in South 

Africa is one of the steepest and deepest 

open pits in the world, with a radius of 

about 1.5 km and a depth of about 800 m, 

Figure 1. 1. 

A large-scale deformation of the final 

slope occurred in 2004 after the protection 

pillar deformed 400 m below the bottom of 

the pit. 

 

 
 

Dimensions of the fracture were about 

800 m high and 300 m wide. The frontal 

scar was 50 m behind the final open pit con-

tour. It was estimated that 130 million tons 

of waste filled the northwestern side of the 

open pit as well as the bottom itself (Figure 

2). The caused deformation affected the loss 

of 30% of the ore reserves 5. 
 

https://orcid.org/0000-0003-3755-5475;%204
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Figure 1 Three-dimensional model of  

the open pit and pit in the Palabora  

copper mine 1 

  
Figure 2 Fracture on the slopes of the open pit 

in the Palabora copper mine 5 
 

Another example is the example of 

undermining and interaction with the open 

pit in the Ernest Henry mine in eastern 

Australia 3. 

Copper ore was surface exploited until 

2011. The open pit had final dimensions: a 

diameter of about 1.5 km and a depth of  

530 m. 

Production by undermining started after 

the end of surface exploitation with a planned 

frame of undercutting of 220 m of pillars. The 

collapse of the pit began after the pillar was 

removed at the end of 2012. The big collapse 

happened two years later in December 2014. 

The fracture zone measured 200 m wide,  

150 m high and 30 m thick (Figure 3). 

 
 

 
Figure 3 Fracture progression on the slopes of the Ernest Henry copper open pit as a function of 

time [3] 

 

Decembar 2004 

Zona loma 
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Analysis the impact of dimensions and 

spatial position of the wide front panel and 

column-chamber excavation on the stress-

strain state, i.e. the slope stability of the 

open pit was done on the example of the 

open pit "Gacko". Due to the different 

geological conditions, depth of exploitation 

and applied technology of exploitation (the 

wide face method and column-chamber 

excavation), each method was considered 

individually. 

2 THE IMPACT OF EXCAVATION 

BY DEVELOPING A WIDE-FACED 

PANEL ON THE SLOPE  

STABILITY OF THE OPEN PIT 

The analysis of the open pit slope stabil-

ity was done for the conditions that will 

prevail in the area of exploitation, according 

to the technical-technological characteristics 

of the excavation and transport machinery 

and based on the physical-mechanical prop-

erties of the working environment. The 

strength and deformability parameters of the 

rock mass were determined on the basis of 

strength and deformability parameters of 

monolith and estimated GSI value. 

The estimated value of the geological 

strength index (GSI) was obtained by corre-

lation with the obtained values of RQD du-

ring the core mapping of the exploration 

drillholes. 

All evaluations were carried out accord-

ing to the recommendations of Hoek, and 

the residual values with the reduction of 

GSI 2, with the approximate ratio GSIr = 

0.7 GSI 7. 

For the given characteristics of the rock 

mass, the Hoek-Brown strength criterion 

was obtained. 

The rock mass parameters (Second bot-

tom coal seam, roof and bottom sediments) 

shown in Table 1 and Table 2 were taken as 

the input data. 

The calculation was made on the selec-

ted engineering geological profile west-east 

(profile I-I'-variant d), which is directed to 

the final slopes of the open pit. 

 
 

Table 1 Strength and deformability parameters of the rock massif 

Lithogenetic 

unit 

 

(kN/m3) 

p 

(MPa) 

z
 

(MPa) 

 

() 

c 

(MPa) 

E 

(MPa) 
 

10Ng-9Ng 16.00 3.40 0.30 29 0.67 488.50 0.32 

8Ng 19.91 3.77 0.41 3150' 0.55 563.80 0.33 

7Ng 17.16 4.69 0.45 3450' 0.61 705.60 0.29 

6Ng 13.54 10.05 0.89 31 0.75 597.00 0.39 

5Ng 17.75 4.98 0.60 3727' 1.72 963.50 0.27 

4Ng 14.81 7.82 0.77 32 0.70 659.10 0.31 

3Ng 20.11 6.60 0.62 3340’ 1.31 899.00 0.33 

2Ng 14.52 11.08 0.99 34 0.96 794.00 0.33 

1Ng 19.71 10.12 0.66 3450’ 1.91 1127.00 0.31 
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Table 2 Residual strength parameters 

Lithogenetic 

unit 
GSI 

0,7 

GSI 

z
 

(MPa) 

 

() 

c 

(MPa) 
mb s a 

10Ng-9Ng 45 34 0 2579’ 0.129 0.947 0.0007 0.517 
8Ng 45 34 0 2729' 0.153 1.136 0.0007 0.517 
7Ng 45 34 0 2579’ 0.178 0.947 0.0007 0.517 
6Ng 45 34 0 24 0.352 0.758 0.0007 0.517 
5Ng 45 34 0 30' 0.228 1.610 0.0007 0.517 
4Ng 45 34 0 24 0.300 0.758 0.0007 0.517 
3Ng 45 34 0 2579’ 0.251 0.947 0.0007 0.517 
2Ng 40 28 0 2225’ 0.342 0.611 0.0003 0.526 
1Ng 45 34 0 2729’ 0.405 1.136 0.0007 0.517 

 

The state of groundwater is variable in 

time and space and very important for the 

origin and development of all modern geo-

dynamic processes on the slopes of techno-

logical profiles [9]. The hydrodynamic ac-

tion of underground, that is, atmospheric 

water on rock masses, in the form of hydro-

static pressure and anisotropy of water per-

meability in the vertical direction, do not 

allow the draining of infiltrated water, thus 

lowering the value of physical-mechanical 

parameters. 

Numerical analysis was performed using 

a modern method, using the program RS2, 

Version: 2019 10.010, Build Date: Build 

date: Jan 24 2020 12:11:17, License Infor-

mation, License Key: Remote, WIN-

B6CUU4CCJFS (147.91.181.157), Sentinel 

Key ID: 48329904298824269, Expiry: 

2020-12-31, 23:59:59 GMT, Registered to: 

University of Belgrade, User ID: 11394- [8] 

Calculation of the coefficient of critical 

stress state, SRF, was performed for diffe-

rent values of pore pressure, and the steps in 

the stability analysis were:  ru = 0.0; ru = 0.2 

and ru = 0.4 [6]. 

In the analysis of slope stability, the 

propagation of waves, caused by an earth-

quake in the most unfavorable direction was 

taken into account, i.e. perpendicular to the 

slope face, and the adopted seismicity coef-

ficient was Ks = 0.05. 

On the adopted model, the first working 

panel with a wide face is located 80 m be-

hind the top of final slope, at a depth of 240 

m (variant d). The slope of coal seam is 5. 

The impact of making four panels with a 

wide face, moving away from the top of 

final slope of the open pit, was analyzed. 

The model with protected columns between 

the panels is 20.75 m. 

Analyzing the results of geostatic calcu-

lations (Table 3), it can be seen that the ex-

isting geometry of slope with the height of 

general slope of H = 225 m and  = 21 

satisfies the required safety in interaction 

with the underground mining works (Fi-

gures 4, 5 and 6). 

 
Table 3 Coefficient of the critical stress state for the profile I-I' 

Profile 
Coefficient of the critical stress state (SRF) 

Pore pressure coefficient 

I-I’ 
ru = 0.0 ru = 0.2 ru = 0.4 

2.90 2.35 1.70 

 

From the stability calculation results, 

shown in Table 3, it can be concluded that 

the determined coefficients of the critical 

stress state (SRF) satisfy the condition for the 

final slope ( 1.30), for the analyzed values 

of pore pressure ru = 0.0 ru = 0.2 and ru = 0.4. 
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Figure 4 Critical sliding plane SRF = 2.9 (ru = 0.0) with a view of total displacements 

 

 
Figure 5 View of the horizontal displacement vectors for the critical sliding plane  

SRF = 2.9 (ru = 0.0) 

 

 

Figure 6 Critical sliding plane SRF = 2.9 (ru = 0.0) with display of shear stresses 

 

Critical SRF: 2.9
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3 THE IMPACT OF MECHANIZED 

COLUMN-CHAMBER  

EXCAVATION ON THE SLOPE 

STABILITY OF THE OPEN PIT 

The impact of mechanized column-

chamber excavation on the slope stability of 

the open pit was checked through the analysis 

of the final slope stability. The analysis was 

done for the conditions that will prevail in the 

area of exploitation, according to the tech-

nical-technological characteristics of mining 

and transport machinery, and based on the 

physical-mechanical properties of the work-

ing environment. The calculation was made 

on the selected engineering-geological profile 

of south-north orientation (profile 1-1'), 

which was directed to the final slopes of the 

open pit, adopting the physical-mechanical 

parameters of the working environment (Ta-

ble 1 and Table 2) [6]. 
Numerical analysis was performed using 

a modern method, using the program RS2, 
Version: 2019 10.010, Build Date: Build 
date: Jan 24 2020 12:11:17, License Infor-
mation, License Key: Remote, WIN-
B6CUU4CCJFS (147.91.181.157), Sentinel 
Key ID: 48329904298824269, Expiry: 
2020-12-31, 23:59:59 GMT, Registered to: 
University of Belgrade, User ID: 11394- [8] 

 

 

 

 
 

 

Calculation of the coefficient of critical 
stress state, SRF. was performed for diffe-
rent values of pore pressure, and the steps in 
the stability analysis were:  ru = 0.0; ru = 0.2 
and ru = 0.4. 

In the analysis of slope stability, the prop-
agation of waves, caused by an earthquake in 
the most unfavorable direction was taken into 
account, i.e. perpendicular to the slope face, 
and the adopted seismicity coefficient was  
Ks = 0.05. 

On profile 1-1', the coal seam slope is 12° 
per dip. From the bottom of the surface mine, 
a direct entry into the underground exploita-
tion of the Second bottom coal seam is possi-
ble. The column-chamber excavation moves 
towards the urban area. The profile was ana-
lyzed with progression of a total of 27 under-
ground rooms, between which there is a pro-
tective column of 20.75 m [6]. 

Analyzing the results of geostatic calcula-
tions (Table 3), it can be seen that the existing 
geometry of slope with the height of general 
slope of H = 190 m and  = 18 satisfies the 
required safety in interaction with the under-
ground mining works (Figures 7, 8 and 9). 

Table 4 Coefficient of the critical stress state for the profile I-I' 

Profile 
Coefficient of the critical stress state (SRF) 

Pore pressure coefficient 

1-1’ 
ru  = 0.0 ru  = 0.2 ru  = 0.4 

3.25 2.80 2.15 

 

 
Figure 7 Critical sliding plane SRF = 3.25 (ru = 0.0) with display of the total displacements 
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Figure 8 Display of the vector of vertical displacements for the critical sliding plane  

SRF = 3.25 (ru = 0.0) 

 
Figure 9 Display of the vector of horizontal displacements for the critical sliding plane  

SRF = 3.25 (ru = 0.0) 

 

 

 

 

From the stability calculation results, 

shown in Table 4, it is concluded that the de-

termined coefficients of the critical stress state 

(SRF) satisfy the condition for the final slope 

(  1.30) for the analyzed pore pressure values 

ru = 0.0 ru = 0.2 and ru = 0.4. and that the ana-

lyzed open pit slope, observed in interaction 

with the underground mining works, is stable 

for all given criteria [6]. 

In addition to the possibility of applying 

the critical stress state coefficient (SRF) in 

checking the terrain stability in relation to 

the stress states that occur in the rock mass, 

this method can also be a control of the 

safety coefficient (Fs), obtained by some 

other calculation method, because it has 

been proven that the values of obtained co-

efficients for the same observed point are 

almost identical [4]. 

4 CONCLUSION 

Since that the satisfactory geological 

conditions in the deposit "Gacko" (the thick-

ness and slope of the second under-ground 

coal seam, the opening rooms directly enter 

the coal seam and all the preparation rooms 

are made in the coal seam), the possibilities 

and conditions of applying  the new technolo-

gies for the exploitation of unused ore reserves 

were analyzed by developing a model of 

mechanized excavation and numerical model-

ing of interaction the mining machinery and 

rock mass, during the movement from surface 

to the underground exploitation of the second 

bottom coal seam. [6]. 

In geostatic calculations, the finite ele-

ment method was used due to its ability to 

include the heterogeneity of environment, 

non-linear behavior of soil, complex 
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geometry of problem, interaction of the struc-

ture and soil, as well as the manufacturing 

method. For numerical modeling, a part of 

deposit at shallower depths and where there 

are the residential and other construction and 

infrastructure facilities (high-voltage and wa-

ter supply network) was selected on the sur-

face. During the analysis, the ground subsid-

ence was assessed as a result of underground 

mining works. 

The underground coal mining also has 

obvious advantages from the aspect of envi-

ronmental protection (reduced negative im-

pact on the air quality, noise level in the envi-

ronment, impact of land degradation, occupa-

tion of space) because the excavated area 

gives the possibility to dispose the ash and 

slag from the "Gacko" Thermal Power Plant 

[6]. 

Modeling has considered the solution of 

disposing of this material in the underground 

mining rooms, thereby achieving the im-

provements in the physical and mechanical 

parameters of the working environment, 

which is especially manifested in the reduc-

tion of ground surface subsidence due to the 

excavation using a mechanized wide-faced 

complex with destruction of overburden 

("sub-level" method), and consequently also 

in the reduction of deformations on the open 

pit slopes.   
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Abstract 

Renewable energy sources have a significant potential for improving the development of mankind. 

Energy obtained from the renewable sources, such as water, wind, solar and biomass, among others, 

can facilitate access to clean and safe energy for millions of people. It can provide an incentive for the 

social and economic development, contributing to the society tackling the environmental challenges. 

The clean energy technologies, impact of renewable sources on the environment and energy security 

should enable the general access to the modern energy services, increase the global rate of energy 

efficiency improvement, and increase the share of energy from the renewable sources within the global 

energy system. This achieves an integrated approach to the sustainable energy services, ensures the 

use of renewable energy sources and thus achieves more energy efficient solutions. The renewable 

energy technologies provide a unique opportunity to limit the carbon emissions into the atmosphere 

without compromising access to the energy, which has the significant implications for slowing down 

the climate changes. Also, development the renewable energy sources creates access to energy that is 

inexhaustible, thereby reducing a country's reliance on foreign resources and increasing its energy 

security. In addition, the renewable energy sources bring the great health benefits, providing the 

clean, safe energy, without the negative effects of using the fossil fuels. 
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1 INTRODUCTION  

The renewable energy sources represent 

the energy resources used for production the 

final energy, whose reserves are constantly 

or cyclically renewed. 

The very name renewable comes from 

the fact that energy is consumed in an 

 
 

 

amount that does not exceed the rate at 

which it is created in the nature. [1] 

The renewable energy sources are found 

in the nature and renewed in whole or in 

part (Sun, biomass, water, wind, geothermal 

sources). [2] 
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All the countries of the world are trying 

to increase the share of renewable energy 

sources in their energy balance, because the 

estimated reserves of the non-renewable 

energy sources (fossil fuels) are limited and 

insufficient to meet the growing energy 

needs. [3] 

The theoretical potential of renewable en-

ergy sources is very large, but the technologi-

cal level significantly limits the use of that 

potential. The development of technologies 

will increase the share of renewable energy 

sources in the total energy consumption. 

The increase in the sale of renewable en-

ergy sources is not only caused by the in-

creased awareness of the need to preserve the 

environment, but also by reduction the energy 

costs that these technologies make possible. 

Over time, these sources became competitive 

with the conventional (fossil) fuels. The price 

of conventional fuels is constantly increasing, 

regardless the occasional drops, so this is one 

of the reasons for using the renewable energy 

sources. 

Certain countries adjust the prices of fossil 

fuels through their policies in order to encour-

age the use of renewable energy sources. By 

reducing the existing reserves of fossil fuels, 

their price increases. The renewable energy 

sources increase the energy sustainability of 

the system, improve the security of energy 

supply and reduce the dependence of certain 

countries on the import of energy raw materi-

als (fossil fuels) and electricity. [4] 

From the social aspect, the renewable en-

ergy sources require more employees per unit 

of energy produced compared to the conven-

tional energy technologies. 

The conventional energy technologies re-

quire large investments and constant invest-

ment in finding the new sources. 

Also, the awareness of people in the en-

vironmental protection and reduction the 

carbon dioxide emissions into the atmos-

phere is developing, which is also the policy 

of the European Union. [5] 

2 ENERGY SOURCES AND  

THE ENVIRONMENT 

The energy can appear in several forms: 

- potential energy: exists as a conse-

quence of the object position of in re-

lation to the other objects; 

- kinetic energy: which is a conse-

quence of the body movement; 

- chemical energy: which is a conse-

quence of the chemical bonds between 

the atoms of the objest substance; 

- electrical energy: which is a conse-

quence of the object electrification; 

- thermal energy: exists as a conse-

quence of the body heating; 

- nuclear energy: which exists as a con-

sequence of the instability of the ob-

ject atomic nuclei; 

- electromagnetic energy: radiation en-

ergy, which can be the light, radio 

waves or some other form. 

The basic types of energy that enable the 

functioning of today's civilization are main-

ly the thermal and electrical energy, which 

can be converted into the other types of 

energy in further technological procedures.  

A large percentage of heat and electrici-

ty are obtained today from the non-

renewable energy sources. 

The term non-renewable energy sources 

refers to all potential carriers of some type 

of energy that were created in the past, and 

now cannot be renewed, i.e. they cannot be 

regenerated or reproduced. 

The largest share of non-renewable en-

ergy sources are the fossil fuels, fuels creat-

ed by the anaerobic digestion of dead organ-

isms in the interior of the earth under the 

effect of high temperature and pressure for 

millions of years.  
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Fossil fuels are the main source with as 

much as 85-90% of energy. The fossil fuels 

include: coal, peat, oil and oil derivatives 

and natural gas. 

The problems with non-renewable ener-

gy sources are firstly in their quantity and 

distribution. The stocks of fossil fuels are 

limited and rapidly disappearing, and due to 

the concentration of energy resources in 

only a few areas of the world, the use of 

non-renewable fuels has created a system of 

interdependence, so that the countries that 

depend on the import of fossil fuels are in 

the subordinate positions. Another problem 

is the human environment pollution. The 

burning of fossil fuels, especially those 

based on oil and coal, is the most likely 

cause of the global warming, thus creating 

the so-called greenhouse effect due to the 

emission of carbon dioxide, sulfur, nitrogen 

compounds and other polluting compounds 

and particles. 

Changing the climate conditions threaten 

the Earth's ecological system, which can af-

fect the food production. On the other hand, 

the use of nuclear energy represents a condi-

tionally clean technology, but in the event of 

disasters, an extremely large pollution can 

occur with the enormous consequences for 

the humans and environment. Also, a dispos-

al of radioactive waste is a big problem.  

Unlike the non-renewable, the renewable 

energy sources represent a form of energy 

that is not expendable, i.e. it can partially or 

completely regenerate itself. This natural 

form of energy is found all around us, just 

like the nature itself. 

The use of renewable energy sources re-

duces the emission of greenhouse gases, as 

well as the overall pollution of the environ-

ment and its media.  

Some of the most used and well-known 

sources of this form of energy are: 

- bio renewable sources (biomass); 

- energy of small watercourses; 

- wind energy; 

- solar energy; and 

- geothermal energy 

Looking at the essence of these sources, 

it can be seen that these sources are, practi-

cally, only modalities of solar energy. 

Namely, the biomass is created through the 

photosynthesis on the basis of solar energy. 

The air flow - wind occurs due to differ-

ences in the air temperatures in different 

places as a result of solar radiation. Water 

circulation in the nature, as well as tides, are 

also a consequence of solar radiation. Due 

to the enormous amount of energy that the 

Sun radiates and the period of its life, it can 

be considered that the radiation of energy 

from the Sun will last a very long time from 

the aspect of our civilization. 

There are three main primary sources of 

renewable energy: [6] 

- Thermonuclear reactions on the Sun 

(solar energy, energy of biological 

origin, wind energy, etc.). 

- Decay of isotopes in the depths of the 

Earth (geothermal energy, etc.). 

- Gravitational action of the planets (en-

ergy of the sea waves, etc.). 

Most other sources, for example, the en-

ergy from fossil fuels, water flows, wind, 

etc., come from the solar energy. Thermal 

energy that comes to the Earth from the Sun 

by radiation is the biggest source of energy. 

The potential of energy from the depths of 

the Earth is significantly lower than the at-

mospheric energy of the Sun, while the 

smallest potential is the action of the pla-

nets.  

The renewable energy sources can be 

divided into several basic groups, and the 

most common division is: [7] 

- Solar (the Sun energy); 

- Wind energy; 

- Energy of water flows; 

- Hydrogen energy; 

- Biomass energy; 

- Energy from the environment. 
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The electrical, thermal and chemical en-

ergy are obtained from these primary ener-

gy sources. 

3 CLEAN ENERGY TECHNOLOGIES 

The clean energy technologies include 

the energy efficient technologies and tech-

nologies of renewable sources. Both tech-

nologies reduce the use of energy from the 

conventional sources and fossil fuels. The 

energy efficiency measures refer to the 

methods and means for reducing the energy 

consumption by improving the use of de-

vices, improving the service and mainte-

nance, replacing the control systems, etc. 

The clean energy technologies that fall 

into the category of energy efficient neces-

sarily include a combined heat and electrici-

ty production, efficient lighting system, 

ventilation system, frequency regulators for 

driving pumps and fans, insulation repair, 

highly efficient building envelopes and 

windows, and the other commercial and 

developing technologies. [8] 

The renewable energy technologies 

transform the renewable energy resources 

into the useful thermal energy, cooling en-

ergy, electrical or mechanical energy. The 

renewable resources are those whose use 

does not affect the future availability. Some 

renewable resources cease to be renewable 

if they are misused. For example, burning 

wood as a renewable resource ceases to be 

one if it leads to the deforestation. It is typi-

cal that in every energy system there are 

various inefficiencies that can be eliminated 

with the minimal investments, while the 

same effect of reducing energy consumption 

using the renewable energy sources often 

requires the larger investments. The ap-

proach of first increasing energy efficiency 

and then applying the renewable energy 

sources reduces the investment for applica-

tion the renewable energy source technolo-

gies, because the energy needs are also lo-

wer. 

An example of electric heating of a 

house located in a cold climate zone, the 

electricity consumption has to be reduced, 

the condition of the building envelope, insu-

lation thickness, building sealing and ther-

mal bridges should be considered first. Af-

ter reaching the standards in heat losses, it is 

necessary to proceed to an analysis of the 

used heating system and to consider the 

possibilities of using the renewable energy 

sources such as solar. [9] 

The economic reasons for using the 

cleaner technologies are primarily: 

- Increase in the price of conventional 

(fossil) fuels; 

- Reduction of the fossil fuel reserves; 

- Development of technologies that use 

the "cleaner" technologies.  

Social reasons for using the cleaner 

technologies are on the other hand: 

- More job positions (require more em-

ployees per unit of the energy pro-

duced); 

- Local interest (using the local re-

sources of funds, so that money is not 

spent on importing the fossil fuels or 

electricity). 

4 ADVANTAGES OF THE  

RENEWABLE ENERGY SOURCES 

Providing access to the renewable ener-

gy is one of the most important long-term 

policy decisions which a country can make. 

These are four key reasons why the re-

newable energy sources should be at the 

heart of every country's energy strategy: 

[10] 

ECONOMIC DEVELOPMENT: access 

to the energy from the renewable sources 

means the creation of the new job positions. 
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Starting from the production of components 

and expansion the electric grid to the instal-

lation and maintenance the systems for en-

ergy production from the renewable 

sources, the use of local renewable sources 

has an important economic effect. This is 

especially important in places that have the 

limited or no access to energy and where 

the unemployment is a significant problem. 

The renewable energy sources can help to 

create four times as many jobs for every 

dollar invested as the fossil fuel industries – 

and those jobs tend to be better-skilled and 

higher-paying. 

CLIMATE: There is consensus among 

the scientists that the human-caused carbon 

emissions are already contributing to chang-

ing the Earth's climate in dangerous and 

unpredictable ways. According to the latest 

research, if current trends are to be judged, 

the global average temperatures will in-

crease by at least 4˚C during this century. 

[11] The development of energy production 

from the renewable sources can significant-

ly contribute to the reduction of carbon 

emissions, without jeopardizing the access 

to energy. 

ENERGY SECURITY: countries that do 

not have their own energy sources are forced 

to import the foreign oil, gas and coal, so they 

are exposed to the risks of price shocks and 

are dependent on the political goodwill of 

their trading partners. This can result in budg-

et deficits, public borrowing and fuel shortag-

es when supplies are disrupted. Since the fos-

sil fuel reserves are limited, their price will 

inevitably rise in the long term. By develop-

ing the renewable energy sources of your 

country, you can create the conditions for 

access to the inexhaustible energy, which 

would make each country less dependent on 

the foreign energy sources. 

HEALTH: the development of renewable 

energy sources, in addition to the economic, 

safety and environmental benefits, also bene-

fits the health of population. Six million peo-

ple die each year from air pollution, both in-

side and outside their homes, caused by the 

burning of fossil fuels and traditional bio-

mass. [12] Energy from the renewable 

sources, whether used on a large scale, to 

power the entire cities, or on a small scale, to 

power the rural mini-grids, can provide the 

clean and safe energy, without any of the 

effects on human health that the fossil fuels 

produce. Even something as simple as provid-

ing the access to a small amount of electricity 

to light the home can go a long way toward 

eliminating the safety and health concerns of 

using kerosene. [13] 

The world governments have set access 

to the energy, especially energy from the 

renewable sources, as an important goal to 

be achieved by 2030. The Sustainable Ener-

gy for All (SE4ALL) initiative has been 

supported by the governments around the 

world, [14] many of which are currently 

developing plans to provide the sustainable 

energy to their citizens. The Sustainable 

Energy for All initiative, led by an Advisory 

Board jointly chaired by the Secretary-

General of the United Nations and the Pres-

ident of the World Bank, mobilizes all sec-

tors of society for action to support the 

achievement of three interrelated goals to be 

achieved by 2030: [15] 

- providing the general access to the 

modern energy services; 

- doubling the global rate of increase in 

the energy efficiency; and 

- doubling the share of energy from re-
newable sources in the global energy 
mix. 

Technologies for the use of renewable 

energy sources promote the human devel-

opment stimulating the economic develop-

ment, mitigating the effects of climate 

change, contributing to the energy security 

and bringing the significant health benefits. 



No. 1, 2025  Mining & Metallurgy Engineering Bor 26 

5 OBSTACLES IN THE USE OF  

RENEWABLE ENERGY SOURCES 

The energy produced from the renewa-

ble sources brings the considerable long-

term economic benefits for the environ-

ment, and awareness of the short-term bene-

fits of adopting technologies for the use of 

renewable energy sources is also growing. 

However, there are still obstacles prevent-

ing the use of renewable energy technolo-

gies at the speed and scale that are neces-

sary. 

Five key obstacles prevent the full de-

velopment of the use of energy from the 

renewable sources as an alternative to the 

use of energy obtained from the fossil fuels. 

They are: [16] 

ECONOMIC OBSTACLES: the cost of 

electricity production is measured by the 

costs per produced kilowatt hour (kWh) or 

megawatt hour (MWh). The electricity from 

fossil fuels has historically been produced 

more cheaply than the electricity from the 

renewable sources. One of the key reasons 

for this is that the initial costs of building 

the infrastructure and facilities for the pro-

duction of electricity from the renewable 

sources have until recently been significant-

ly higher than the costs of building the 

power plants burning fossil fuels. Except in 

the case of market intervention, a company 

engaged in the production of electricity will, 

by the nature of things, decide for the pro-

duction technology that has the lowest cost 

per kWh, regardless the potential long-term 

trends in production costs. 

However, the costs of producing energy 

from the renewable sources have been dras-

tically reduced in recent years and thanks to 

the implementation of technological innova-

tions and economies of scale, they continue 

to fall. On the other hand, the fossil fuels 

 

 
 

 

represent limited sources of energy. In the 

long term, the costs of using them can only 

increase. If the negative effects of burning 

the fossil fuels (for example the damage 

caused locally to the environment, impact 

on the health of the population and need for 

adaptation measures to the changed climatic 

conditions - adaptation) could be counted as 

the "external consequences", apparent com-

petitive advantage of conventional energy 

sources would largely disappear. 

The government subsidies are the se-

cond economic obstacle for the extraction 

and use of fossil fuels. According to the 

International Monetary Fund, in 2012, the 

fossil fuel subsidies on a global scale 

amounted to $1.9 trillion, which is 2% of 

the global GDP and far exceeds the amount 

of $88 billion in subsidies, given to support 

the use of renewable energy. Those subsi-

dies included the reduced taxes and duties 

on the extraction of fossil fuels, controls on 

oil and electricity prices, and direct invest-

ment by the governments in the infrastruc-

ture used to extract and deliver the fossil 

fuels for the energy production. 

TECHNICAL OBSTACLES: despite 

decades of research and development, the 

technical barriers have prevented the re-

newables from being competitive in the 

energy market. 

An important technical problem was the 

fact that some renewable energy sources, 

especially the wind energy and solar energy, 

have uneven energy production over time 

(keeping in mind the unequal wind intensity 

and insolation), so it is not possible to de-

liver a guaranteed and constant amount of 

electricity. This phenomenon is known in 

the energy production as the supply vola-
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tilety. The supply of energy from these 

sources cannot be easily adjusted to demand, 

unlike the fossil fuel power plants, which are 

able to respond quickly to changes in the 

electricity grid, using less or more fuel, or 

changing the number of generating units cur-

rently operating. However, for most energy 

sources that produce energy unevenly, for 

example, the wind and solar, it is possible to 

predict what the situation will be like 24 

hours in advance. An extended network, cov-

ering a larger territory, represents the best 

solution for balancing the uneven production 

from the renewable energy sources, which is 

characterized by the predictable unevenness. 

The second technical problem is known as 

a dispersion, which means that the best re-

newable energy sources are often located far 

from the urban centers, where the energy 

demand is highest. For example, most of the 

technically usable water for the hydroelectric 

power plants is located in the mountain rang-

es. Since the distance of the power plant from 

the end user contributes to the increase in the 

amount of energy that is lost (within the sys-

tem and to the increase in the costs of trans-

mission and distribution the network infra-

structure), there is a reduction in incentives 

for the use of renewable energy sources that 

are located in remote regions. 

The electricity can now be efficiently 

transmitted over long distances using the 

high-voltage direct current (HVDC) cables, 

with an energy loss of only about 3 percent 

on every 1,000 km and less than 1 cent per 

kWh in the additional distribution costs. 

Those cables have already been used in 

China and India to connect the population 

centers with the distant hydropower 

sources. [17] 

The HVDC cables can also be used to 

consolidate the renewable energy sources in 

the form of regional "super grids" that use 

the smart metering technology to manage 

and adjust the amount of energy in the grid. 

For example, the solar energy in the desert 

can be connected to the remote wind tur-

bines and hydroelectric power plants in the 

mountainous regions. By connecting the 

different renewable energy sources from the 

remote areas into one extended smart grid, 

the changes in energy supply can be bal-

anced. The HVDC cables allow the produc-

tion of energy from the renewable sources 

to be adjusted to the extent of the needs of 

the energy industry, cities, or even entire 

countries. 

POLICY OBSTACLES: In many coun-

tries, the legislation and policies governing 

the markets of electricity, heating and 

transport fuel have been the biggest obstacle 

to the development of use the renewable 

energy sources. 

The electricity markets are usually man-

aged by a monopolistic organization, often a 

state-owned utility company, which fully 

controls the generation, distribution and sale 

of electricity to the consumers. The research 

has shown that where the electricity market 

is monopolized, energy producing compa-

nies have little or no incentive to advocate 

for the development of electricity produced 

from the renewable sources. 

The challenge associated with this is the 

bureaucracy that must regulate and approve 

the development of electricity generation 

(or heating or transport fuel). Where there 

are many places where things are approved 

in several departments of the government 

(and in the federal and decentralized states, 

at more than one level of government), the 

costs of developing the use of renewable 

energy sources increase significantly, and 

the time required for this often significantly 

discourages its development. 

Development of the use of renewable 

energy sources within the electricity grid 

can be accelerated if it is ensured that the 

political and legal framework is fully coher-

ent and decision-making process is trans-

parent. 
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COMMUNITY SUPPORT: with the lo-

cal political challenges must be tackled 

even in situations where the government 

fully supports the need to encourage the 

development of use the renewable energy 

sources and has accepted the removal of 

economic and political barriers to their de-

velopment. 

While the renewable energy projects have 

proliferated over the past decade, some of 

them have met with the public opposition. It 

is important to ensure community buy-in and, 

where possible, the legal ownership of the 

renewable energy development as a way to 

reduce the opposition to development. 

6 TECHNOLOGY OF USING THE 

RENEWABLE ENERGY SOURCES 

The еnergy from renewable sources is 

produced from a source that is constantly 

replenished naturally. It is primarily used in 

one of three ways: 

- electricity generation: renewable sources 

are used to generate the electricity that is 

distributed for the residential, commer-

cial and industrial needs; 

- production of thermal energy for heat-

ing: whether produced centrally or de-

centralized (in individual buildings), 

renewable resources, for example, wa-

ter heated by the solar energy, can be 

used directly to the heat buildings; and 

- production of transport fuels: fuels for 

privately owned motor vehicles, pub-

lic transport and industrial and com-

mercial use, for example for the 

freight trains, ships and aircraft, can be 

produced from the renewable sources. 

During the past decade, the increased 

use of energy from the renewable sources is 

mainly due to the production of electricity 

and traditional way of using the biomass. If 

the world wants to slow the climate changes 

by reducing the carbon dioxide emissions, 

an effort must also be made to use the 

sustainable energy sources to produce the 

heat and fuel for transportation. [18] 

According to the data from the Energy 

Institute, in 2022, there was a 1% increase 

in the total primary energy consumption, 

reaching a level of approximately 3% above 

the pre-pandemic level of 2019. The share 

of renewable energy sources (excluding the 

hydroelectric power plants) in the primary 

energy consumption reached 7.5% in 2022, 

which represents an increase of almost 1% 

compared to the previous year, while the 

consumption of fossil fuels as a percentage 

of the primary energy remained stable at 

82%. [19] 

According to the data from the Energy 

Institute, from 2023, when it comes to the 

renewable energy (excluding hydro), it 

grew by 14% in 2022, reaching 40.9 EJ. 

Namely, the capacity of solar power plants 

and wind power plants continued to grow 

rapidly in 2022, while the largest part of 

capacity growth of the solar power plants 

and wind power plants was in China, which 

accounted for about 37% and 41% of the 

global increase in capacity. [19] 

7 THE FUTURE OF RENEWABLE 

ENERGY SOURCES 

In the future, the global development of 

society will depend to a significant extent 

on the state of the energy sector. The prob-

lems that all the countries of the world face 

to a lesser or greater extent are related to the 

provision of energy and preservation the 

environment. The issue of energy security 

and stability emerges as a cardinal issue 

related to the functioning of global econom-

ic, economic and social system. 

The European Union, despite its high de-

velopment and evolution of its attitude to-

wards the issue of energy security, also faces 

the problem of reducing the environmental 

pollution, the application of renewable energy 

sources and its role in reducing the human 

impact on the climate. [20] 
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A connection of energy sector with the 

competitiveness of the European or any 

economy leads to an easy willingness to 

overrun the importance of struggle the sake 

of economic betterment to create the legal, 

institutional, technical, economic and social 

assumptions for a successful and sustainable 

fight against the climate changes. In the 

energy sector itself, the most important 

mechanisms for combating the climate 

changes are the energy efficiency and intro-

duction the renewable energy sources in 

production, transmission, distribution and 

consumption. [21] 

Unfortunately, neither the old nor the 

new members of the European Union, 

which had far more favorable market and 

political conditions for implementation the 

European regulations in the area of promo-

tion the renewabl energy sources and ener-

gy efficiency, security of supply and level 

of environmental protection, have not yet 

succeeded in fully implementing the Euro-

pean laws in this sector and the use of re-

newable energy sources. 

The growing concerns about the global 

warming and energy dependence are forcing 

the countries of the European Union to mod-

ernize their approach to the energy production 

and consumption. The locally available re-

newable energy sources can significantly help 

with this problem with negligible or no car-

bon dioxide emissions. [22] 

The water mills and windmills, used earli-

er, produced the mechanical energy from the 

renewable energy source of water. Today, the 

modern versions of these devices convert the 

water or wind into electricity. The European 

electricity production from the wind energy, 

which has made a significant progress in the 

last few years, is today at the level of electric-

ity needs in Denmark and Hungary. [23] 

Several technologies, especially the wind 

energy, small hydropower plants, biomass 

energy and solar energy, are economically 

competitive. The other technologies depend 

on a market demand to become economical-

ly viable compared to the conventional en-

ergy sources. The process of accepting the 

new technologies is very slow, where the 

initial cost is a key problem for installation 

the new plants. [24] 

The renewable energy sources, not in-

cluding hydropower, provide less than 1% 

of the total required energy. [25] That share 

should be significantly increased in the fu-

ture because there are fewer and fewer non-

renewable sources of energy, and their 

harmful impact has become more and more 

pronounced in the last few decades. 

8 CONCLUSION 

The renewable energy sources and new 

technologies for using these sources are be-

coming an increasingly important segment in 

all fields, especially affecting the environ-

ment. Using the renewable energy sources 

reduces the consumption of non-renewable 

energy resources. The use of these sources is 

therefore very important from the aspect of 

environmental protection. 

The development of renewable energy 

sources (especially wind, water, solar and 

biomass energy) is important for several rea-

sons. 

The renewable energy sources play a very 

important role in reducing the emission of 

carbon dioxide into the atmosphere. Also, 

increasing the share of renewable energy 

sources increases the energy sustainability of 

the system, as it helps to improve the security 

of energy supply by reduction a dependence 

on the import of energy raw materials and 

electricity. 

The renewable energy sources are ex-

pected to become economically competitive 

with the conventional energy sources over a 

longer period of time. 

A clear example is the energy itself, 

which as an area of the economy, on which 

the development of all other areas of the 
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economy is based, is the biggest polluter of 

the environment, without whose protection it 

is not possible to achieve the sustainable de-

velopment of the human species and living 

world on the planet. 

The environmental pollution knows no 

national borders, which is the reason for the 

further development of a new area of law - 

the law of environmental protection, which, 

in the same way as the law of energy, has an 

international character by its nature. All the 

countries of the world have a difficult task: 

how to reduce the use of fossil fuels and 

emission of harmful gases that cause the 

greenhouse effect, global warming, climate 

change, natural disasters and occurrence of 

acid rain, while at the same time preserving 

the achieved level of technological and eco-

nomic development. 

The only way is to reduce the use of fossil 

fuels and develop technologies for the use of 

renewable energy sources. 

Replacing the fossil fuels with the renew-

able energy sources has a great impact on 

successfully solving global environmental 

problems. Today, the application of renewa-

ble energy sources is gaining more and more 

importance, especially for reasons of the envi-

ronmental protection and the use of resources 

available on one's own territory. 

Mitigation the climate changes is current-

ly the most serious global problem, of which 

we are also a part. The time to stop the 

weather changes, which can cause a catastro-

phe like no man has ever seen, is getting 

shorter every day. 

The solutions exist, and the renewable en-

ergy sources are the most important and una-

voidable factor. The technologies of using the 

renewable energy sources are becoming more 

economically profitable and competitive on 

the market every day, which eliminates fears 

that the transition from fossil fuels will 

threaten the economies of the countries that 

use them. 
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Abstract 

This paper presents the results of research on the corrosion behavior of brass CuZn42 in an acidic en-

vironment, in the presence of copper ions. Based on the recorded anodic polarization curves, it was con-

cluded that as the concentration of copper ions in the tested solution increases, the corrosion current den-

sities also increase. This is reflected in the occurrence of the decinking process of brass, during which zinc 

is deposited on its surface, while the remaining porous copper stays within the brass mass. 
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1 INTRODUCTION  

The corrosion behavior of brass has 

been mostly tested in terms of the mecha-

nisms of dezincification and stress corro-

sion. Dezincification is a well-known (dele-

gating) process that refers to the loss of zinc 

from brass, and is considered as an im-

portant physical-mechanical property lead-

ing to the surface destruction [1-4]. It oc-

curs in solutions containing the specific 

chemical compounds. The Cu-Zn family 

includes brass alloys. Dezincification (dele-

gation, alloy separation) has a significant 

impact on these alloys due to the large dif-

ference in the equilibrium potential between 

Cu and Zn. Dezincification can occur as a 

 
 

 

generalized form of corrosion or during 

crack propagation due to stress corrosion. 

The delegation of other Cu alloys is also an 

important example, such as the selective 

removal of Cu from Cu-Sn alloys or Al 

from aluminum bronze. During the corro-

sion of many technical aluminum alloys, the 

delegation of Cu-rich intermetallic particles 

(i.e., α-phase, Al2Cu, or s-phase, Al2CuMg) 

can occur as the first step. The delegation 

process can also be used to prepare func-

tional, nanoporous Cu-based materials [5]. 

Previous studies have shown that ions 

such as the thiocyanates, bromides, and 

iodides do not participate in dezincification, 

https://orcid.org/0009-0006-7585-976X
https://orcid.org/0000-0002-2201-066X%203
https://orcid.org/0000-0002-3747-1530
https://orcid.org/0000-0003-1055-8449
https://orcid.org/0000-0003-4839-8751
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while chlorides and sulfates, at certain con-

centrations, induce dezincification [6,7]. 

The effect of anions is reflected in their 

pronounced effect on the surface of sample. 

The observed differences in the dissolution 

kinetics and degree of dezincification in 

chloride and sulfate media may be influ-

enced by the bond between copper and pre-

sent anions. 

Two main theories explain the mechanism 

of dezincification of brass: the first theory 

assumes the selective dissolution of zinc, 

which leaves the alloy and results in a porous 

residue rich in the metallic copper, while the 

second theory assumes the simultaneous dis-

solution of zinc and copper, with copper re-

deposition occurring to a certain degree. 

There are still conflicting the opinions re-

garding copper redeposition, as well as the 

form and nature of the corrosion products of 

brass, deposited on the surface of sample dur-

ing the selective dissolution of the alloy 

[8,9,10,11]. 

The corrosion behavior and dezincifica-

tion process of the cold-deformed CuZn42 

brass were investigated in an acidic sulfate 

solution at pH 2, with the addition of copper 

(II) ions, using the linear polarization method. 

The measured corrosion potentials and corro-

sion current densities were observed as char-

acteristics of the dezincification process and 

corrosion resistance of the tested cold-

deformed CuZn42 brass samples. 

The obtained results show that the lower 

pH values of the tested solutions and in-

creased copper (II) ion concentrations lead 

to an increase in corrosion current densities 

of the tested brass samples, which is a result 

of the selective dissolution of zinc and indi-

vidual dissolution of zinc and copper, in-

cluding the dezincification process.  

The lowest corrosion current densities 

are observed in the brass samples with the 

highest degree of deformation (80%). The 

dezincification and anodic dissolution pro-

cess of the cold-deformed brass samples 

occurs across the entire range of tested po-

tentials. 

The aim of this study was to show which 

of the tested cold-deformed brass samples 

exhibits an inhibitory effect. Additionally, 

the concentrations of copper ions were de-

termined at which the tested brass samples 

show an active state towards the corrosion 

process. 

2 EXPERIMENTAL PART 

The sample of the tested brass, laborato-

ry-produced, had the following chemical 

composition: Cu-57.95% (purity 99.997%), 

Zn-41.91% (purity 99.85%), and the rest-

0.14%. The sample was embedded in cold-

curing acrylic. A copper electrode was used 

as a reference sample. The samples for elec-

trochemical measurements had a constant 

surface area of P=0.38cm². Before each 

polarization measurement, the samples were 

polished with a sandpaper of grade #1000 

and aluminum oxide, then washed with dis-

tilled water and ethanol. A saturated calo-

mel electrode (SCE) and platinum wire 

were used as the reference and counter elec-

trodes, respectively, while the brass served 

as the working electrode in a classic three-

electrode electrochemical cell. All potential 

values shown on the polarization curves are 

given relative to the saturated calomel elec-

trode (Esce). During polarization measure-

ments, the following solutions were used: 

1•10⁻¹M Na₂SO₄, 1•10⁻¹M Na₂SO₄ + 

1•10⁻³M CuSO₄, 1•10⁻¹M Na₂SO₄ + 

5•10⁻3
M CuSO₄, 1•10⁻¹M Na₂SO₄ + 

1•10⁻²M CuSO₄, and 1•10⁻¹M Na₂SO₄ + 

5•10⁻²M CuSO₄. The working electrolyte 

was 10⁻¹M Na₂SO₄ solution. Polarization 

measurements were performed from the 

open circuit potential to a potential of 1000 

mV (SCE) with a polarization rate of 

10mV/s, using the linear polarization met-

hod. The AMEL equipment was used, spe-

cifically: potentiostat-model 553, program-

mable function generator-model 568, inter-

face-model 560/A/log, and digital x/y re-

corder-model 863. 
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3 RESULTS AND DISCUSSION 

For the high concentrations of H2SO4 

(1.0M) and low temperatures (298K), the 

copper surface is passivated, resulting in the 

low corrosion rates (1.7•10
-3

mm/d). The 

phenomenon of copper passivation in 1.0M 

H2SO4 solution is explained in the literature 

by formation the CuSO4•5H2O and/or Cu2O 

film [12]. The passivation film consists of a 

mixture of copper oxides on the inner side, 

while the outer layer is composed of copper 

sulfate hydrates [13]. The corrosion poten-

tials for pH value of  2 and all tested sam-

ples are negative, with copper exhibiting the 

 

 

 

most positive corrosion potential, as shown 

in Table 1. The most positive values for the 

copper electrode were also obtained in stud-

ies [14,15], when investigating the corro-

sion potentials of copper, tin, and bronze 

(Cu-10Sn) in Na2SO4 solution. In the study 

[16], the corrosion potential values and cor-

rosion current densities for the copper elec-

trode in 1•10
-1

M Na2SO4 solution at pH value 

of 3.5 were: -26 mV and 0.91 μA/cm
2
, with 

complete agreement in the shapes of polari-

zation curves, as shown in Figure 1, as a 

result of our tests. 
 

Table 1 Values for corrosion potentials (Ecorr) and corrosion current densities (jcorr) for the tested brass 

alloys and copper in a 1•10-1M Na2SO4 solution, at pH 2 in the presence of copper ions 

1·10-1M Na2SO4 + 1·10-3M Cu2+ 

Sample Cu 
CuZn42    

(0%) 

CuZn42 

(20%) 

CuZn42 

(40%) 

CuZn42 

(60%) 

CuZn42       

(80%) 

Ecorr (mV) -14 -53 -49 -58 -53 -68 

jcorr (mA/cm2) 0.679 0.817 0.865 0.981 1.121 0.745 

1·10-1M Na2SO4 + 5·10-3M Cu2+ 

Sample Cu 
CuZn42  

(0%) 

CuZn42  

(20%) 

CuZn42 

(40%) 

CuZn42 

(60%) 

CuZn42 

(80%) 

Ecorr (mV) -6 -45 -25 -37 -40 -43 

jcorr (mA/cm2) 0.711 0.935 1.092 1.134 1.218 0.912 

1·10-1M Na2SO4 + 1·10-2M Cu2+ 

Sample Cu 
CuZn42    

(0% 

CuZn42 

(20%) 

CuZn42 

(40%) 

CuZn42 

(60%) 

CuZn42 

(80%) 

Ecorr (mV) 2 -30 -28 -49 -24 -29 

jcorr (mA/cm2) 0.867 1.057 1.17 1.304 1.342 1.015 

1·10-1M Na2SO4 + 5·10-2M Cu2+ 

Sample Cu 
CuZn42    

(0%) 

CuZn42  

(20%) 

CuZn42 

(40%) 

CuZn42 

(60%) 

CuZn42 

(80%) 

Ecorr(mV) 31 -16 10 10 -10 10 

jcorr(mA/cm2) 0.947 1.238 1.333 1.378 1.448 1.211 

 

It can be seen from Table 1 that the val-

ues of corrosion current densities are lowest 

for the copper electrode. For brass CuZn42, 

the values of corrosion current densities 

increase with the increase in deformation 

degree (Table 1). The highest values of co-

rrosion current densities are observed for 

brass CuZn42 with a deformation degree of 

60%, while the lowest values are for brass 

with a deformation degree of 80%. This is 

explained by the greatest disorder in the 

crystal lattice and easier formation of the 
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protective CuO/Cu₂O film on the surface of 

brass [17-20]. Copper(II) ions play an im-

portant role in the occurrence of stress 

corrosion in brass over a wide range of so-

lution pH values [21-23]. 

 
 

 
Figure 1 Polarization curves for deformed brass CuZn42 and copper in a 1•10⁻¹M Na₂SO₄ solution 

 

The effect of Cu²⁺ ions on the corrosion 

process of copper and CuZn42 brass was 

tested by addition the following concentra-

tions of Cu²
+
 ions: 1•10⁻³M, 5•10⁻³M, 

1•10⁻²M, and 5•10⁻²M to a 1•10⁻¹M Na₂SO₄ 
solution. The tests were conducted at pH 2. 

The values for corrosion potentials (Ecorr) for 

copper and CuZn42 brass "shift" over time 

into the more positive region with increasing 

concentrations of Cu²⁺ ions (Tables 2 and 3), 

with the most positive values observed at the 

Cu²⁺ ion concentration of 5∙10⁻²M. 

 

Table 2 Corrosion potential values for copper electrode in a Cu²⁺ ion solution at pH 2 

Cu electrode 

 

Solution 

1·10-1M Na2SO4 
1·10-1M Na2SO4 + 

1∙10-3M Cu2+ 

1·10-1M Na2SO4 + 

5∙10-3M Cu2+ 

1·10-1M Na2SO4 + 

1∙10-2M Cu2+ 

1·10-1M Na2SO4 

+  5∙10-2M Cu2+ 

Ecorr (mV) -30 -14 -6 2 31 

 

The zinc content in the brass results in 

lower corrosion potential values even in 

alkaline solutions, with the following meas-

ured values: for copper: -0.05V, for 

CuZn10: -0.10V, CuZn40: -0.14V and pure 

zinc: -0.54V [7]. Additionally, the increased 

zinc concentrations in brass alter the chemi-

cal composition of the passive film on its 

surface, changing from the typical 

Cu2O/CuO film to a ZnO/Cu2O/CuO film 

with an increased ZnO content [24,25,26]. 

At the same time, the thickness of the zinc-

oxide layer increases, while the thickness of 

the copper-oxide layer decreases. 

The lowest corrosion current densities 

are observed for the copper electrode. A 

decrease in deformation degree leads to a 

reduction in the values for corrosion current 

density (jcorr) for all tested samples, with the 

highest values occurring in brass 

CuZn42(60%) and the lowest in brass 

CuZn42(80%), which is explained by the 
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stability of the formed Cu2O/CuO film on the 

electrode surface. In this case, a high degree 

of deformation of the electrode has an inhibi-

tory effect on the corrosion process. 

 
Table 3 Values for corrosion potential for brass CuZn42 at five deformation degrees and copper, 

in Cu2+ion solution at pH 2 

1·10-1M Na2SO4 + 1·10-3M Cu2+ 

Sample Cu 
CuZn42    

(0%) 

CuZn42 

(20%) 

CuZn42 

(40%) 

CuZn42 

(60%) 

CuZn42       

(80%) 

Ecorr (mV) -14 -53 -49 -58 -53 -68 

1·10-1M Na2SO4 + 5·10-3M Cu2+ 

Sample Cu 
CuZn42 

(0%) 

CuZn42  

(20%) 

CuZn42 

(40%) 

CuZn42 

(60%) 

CuZn42 

(80%) 

Ecorr (mV) -6 -45 -25 -37 -40 -43 

1·10-1M Na2SO4 + 1·10-2M Cu2+ 

Sample Cu 
CuZn42 

(0%) 

CuZn42 

(20%) 

CuZn42 

(40%) 

CuZn42 

(60%) 

CuZn42 

(80%) 

Ecorr (mV) 2 -30 -28 -49 -24 -29 

1·10-1M Na2SO4 + 5·10-2M Cu2+ 

Sample Cu 
CuZn42    

(0%) 

CuZn42  

(20%) 

CuZn42 

(40%) 

CuZn42 

(60%) 

CuZn42 

(80%) 

Ecorr (mV) 31 -16 10 10 -10 10 

 

 
Figure 2 Polarization curves for the tested samples in 10-1M Na2SO4 + 5•10-2M Cu2+ 

 

In Figure 2, the polarization curves of 

copper and brass CuZn42 are presented, with 

five degrees of deformation, in 1•10⁻¹M 

Na₂SO₄ solution, with the addition of the 

highest tested concentration of copper ions, 

5∙10⁻²M Cu²⁺, along with the displayed values 

for corrosion potentials and corrosion current 

densities. 
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For comparison the curve shapes as well 

as the values for Ecorr and jcorr, Figure 3 and 

Table 4, show the polarization curves for the 

tested brass samples in 1•10
-1
M Na2SO4 solu-

tion with the addition of 5∙10
-2

M Cl
-
 ions.  

Based on the presented curves (Figure 3) 

and values from Table 3 and Table 4, it can 

be concluded that the Cl
-
 ion has a less co-

rrosive effect on the tested brass compared 

to Cu
2+

 ion solution. This is explained by 

the inhibitory effect of chloride ions and 

stability of the formed Cu(I)-chloride com-

plex (CuCl2
-
), which is formed by the pri-

mary reaction:                

Cu + 2Cl
-
 → CuCl2

-
 + e

-
 [27,28]. 

 
 

 
Figure 3 Polarization curves for tested samples in 10-1M Na2SO4 + 5•10-2M Cl-   

Table 4 Values of corrosion potentials and corrosion current densities for CuZn42 brass and  

copper in solution of 5•10-2M Cl- ions, for pH 2 

1·10-1M Na2SO4 + 5·10-2M Cl- 

Sample Cu 
CuZn42 

(0%) 

CuZn42 

(20%) 

CuZn42 

(40%) 

CuZn42 

(60%) 

CuZn42       

(80%) 

Ecorr (mV) -145 -232 -226 -240 -218 -225 

jcorr (mA/cm2) 0.678 1.083 1.122 1.182 1.197 1.008 

 

Based on the experiments conducted, it 

can be said that the inhibitory effect on corro-

sion is observed with a deformation degree of 

80% for CuZn42 brass. The formed 

Cu2O/CuO film is unstable in a solution with a 

pH 2 leading to the increased values for corro-

sion current densities. The study in [10] found 

that the passive protective film, composed of 

Cu2O compounds, is more unstable at pH 4 

than at pH 7. A decrease in concentration of 

the Cu
2+

 ions and degree of deformation leads 

to a reduction in the values for corrosion cur-

rent density (jcorr) for all tested electrodes.  

A deformation degree of 80% has an in-

hibitory effect on the corrosion process of 

CuZn42 brass in all solutions. Tests have 

shown that the corrosion current densities 

for copper at pH 2 are lower than those for 

CuZn42 brass. This is explained by the poor 

stability of the surface film on CuZn42 

brass in highly acidic solutions, or rapid 

disruption of the formed film on the brass 

surface, as well as the initial process of 

dezincification, during which zinc is more 

intensely leached from CuZn42 brass into 

solution at lower pH values [28, 29, 30]. 
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The increased values for corrosion current 

density are a result of the initial stage of 

dezincification process and zinc leaching 

from the brass surface. 

4 CONCLUSION  

In Cu
2+

 ion solutions:  

 CuZn42(60%) brass has the highest 

corrosion current density value.  

 CuZn42(80%) brass has the lowest 

corrosion current density value.  

 In acidic solutions, the protective layer 

formed on the brass surface is unstable, 

which is explained by the dezincification 

process of the tested brass.  

 Increased corrosion current densities 

indicate an intensive dezincification 

process of brass, where zinc leaches 

from an alloy, leaving a porous copper 

residue with poor corrosion resistance.  

 An effective method of protecting brass 

from the corrosion and dezincification 

process is the application of corrosion 

inhibitors. 

 From the presented tables and graphs, 

the inhibitory effect of chloride ions is 

evident, which is explained by for-

mation the stable Cu(I)-chloride com-

plex (CuCl₂⁻) on the surface of tested 

samples. The formation of this complex 

can lead to a decrease in availability the 

reactive surface sites for further pro-

cesses (such as corrosion, oxidation, or 

other electrochemical reactions), as a 

layer is formed on the surface that pro-

tects metal from further damage or in-

teraction with the surrounding envi-

ronment.  
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Abstract 

The process of coal crushing for the Kostolac "B" Thermal Power Plant is carried out at the "Drmno" 

crushing plant using two hammer crushers of Czechoslovak production (PSP Engineering a.s. Prerov), 

type KDV 1137, with a nominal capacity of 1350 t/h, an electric motor power of 1000 kW, and a rotational 

speed of n = 593 min⁻¹ (the circumferential-peripheral speed of the hammers is approximately 49 m/s).  

This type of crusher requires a specific feeding regime, meaning that the material must be delivered to 

a designated space between the impact rollers and the rotor. Additionally, the height from which the 

material falls into the crusher is limited to 2.2 times the rotor diameter. It is crucial that the feeding speed 

of the crusher remains below 2 m/s and that the material falls precisely into the designated crushing zone.  

This study examines the selection of the optimal variant for uniform crusher feeding to reduce the 

uneven wear of the hammers. 

Keywords: Coal, hammer crushers, crushing, thermal power plant 
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1 INTRODUCTION  

The capacity of the "Drmno" open-pit 

mine is 9,000,000 tons per year of raw coal, 

and the distribution of this coal to the 

thermal power plants "A" and "B" is shown 

in Table 1. 

From the data presented in Table 1, it 

can be concluded that achieving the annual 

 
 

 

capacity of 6,300,000 tons of raw coal for 

the needs of Thermal Power Plant Kostolac 

"B" is enabled by operating two crushers 

with a capacity of 1,200 t/h, which corre-

sponds to approximately 2,625 hours per 

year of effective operation of the Drmno 

crushing plant. [1] 
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Table 1 Capacities of crushers and thermal power plants Kostolac A and B 

Parameter 
Thermal Power Plant  

„Kostolac B” 

Thermal Power Plant  

„Kostolac A” 

Annual Capacity (tons / year) 6.300.000 2.700.000 

Working time 300 days x 3 shifts / day = 900 shifts / year 

Tons per day 21000 9000 

Tons per shift 7000 3000 

Average hourly capacity 

(tons/hour) 
2400 1000 

Effective working time 2625 h/y 2700 h/y 

Maximum capacity (tons/hour) 2700 t/h 1200 t/h 

 

This means that the crushers can occa-

sionally operate with a capacity lower than 

the average, which is 1,200 t/h per crusher, 

and even as low as 1,000 t/h. With a com-

bined capacity of 2,000 t/h (2 x 1,000 t/h), the 

required annual operating time for the Drmno 

crushing plant is 3,150 hours. 

The increase in the capacity of the "Drm-

no" open-pit mine to 12,000,000 tons per year 

will be achieved through a new crushing line 

that is currently under construction. The bulk 

density of raw coal varies, depending on par-

ticle size and quality, within the range of 0.65 

to 0.9 t/m³. [2] For calculation purposes, a 

value of 0.76 t/m³ has been adopted. For raw 

coal from the "Drmno" open-pit mine, a natu-

ral angle of repose of 38º has been adopted. 

The operation of the crushing plant can 

be evaluated based on the fulfillment of 

requirements for the desired granulometric 

composition, i.e., the appropriate particle 

size of crushed coal. There are two primary 

requirements regarding the granulometric 

composition of the crushed product: 

*Crushed coal 100% –50 mm, with the 

content of the –30+0 mm size class in the 

crushed coal being at least 85%, and the 

content of the –50+30 mm size class being a 

maximum of 15%. 

*Requirement by A. Mazurkiewicz 

(Furnace and Boiler Designer from Poland): 

Crushed coal should have a particle size of 

100% –60 mm, with the content of the –

40+0 mm size class being at least 95%, and 

the content of the –60+40 mm size class 

being a maximum of 5%. [3] 

To achieve the designed granulometric 

composition, according to the equipment 

manufacturer's requirements [4,5] and the 

technical manual for this crusher, the 

following conditions must be met: 

 According to the manufacturer's 

specifications, the maximum input coal 

size must be 800 mm, or the volume of 

individual pieces must be less than 0.1 

m³. However, the technical manual for 

this crusher specifies a maximum input 

coal size of –450 mm. 

 Feeding must be continuous, with a 

coal flow speed of a maximum of 2 

m/s, distributed evenly across the 

entire rotor width, entering the feeding 

zone which ranges from 20 to 40º 

(45º) in the direction of rotor rotation 

with hammers. 

 The feeding capacity should range 

between 1250 and 1450 t/h. Within 

this capacity range, the electric motor 

current drawn by the crusher should be 

between 90 and 110 A. 

 During crusher operation, the gap, 

which is adjusted by moving the third 

impact roller, should be regulated 

according to the degree of hammer 

wear. 
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2 COAL CRUSHING PROCESS FOR 

THERMAL POWER PLANT “KOS-

TOLAC B” 

All the coal arriving at the Drmno 

crushing plant is directed for crushing via 

chute S1. In the case of separating large coal 

pieces, only the oversize from the cylindrical 

sizing screens R3 and R4, installed above the 

belt feeders, is processed. 

If all the coal arriving at the Drmno 

crushing plant is to be crushed, then after 

chute S1, the coal gravitationally falls onto 

chute S2, which evenly splits the coal 

stream into two halves and directs it onto 

belt feeders TR6 and TR7. Belt TR6 feeds 

coal into hammer crusher D1, while belt 

TR7 feeds coal into hammer crusher D3. 

 

 

 
 

 

The original design planned for the 

installation of three hammer crushers: D1, 

D2, and D3. The function of the belt feeders 

TR6 and TR7 was to supply all three 

crushers, which was made possible through 

the reversible operation of the conveyors. 

The expected particle size after crushing 

was approximately 85% –30 mm. 

Hammer crusher D2 was dismantled due 

to problems that occurred with feeding the 

crushers, as the installed feeders TR6 and 

TR7 did not provide an optimal material 

entry trajectory into the crushers. 

 

Table 2 Technical characteristics of crushers D1 and D3 

Crushers D1 and D3 

Number of crushers  N = 2 

Rotor diameter D = 1600 mm 

Rotor width B = 2200 mm 

Rotor speed n = 600 o/min 

Maximum input size Umax = 800 mm 

Output particle size I = 0 – 40 mm 

Motor power P = 1000 kW 

Capacity Q = 1350 t/h 

 

The total number of hammers on the 

crusher is 104 (Figure 1), which are 

arranged in 8 rows with 13 hammers each. 

The crusher housing does not have a grate, 

and the particle size of the output product is 

regulated by adjusting the distance between 

the hammers and the impact rollers. 

 
 

 
Figure 1 Arrangement of hammers on the crusher shaft [1] 
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The crushed coal is collected on 

conveyor belt TR10 and then, via a system 

of belt conveyors, it is deposited onto one of 

the crushed coal stockpiles (A, B, C, and D) 

located in front of Thermal Power Plant 

Kostolac “B”, or it is directly transported to 

the bunkers of blocks B1 and B2 of the 

power plant, without intermediate storage. 

Figure 2 shows the feeding zone of 

crushers KDV1137. 

 
 

 
Figure 2 Hammer crusher KDV1137 

 

The crushers are mounted on appropriate 

reinforced concrete foundations. Feeding of 

the crushers is performed using belt feeders 

TR6 and TR7, which handle raw coal with a 

particle size of –400 (1000)+0 mm directly 

from conveyor belt TR0 (via chutes S1 and 

S2, or from the oversize of screens R3 and 

R4, with a particle size of –150+0 mm). 

The adjustment of the gap between the 

lower impact roller and the hammers on the 

rotor is performed depending on the degree of 

hammer wear. The method of hammer 

attachment allows them to be rotated after 

wear, which enables better utilization of the 

hammers. 

Figures 3 and 4 show photographs of the 

shaft with hammers and the lower impact 

roller, where the side walls of the discharge 

opening are visible. These walls are inclined 

inward, which is contrary to the manu-

facturer's recommendations. 

The discharge opening of the crusher 

must have vertical side walls, perpendicular 

to the rotor axis, while the walls parallel to 

the rotor must be angled at 30º (inverted 

funnel). 

 
 

  

Figure 3 and Figure 4 Shaft with hammers and lower impact roller [1] 
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Figure 5 shows the granulometric 
composition (% – mm) of raw coal and 
figure 6 shows granulometric composition  

(% – mm) of crushed coal from open–pit 
mine "Drmno". 

 
 

   
Figure 5 and Figure 6  Granulometric composition (% - mm) of coal from open-pit mine  

"Drmno" [2] 

 

 

Periodic monitoring of the condition and 

operation of the crushing plant revealed the 

following: 

 Feeding of the crushing plant is 

continuous, with capacity control in 

place. 

 Coal pieces up to approximately 1000 

mm in size are entering the crushers. 

 Coal moisture content remained within a 

consistent range of about 40% ± 2.3%. 

 The speed of the belt feeder feeding the 

crusher is below 2 m/s, thus satisfying 

the requirement for continuous feeding. 

 The width of the belt feeder, B = 2000 

mm, is slightly larger than the crusher's 

inlet opening, which is B = 1900 mm. 

 The belt feeder has a trough-shaped 

cross-section, which means the material 

is unevenly distributed, with the 

thickness of the coal layer being greatest 

at the center of the cross-section. 

 The impact plate, which is designed to 

direct material into the crushing zone, 

is positioned so that its center, where 

the material from the conveyor belt 

primarily strikes, is located appro-

ximately 0.5 m from the vertical axis 

of the rotor and is installed at a height 

of over 2 m. 

 The hammers wear unevenly and 

irregularly, with faster and more 

significant wear occurring at the center, 

which prevents proper adjustment of 

the lower impact roller. The particle 

size of the crushed coal depends on the 

degree of hammer wear, although this 

dependency cannot be clearly identified 

from the analysis of granulometric 

composition. A greater impact on the 

particle size of the crushed coal comes 

from the uneven hammer wear across 

the width of the shaft and the inability 

to properly adjust the gap between the 

hammers and the lower impact roller. 

The general conclusion, considering 

both crushers in the Drmno crushing plant 

(D1 and D3), is that the hammers wear 

unevenly, specifically, they wear much 

faster in the middle of the shaft than at the 

ends. This results in difficulty adjusting the 

gap of the crusher's discharge opening. 
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The manner in which the hammers are 

mounted on the shaft attached on one side 

to a disc and on the other side to a sleeve 

also contributes to greater wear on the side 

facing the disc. After a certain period, the 

discharge opening can no longer be properly 

adjusted, which leads to a particle size that is 

larger than the designed specification. 

This uneven hammer wear is primarily 

due to: 

Uneven feeding of the crusher across the 

width of the rotor, and the type of material 

used for manufacturing the hammers. 

The gap between the rotor and the lower 

impact roller is adjusted in steps, specifically 

in four steps of 20 mm each. In an ideal case, 

with uniform hammer wear, the gap would, 

through natural wear of the crushing bodies, 

range between 40 and 60 mm. After this, a 

new adjustment would reduce the gap to 40 

mm. However, the mere increase of the gap 

over time indicates that it is impossible to 

continuously maintain the desired particle 

size of the crushed coal. Due to uneven 

hammer wear, the gap adjustment is made 

according to the longest hammers, i.e., the 

least worn hammers, which are located at the 

ends of the shaft. As a result, in the central 

crushing zone, the gaps cannot be adjusted to 

the appropriate size. 

In that area, the hammers have reduced 

mass, which decreases their crushing 

potential. The larger gap and reduced hammer 

mass result in coarser crushed coal. 

3 ALTERNATIVE SOLUTIONS FOR 

CRUSHER FEEDING 

After analyzing the current state of coal 

crushing and the feeding of hammer 

crushers in the Drmno crushing plant, three 

main new feeding solutions are proposed 

for consideration to achieve the designed 

particle size parameters of crushed coal, i.e., 

15% –60+30 mm and 85% –30 mm: 

1. Reconstruction of existing belt fee-

ders, by reducing speed and 

increasing the coal layer height on 

the feeder, with adjustment of the 

entry trajectory into the crusher. 

2. Replacement of existing belt feeders 

with chain scrapers. 

3. Replacement of existing belt feeders 

TR6 and TR7 with plate feeders. 

All three proposed solutions are feasible, 

each with its own advantages and 

disadvantages. This paper presents the basics 

of all three proposed solutions and the 

selection of the most optimal variant, which 

will be further developed by the equipment 

supplier in collaboration with the investor. 

3.1. Reconstruction of existing belt feed-

ers by reducing speed and increasing 

coal layer height on the feeder with 

adjustment of entry trajectory into 

the crusher 

This solution involves replacing the 

existing belt feeders and acquiring new 

ones, with a flat profile rather than a trough 

profile, using more durable rubber and 

closely spaced rollers beneath the belt. The 

drive motor would be equipped with a 

frequency regulator to control the rotation 

speed, thus adjusting the belt speed. The 

belt speed would be significantly reduced, 

thereby increasing the coal layer height on 

the belt. 

Figure 7 shows the appearance and 

capacity calculation of a belt feeder with a 

width of 2000 mm. 
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Figure 7 Appearance and capacity calculation of a belt feeder 

 

This requires reconstruction of the chute 

and checking the load-bearing capacity of 

the structural construction, due to the 

increased load, mainly caused by the coal 

layer on the feeders. 

The belt feeder would be equipped with 

scrapers for the return side of the feeder 

belt. 

By installing these feeders, the mass 

would increase due to the volume of coal 

above the belt by approximately 10 tons per 

feeder, plus an increase due to the expanded 

volume of the chute above the belt feeder. 

As seen from the calculations, a range of 

belt speeds has been adopted for a capacity 

of up to 1350 t/h, but the optimal capacity is 

set at 1000 t/h per crusher. This is done to 

ensure that the particle size of the crushed 

coal is as close as possible to the designed 

specifications. The adopted capacity allows 

the processing of 6,300,000 tons per year 

over approximately 3150 hours of effective 

operation per year, which can be considered 

a very acceptable load for the equipment in 

the crushing plant. 

3.2. Replacement of belt feeders with 

chain scrapers 

Chain scrapers are of similar construction 

to the scrapers used in the reserve reception 

bunkers. They are characterized by a high 

material layer and low coal feeding speed. 

This solution involves the complete 

replacement of the existing belt feeders with 

chain feeders. 

V [m/min] 5 10 12 14 15

V [m/s] 0,083 0,167 0,200 0,233 0,250

Q [t/h] 453 905,8 1086,9 1268,1 1358,6

Feeder capacity Q = 60 x 1,85 x 1,2 x 12 x 0,85 x 0,8 = 1086,9 t/h

Feeder speed 12 m/min

Coal particle size from + 0 to – 400 mm

Bulk density of coal 0,85 t/m3

Coal layer height H = 1200 mm

Effective feeder width Bef = 1850 mm

Feeder width B = 2000 mm

Feeder manufacturer As per investor's choice

Type of feeder Belt feeder

SELECTION AND CALCULATION OF BELT FEEDER
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Figure 8 shows the appearance of the 

chain feeder and an approximate calculation 

of feeding capacity, which demonstrates 

that with a chain speed of 11 m/s and a 

coal layer height of approximately 1.6 m, 

the desired capacity of around 1000 t/h is 

achieved. 

 

 

 

Figure 8 Appearance and capacity calculation of chain scraper 

 

 

In this variant, in addition to the mass of 

the chain feeders, the mass of coal on the 

feeder also increases, which amounts to 

approximately 15 tons, plus an increase in 

the mass of the chute, whose side walls 

must correspond to the increased height of 

coal being fed into the crushers. 

3.3. Replacement of belt feeders with 

apron feeders 

As the third solution, the replacement of 

the existing belt feeders with plate feeders 

was considered. The reason for this solution 

is the significant drop height of coal from 

chute S1 onto the feeders, and in this 

regard, the plates of the feeder provide the 

highest level of safety for operation. This 

machine also has disadvantages, including 

its significant weight and the necessity of 

installing cleaning devices beneath the 

return side of the feeder plates. Figure 9 

shows the calculation of the apron feeder 

for the required capacity of 1000 t/h. 

 

V [m/min] 8 9 10 11 12

V [m/s] 0,133 0,150 0,167 0,183 0,200

Q [t/h] 724,6 815,2 905,8 996,3 1086,9

Feeder capacity Q = 60 x 1,85 x 1,6 x 12 x 0,85 x 0,6 = 1086,9 t/h

Feeder speed 12 m/min

Coal particle size od + 0 do – 400 mm

Bulk density of coal 0,85 t/m3

Coal layer height H = 1600 mm

Effective feeder width Bef = 1850 mm

Feeder width B = 2000 mm

Feeder manufacturer As per investor's choice

Type of feeder Chain feeder

SELECTION AND CALCULATION OF CHAIN FEEDER
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Figure 9 Appearance and capacity calculation of plate feeder 

 

4 SELECTION OF A NEW CRUSHER 

FEEDING SOLUTION 

A brief comparative analysis of the pro-

posed solutions revealed the following: 

1. The proposed belt feeder has the 

disadvantage of receiving coal from 

a great height (chutes S1 and S2), 

which increases the risk of damage 

to the rubber belt. The return side of 

the belt is cleaned using scrapers. 

2. The proposed chain feeder has an 

inconsistent coal height and requires 

a large height of about 1.6 m. There 

is not enough space for that height, 

and the discontinuity of the coal 

height entering the crusher is not fa-

vorable. The return side of the 

 

 

 

 
3. feeder is cleaned by an additional 

scraper with a single plate on the 

underside. 

4. The proposed plate feeders, despite 

having increased weight compared 

to the previous two solutions, offer 

an advantage due to the robustness 

of the machine. They maintain a 

continuous height that is adjusted 

and regulated by speed, allowing the 

feeding capacity to be kept constant. 

They have a low input speed of ma-

terial into the central crushing zone, 

and they maintain a uniform height 

across their entire width, making 

V [m/min] 6 9 10 12 15

V [m/s] 0,100 0,150 0,167 0,200 0,250

Q [t/h] 538,6 807,8 897,6 1077,1 1346,4

Feeder capacity Q = 60 x 2 x 1,1 x 12 x 0,85 x 0,8 = 1077,1 t/h

Feeder speed 12 m/min

Coal particle size od + 0 do – 1000 mm

Bulk density of coal 0,85 t/m3

Coal layer height H = 1100 mm

Effective feeder width Bef = 2000 mm

Feeder width B = 2100 mm

Feeder manufacturer As per investor's choice

Type of feeder Apron feeder

SELECTION AND CALCULATION OF PLATE FEEDER
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it realistic to expect uniform hammer 

wear in the crusher. The plate feeder 

requires the installation of a chain 

feeder for cleaning the return side of 

the plates. 

After analyzing all three described pro-

posals and consulting with the Investor, the 

decision was made to replace the existing 

belts TR6 and TR7 with appropriate plate 

feeders, which are robust and can meet the 

conditions for receiving coal through chutes 

S1 and S2, as well as enabling smooth feed-

ing of the crushers into the center of the 

crushing area. 

5 PRESENTATION OF THE NEW 

CRUSHER FEEDING SOLUTION 

After replacing the existing belt feeders 

with new plate feeders, the designed 

parameters of the crushed coal were 

achieved. The new solution ensured even 

feeding of crushers D1 and D3, resulting in 

uniform hammer wear [3]. 

With uniform hammer wear, it became 

possible to adjust the gap using the impact 

roller, which increased the service life of 

the hammers and reduced the number of 

hammer replacements on an annual basis. 

Before the reconstruction, hammers 

were replaced two or three times per year, 

depending on the quality of the material. 

After the reconstruction, hammer repla-

cement is performed during the planned 

maintenance of the crushing plant. 

In addition to uniform hammer wear and 

extended hammer life, proper material 

delivery to the crushing zone was achieved, 

fulfilling the required parameters of the 

crushed coal. 

Figures 10 and 11 show the new apron 

feeders PD6 and PD7 installed at the Drmno 

crushing plant during the trial operation and 

capacity verification phase. 

 

 

 

Figure 10 Apron feeder PD6 [3] 
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Figure 11 Apron feeder PD7 [3] 

 

 

Figure 12 Apron feeder PD6/7 [3] 

 

6 CONCLUSION 

This paper presents the selection of the 

crusher feeding method aimed at achieving 

uniform hammer wear and the designed 

parameters of crushed coal. 

First, a description of the existing state 

was provided, highlighting the issue of 

uneven hammer wear, which results in the 

inability to adjust the gap in the crusher. As 

 

 

 

a consequence, it is impossible to achieve 

the designed parameters of the crushed coal. 

The process of forming alternative 

solutions was presented, along with an 

analysis and evaluation of each variant. 

Finally, the most optimal variant was 

selected, and a brief description of the state 

after installation was provided.   
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Abstract 

This paper examines the costs of mechanized transport used in the construction of exploratory under-

ground corridors over a three-year period. During the execution of the works, data were collected on fuel 

consumption and spare parts required for the uninterrupted operation of the machinery. Based on the 

analysis of the collected data on machinery operation, direct dependencies were established between the 

monthly length of the constructed underground corridors and the operational costs of machinery operation 

and maintenance for material transport. 
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1 INTRODUCTION  

Based on the positive results of geologi-

cal exploration conducted through explora-

tory drilling, four prospective zones have 

been identified where further geological 

investigations [1] and the development of 

corresponding exploratory mine workings 

are required, with the aim of defining the 

boundaries of ore bodies. 

Ore extraction is carried out from a 

polymetallic deposit composed of a large 

number of ore bodies (more than 90), 

 
 

 

which, according to current findings, extend 

over an area approximately 3 [km] in length 

and more than 1.5 [km] in width. The general 

strike direction of the deposit is NW–SE. 

Table 1 presents the basic physical and 

mechanical properties of the ores and the 

surrounding rocks of the ore bodies within 

the polymetallic deposit. It can be conclud-

ed that the geological environment is favor-

able for conducting exploratory, preparato-

ry, and later exploitation works. 
 

https://orcid.org/0000-0002-9103-4614
https://orcid.org/0009-0005-0571-1172
https://orcid.org/0000-0002-3779-6327
https://orcid.org/0000-0002-1209-7423
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Table 1 Characteristics of ores and associated rocks in the deposit 

Parametar 
Sand 

stone 
Skarn Dacite 

Lime 

stone 
Breccia 

Shale 

Marl 
Kaolin  

Lead–

Zinc 

Density [g/cm³] 2,86 3,17 2,71 2,90 3,01 2,88 3,00 3,52 

Bulk Density [g/cm³] 2,71 2,94 2,59 2,75 2,81 2,72 2,87 3,33 

Porosity [%] 5,06 6,83 4,51 5,26 6,67 5,56  6,23 

Compressive Strength [MPa] 99,43 78,85 89,67 80,31 54,51 18,57 23,95 85,47 

Tensile Strength [MPa] 10,83 8,44 10,21 7,17 7,20 2,02 5,00 11,04 

Internal Friction Angle [º] 51,94 51,94 49,88 55,26 47,73 52,55 41,33 45,56 

Elastic Modulus [GPa] 55,73 54,59 38,56 42,86 27,63  4,67 46,75 

Seismic Wave Velocity [km/s] 5,11 5,16 5,29 5,02  2,54 4,55 4,59 

Relative Humidity [%] 0,58 0,66 0,64 0,67    0,77 

Poisson’s Ratio 0,17 0,25 0,18 0,19 0,25   0,25 

Cohesion [dN/cm²] 199,7 157,1 106,9 152,3 170,3   193,4 

Strength (Protodyakonov) 

Coefficient 
9,94 7,88 8,70 8,03 5,45 1,86 2,40 8,55 

 

The favorable geomechanical properties 

of the rock masses within the deposit are 

particularly evident during the excavation of 

horizontal, inclined, and vertical mine 

workings, as these typically do not require 

support, except in fault zones. 

2 TECHNICAL DESCRIPTION OF 

EXPLORATORY DRIFTS 

The elevation of 515 meters has been 

determined as the optimal level for driving 

the drift from which all further geological 

exploration of the identified prospective 

zones will be conducted. This elevation sim-

ultaneously satisfies the positioning require-

ments for exploratory drilling in all zones and 

falls within the potential development range 

of a future mining level at –200 meters, given 

that it is located approximately 60 meters 

below the current lowest level at –150 meters. 

The plan includes the construction of four 

types of cross-sections of exploratory mine 

workings, namely:   

Type 1:  Profile 3.0×2.0[m], unsupported,  Fs = 7.05 [m²] 

Type 2:  Profile 2.0×2.0[m], unsupported,  Fs = 4.00 [m²] 

Type 3:  Profile 4.0×3.5[m], unsupported,  Fs = 12.84 [m²] 

Type 4:  Profile 4.0×3.5[m], with steel support,   Fs = 12.84 [m²] 

 

Figure 1 Profile 4.0×3.5[m], with steel support 
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Main Exploratory Decline GIN 200 

The entry portal to the main exploratory 
decline GIN 200 is located on the plateau of 
the existing haulage adit at the –150 [m] 
level, for the following reasons: 

 The plateau is equipped with complete 

infrastructure; 

 A waste rock dump has already been 

formed, suitable for depositing material 

excavated during the development of 

exploratory workings; 

 This location provides access approxi-

mately to the central part of the ore-

bearing structure, which is highly fa-

vorable from the standpoint of future 

exploitation. 

The main exploratory decline GIN 200 is a 
gently inclined underground opening intended 
to connect the surface with the exploratory 
drifts. It will serve for transporting the materi-
al excavated from the exploratory workings, 
personnel access, as well as the delivery of 
supplies and energy. Additionally, it will be 
used for workplace ventilation. 

From the portal, GIN 200 proceeds hori-

zontally for 15.0 [m], then continues for 430 

[m] at a 10% decline down to an elevation of 

513.0 [m]. From there, it advances sub–

horizontally (with an upward gradient of 

3.1%) for 630.1 [m] until it connects with the 

GIH 200/NW and GIH 200/SE drifts. The 

connection is made through two curves with a 

radius of 20.0 [m]. The total length of the 

main exploratory decline GIN 200, including 

the curves, is 1111.1 [m]. 

The cross-sectional dimensions were se-

lected based on the size of the equipment 

used for drift development (drill rigs, load-

ers), and the clearance required for the mine 

truck planned for future ore and waste haul-

age. Consideration was also given to the posi-

tioning of ventilation ducts with a diameter of 

800 mm during the decline development.  
The cross-sectional area of the decline 

(without support) is Fs = 12.84 [m²]. The 
same clear area is maintained when using a 
four–piece steel arch support system, as 

 
 
 

well as in the section supported with con-
crete lining. 

Regarding ground support, based on data 
obtained from the technical borehole, it is 
estimated that the first 50 meters will be sup-
ported with concrete lining. It is also antici-
pated that approximately 20% of the total de-
cline length (around 210 meters) will require 
steel arch supports. Along the entire section of 
the decline with a 10% gradient (430 + 15 = 
445 meters), a 25 [cm] thick reinforced con-
crete floor slab will be installed, which will 
improve transport efficiency and reduce the 
operational costs of haulage. 

Main Exploratory Drift GIH 200/NW 

From its junction with the main explorato-

ry decline GIN 200, this drift extends in a 

northwestern direction. The total length of the 

drift is 1707.3 meters, and it is being driven 

with an upward gradient of 3.51%. 

The cross–sectional area of the drift (with-

out support) is Fs = 12.84 [m²]. The same 

clear area is maintained when supported with 

a four-piece steel arch support system. The 

drift is largely unsupported.  

Main Exploratory Drift GIH 200/SE 

From its junction with the main explorato-

ry decline GIN 200, this drift extends in a 

southeastern direction. The total length of the 

drift is 847.0 meters, and it is being driven 

with an upward gradient of 3.54%. 

The cross-sectional area of the drift (with-

out support) is Fs = 12.84 [m²]. The same 

clear area is maintained when supported with 

a four-piece steel arch support system. The 

drift is largely unsupported.  

Excavation Technology of the Workings 

The excavation of the aforementioned 

underground workings does not involve any 

particular specificities and does not differ 

from the standard procedures used in the 

development of production mine workings. 
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The technological process of excavation 
consists of the following operational steps: 

 Drilling of blast holes 
 Charging and blasting 
 Ventilation 
 Loading and haulage of blasted material 
 Ground support installation 
 Drainage and auxiliary operations 

3 OVERVIEW OF DEPLOYED  

   MACHINERY 

An overview of the machinery used in 

the excavation of underground exploratory 

drifts is presented in Table 2. The overview 

includes equipment utilized for drilling, 

loading, and material transport operations 

[2].  

 

Table 2 Overview of machinery used for operations execution 

No. Name Type Operating Period 

1 Loader GHH LF 4.1 X. 2019 – IV. 2021 

2 Loader GHH LF 4.1 X. 2019 – IV. 2021 

3 Loader GHH LF 6F VI. 2020 – VIII. 2023 

4 Loader Atlas Copco ST3.5   III. 2021 – VIII. 2023 

5 Drilling Rig Tamrock HS105D III. 2021 – VIII. 2023 

6 Mine Truck Aramine T1601C V. 2021 – VIII. 2023 

 

The objective of this study is to analyze 

the operational costs of operating and main-

taining the machinery used for material 

transport and haulage from the mine.  

Therefore, the data presented below re-

fer specifically to the underground mine 

truck T1601C. 

 
 

 
Figure 2 Technical Specifications and Performance of the T1601C Truck 

 

9 4,5

WORKING DIMENSIONS, MOVEMENT GEOMETRY, WORKING PERFORMANCE AND EQUIPMENT OF TRUCK T1601C
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4 DATA ANALYSIS ON EXECUTION 

AND CONSUMPTION 

The transport cycle includes loading, haul-

ing the material to the dumping point, unload-

ing, and returning to the loading point. The 

number of transport cycles completed within a 

given time period represents the only direct 

link between the realized work (i.e., the num-

ber of meters of mine workings excavated) 

and the incurred costs, since fuel consump-

tion, lubricants, tire wear, truck depreciation, 

and similar expenses are determined based on 

the number of cycles. 

In this case, the determination of transport 

cycles was carried out based on a detailed 

monthly specification of the constructed mine 

 
 
 

 

workings. All the workings were developed 

with the same nominal profile of  4.0 × 3.5 

meters, and therefore share the same clear 

cross-sectional area. This uniformity simpli-

fied the process, as it allowed for the summa-

tion of total lengths excavated each month to 

generate input data for calculating the number 

of transport cycles. 
Based on the monthly excavation lengths 

and the cross–sectional area of the workings, 
the monthly volume of material requiring 
transportation and haulage to the surface was 
determined. The data specifying the executed 
work by working type on a monthly basis are 
presented in Table 3. 

 
Table 3 Specification of executed works on a monthly basis 

 
 

Year Month Portal GIN 200 GVS 1/N RGVS 2/N
TS GIN 

200

UK 1    

DK 1    

DK 2

SIH 0 SIH 1 SIH 2
GIH 200 

SZ
TS 200SZ VH 200 GIH 200 JI

Total per 

month [m]

XI 7,00

XII 8,00

I 17,60 17,60

II 25,58 25,58

III 28,75 28,75

IV 24,40 24,40

V 22,34 22,34

VI 37,10 37,10

VII 34,31 34,31

VIII 44,29 44,29

IX 44,26 44,26

X 61,73 61,73

XI 53,14 53,14

XII 41,24 41,24

I 53,35 53,35

II 63,01 18,10 81,11

III 101,80 2,12 103,92

IV 116,70 14,70 10,30 141,70

V 129,80 9,40 12,80 152,00

VI 99,40 99,40

VII 102,90 13,50 6,10 122,50

VIII 14,30 144,40 158,70

IX 50,00 75,20 125,20

X 84,20 79,90 164,10

XI 49,00 81,00 130,00

XII 38,50 38,50

I 30,70 18,70 49,40

II 77,30 23,00 100,30

III 81,30 59,50 140,80

IV 33,60 22,00 55,60

V 27,70 77,50 105,20

VI 96,30 96,30

VII 42,60 61,40 104,00

VIII 49,40 58,00 107,40

IX 62,20 34,90 97,10

X 3,70 77,40 16,90 98,00

XI 35,60 42,40 6,80 84,80

XII 28,70 51,20 3,70 83,60

I 19,40 42,30 61,70

II 57,20 57,20

III 49,80 49,80

IV 48,90 48,90

V 96,30 96,30

VI 20,30 30,90 51,20

VII 59,70 59,70

VIII 59,60 59,60

IX

X

XI

XII

1.129,40 20,22 14,70 9,40 36,60 157,90 189,30 295,90 896,40 10,50 30,90 620,90

SPECIFICATION OF EXECUTED WORKS ON A MONTHLY BASIS

2019

2020

2021

2022

2023

TOTAL 
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The truck capacity was determined 
based on the allowable payload defined by 
the manufacturer, taking into account that 
the average bulk density of the transported 
material is 2.85 [g/cm³]. With this value and 
considering the loading capacity limit of 
15,000 [kg], the truck loading capacity is 
calculated to be 5 [m³]. Based on the de-
fined truck capacity and the previously 
specified volume of material to be trans-
ported, the required number of transport 
cycles per month is determined. 

By defining the number of working days 
in each month, the monthly number of cycles 
is converted into the daily number of cycles. 
Considering the number of shifts, the number 
of transport cycles performed by the truck 
during a single shift is obtained. This is a 
critical piece of data, as it will be used in the 
following sections to define the number of 
operating hours and fuel consumption. 

At the end of this section, which address-
es transport cycles, the length of the transport 
route per cycle can be defined. For this de-
termination, the input data includes the loca-
tions where the material is loaded into the 
truck. In the specific case analyzed, material 
loading was conducted either in the loading 
chamber UK1, located in the main explorato-
ry decline GIN200 at a distance of 330 meters 
from the beginning of the ramp, or at the 
loading extension at the end of the main ex-
ploratory decline GIN200. Depending on 
these locations, the transport route length was 
defined for each possible scenario. The 
transport distances were further categorized 
based on the inclination of the drift. 

All data calculated and described in the 
preceding text are presented in Table 4, 
which provides an overview of the total 
bulk volume of material for transport, the 
number of cycles, and transport distances. 

 

Table 4 Quantity of transported material and number of cycles 

 
 

The duration of a single transport cycle 

is determined based on the truck’s travel 

speed across defined transport sections 

(e.g., flat sections, inclined sections).  

According to the technical specifications 

of the T1601C truck, the maximum permis

sible travel speeds are provided depending 

on whether the truck is loaded or empty, 

and on the gradient of the haul road. 

For more detailed analyses of speed and 

rolling resistance, a traction force diagram 

(Figure 3) is used, showing the relationship 

Year Month
Produced 

meters

Nominal 

profile (m)

Clear 

surface 

area (m²)

Material 

quantity 

(m³)

Truck 

capacity 

(m³)

Cycles per 

month

Number of 

work. days

Number of 

cycles per 

day

Number of 

shifts

Number of 

cycles per 

shift

Transport 

on flat 

section

Transport 

on upward 

inclinen

Movement 

outside

Return to 

loading

V 152,00 4 x 3,5 12,85 1953,20 5,00 391 28 14 2 7 335,00 435,00 200,00 770,00

VI 99,40 4 x 3,5 12,85 1277,29 5,00 255 28 9 2 5 335,00 435,00 200,00 770,00

VII 122,50 4 x 3,5 12,85 1574,13 5,00 315 29 11 2 5 335,00 435,00 200,00 770,00

VIII 158,70 4 x 3,5 12,85 2039,30 5,00 408 30 14 2 7 667,00 435,00 200,00 1102,00

IX 125,20 4 x 3,5 12,85 1608,82 5,00 322 29 11 2 6 667,00 435,00 200,00 1102,00

X 164,10 4 x 3,5 12,85 2108,69 5,00 422 30 14 2 7 667,00 435,00 200,00 1102,00

XI 130,00 4 x 3,5 12,85 1670,50 5,00 334 29 12 2 6 667,00 435,00 200,00 1102,00

XII 38,50 4 x 3,5 12,85 494,73 5,00 99 22 4 1 4 667,00 435,00 200,00 1102,00

I 49,40 4 x 3,5 12,85 634,79 5,00 127 22 6 1 6 335,00 435,00 200,00 770,00

II 100,30 4 x 3,5 12,85 1288,86 5,00 258 27 10 1 10 335,00 435,00 200,00 770,00

III 140,80 4 x 3,5 12,85 1809,28 5,00 362 31 12 1 12 335,00 435,00 200,00 770,00

IV 55,60 4 x 3,5 12,85 714,46 5,00 143 30 5 1 5 667,00 435,00 200,00 1102,00

V 105,20 4 x 3,5 12,85 1351,82 5,00 270 29 9 1 9 667,00 435,00 200,00 1102,00

VI 96,30 4 x 3,5 12,85 1237,46 5,00 247 30 8 1 8 667,00 435,00 200,00 1102,00

VII 104,00 4 x 3,5 12,85 1336,40 5,00 267 31 9 1 9 667,00 435,00 200,00 1102,00

VIII 107,40 4 x 3,5 12,85 1380,09 5,00 276 30 9 1 9 667,00 435,00 200,00 1102,00

IX 97,10 4 x 3,5 12,85 1247,74 5,00 250 30 8 1 8 667,00 435,00 200,00 1102,00

X 98,00 4 x 3,5 12,85 1259,30 5,00 252 31 8 1 8 667,00 435,00 200,00 1102,00

XI 84,80 4 x 3,5 12,85 1089,68 5,00 218 30 7 1 7 667,00 435,00 200,00 1102,00

XII 83,60 4 x 3,5 12,85 1074,26 5,00 215 22 10 1 10 667,00 435,00 200,00 1102,00

I 61,70 4 x 3,5 12,85 792,85 5,00 159 23 7 1 7 667,00 435,00 200,00 1102,00

II 57,20 4 x 3,5 12,85 735,02 5,00 147 27 5 1 5 667,00 435,00 200,00 1102,00

III 49,80 4 x 3,5 12,85 639,93 5,00 128 31 4 1 4 667,00 435,00 200,00 1102,00

IV 48,90 4 x 3,5 12,85 628,37 5,00 126 30 4 1 4 667,00 435,00 200,00 1102,00

V 96,30 4 x 3,5 12,85 1237,46 5,00 247 30 8 1 8 667,00 435,00 200,00 1102,00

VI 51,20 4 x 3,5 12,85 657,92 5,00 132 30 4 1 4 667,00 435,00 200,00 1102,00

VII 59,70 4 x 3,5 12,85 767,15 5,00 153 31 5 1 5 667,00 435,00 200,00 1102,00

VII 59,60 4 x 3,5 12,85 765,86 5,00 153 30 5 1 5 667,00 435,00 200,00 1102,00

2023

QUANTITY OF TRANSPORTED MATERIAL AND NUMBER OF CYCLES

2021

2022
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between tractive force (vertical axis in kN) 

and distance (horizontal axis in m) [3]. 

Under realistic loading and haulage 

conditions, the following travel speeds have 

been defined: 
Loaded truck traveling on flat under-

ground roadway: v1 = 7 [km/h] 

Loaded truck ascending a 10% incline 
underground: v2 = 4.5 [km/h] 

Loaded truck traveling on flat surface 
outside the mine: v3 = 8 [km/h] 

Empty truck traveling on flat under-
ground roadway: v4 = 8 [km/h] 

Empty truck descending a 10% incline 
underground: v5 = 8 [km/h] 

 
 

 

Figure 3 Diagram of the Relationship Between Tractive Force and distance 

 
Depending on the loading location—

either at the UK1 loading chamber or at the 
loading extension at the end of the main 
exploratory decline GIN200 - there are two 
distinct transport route lengths, and conse-
quently, two different cycle durations for 
these characteristic haulage cycles. 

Basic formula for calculating the 

transport cycle time is: 

      
  
  
 
  
  
 
  
  
 
  
    

 

where are: 

TL – truck loading time [h] 

L1 – distance of transport on flat section 

[km] 

L2 – distance of transport on upward in-

clinen [km] 

L3 – distance of movement outside [km] 

L4 – distance of return to loading [km]   

Cycle 1 represents loading at the UK1 

loading chamber. 

The transport cycle time is calculated as: 

 

Tc = 0.15 + (0.335 / 7) + (0.435 / 4.5) + (0.200 / 8) + (0.770 / 8) = 0.416 [h] = 25 [min] 
 

Cycle 2 represents loading at the exten-

sion at the end of GIN200. 

The transport cycle time is calculated as: 

 

Tc₂  = 0.15 + (0.667 / 7) + (0.435 / 4.5) + (0.200 / 8) + (1.102 / 8) = 0.505 [h] = 30 [min] 

 

With the defined transport cycle dura-

tions from the previous section, it is possi-

ble to determine (or verify from operatio-

nal records) the total number of truck op-

erating hours on a monthly basis. Addi-

tionally, by summing up the transport dis-
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tances and the number of cycles, the total 

distance traveled per month can be calcu-

lated. These figures serve as input data for 

determining the truck’s monthly fuel con-

sumption, and subsequently, the average 

monthly fuel consumption during opera-

tional activities. The calculated data are 

presented in Table 5. 
 

Table 5 Total mileage, operating hours, diesel fuel consumption 

 
 

Tire consumption is presented in Table 
6. Based on available data, tire usage is 
provided for the T1601C truck as well as 
for the GHH LF6 and ST3.5D loaders. This 
was done to ensure that the tire consump-
tion overview can be used for further 

analysis of operating costs and other ma-
chinery performance. 

Table 7. presents the total monthly cost 

of spare parts required for the maintenance 

of the truck. 

 

Table 6 Tire consumption    Table 7 Spare parts costs for maintenance 

       
 

Year Month
Produced 

meters [m]

Quantity 

for export 

[m³]

Cycles per 

month

Cycle 

length [m]

Cycle 

duration 

[min]

Total 

mileage 

[km]

Operating 

hours [h]

Diesel fuel 

consumptio

n [lit]

V 152,00 1953,20 391 1740 25 680,3 162,9 2834

VI 99,40 1277,29 255 1740 25 443,7 106,3 1848

VII 122,50 1574,13 315 1740 25 548,1 131,3 2283

VIII 158,70 2039,30 408 2404 30 980,8 204,0 4086

IX 125,20 1608,82 322 2404 30 774,1 161,0 3225

X 164,10 2108,69 422 2404 30 1.014,5 211,0 4226

XI 130,00 1670,50 334 2404 30 802,9 167,0 3345

XII 38,50 494,73 99 2404 30 238,0 49,5 991

I 49,40 634,79 127 1740 25 221,0 52,9 921

II 100,30 1288,86 258 1740 25 448,9 107,5 1870

III 140,80 1809,28 362 1740 25 629,9 150,8 2624

IV 55,60 714,46 143 2404 30 343,8 71,5 1432

V 105,20 1351,82 270 2404 30 649,1 135,0 2704

VI 96,30 1237,46 247 2404 30 593,8 123,5 2474

VII 104,00 1336,40 267 2404 30 641,9 133,5 2674

VIII 107,40 1380,09 276 2404 30 663,5 138,0 2764

IX 97,10 1247,74 250 2404 30 601,0 125,0 2504

X 98,00 1259,30 252 2404 30 605,8 126,0 2524

XI 84,80 1089,68 218 2404 30 524,1 109,0 2183

XII 83,60 1074,26 215 2404 30 516,9 107,5 2153

I 61,70 792,85 159 2404 30 382,2 79,5 1592

II 57,20 735,02 147 2404 30 353,4 73,5 1472

III 49,80 639,93 128 2404 30 307,7 64,0 1282

IV 48,90 628,37 126 2404 30 302,9 63,0 1262

V 96,30 1237,46 247 2404 30 593,8 123,5 2474

VI 51,20 657,92 132 2404 30 317,3 66,0 1322

VII 59,70 767,15 153 2404 30 367,8 76,5 1532

VIII 59,60 765,86 153 2404 30 367,8 76,5 1532

532,7 114,1 2219

TOTAL MILEAGE, OPERATING HOURS, AND DIESEL FUEL CONSUMPTION

2021

2022

2023

AVERAGE

Year Month
14" - 

T1601C

17,5" - 

GHHLF6 

+ ST 3,5

2020 VI - XII 10

I - IV 9

V - XII 16 18

2022 I - XII 12 13

2023 I - VIII 3 7

31 57

TIRE CONSUMPTION 

2021

IN TOTAL

Number Name Code

Replaceme

nt period 

[h]

Monthly 

quantity

Unit price 

[€]

Monthly 

costs [€]

1 Primary air filter 8035212 125 1,00 99,30 99,30

2 Secondary air filter 8035213 250 0,50 85,40 42,70

3 Engine oil filter 8034231 250 0,50 17,00 8,50

4 Engine fuel filter 8034230 250 0,50 14,30 7,15

5 Water separator filter 7796975 250 0,50 29,65 14,83

6 Hydraulic tank filter 7702298 500 0,25 43,85 10,96

7 Belting on the engine 7785901 1000 0,25

8 Tires 14.00 R24 31 / 28 1231,60 1363,60

1547,04

SPARE PARTS COSTS FOR MAINTENANCE  OF THE T1601C TRUCK

IN TOTAL
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5 ANALYSIS OF OBTAINED RESULTS 

The total monthly operating and mainte-
nance costs are obtained by summing the 
costs of spare parts required for mainte-
nance, fuel and lubricant costs, labor costs 
for both machine operators and maintenance 
personnel, and machine depreciation costs. 

The average monthly fuel consumption 
is 2,219 [lit]. 

The unit price of one liter of Euro diesel 
is €1.60. 

Therefore, the total monthly fuel cost is: 
2,219 × 1.6 = €3,550 

The monthly salary of the truck operator 
is €1,600. 

The monthly salary of the maintenance 

mechanic is €1,000, but this amount is di-

vided by the number of machines serviced 

by the same mechanic. In this case, the me-

chanic was responsible for maintaining four 

 
 

 

machines operating simultaneously. Thus, 
the monthly cost allocated to the truck for 
mechanic labor is: 0.25 × 1,000 = €250 

The average monthly consumption of 
SAE10W oil is 110 [lit]. 

The unit price per liter of SAE10W oil is 
€3.00. 

Therefore, the total monthly cost for oil 
is: 110 × 3 = €330 

Based on the previously determined da-
ta, the total monthly cost of operating and 
maintaining the T1601C truck is:  

Tu = 547 + 3,550 + 1,600 + 250 + 330 
= €7,277 

Using this value, the unit operating and 
maintenance cost per meter of completed 
mining work and per unit volume of trans-
ported material can be calculated. The re-
sults are presented in Table 8 and diagram 
in figure 4. 

 

Table 8 Operating costs of the T1601C truck 

 
 

Year Month
Produced 

meters [m]

Quantity 

for export 

[m³]

Operating 

costs [€]

Operating costs per 

meter of drift 

excavated [€/m]

Operating costs per 

unit of material volume 

[€/m³]

V 152,00 1953,20 7277 47,88 3,73

VI 99,40 1277,29 7277 73,21 5,70

VII 122,50 1574,13 7277 59,40 4,62

VIII 158,70 2039,30 7277 45,85 3,57

IX 125,20 1608,82 7277 58,12 4,52

X 164,10 2108,69 7277 44,34 3,45

XI 130,00 1670,50 7277 55,98 4,36

XII 38,50 494,73 7277 189,01 14,71

I 49,40 634,79 7277 147,31 11,46

II 100,30 1288,86 7277 72,55 5,65

III 140,80 1809,28 7277 51,68 4,02

IV 55,60 714,46 7277 130,88 10,19

V 105,20 1351,82 7277 69,17 5,38

VI 96,30 1237,46 7277 75,57 5,88

VII 104,00 1336,40 7277 69,97 5,45

VIII 107,40 1380,09 7277 67,76 5,27

IX 97,10 1247,74 7277 74,94 5,83

X 98,00 1259,30 7277 74,26 5,78

XI 84,80 1089,68 7277 85,81 6,68

XII 83,60 1074,26 7277 87,05 6,77

I 61,70 792,85 7277 117,94 9,18

II 57,20 735,02 7277 127,22 9,90

III 49,80 639,93 7277 146,12 11,37

IV 48,90 628,37 7277 148,81 11,58

V 96,30 1237,46 7277 75,57 5,88

VI 51,20 657,92 7277 142,13 11,06

VII 59,70 767,15 7277 121,89 9,49

VIII 59,60 765,86 7277 122,10 9,50

92,23 7,18

OPERATING COSTS OF THE T1601C TRUCK

2021

2022

2023

AVERAGE
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Figure 4 Dependence of operating costs of drift length / transported material volume 

 

6 CONCLUSION 

This study presents the methodology for 

determining the operational costs of equip-

ment used for material transport during the 

excavation of exploratory underground drifts. 

Transport cycles were defined based on the 

total volume of material to be removed from 

the mine, in accordance with the technical 

specifications of the transport equipment. 

Based on field-collected data, the actual 

consumption of spare parts for the under-

ground truck was determined. By compiling 

the total operating and maintenance costs of 

the equipment, a correlation was established 

between the length of excavated underground 

workings and the operational costs. 

The obtained data, expressed in €/m, can 

be used for cost estimation of operating and 

maintaining the same or similar equipment in 

future projects 
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Abstract 

As a part of the Main Mining Design for limestone processing at the Open Pit Kaona – Kučevo, a 

new Crushing Plant has been designed. This paper includes a part of technological process for addi-

tional cleaning of limestone with a fraction of -20+0 mm before the primary crushing. 

Keywords: Kaona, crushing, screening, limestone, fraction 
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1 INTRODUCTION  

Exploitation of limestone at the Open Pit 

Kaon near Kučevo is carried out according to 

the Main Mining Design. Part of the MMD is 

the Technical Technological-Mechanical 

Design for Limestone Processing at the Open 

Pit Kaona - Kučevo [1]. 

According to the project on the cadastral 

plot no. In 1539 KO Kučevo, the crushing 

and screening line was built. As a part of 

the requirements of the project task, it was 

requested that the waste be purified before 

the primary crushing, in order to obtain a 

commercial product of fraction: -20+5 mm 

and definitive waste of fraction -6+0 mm. 

The limestone crushing and screening line 

consists of the following subsystems: 

1. Receiving part and primary crushing, 

2. Secondary crushing and screening 

(Tower I) with the associated 

 
 

 

transport lines and open warehouses 

of the final crushed material for the 

Lime Factory, 

3. Tertiary crushing and screening 

(Tower II) with the associated 

transport lines and open warehouses 

of the final crushed commercial 

material, 

4. Additional aggregate purification of 

limestone fraction -20 + 0 mm (Tower 

III) with the associated transport lines 

and open warehouses of purified 

limestone and definitive waste, 

5. Dust removal systems. 

The starting raw material in the 

processing process is the run-of-mine 

limestone - stone obtained by blasting and 

exploitation at the open pit  - Kaona quarry. 

Limestone is brought in by trucks and 

https://orcid.org/0000-0002-9103-4614
https://orcid.org/0009-0005-0571-1172
https://orcid.org/0000-0002-3779-6327
https://orcid.org/0000-0002-1209-7423
https://orcid.org/0000-0003-0044-5491
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unloaded in the receiving bin. The receiving 

bin is equipped with a primary grid with 

openings # 750 x 750 mm (Figure 1), so 

that limestone with a size below 750 mm  

(-750 mm) passes through the primary grid 

and enters the receiving bin. [2] 
 

 

  

Figure 1 Receiving bin with the primary grid 

 

 

At the bottom of the receiving bin is an 

apron feeder, which removes limestone from 

the receiving bin, i.e., its emptying. The drive 

group of the apron feeder has a variable 

number of revolutions, so the capacity of the 

apron feeder is also variable up to Qmax= 

400 t/h.  

Extracted limestone from the receiving 

bunker is delivered to the feeder/sieve with 

the disks (Wobbler feeder). Given that the 

input limestone is solid, the biggest impurities 

are found in the lowest granulations that are 

easily crumbled, so the purification is 

performed for granulation -20 + 0 mm. In 

addition to purification, the removal of 

granulation -20 + 0 mm from the main 

technological flow also relieves the primary 

jaw crusher. 

In this paper, the physical methods of 

enrichment of low-quality limestone extracted 

from the Wobbler feeder were discussed, 

which can be [3]:  

1. Washing and scrubbing, removes 

clay, silt and loosely attached 

impurities  

2. Screening and classification, 

separates limestone by size and 

removes oversized or undersized 

impurities  

3. Gravity separation (Dence media 

separation -DMS), removes heavy 

impurities or light contaminants  

4. Magnetic separation, removes 

ferromagnetic impurities 

5.  Sensor - based sorting (optical/X-

ray sorting), automatically removes 

impurities based on color, 

reflectance or atomic density  

From the mentioned physical methods, 

the screening and classification [3] on a flip 

flow sieve was chosen, as the most 

technologically appropriate for the given 

case. Part of the technological scheme 

related to the processing of granulation -20 

+ 0 mm can be seen in Figure 2. [1] 
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Figure 2 Technological scheme of the crushing and screening line 

 

2 TECHNOLOGY OF ADDITIONAL 

LIMESTONE PURIFICATION 

The fraction - 20 +0 mm is sent to the 

Tower III for purification, i.e., separation of 

definitive waste, fraction - 5 + 0 mm and 

purified limestone fraction - 20 + 6 mm, by 

means of a belt conveyor with a capacity of 

120 t/h, engine power of 15 kW and adopted 

belt width of 800 mm [1]. The equipment for 

additional purification of limestone, that is, 

 

 

 

 

the separation of waste - clay, is located in a 

separate facility - Tower III, as shown in 

Figure 3, on the left side of which a drawing 

from the project can be seen [1], while on the 

right side there is a photo of the finished state 

with a conveyor of fraction -20 +0 mm and 

external appearance of the Tower III as well 

as the disposal conveyors. [2] 

 
 

 
 

Figure 3 Additional limestone purification – Tower III 
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To connect the equipment with screw 

connections, you should use screws of 

material quality class at least 8.8 according 

to SRPS EN 24015:2012 [4] and nuts 8 

according to SRPS EN ISO 4032:2013. [5] 

For connections exposed to vibrations 

during operation, use the elastic spring steel 

washers alloyed with silicon according to 

the SRPS M.B2.110 [6] and in other places 

the flat washers according to the SRPS 

M.B2.011. [7] 

The welded connections that are 

performed on the construction site are 

mostly prefabricated type and are not 

intended for high loads, they are of the 

standard quality, they are mostly performed 

as the corner seams. The Tower III is a 

structure of a steel/frame construction, 

founded on a reinforced concrete grill. The 

base of the structure has a regular shape, 

dimensions 6.00x10.50 m. The working 

platforms are made of galvanized steel grid. 

Access to the work platforms is provided by 

stairs or ladders. Also, a monorail crane is 

installed in the Tower III for equipment 

maintenance and parts replacement.  

Equipment for additional limestone 

purification consists of [1]: 

1. Pos. 4.2 Vibrating flip-flow screen 

 Type: GFS-2060 

 Manufacturer: Winner, China 

 Capacity Q: 120 t/h 

 Passage through sieve Q1: 60 t/h 

 Cutting limit: 6 mm 

 Installed power P: 30 kW 

2. Pos. 4.2.1: Oversize chute – purified 

limestone  

3. Pos. 4.2.2: Undersize basket– 

definite waste  

4. Pos. 4.3: Belt conveyor of purified 

limestone  

 Conveyor length: 36.5 m 

 Belt width: 800 mm 

 Inclination angle: 0° 

 Engine power: 11 kW 

5. Pos. 4.4 Belt conveyor for definite 

waste 

 Conveyor length: 20.5 m 

 Belt width: 650 mm 

 Inclination angle: 0° 

 Engine power: 7.5 kW 

Technologically, waste is separated on a 

single-level Flip-Flow sieve, pos. 4.2. The 

derived state of the vibro sieve can be seen 

in Figure 4. [2] 

 
 

 

Figure 4 Extraction of waste with a Flip-Flow screen, the current state 
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The sieve oversize, fraction -20 + 6 mm, 

which represents the purified limestone, is 

transferred to the conveyor pos. 4.3 sending 

to the open storage as a commercial 

product. The derived state is shown in 

Figure 5 on the left. [2] 

The sieve undersize, fraction - 6+0 mm, 

which represents the definitive waste, is 

transferred to the conveyor pos. 4.4 sending 

to the open waste storage, from where it is 

taken by trucks to the mine waste dump. 

The resulting state is shown in Figure 4 on 

the right. [2] 

 
 

  

Figure 5 Storage of conveyors 4.3 and 4.4 with chutes with Flip-Flow sieves - finished state 

 

3 ASSESSMENT OF INVESTMENTS 

The economic indicators of mechanical 

equipment include the investments in con-

veyor belts, chute and flip-slow sieves. The 

investment in accompanying construction  

 

 
 

 

works and steel and reinforced concrete struc-

tures are also given with mechanical equip-

ment and are found in Table 1. The invest-

ments in electrical equipment are not a part of 

this work. 

 

Table 1  Investments in mechanical equipment and construction works [1] 

Order 

No. 
Name of system part 

Investment value 

(€) 

1. Mechanical purification equipment 100,000 

2. Construction AB works and steel structure 190,000 

Total mechanical equipment and construction works: 290,000 
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4 CONCLUSION 

This work presents the design of solu-

tions for additional limestone aggregate 

purification as a part of the crushing and 

screening plant. The design of complete 

mechanical equipment, work technology 

and capacities are a part of a complex tech-

nical-mechanical undertaking that took into 

account all laws [8], rules of the profession 

as well as a detailed work in the software 

programs AutoCAD, SolidWorks, etc. The 

work shows the possibility of waste clean-

ing before the primary crushing with the 

fixed financial investments, in order to in-

crease the percentage of utilization the 

commercial product from the input material, 

where, after sieving, the fraction: -20+5 mm 

is deposited separately from the definitive 

waste fraction -6+0 mm. 
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Abstract 

This paper presents the technological and structural solution for the reinforcement of the main 

load-bearing steel structure of the crusher facility at the Drmno open-pit coal mine near Kostolac. The 

structure in question is part of a coal crushing plant exposed to dynamic and static loads over extend-

ed periods of operation. In order to achieve the designed and required granulation of the crushed 

coal, the crushing plant was reconstructed. As part of this reconstruction, the existing belt feeders 

intended for feeding the jaw crushers were replaced with plate feeders. Due to the increased load on 

the structure, the steel structure was reinforced. The reinforcement was carried out using prefabricat-

ed HEB steel profiles with welded stiffeners, providing additional load-carrying capacity and improv-

ing overall structural stability. The adopted solution enabled continued safe operation of the facility. 

The paper also discusses the methodology of structural assessment, the installation process, and the 

effectiveness of the applied reinforcement system.   

Keywords: Crusher facility, Drmno surface coal mine, open-pit mining, steel structure reinforce-

ment, industrial facility rehabilitation 
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1 INTRODUCTION  

The process of coal crushing for the Kos-

tolac "B" Thermal Power Plant is carried out 

at the "Drmno" crushing plant using two 

hammer crushers of Czechoslovak produc-

tion, type KDV 1137, [1] with a nominal ca-

pacity of 1350 t/h, an electric motor power of 

1000 kW, and a rotational speed of 

 
 

 

n = 593 min-¹. The circumferential-peripheral 

speed of the hammers is approximately  

49 m/s. [2] 

This type of crusher requires a specific 

feeding regime, meaning that the material 

must be delivered to a designated space 

between the impact rollers and the rotor. [2] 
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Periodic monitoring of the condition and 

operation of the crushing plant revealed the 

following: [3] 

– Feeding of the crushing plant is con-

tinuous, with capacity control in place 

– The belt feeder has a trough-shaped 

cross–section, which means the material is 

unevenly distributed, with the thickness of 

the coal layer being greatest at the center of 

the cross-section. 

The conclusion, considering both crush-

ers in the Drmno crushing plant (D1 and 

D3), is that the hammers wear unevenly, 

specifically, they wear much faster in the 

middle of the shaft than at the ends. This 

results in difficulty adjusting the gap of the 

crusher's discharge opening. [4] 

2 TEHNOLOGY 

After analyzing described proposals and 

consulting with the Investor, the decision 

was made to replace the existing belts TR6 

and TR7 with appropriate plate feeders, 

which are robust and can meet the condi-

tions for receiving coal through chutes S1 

and S2, as well as enabling smooth feeding 

of the crushers into the center of the crush-

ing area.  

After replacing the existing belt feeders 

with new plate feeders, the designed param-

eters of the crushed coal were achieved. The 

new solution ensured even feeding of 

crushers D1 and D3, resulting in uniform 

hammer wear. 
 

 

   

Figure 1 and Figure 2 Apron feeders PD6 and PD7 

 

 

The weight of one existing belt feeder is 

approximately 12 tons, which transports 2 

tons of material (coal). The weight of one 

planned new apron feeder is approximately 

36 tons (including accompanying bars and 

hopper), which will transport the projected 

quantity of coal of 12 tons (2.00 t/m). Due 

to the increase in both the self-weight and 

operational weight of the new equipment 

compared to the existing one, it is neces-

sary to reinforce the existing supporting 

structure of the platform in the “Drmno” 

crusher building at elevation +8.00 (rela-

tive), i.e. 85.20 mm (absolute), in order to 

enable the replacement of the aforemen-

tioned feeders. 
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Figure 3 Technological layout of the "Drmno" crushing plant 

 

Following the conducted control static 

calculation, it was established that the "weak 

links" on the subject platform are, in fact, the 

transverse beams supporting the longitudinal 

beams of the conveyor. Specifically, the con-

veyor's longitudinal beams are welded I-

section beams with flange dimensions of 

250x25 mm and web thickness of 390x12 

mm, with a total height of 440 mm. The men-

tioned transverse beams are rolled INP400 

profiles and are significantly weaker than the 

longitudinal conveyor beams, which they are 

meant to support. 

The proposed reinforcement involves the 

addition of new beams beneath the existing 

transverse beams. The existing transverse 

beams are point-supported on the new rein-

forcement beams via three support plates, all 

in accordance with the graphical documenta-

tion. This method relieves the load on the 

existing transverse beams without weakening 

the connections between the existing beams, 

girders, and columns. 

Since columns are not present at all the 

locations of the aforementioned transverse 

beams—meaning direct support for additional 

girder beams is not always available—new 

longitudinal beams are added as supports for 

the new transverse beams. These longitudinal 

beams are positioned to rest on the existing 

columns. 

The newly designed transverse reinforce-

ment beams are conceived as simply support-

ed beams made from rolled HEB 400 pro-

files. The newly designed longitudinal beams, 

serving as supports for the new transverse 

beams, are also simply supported beams, 

made from rolled HEB 450 profiles. All joints 

for the newly designed beams are designed as 

pinned connections. 

It is also planned to dismantle the existing 

monorail support beams between axes “B” 

and “C” and reinstall them onto the newly 

designed transverse reinforcement beams. 

Additionally, in axes “3” and “8”, new trans-

verse beams made of rolled INP340/400 pro
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files will be added to serve as additional sup-

ports for the monorails. 

3 STRUCTURAL REINFORCEMENT 

The structural reinforcement was necessi-

tated by a change in equipment configuration-

specifically, the replacement of two belt feed-

ers with two plate feeders in the crusher fa-

cility at the Drmno open-pit coal mine. The 

new plate feeders introduced an additional 50 

tons of load to the existing steel structure, 

exceeding its original design capacity. 

To facilitate the reinforcement process, 

the belt feeders were disassembled, allowing 

unobstructed access to the structural mem-

bers. Reinforcement was performed prior to 

the installation of the new equipment to en-

sure safety and integrity under the increased 

load. 

 
 

 

Figure 4 Structural reinforcement cross section 

 

The reinforcement design involved in-

stalling rolled HEB 450 steel profiles between 

the main columns of the structure. Trans-

versely oriented HEB 400 profiles were 

mounted perpendicularly to the axis of the 

new plate feeders, serving as secondary load-

bearing elements. The HEB 450 beams were 

connected to the columns using end plates 

welded with double fillet welds and bolted 

connections with M20 bolts of strength class 

8.8. Additional stiffening plates were welded 

at the joints between the HEB 450 and HEB 

400 profiles as well as at the beam-column 

interfaces, enhancing the overall rigidity of 

the assembly and improving stress distribu-

tion under dynamic loads. 
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Figure 5 Structural reinforcement detail 

 

This step-by-step methodology ensured 

that the reinforced structure would safely 

accommodate the higher static and dynamic 

loads introduced by the plate feeders, without 

compromising the operational continuity of 

the facility. 

4 CONCLUSION 

This paper presents the reinforcement 

procedure of the supporting structure of the 

“Drmno” crusher building, which is neces-

sary to achieve the required static and dynam-

ic load-bearing capacity of the level where the 

feeders are located. The existing belt feeders 

result in uneven feeding of the jaw crushers, 

which leads to irregular wear of the hammers 

and loss of the designed characteristics of the 

crushed coal. 

By replacing the belt feeders with new 

apron feeders, uniform dosing of run-of-mine 

coal across the crusher width has been 

achieved, resulting in the required crushed 

coal granulometry and uniform hammer 

wear. 

The reconstruction of the crusher building 

in the form of steel structure reinforcement 

was carried out due to the increased weight of 

the new equipment to be installed in place of 

the existing one. The necessary load-bearing 

capacity of the level, from which the old 

equipment was removed and the new equip-

ment installed, was achieved, and the overall 

stability of the structure was improved. 

The reinforcement of the “Drmno” crus-

her building was carried out after dismantling 

the existing belt feeders and unloading the 

structure. Only after the reinforcement was 

completed and the required load-bearing ca-

pacity achieved, the installation of the new 

apron feeders was carried out. 
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Key advantages of the adopted solution 

include: 

 Ease and speed of installation, due to 

the use of standardized, prefabricated 

rolled steel profiles; 

 Improved load-carrying capacity to 

safely support the increased equipment 

weight; 

 Minimized operational downtime, as 

reinforcement was completed prior to 

equipment installation; 

 Structural integrity and stability, 

achieved through proper joint detailing 

and welded stiffeners. 
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Abstract 

The aim of this paper is to present a method for determine a model for accelerated corrosion test-

ing of S235 steel. The experiment was conducted in two parts. In the first part, steel specimens were 

placed in the Electrolytic Refining Plant, in real conditions, in a indoor. This part of the experiment 

lasted 6 months. In the second part of the experiment, an attempt was made to obtain a model for ac-

celerated corrosion testing that would accurately simulate real conditions in the Electrolysis. The steel 

specimens were therefore immersed in the electrolyte solution from the Electrolysis for a month. After 

cleaning the specimens, mass loss measurements were performed, and then these values were used to 

determine the corrosion rate after extended exposure. The results show that a shorter experimental 

duration should be chosen for specimens immersed in the electrolyte solution. 

Keywords: corrosion, accelerated corrosion testing, steel specimens, indoor corrosion, immersion, 

corrosion rate 

 

                                                           
*
 Mining and Metallurgy Institute Bor, Alberta Ajnštajna 1, 19210 Bor, Serbia,  

  E-mail: jelena.stankovic@irmbor.co.rs 
**

This work was financially supported by the Ministry of Science, Technological Development and 

Innovation of the Republic of Serbia, Contract No. 451-03-136/2025-03/200052. 

1 INTRODUCTION  

The study of corrosion rates in indoor 

atmospheres has become relevant in recent 

years due to structural failures that have 

occurred on electronic equipment racks and 

in warehouses. Therefore, it is necessary to 

analyze this problem in more detail and use 

acclerated corrosion testing methods in or-

der to obtain relevant data about the steel 

structure elements. 

All corrosion damage affects the load-

bearing capacity of steel structures, and there

 
 

 

fore increases maintenance costs. Laboratory 

corrosion tests are intended to provide ap-

proximate results similar to corrosion tests at 

atmospheric stations, only in a shorter time. 

The goal is to obtain the same results in a 

shorter time, thereby achieving significant 

savings not only in time, but also in the cost of 

monitoring processes in industrial plants. By 

comparing experimental results (in the labora-

tory and in the field, in industrial plants) the 

realistic capabilities of the model in assuming 
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the onset and progression of corrosion are 

assessed. By obtaining good matches, de-

manding and time-consuming corrosion tes-

ting experiments can be eliminated. 

Corrosion resistance tests are performed 

in real operating conditions or at atmospher-

ic corrosion stations. These are specially 

selected places, most often with an industri-

al atmosphere, where samples are exposed 

and changes in them due to corrosion are 

monitored. Tests at corrosion stations are 

long-term, so accelerated laboratory tests 

are often used, during which corrosion 

damage occurs in a relatively short time. 

Acceleration of corrosion processes is 

achieved by the action of aggressive com-

ponents, imposing a certain electrode poten-

tial, increasing temperature and humidity, 

etc. The results of accelerated laboratory 

tests must be compared with data obtained 

during operation, in order to obtain an ap-

propriate correlation with corrosion behav-

ior in real conditions. 

Several authors have chosen the speci-

mens immersion method to define the ac-

celerated corrosion process. The accelera-

tion of the corrosion process is achieved by 

continuous or alternating immersion of 

specimens in solutions of a certain composi-

tion, at a certain temperature. This is the 

technically simplest method for accelerated 

corrosion testing. The time required to 

achieve the desired level of material damage 

due to corrosion depends on the corrosion 

resistance of the metal itself and on the 

chemical composition of the solution in 

which the specimen is immersed. The tests 

are most often performed in chloride solu-

tions (NaCl, FeCl3), usually with the addi-

tion of an oxidizing agent (H2O2, KCrO4). 

Depending on the chemical composition of 

the test solution, the test can be used to 

simulate corrosion effects.  

Frazão et al. [1] conducted a study to 

evaluate the corrosion and biocorrosion of 

ASTM A283 carbon steel exposed to a S10 

diesel oil/tap water system under static con-

ditions for 90 days. The results revealed that 

water in the diesel oil can be a negative fac-

tor in the corrosion and biocorrosion pro-

cess. A decrease in the corrosion rate was 

observed during 90 days of immersion in 

the two-phase system, which was associated 

with the formation of a layer consisting of 

corrosion products and biofilms during the 

experiments, which made it difficult for the 

electrolyte to reach the base metal. Gar-

batov et al. [2] used specimens from a box 

girder made of ship plate, which was cor-

roded in seawater, in the Baltic Sea. The 

box girder was placed in a large tank, sea-

water was continuously pumped into the 

tank. To increase the degradation due to 

corrosion, accelerated anodic polarization of 

the metal surface was used. The anodic 

electric current was supplied from an exter-

nal source. The test lasted 90 days.  

These studies, as well as numerous oth-

ers, show that corrosion testing by immer-

sion of specimens can be modified and 

adapted to specific environmental condi-

tions to suit the problem being analyzed. 

2 EXPERIMENT 

Continuous immersion tests of speci-

mens are planned during the experimental 

part. In this study, electrolyte solutions from 

electrolysis were used as a corrosion medi-

um, thus fulfilling the condition that the 

solution corresponds to the industrial envi-

ronment in which the test is performed 

(Figure 1). The experiment was performed 

at room temperature, in the laboratory of the 

Institute of Mining and Metallurgy Bor. The 

immersion of the specimens was continu-

ous, for a period of one month. Label of 

these specimens in this paper are A. 
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Figure 1 Continuous immersion testing of specimens 

 

Other set of specimens were placed 

inside an electrolytic refining plant, 

Electrolysis, (EF) in closed conditions 

(Figure 2). Here, the conditions inside the 

facility are constant in terms of temperature, 

relative humidity and concentration of 

pollutants in the air. Blowers were placed 

inside the electrolysis plant to permanently 

ventilate the facility. During the experiment, 

the temperature inside the facility ranged 

between 13 °C and 18 °C. The atmosphere 

also contained electrolytes from aerosols. 

The higher indoor humidity, which was 

always higher than 80%, was mainly due to 

the open electrolytic cells and the high 

electrolyte temperature (58 ± 2 °C) [3]. The 

exposure of the specimens (steel tubes) 

lasted for 6 months. 

 
 

 
Figure 2 Interior of the electrolysis plant; view from the interior balcony where specimens were placed 

(left) and the ground floor with the pools where the electrolysis of copper anodes werecarried out  

 

3 CLEANING OF SPECIMENS FROM 

CORROSION PRODUCTS 

Cleaning solutions are prepared from 

chemicals of “pro analysis” purity and dis-

tilled water or water of appropriate purity. 

After any cleaning procedure, the specimen 

must be washed with distilled water and dried 

immediately. Chemical cleaning procedures 

 

 
 

 

involve exposing corrosion test specimens to a 

specific chemical solution that removes corro-

sion products with minimal dissolution of any 

base metal. Chemical cleaning of the speci-

men surface is often preceded by light brus-

hing of the test specimens to remove corrosion 
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products that are not adhering to the sub-

strate [4]. 

On weathered specimens, the products 

were first removed mechanically and then 

chemically, for a time specified in the stand-

ard. Reference specimens were subjected  

to the same procedure, as recommended by 

the standard, to account for mass losses due to 

exposure to the base material. Table 1 shows 

the content of chemicals used for cleaning the 

specimens, as well as the duration of immer-

sion. 

 

Table 1 Cleaning specimens from corrosion products according to standard SRPS C.A5.005 [5] 

Tag Material Chemical Time Temperature Note 

C.3.5 S235 

500ml hydrochloric acid 

(HCl, ρ=1,19 g/ml),  

3,5g hexamethylenetet-

ramine, distilled water 

up to 1000 ml 

10 min 20 to 25 ºC 

In certain cases, 

a longer expo-

sure time to the 

solution may be 

required. 

 

4 CORROSION RATE 

The rate of mass loss increases continu-
ously due to the increase in the time for cor-
rosion to attack the structural elements or due 
to the increase in the factors affecting corro-
sion. Generally, after 6 months of exposure, 
most of the specimen surfaces were 100% 
covered with corrosion products. According 
to ISO 9226:2012 [6] after determining the 
initial total specimen area and the mass loss 
during the corrosion test, the average corro-
sion rate in the first year can be obtained.  

Long-term predictions of the corrosion 

rate (C) follow the well-known kinetic ex-

pressions for most experimental atmospheric 

corrosion data [7]: 

        
   (1) 

The equation is used to describe the cor-

rosion effects obtained during corrosion 

tests of different durations, at different loca-

tions, where C is the corrosion rate after t 

years,       is the corrosion rate in the first 

year of exposure in grams per square meter 

 
 

 

per year ((g/(m
2
*a))) and b is an exponent, 

which represents the dependence on the 

type of atmosphere in which the steel ele-

ment is exposed. It should be noted here 

that the prediction of the corrosion rate de-

pends on the correct determination of      , 

which is determined through this study, while 

the value of b is taken as the average value of 

the time exponent from regression analyses of 

long-term atmospheric corrosion testing pro-

grams ISO CORRAG, according to ISO 

9224:2012 [8] and has a value of 0.523. The 

exponent b is a function of atmospheric fac-

tors (relative humidity, temperature, duration 

of precipitation, sulfur dioxide content in air, 

chloride, PM particles, etc.). The recommen-

dation of many authors is b=0.77 for industri-

al environments (while for marine environ-

ments b=0.78, and for urban environments 

b=0.48 in the first 4 years, and later b=0.09). 

The corrosion rate of S235JR steel is shown 

in Table 2. 

 

Table 2 Corrosion rate and mass loss values of thickness specimens 6 mm 

Nominal thickness 

of specimens 
Label of specimens 

Mass loss 

(g) 

Mass loss 

ratio r 
      

(g/(m2*a)) 

6 mm 
A 28,195 0,079 280,95 

EF 0,98 0,003 9,775 
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The equation (1) can be applied for a pe-

riod of up to 20 years. At some point, after 

20 years, the corrosion process stabilizes, the 

corrosion rate becomes linear. The corrosion 

rate decreases with time, stabilizing after 4-6 

years. The corrosion process enters the stabi

lization zone when the corrosion rate changes 

by less than 10% in one year compared to the 

previous one [7,8]. 

Table 3 provides calculated maximum 

corrosion attack after extended exposure up 

to 20 years. 

 

Table 3 Determination of the degree of corrosion using a linear model for 20 years 

 gr/m
2
 A EF 

         
  0.079 0.003 

1 1 0.079 0.003 

2 1.437 0.113 0.004 

3 1.776 0.140 0.004 

4 2.065 0.163 0.005 

5 2.32 0.183 0.006 

6 2.553 0.202 0.006 

7 2.767 0.218 0.007 

8 2.967 0.234 0.007 

9 3.156 0.249 0.008 

10 3.334 0.263 0.008 

11 3.505 0.277 0.009 

12 3.668 0.290 0.009 

13 3.825 0.302 0.010 

14 3.976 0.314 0.010 

15 4.122 0.325 0.010 

16 4.263 0.336 0.011 

17 4.401 0.347 0.011 

18 4.534 0.358 0.011 

19 4.664 0.368 0.012 

20 4.791 0.378 0.012 

 

5 CONCLUSION 

From the mass loss in Table 2 and 

corrosion rate after extended exposure in 

Table 3, it can be concluded that the tests by 

continuous immersion of the specimens in the 

electrolysis solution are useless in terms of 

simulating atmospheric corrosion, because 

they lost too much mass, which means that 

 

 

 

the immersion time was assumed to be too 

long when defining the accelerated corrosion 

model. If we observe the change in mass over 

time, with the same linear model used to 

determine the corrosion rate of S235 steel, it 

can be concluded that the specimens A 

immersed in the electrolysis solution for 1 
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month couldn’t be used to calibrate the 

parameters for specimens EF after 20 years of 

exposure. In future work, immersed 

specimens should be analyzed after a shorter 

time, for example after 10 and 20 days, in 

order to make the mass loss and corrosion 

rate, more consistent with the results obtained 

at the indoor corrosion stations EF.  
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Abstract 

The paper presents an approach to managing the development of the main mining project for an X-Ray 

sensor-based coal sorting plant under complex technical and organizational conditions at the Gacko open-

pit mine. The project team was virtual in nature, consisting of members from multiple countries and 

disciplines. Through the application of modern project management tools (OBS, WBS, MS Project), the 

efficiency of planning, control, and risk management was analyzed. The results highlight the importance of 

a multidisciplinary and digitally integrated approach in the implementation of complex mining projects. 

Keywords: mining design, project management, virtual team, multidisciplinarity, X-Ray sorting, 

risk management 
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1 INTRODUCTION  

Modern engineering and mining designs 

are characterized by a high degree of com-

plexity, large scopes of work, increased 

budgets, and significant uncertainties [1]. 

Multidisciplinary approach is a key compo-

nent, as it involves expertise from various 

scientific fields, including mining, geology, 

mechanical engineering, electrical engineer-

ing, civil engineering, and others [2]. Addi-

tionally, mining projects are marked by long 

implementation periods and dynamic envi-

ronments, which require flexible and adapta-

ble management approaches [3]. 

 
 
 

This paper analyzes a case study of the 

development of the main mining design for 

an X-Ray coal sorting plant in Gacko, 

which was entirely executed by a virtual 

project team. The paper presents the project 

management methodology through the defi-

nition of team structures, resource and time 

planning, risk management, and implemen-

tation control. 

2 THEORETICAL FRAMEWORK 

Project management in the context of the 

mining industry relies on standards such as 
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PMBOK [4] and IPMA reference models, 

which involve a phased approach (initiating, 

planning, executing, controlling, and closing) 

and specific tools (WBS, Gantt charts, 

responsibility matrices). Multidisciplinary 

projects require the alignment of various 

disciplines through clearly defined division of 

work and responsibilities, while working in 

virtual teams demands intensive digital 

communication and process standardization 

[5-7]. 

3 DESIGN JUSTIFICATION 

Coal exploitation in the Gacko Basin is 

transitioning from fields A, B, and part of C 

to the Central and Eastern fields [8]. Mining 

operations in the Central Field are conducted 

under challenging conditions: increased depth 

of coal seams, more complex geomechanical 

and hydrogeological conditions, a higher 

stripping ratio, greater variability in coal qual-

ity, and the presence of numerous waste rock 

interlayers. These circumstances require the 

modernization of the coal processing 

system, which led to the need for designing 

an X-Ray sorting plant [8-9]. 

4 PROJECT TEAM STRUCTURE AND 

   ORGANIZATION 

The virtual project team included [10]: 

• A project manager, 

• Lead designers for individual sections 

(civil, mechanical, electrical, and 

mining engineering), 

• An administrative associate. 

The team members came from six 

different companies across four countries 

[10]. By integrating the OBS (Organizational 

Breakdown Structure) and WBS (Work 

Breakdown Structure), a responsibility matrix 

was developed in accordance with the 

Consortium Agreement [8]. 

5 TIME AND RESOURCE PLANNING 

The responsibility matrix is shown in 

Figure 1.  
 

 

 

Figure 1 Responsibility Matrix for Main Mining Design 

 

Planning was carried out using MS Project 

software, up to the third level of the Work 

Breakdown Structure (WBS), corresponding 

to individual design volumes. Plans were 

developed for summary activities, key 

milestones, and the start of implementation. 

The total project duration was eight months. 

Progress was monitored on a monthly basis, 
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and evaluations were conducted during 

regular online meetings [11,12]. 

Design progress control was one of the 

key aspects of management, especially in the 

context of working in a virtual environment. 

During the project, monthly progress 

evaluations were conducted with the 

participation of all project team members via 

online meetings. The discussions included: 

• analysis of the achieved progress, 

• deviations from the plan (if any), 

• adjustment of upcoming steps according 

to actual working conditions. 

Figure 2 shows progress after three 

months of work. The diagram shows that the 

project flow followed the planned timeline, 

with minor deviations that did not impact 

overall implementation efficiency. This result 

indicates a well-established control and 

coordination system within the team, as well 

as successful resource planning in relation to 

the complexity of the task. 

 
 

 
Figure 2 Evaluation of Design Progress. (Adapted from Jovanović et al., 2023, p. 90.) 

 

6 RISK ANALYSIS AND  

CHALLENGES 

The management of the main mining 

design for the X-Ray sensor-based coal 

sorting plant in Gacko took place under 

conditions of pronounced technical and 

organizational complexity. The key 

challenges arose from multidisciplinarity, 

the virtual nature of the team, and the 

geological specifics of the deposit. 

Identified risks were classified as technical, 

organizational, regulatory, resource-related, 

and market-related. 

Technical risks included uncertainties 

regarding the applicability of X-Ray 

technology to coal of variable quality, as 

 

 

 

 

well as the harmonization of documentation 

across disciplines [10]. The virtual team, 

composed of six companies from four 

countries, faced challenges related to 

coordination, knowledge management, and 

differences in professional standards. 

Risks were assessed using a probability 

and impact matrix, and responses included 

preventive and corrective measures. 

Monitoring was conducted monthly through 

online evaluation sessions, enabling timely 

detection and remediation of deviations. 

The risk analysis applied the 

probability-impact matrix with defined 
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responses such as mitigation, transfer, and 

acceptance. Key challenges involved 

documentation coordination, terminology 

standardization, and constraints caused by 

the COVID-19 pandemic [6]. 

7 CONCLUSION 

The development of the main mining 

design for the X-Ray sensor-based coal 

sorting plant at the Gacko open-pit mine 

represents a representative example of 

managing a complex, multidisciplinary 

engineering project under specific geological, 

technical, and organizational conditions. 

The use of a virtual project team 

composed of experts from various fields and 

countries proved to be an effective solution in 

the context of modern challenges related to 

mobility and digitalization. The efficient 

integration of WBS and OBS structures, along 

with a clearly defined responsibility matrix, 

enabled precise management of tasks and 

responsibilities, as well as progress monitoring 

in accordance with the plan. 

The application of modern planning 

software tools (MS Project), regular progress 

evaluations, and a proactive risk management 

approach contributed to the project’s 

completion within the planned timeframe, 

without any significant deviations. 

The results of this project confirm the 

importance of an multidisciplinary approach 

and systematic project management in the 

implementation of next-generation mining and 

engineering designs. Furthermore, the 

experiences gained from this project can serve 

as a foundation for improving work 

methodologies in similar contexts, particularly 

regarding remote team management and 

adaptation to environmental changes 

throughout multi-phase project cycles. 
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Abstract 

The research is based upon the insights derived from the conclusions of Jonović et al. (2024) and 

aims to evaluate the effectiveness of Strategic Risk Management (SRM) linked to the COSO ERM 

(Committee of Sponsoring Organizations Enterprise Risk Management) framework. Implemented 

within a scientific institute of significant importance to the Republic of Serbia, the SRM is examined 

for its ability to identify the weaknesses, address threats, and leverage opportunities. The goal is to 

identify the risk factors and mitigate them through the SRM as a concept closely related to the COSO 

ERM framework. The primary research includes a SWOT (Strengths, Weaknesses, Opportunities, and 

Threats) analysis survey conducted from June 26 to July 1, 2024, with a sample of 214 respondents 

and a response rate of 55.6% (119 respondents). The results highlight a sustainable business strategy 

and effective application of the SRM in the institute. 

Keywords: Nationally significant Institute, COSO, ERM, SRM, SWOT Analysis  

Note: Having in mind data protection of the Institute, the authors will not mention the name of the 

Institute in the research (for the future text it will be used Institute). 
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1 INTRODUCTION  

This study is based upon the conclusions 

of Jonović et al. (2024) [1], presented at the 

55th International October Conference in 

2024, held in Kladovo, organized by the 

Mining and Metallurgy Institute Bor and 

Technical Faculty in Bor, University of 

Belgrade. Expanding on their research, this 

paper provides the new insights into the 

impact of the Strategic Risk Management 

(SRM) on a scientific research institute 

(whose identity remains undisclosed to 

 
 
 

maintain confidentiality) that has adopted 

an Integrated Management System (IMS) 

guided by the principles of the COSO ERM 

(Committee of Sponsoring Organizations – 

Enterprise Risk Management) framework. 

The subject of the paper emphasizes the 

importance of effective SRM through the 

application of the COSO ERM framework 

combined with the SWOT (Strengths, 

Weaknesses, Opportunities, and Threats) 

analysis, highlighting key strengths (moti-
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vated workforce), weaknesses (equipment 

and working conditions), opportunities (re-

search impact and collaborations), and 

threats (budget cuts and talent retention) of 

the Institute. Furthermore, the research was 

conducted at an Institute of national im-

portance for the Republic of Serbia, funded 

by the state budget and possesses intangible 

resources — the human factor as its greatest 

potential, with research results holding the 

significance for society as a whole. In re-

cent years, uncertainty and levels of risk 

have been increasing both in individual 

lives and operations of business entities. 

The reasons for this lie in a turbulent envi-

ronment where the technological innova-

tions advance rapidly, dynamic nature of 

business demands the greater seriousness in 

decision-making, globalization, the global 

crises resulting in significant losses for all 

participants in the financial market, 

COVID-19 pandemic, ongoing crisis in 

Ukraine, conflict between Israel and Hamas, 

along with the other negative impacts [2]. 

Risks are an integral part of operations of 

any organization. The objectives of risk 

management within a company are: 1) 

company can survive losses and sustain 

further growth thereafter, 2) efficient func-

tioning in a risky environment, and 3) per-

manent compliance with regulations. Ac-

cordingly, the risk management is a dynam-

ic, continuous, and ever-evolving process 

extending through the implemented organi-

zational strategy [3]. Risk is a condition in 

which there is a possibility of a negative 

deviation from desired outcome, expected 

or hoped for [4].  Finally, the aim of this 

research is to determine to what extent the 

SRM, within the ERM process, functioning 

as an integrated rather than a separate part 

of the COSO ERM risk management model 

maximizes opportunities and mitigates risks 

in the scientific institute. The ERM, as out-

lined by the COSO in 2017, refers to the 

integration of culture, skills, and practices 

with the processes of strategic planning and 

performance. It serves as the foundation for 

organizations to effectively manage risks 

while achieving, safeguarding, and enhan-

cing value. The definition underscores the 

ERM emphasis on [5]: 

 Understanding and incorporating the 

organizational culture, 

 Building and enhancing the capabili-

ties, 

 Implementing the structured practices, 

 Aligning the risk management with 

strategy and performance objectives, 

 Addressing the risks in the context of 

business goals and strategies, 

 Establishing a clear connection between 

the risk management and value creation  

Understanding how scientific research or-

ganizations operate is a complex task, as it 

requires simultaneously considering the char-

acteristics of researchers, the organizational 

traits of the research institution itself, and 

features of the specific industry sector [6]. 

The proposed model for strategic manage-

ment in research organizations, known as the 

"double-loop learning system" according to 

Arveson integrates the strategic planning and 

performance evaluation. The model involves 

two interconnected components: the internal 

and external system. The internal system fo-

cuses on activities directly related to scientific 

research, while the external system encom-

passes common activities characteristic of 

most organizations. Efficient management of 

the external system supports the smooth con-

duct of scientific research, reduces delays, 

and enables the optimal use of available re-

sources. The key idea is not improvement of 

the research system itself but the moderniza-

tion of management structures that support 

the scientific research activities. [7]. It can be 

said that the SRM involves the identification, 

evaluation, and management of risks and un-

certainties, influenced by both internal and 

external factors, which may prevent an organ-

ization from achieving its strategic goals and 

objectives. Its primary aim is to safeguard and 

enhance the value for all stakeholders. As a 

fundamental element of the ERM, it serves as 
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an essential foundation for this broader 

framework. This definition, which also in-

cludes the ERM, is based on six key princi-

ples [8]: 

 It is a process of identifying, evalua-ting, 

and managing the risks and events, both 

internal and external that could jeopard-

ize the achievement of strategic goals 

and organizational plans. 

 Its primary goal is to preserve and en-

hance the value for shareholders and all 

relevant stakeholders. 

 It represents an essential part and critical 

element of the overall risk ma-nagement 

system at the organizational level. 

 As a part of the ERM, this process is 

implemented through the activities of 

boards of directors, management, and 

other key participants. 

 It requires a strategic approach to risk, 

which involves analyzing the impact 

of internal and external events or sce-

narios on the organization ability to 

execute its plans. 

 It is a continuous process that must be 

integrated into all phases of strategic 

management, from its formulation to 

execution and monitoring  

This definition and principles can be tai-

lored for an organization to develop its own 

action plans for improving the ERM, with a 

focus on strategic risks. The contribution of 

this study lies in the fact that the SWOT 

analysis identified deficiencies that, with 

the optimal management strategy, can be 

turned into business opportunities. Preven-

tive measures are the adoption of current 

strategy by the managers in order to solve 

the real problems. Preventive strategies are 

aimed at the optimal business models that 

bring the new values, new products and 

services and new markets [9]. 

Based on the information presented earli-

er, the central hypothesis of this study can be 

stated as follows H0: The implementation of 

the IMS based on the COSO ERM frame-

work, in combination with the SWOT analy-

sis, enhances the effectiveness of SRM, ena-

bling the scientific institute to make timely 

and strategically planned actions aligned with 

a sustainable business strategy.  

The paper is organized into four sections: 

the opening chapter introduces the study, the 

second details the methodology, the third fo-

cuses on the findings of the primary research, 

and the final chapter offers the conclusion. 

2 METHODOLOGY  

The primary research, the SWOT analy-

sis, composed of anonymous survey forms 

on the topic "Maximizing Opportunities by 

Leveraging SRM within the Scientific Insti-

tute," contains the most significant ques-

tions about the potentials for improvement 

in the Institute, as well as the highest-rated 

questions. 

Various methodological approaches were 

used for conducting the SWOT analysis dur-

ing the preparation of the anonymous survey: 

interviews with employees, quantitative meth-

ods for the SWOT analysis, illustrative meth-

ods for presenting the research results, and the 

deductive method for drawing conclusions. 

The SWOT analysis was conducted to assess 

the current state of the Institute and identify 

the potential areas for improvement (both 

risks and opportunities). The SWOT analysis 

is a valuable tool in strategic planning as it 

helps the strategies of organizations structure 

in accordance with the business requirements 

[10]. Accordingly, this research presents a 

SWOT analysis developed with the aim of 

enhancing the strategic risk management with-

in the Institute. The comprehensive survey 

structure and combination of methodological 

approaches clearly contribute to the quality of 

the results. The SWOT analysis, as a primary 

survey, will be illustrated in Chapter 3. 

This primary survey consisted of four 

parts (which represents elements of the 

SWOT, i.e. Strengths, Weaknesses, Oppor-

tunities, and Threats), with six questions (36 

questions in total; in range of top-rated or 

lowest-rated). The survey consists of the 

following elements: 1) potential strengths 
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within the Institute internal context; 2) po-

tential weaknesses within the Institute inter-

nal context; 3) potential opportunities in the 

Institute external environment; 4) threats in 

the Institute external environment. Re-

spondents answered the questions by select-

ing one of five possible ratings. The an-

swers were analyzed using a Likert scale 

from 1 to 5 (where a rating of 1 means 

strongly disagree, 2 disagree, 3 neutral, 4 

agree, and 5 strongly agree). The anony

mous survey with the closed-ended ques-

tions was conducted from June 26, 2024, to 

July 1, 2024, on a sample of 214 respond-

ents. Out of the total number of respond-

ents, 119 employees completed the survey, 

of which 86 are PhD holders (72.27%), 31 

have a Master’s degree (26.05%), and 2 

respondents have university-level education 

(1.68%), resulting in a response rate of 

55.6% (presented by Figure 1). 
 

 

 
Figure 1 Overview of the educational structure of respondents 

 

3 RESULTS AND DISCUSSION 

The results, obtained from the SWOT 

analysis, conducted on the basis on the sur-

vey for potential strengths and weaknesses 

of the internal context, as well 

 
 

 

as opportunities and threats of the external 

context of the Institute, are presented in the 

following illustrations in Figures 2, 3, and 

4, 5 and Table 1 created on the basis of the 

conducted survey. 
 

 

 

Figure 2  Potential Strengths of the Institute Internal Context  (Source: authors) 

Legend: Possible strengths: >4.20; Sustainable context: >2.60<4.20; Possible weaknesses: <2.60 

 

Figure 2 illustrates the potential  strengths 

of the Institute internal business context. 

Based on the survey data, the lowest average 

score of 2.92 was given to the question about 

satisfaction with the Institute equipment 

(laboratories, computers, software, etc.), 
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indicating a need for modernization. The 

highest average score of 4.24 was for 

satisfaction with the job at the institute, 

proving that the employees at the institute 

highly appreciate and are very satisfied with 

their work. The average score of 3.85 

indicates a sustainable business context. 

 
 

 
Figure 3 Potential Weakness of the Institute internal context (Source: authors) 

Legend: Possible strengths: >4.20; Sustainable context: >2.60<4.20; Possible weaknesses: <2.60 

 

Figure 3 shows the potential weaknesses 

of the Institute internal business context. 

Analyzing the responses to questions about 

the potential weaknesses in the internal 

context, the lowest average score of 3.01 was 

obtained for question regarding satisfaction 

with working conditions (space, lighting, 

noise). This indicates a sustainable context 

but shows a room for improvement. The 

Institute should focus more on improving the 

working environment and conditions. The 

highest average score of 3.61 was obtained 

for opportunities for informal exchange the 

ideas among employees, indicating a 

sustainable business cooperation. The 

average survey score of 3.26 proves a 

sustainable business context. Despite this, it 

is suggested to improve the working 

conditions, hold workshops on sustainable 

development, and provide better support and 

training for the new employees. 

 

 

 

Figure 4 Potential Opportunities of the Institute external context (Source: authors) 

Legend: Possible strengths: >4.20; Sustainable context: >2.60<4.20; Possible weaknesses: <2.60 

 

Figure 4 presents the potential opportu-

nities of the Institute external business context. 

An average score of 4.05 on question about 

the importance of collaboration with compa-

nies and industry highlights the opportunities 

available to the Institute. The highest average 

score of 4.66 was given to the question about 

the significance of publishing scientific papers 
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in prestigious scientific journals, showing the 

outstanding external opportunities that re-

searchers can utilize to improve the Institute 

operations. The average survey score of 4.46 

indicates the exceptional potential external 

opportunities. It can be concluded that the 

Institute should be focused on re-cognizing 

these opportunities. 

 
 

 

Figure 5 Potential Threats of the Institute external context  (Source: authors) 

Legend: Possible Threats: >4.20; Sustainable context: >2.60<4.20; Possible opportunities: <2.60 

 

Figure 5 depicts the potential threats of 

the Institute  external business context. The 

findings highlight two areas requiring the 

strategic attention from the Institute. While 

the moderate concern regarding the poten-

tial decrease in the science budget (average 

score: 3.22) indicates a sustainable context, 

it also suggests the importance of proactive 

measures to mitigate this risk. Efforts such 

as lobbying for favorable policies and di-

versifying funding sources are recommend-

ed to ensure resilience and minimize nega-

tive impacts. The higher concern over the 

likelihood of talented researchers leaving 

for better conditions abroad (average score: 

4.03) underscores the urgent need for the 

Institute to implement the retention strate-

gies. This may include offering the competi-

tive incentives, professional growth oppor-

tunities, and fostering a supportive work 

environment. Overall, the average score of 

3.58 demonstrates the Institute ability to 

resist the potential threats effectively. How-

ever, the focused actions to retain talent and 

address budgetary risks will further 

strengthen its strategic position and long-

term sustainability. 

The H0 hypothesis of this primary 

research: The implementation of the IMS 

based on the COSO ERM framework, in 

combination with the SWOT analysis, 

enhances the effectiveness of the SRM, 

enabling the scientific institute to make 

timely and strategically planned actions 

aligned with a sustainable business strategy 

is confirmed by the fact that the SWOT 

analysis shows a sustainable business 

context with an average score of 3.79. 

4 CONCLUSION  

The survey results provide a compre-

hensive insight into the Institute internal 

and external context. It is important to em-

phasized that the H0 (stated as follows: The 

implementation of the IMS, based on the 

COSO ERM framework in combination 

with SWOT analysis, enhances the effec-

tiveness of the SRM, enabling the scientific 

institute to undertake timely and strategical-

ly planned actions aligned with a sustaina-

ble business strategy) is confirmed by the 

findings of the SWOT analysis, which indi-

cates a stable and sustainable business envi-

ronment, as reflected by the average score 

of 3.79. Strengths shows that the highest 

satisfaction with the job at the Institute  

(average score: 4.24) reflects a highly moti-
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vated workforce. Employees value their work, 

which is a core strength that contributes to a 

sustainable and productive organizational 

culture.  

 

Table 1 SWOT analysis of Strategic context report of the scientific Institute 

SWOT Analysis 

In
te

r
n

a
l 

c
o
n

te
x

t 

STRENGTHS 

How satisfied are you with your job at the Institute? 

(4.24) 

How satisfied are you with the quantity and quality 

of scientific papers published by the Institute  

researchers? (4.23) 

How would you rate the Institute  innovativeness in 

developing the new products, services, or 

technologies? (4.20) 

How satisfied are you with the expertise and 

competencies of your colleagues at the Institute? 

(4.19) 

To what extent do you believe that the Institute 

research contributes to solving the specific problems 

in society and economy? (3.33) 

How satisfied are you with the equipment at the 

Institute (laboratories, computers, software, etc.)? 

(2.92) 

WEAKNESSES 

How committed is the Institute to the principles of 

sustainable development in its operations (e.g., 

energy saving, recycling)? (3.01) 

Do you believe that the hierarchy within the 

Institute sometimes hinders open communication 

and exchange of ideas? (3.09) 

Do you believe that the tasks and projects are 

evenly distributed among employees? (3.13) 

How satisfied are you with the working conditions 

at the Institute (space, lighting, noise)? (3.17) 

Do you believe that the new employees receive 

adequate training and support upon joining the 

Institute? (3.57) 

Are there sufficient opportunities for informal 

exchange of ideas and opinions among employees? 

(3.61) 

E
x

te
r
n

a
l 

 c
o
n

te
x
t 

OPPORTUNITIES 

How much would the following activities contribute 

to increasing the visibility and impact of the 

Institute? Publishing in prestigious scientific 

journals? (4.66) 

How much would the following activities contribute 

to increasing the visibility and impact of the 

Institute? Organizing scientific events? (4.64) 

How significant are the following types of 

collaboration for the development of the Institute? 

Collaboration with research institutes in Serbia? 

(4.58) 

How much would the following activities contribute 

to increasing the visibility and impact of the 

Institute? Popularizing science (e.g., public lectures, 

media appearances)? (4.54) 

How much would the following activities contribute 

to increasing the visibility and impact of the 

Institute? Presence on social media? (4.30) 

How significant are the following types of 

collaboration for the development of the Institute? 

Collaboration with companies and industries. (4.05) 

THREATS 

How likely is it that the science budget will 

decrease in the upcoming period, and how would 

that affect the Institute? (3.22) 

How might the following legislative changes 

negatively affect the Institute operations? Changes 

in tax policy? (3.41) 

How might the following legislative changes 

negatively affect the Institute  operations? Changes 

in the intellectual property regulations? (3.45) 

How strong is the competition from the other 

institutions in the fields of research that the 

Institute engages in? (3.57) 

How might the following legislative changes 

negatively affect the Institute operations? Changes 

in regulations regarding the employment of 

researchers? (3.80) 

How likely is it that the talented researchers will 

leave the Institute due to better opportunities 

abroad? (4.03) 

Source: Authors created data on the basis of the survey conducted    
 

Weaknesses indicates that areas such as 

satisfaction with equipment (average score: 

2.92) and working conditions (average score: 

3.01) require the immediate improvement. 

Modernizing facilities and creating a more 

supportive work environment should be pri-

orities to address these internal challenges. 

Additional support and training programs for 

the new employees will also strengthen the 

Institute internal operations. Opportunities 
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provide an insight that the external context 

reveals the exceptional potential, such as the 

significance of publishing in the prestigious 

scientific journals (average score: 4.66) and 

collaboration with the companies and indus-

tries (average score: 4.05). These opportuni-

ties present a clear pathway for enhancing the 

Institute research impact and partnerships. 

Threats highlighted challenges such as the 

potential decrease in the science budget (aver-

age score: 3.22) and likelihood of talented 

researchers leaving for better opportunities 

abroad (average score: 4.03) highlight critical 

risks. To address these threats, the Institute 

must actively lobby for supportive policies, 

diversify funding sources, and implement 

competitive retention strategies to secure its 

talent pool. It is important to mention that the 

limitations of the analysis include the use of 

anonymous questionnaires with closed-ended 

responses, which restricts the range and adapt-

ability of the answers provided. Likewise 

complex problems can be reduced to overly 

simplistic terms, which can result in the loss of 

important nuances and interdependencies. 

The Institute exhibits a solid foundation, 

with strengths and opportunities that outweigh 

the identified weaknesses and threats. Howev-

er, to maintain its sustainability and achieve 

strategic growth, it is vital to invest in modern-

izing the infrastructure, retaining talent, and 

leveraging external opportunities through stra-

tegic collaborations and enhanced research 

visibility. Addressing these areas strategically 

will strengthen the Institute position and en-

sure its long-term success. Future research 

directions should adopt a systematic approach 

to analyzing the organizational conditions that 

support the mission and vision of the Institute. 

Additionally, they should analyze financial 

parameters related to profitability, as well as 

the success of strategic risk management. 
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