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INSPECTION OF SOME FUNDAMENTAL 
CHARACTERISTICS OF 2,4,6-

TRIBROMOANILINE MOLECULE WITH 
MODERN COMPUTATIONAL CHEMISTRY 

MODELS 
 

Muhammed ÖZ1  

Ümit ERDEM2  

Mustafa Burak TÜRKÖZ3 

 

1. INTRODUCTION 

Modeling experimental results for polymer-based 
compounds provides us with a preliminary indication of 
some of the problems that may be encountered. Besides, the 
model provides valuable information on how long the 
newly synthesized polymer materials can be used under 
what conditions and how long they can be used under 
operational stress or harsh environmental conditions, and 
at what points they may fail. On this basis, theoretical 
models play an important role in simplifying complex real-
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world systems, breaking down complex processes, 
behaviors, and relationships into more manageable 
components. This simplification makes it easier to 
understand, analyze, and interpret the systems. Among 
different modeling techniques, modern computational 
chemistry models stand out for their ability to blend 
theoretical principles with empirical data, allowing for 
accurate and rapid predictions with reduced 
computational demands. This makes the models especially 
useful for handling complex systems and situations where 
data availability is limited. As well known, modern 
computational chemistry model approaches focus 
sensitively on critical interactions and deliberately omit 
unnecessary details to reveal patterns, trends, and potential 
outcomes that are of invaluable value in fields as diverse as 
science, engineering, and economics. Correspondingly, the 
quantum chemistry models enable researchers to test 
hypotheses, simulate various scenarios, and predict system 
behavior without the need for extensive real-world 
experimentation. This way, the high costs and risks 
associated with physical application conditions are 
avoided while early diagnosis of potential problems is 
possible. Furthermore, the chemistry modeling provides a 
rational basis for decision-making by exploring the 
potential consequences of various factors. The ability of 
quantum mechanical models to simulate the various 
conditions allows for better planning, design, and risk 
management, and improves decision-making, supporting 
problem solving and contributing to the development of 
innovative solutions. Despite the major advantages, there 
is a noteworthy gap in scientific investigations on the 
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specific application of modern computational chemistry 
models. More examination is required to recognize wholly 
the potential benefits and limitations pertaining to the 
modeling approaches in practical applications. Addressing 
the gap emphasized could lead to advances in modeling 
techniques and contribute to future innovations in various 
fields. 

Modern computational chemistry relies on 
theoretical techniques such as ab initio Hartree-Fock (HF) 
and density functional theory (DFT), which have gained 
widespread popularity to study numerous important 
properties including physical, structural, and electronic of 
newly synthesized molecules. The quantum mechanical 
methods are particularly effective for investigating 
molecular geometries, thermodynamics, structural, 
vibrational frequencies, physical, mechanical, dipole 
moments, chemical shifts, charge transfer mechanisms, 
electrochemical, molecular electrostatic potential, 
spectroscopic, and optical properties. Similarly, the models 
are also effective in determining the lone pairs, electron 
engagements, conjugative effect as well as possible intra-
molecular charge (ICT) transfer regions along the new 
synthesized organic molecules. All in all, modern 
computational chemistry models have widely been used 
for the characterization of organic molecules. In the 
literature, numerous studies have focused on 2,4,6-
Tribromoaniline molecule, with a growing body of research 
dedicated to both theoretical and experimental analyses 
and its related organic derivatives. For example, 2,4,6-
Tribromoaniline compound is used for the production of 
larger molecules such as brominated dioxins and 
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bromodioxin analogs (Brillas, Costa, & Pastor 1984; 
Alsabbagh, Gierthy, Narang, Aldous, & O'Keefe, 1988; 
Alsabbagh, Aldous, & Narang, 1992; Kulakov, et al., 2008). 
Hydrogen bonding and electrochemical oxidation behavior 
in different solvents have also been studied (Brillas, Costa, 
& Pastor, 1983; Pavlenko & Rubalio, 1985; Kádár, Nagy, 
Karancsi, & Farsang, 2001). Jaiswal et al investigated the 
intermolecular vibrational coupling characteristics along 
the crystalline 2,4,6-Tribromoaniline compound (Jaiswal, 
Katon, &Tripathi, 1983). The main reasons for our 
preference for the title compound are that 2,4,6-
Tribromoaniline is a halogenated aromatic amine and can 
easily find key applications in various fields due to its 
chemical properties. The molecule has been used as a 
precursor or intermediate in pharmaceutical compound 
synthesis, agrochemicals, and azo dyes/pigments 
including pesticides, herbicides, and fungicides. Besides, 
due to its brominated structure, the material allows its use 
in the formulation of flame retardants used to reduce 
flammability in various materials such as plastics, textiles 
and electronics. The 2,4,6-Tribromoaniline is utilized as a 
reagent or a standard for bromination reactions and 
analytical testing. Similarly, it is possible to see the use of a 
marker or standard in the detection and quantification of 
halogenated organic compounds in environmental 
samples. Owing to the superior electronic properties, 2,4,6-
tribromoaniline can be explored in the development of 
organic semiconductors or conducting polymers. 
Moreover, the material with remarkable characteristic 
features can be used in modifying polymers to improve 
thermal stability or flame resistance. Also, the scientific 
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studies based on potential uses of 2,4,6-tribromoaniline 
molecule in functionalizing nanomaterials for specialized 
applications are ongoing. It was also reported that studying 
the antibacterial properties of herbal and organic 
compounds is important for their use in more areas in the 
future (Ulgen, Yildirim, & Turker, 2023). Having deep 
knowledge about the reactions of these kinds of 
compounds under electric fields, electric currents and 
magnetic fields helps us analyze their areas of use more 
easily (Ulgen, & Turker, 2024; Vashisth, & Nagarajan, 2008). 
Here, theoretical modelling studies pave the way for such 
untouched fields. Moreover, theoretical investigations have 
become increasingly important for characterizing these 
molecules, providing insights into their structural, 
thermodynamic, electronic, optical, spectroscopic, and 
electrochemical properties, including aspects like charge 
distribution, dipole moments, and molecular charge 
transfer regions. Accurate theoretical results not only 
enhance our understanding of these molecular 
characteristics but also play a vital role in predicting and 
elucidating experimental findings in a cost-effective 
manner. 

The successful correlation between theoretical and 
experimental findings highlights the value of modern 
calculation techniques such as HF and DFT in molecular 
characterization. These approaches provide a powerful tool 
for predicting compound properties and gaining deeper 
insights into experimental phenomena, facilitating 
advances in understanding the behavior of complex 
organic molecules. To illustrate, in the year of 2022, 2,4,6-
tribromoaniline adsorption behavior onto the surface of 
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coronene types, fullerene or fullerene-like nano-cages has 
theoretically been serached based on the noteworthy 
variations in chemical descriptive and non-linear optics 
features using DFT computational study (Al-Otaibi, 
Mary, Mary, Kaya, & Serdaroglu, 2022). Similarly, Haruna 
et al. in 2016 investigated the conformation, structure 
natural bond orbital, surface morphology, frontier 
molecular orbitals, and vibrational spectra belonging to the 
tribromoaniline structure (Haruna, Saleh, Thagfi, & Al-
Saadi, 2016). Besides, the authors have inspected the 
detection of 2,4,6-tribromoaniline prepared silver colloids 
as surface-enhanced Raman scattering active substrates. 
However, the atomic charge distributions-dipole moments, 
thermodynamic quantities, electronic properties, nuclear 
magnetic resonance chemical shifts, electronegativity, 
electrophilic index, softness, molecular charge transfer 
regions, chemical hardness, as well as simulations 
(molecular electrostatic potential (MEP), lowest 
unoccupied molecular orbital (LUMO), electrostatic 
potential (ESP), highest occupied molecular orbital 
(HOMO), nucleophilic and electrophilic reactive regions) 
have not been studied in detail. In the current work, it is 
aimed to theoretically fill these gaps as much as possible 
using both HF and DFT approaches. In particular, the 
calculations utilize the B3LYP functional, which integrates 
Becke's three-parameter hybrid exchange functional with 
the nonlocal correlation functional developed by Lee, Yang, 
and Parr. The 6-31G+(d,p) calculation level is employed in 
these computations. The results obtained from the 
quantum mechanical models are systematically compared 
with experimental data from the SDBS (10011) database 

Developments in the Field of Engineering 2024

6



and the paper in Ref. (Haruna, Saleh, Thagfi, & Al-Saadi, 
2016), revealing a strong correlation between theoretical 
predictions and experimental observations. This 
consistency demonstrates the reliability and accuracy of the 
applied computational methods in predicting molecular 
properties. Further, here a comprehensive analysis is 
performed on the UV-visible (UV–vis) spectra, numerous 
thermodynamic properties, and nuclear magnetic 
resonance chemical shifts of 2,4,6-tribromoaniline 
molecule. Additionally, atomic charge distributions are 
assessed to understand the dipole moments and ICT 
regions. The findings indicate that the compound exhibits 
the potential for metallic bonding and intermolecular 
interactions. At the same time, the investigation extends to 
the visualization of key electronic properties, including 
LUMO, ESP, HOMO, and MEP maps. The visualizations 
provide insights into transition states, electronegativity, 
energy band gaps, chemical hardness, molecular softness, 
and electrophilicity quantities. The calculated values for the 
transition states and energy band gaps offer a deeper 
understanding of the reactivity and stability of the studied 
molecule. To sum up, the primary goal of this research is 
not only to compare theoretical predictions with some 
experimental data for the first time but also to provide a 
detailed characterization of the molecular properties. 
Accordingly, the current study aims to pave a way for 
future examinations and practical applications of these 
molecules in areas, viz., physics, chemistry, biology, and 
industry, by offering a foundation for understanding their 
behavior and potential uses. 
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2. COMPUTATIONAL DETAILS 

This study presents a comprehensive analysis of the 
2,4,6-tribromoaniline molecule (presented in Fig. 1), 
covering various molecular and electronic properties for 
the first time using computational methods. The research 
was performed with a Gaussian 09 characterization 
package (Frisch, et al., 2009; Dennington, Keith, & Millam, 
2009), employing HF and DFT with B3LYP/6-31+G(d,p) 
computational method (Swiderski, Kalinowska, Swislocka, 
Wojtulewski, & Lewandowski, 2013; Karabacak, Cinar, 
Kurt, Babu, & Sundaraganesan, 2013; Milanovic et al., 
2021a; Milanovic et al., 2021b). Key aspects investigate 
include the dipole moments, atomic charge distributions, 
ICT areas, thermodynamic quantities at 300 K, functional 
group identifications, molecular charge transfer 
characteristics, UV-vis spectra, 13C-NMR, and 1H-NMR 
chemical shifts.  

Additionally, electronic properties were examined, 
focusing on electrochemical behavior. This included 
simulating the MEP, LUMO, HOMO, and ESP pictures. 
Energy band gaps and transition state parameters are also 
analyzed to get further perceptions for the stability, 
reactivity, and potential applications of 2,4,6-
tribromoaniline molecule. This research not only provides 
a detailed characterization of the structural and electronic 
features but also offers a valuable reference for future 
experimental and theoretical studies. Furthermore, 
theoretical nuclear magnetic resonance (NMR) calculations 
are carried out using B3LYP//6-31+G(d,p) calculations. 
Computations utilized from GIAO method, which is 
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widely recognized for providing accurate NMR shifts 
predictions. Moreover, the visible electronic absorption 
maxima are calculated in vacuum by CIS-B3LYP and HF/6-
31+G(d,p) (Furche, & Ahlrichs, 2002) levels of theory. 

 

 
Fig. 1. Image of 2,4,6-Tribromoaniline molecule. 

The electronic features are determined based on total 
energy calculations and principles from theorem associated 
with Koopmans. Ionization potential (IP) calculation is 
performed by using the energy variation between the 
radical cation, which results from the loss of an electron, 
and the energy of the neutral molecule. This difference 
indicates how readily a molecule can be ionized, offering 
insight into its electronic behavior. The formulas can be 
arranged as: 

IPTE= Ecation - En       (1) 

IPKE= - EHOMO      (2) 
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Furthermore, the electron affinity (abbreviated as EA) is 
determined by energy differentiation stemmed from the 
anion and neutral compounds: 

EATE=En – Eanion         (3) 

EAKE= - ELUMO      (4)  

At the same time, the IP and EA parameters enable 
us to define the crucial thermodynamics and physical 
features including electronegativity (χ), softness (ζ), 
electrophilicity index (ψ), and hardness (η) were inferred 
from the EA and IP parameters (Kohn, Becke, & Parr, 1996; 
Politzer & Awwad, 1998). Also, the chemical hardness and 
related electronegativity parameters are calculated from 
the following formulas. 

µ ≈ - χ= - (IP+EA)/2      (5) 

η ≈ (IP-EA)/2           (6) 

Likewise, the parameters of softness and electrophilicity 
index are computed from the equations given below: 

ζ= 1/(2η)        (7) 

ψ= (µ2/2η)        (8) 

 

3. RESULTS AND DISCUSSION  

ICT, atomic charge distributions-dipole moments, 
thermodynamic properties, electron donating groups, 
dipole moment, ζ, χ, ψ, η, 1H and 13C NMR results, 
electron engagement, visible absorption maxima, 
conjugation of π bonds, lone (non-bonding) pairs, energy 
band gap, HOMO, LUMO, MEP and ESP including 2D total 
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charge contours are inspected for 2,4,6-tribromoaniline 
molecule. 

3.1.Atomic Charge Distributions 

In this study, the atomic charge distributions for the 
2,4,6-tribromoaniline molecule is analyzed using the 
Mulliken population computation method (Olsen & 
Jørgensen, 1985; Helgaker, Jensen, & Jørgensen, 1986; 
Foresman & Frisch, 1996; Buyukuslu, Akdogan,. Yildirim, 
& Parlak, 2010). Calculations are carried out at both 
DTF/B3LYP//6-31+G(d,p) and HF/B3LYP//6-31+G(d,p) 
quantum chemical methods, with the results for each atom 
presented in Table 1. The Mulliken charges for carbon 
atoms show a range of positive and negative values with 
charge magnitudes varying from -1.525129 to 1.259217 at 
the B3LYP/6-3+G(d,p) level, and from the value of -
0.841879 to 0.478950 at the HF/6-31+G(d,p) basis set. 

Table 1. Atomic charge distributions for optimized geometry 
of 2,4,6-tribromoaniline molecule 
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For nitrogen atom, the calculated charge is found to 
be about -0.463760 and -0.556871 in the DFT/B3LYP and 
HF/B3LYP basis sets, respectively. According to the atomic 
positions, spatial chemical environment, and strong 
existence of electron engagement, bromine atoms indicate 
positive charge values in the different calculation levels. 
The B3LYP/6-31+G(d,p) basis set yields charges intervals 
0.339545 to 0.346190 while the HF/6-31+G(d,p) basis set 
shows a range from 0.509231 to 0.509914.  

Hydrogen atomic charges (loss of electrons) are 
found to vary from 0.157294 to 0.321238 because of the 
existence of lone pairs on the hydrogens in the quantum 
chemistry models. In spite of differences between the HF 
and B3LYP molecular modeling results being attributed to 
some factors such as π-conjugation in carbon ring, non-
bonding lone pairs, uneven charge distribution, and ICT, 
the agreement for the computations is satisfactory. All in 
all, the atomic charge distributions stem from the strong 
existence of electron engagement in bonds, electron 
donating groups, conjugation of π bonds, ICT regions, and 
lone pairs in the organic compound. 

3.2.Uv–vis Spectra for 2,4,6-tribromoaniline 
Molecule 

Electronic transitions in 2,4,6-tribromoaniline 
material can be classified based on the orbitals involved or 
specific regions along with the organic molecule. The two 
most common types of transitions are π → π* (donor to 
acceptor) and n → π*, where the π → π* transitions are 
generally stronger while the n → π* transitions are weaker. 
To define the electronic transitions in 2,4,6-tribromoaniline 
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molecule, theoretical calculations related to the electronic 
absorption spectra are performed using the TD-B3LYP/6-
31+G(d,p) computation technique in vacuum conditions. 
The computation methods provide us the absorption 
maxima (λ), Cl-expansion coefficients, excitations, Singlet-
A, oscillator strength (f), and translations. In the 
parameters, the value of λ parameter relates to electron 
availability, along with the Singlet A values are 
summarized in Table 2. The observed visible absorption 
peaks correspond to electronic transitions between frontier 
molecular orbitals such as transitions from the HOMO to 
LUMO or related other transitions. In this respect, for the 
excited state 1, transition occurs from HOMO-1 state to 
LUMO state and HOMO-1 state to LUMO+1 state. 
Similarly, the other transitions can be seen in Table 2 in 
detail.  

Table 2. Theoretical electronic absorption spectra parameters 

Cl-expansion coefficient 

Excitations Energy 
(eV) Singlet-A Wavelengt

h (nm) 

Oscillator 
strength 
(f) 

Translations 

Excited State 1      
29→32 

3.1789  

0.37367 

390.02 

 
 
 
 
0.0178 

LUMO-2→HOMO 
29→33 -0.11294 LUMO-2→HOMO+1 
29→46 -0.12091 LUMO-2→HOMO+14 
30→32 0.38929 LUMO-1→HOMO 
30→46 -0.14509 LUMO-1→HOMO+14 
31→32 -0.17917 LUMO→HOMO 
31→33 -0.14223 LUMO→HOMO+1 
31→35 0.14119 LUMO→HOMO+3 
31→46 0.14894 LUMO→HOMO+14 
Excited State 2      
29→32 

 
 
3.1843 

0.10163 

389.36 

 
 
 
0.0820 

LUMO-2→HOMO 
29→33 0.12234 LUMO-2→HOMO+1 
29→35 -0.13039 LUMO-2→HOMO+3 
29→46 -0.13392 LUMO-2→HOMO+14 
30→32 0.13579 LUMO-1→HOMO 
31→32 -0.14634 LUMO→HOMO 
31→33 0.48690 LUMO→HOMO+1 
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31→35  -0.25832 LUMO→HOMO+3 
31→46  -0.19403 LUMO→HOMO+14 
Excited State 3  

 
 
 
 
 
374.32 

 
29→32  -0.13024 

 
 
 
 
0.0491 

LUMO-2→HOMO 

29→33 

 
 
 
 
 

-0.19514 LUMO-2→HOMO+1 

29→35 

 
 
3.3122 

-0.18573 LUMO-2→HOMO+3 
29→46 -0.10329 LUMO-2→HOMO+14 
30→32 0.21455 LUMO-1→HOMO 
30→33 0.34095 LUMO-1→HOMO+1 
30→35 0.31834 LUMO-1→HOMO+3 
30→46 0.17542 LUMO-1→HOMO+14 
30→57 0.12150 LUMO-1→HOMO+25 
31→32  0.10179 LUMO→HOMO 
31→33  0.11528 LUMO→HOMO+1 
31→35  0.13203 LUMO→HOMO+3 

As for the numerical values, the calculated 
maximum absorption wavelengths (λmax) for the molecule 
studied are found to be about 338 nm for the excited state 
1, 273 nm for the excited state 2, and 269 nm for the excited 
state 3, respectively. The latter transition of 269 nm is 
associated with a π → π* transition because of the C=C 
bonds. Peak within the 273 nm of λmax are associated with 
overlapping π → π* transitions in the benzene ring, affected 
by the oscillation effects. Additionally, a weak absorption 
peak observed between 338 and 360 nm is linked to an n → 
π* transition involving the heavy groups including nitro 
(NH) and bromine (C-Br) atoms. The values of oscillator 
strengths of 0.0000, 0.0164, and 0.0003 for the transitions are 
also presented in Table 2. 

3.3.Thermodynamic Properties 

Some thermodynamic quantities including total 
energy, zero-point vibrational energy, rotational constant, 
thermal energies, entropies and heat capacities with the 
translational, rotational, and vibrational modes, and dipole 
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moments (µ, µx, µy, µz, and µ) performed by B3LYP and HF 
with 6-31+G(d,p) level of theory are given in Table 3 for the 
2,4,6-tribromoaniline molecule. As seen from table, total 
entropy is obtained to be about 92.988 and 90.223 cal.mol-

1K-1 at the B3LYP and HF calculation levels, respectively. 
Moreover, it is encountered that 2,4,6-tribromoaniline 
material has the total energy values of -360.02217337 a.u. 
and -357.74992498 a.u. at the B3LYP and HF level of theory. 
Similarly, the energy of zero-point vibrational system is 
also found to be about 56.32867 and 60.27843 a.u. The heat 
capacity parameter is calculated to as 33.622 and 31.951 
cal.mol-1K-1. The dipole moment, a key factor in 
understanding a molecule's electronic properties, arises 
from the uneven distribution of charges across its atoms. It 
plays a significant role in analyzing intermolecular 
interactions, such as van der Waals dipole-dipole forces, 
with stronger interactions typically associated with larger 
dipole moments (Prasad, Sinha, Misra, Narayan, & Kumar, 
2010). Therefore, it becomes straightforward to determine 
the biological properties of molecules, particularly in terms 
of their interactions with enzyme active sites. Likewise, the 
dipole moment can also give us the behavior of this 
material under a magnetic field. It has extensively been 
studied in numerous papers whether external magnetic 
field magnitudes affect in vitro regeneration, phenolic 
profiles, growth, antioxidant potential and defense enzyme 
activities of herbal and organic compounds or not (Ulgen, 
Yildirim, & Turker, 2020; Ulgen, Yildirim, Sahin, & Turker 
2021). The dipole moment value is determined as about 
3.6429 and 3.1754 Debye (Table 3) under DFT and HF 
methods, indicating polar (non-uniform atomic charge 
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distributions) structure of the compound. The obtained 
evidence is also confirmed by the simulation examinations. 
Besides, the findings can be used in composite and 
semiconductor materials (Haskul et al., 2020; Haskul, 2020; 
Al Hariri et al., 2022; Ekiz et al., 2023; Selimli et al.).  

Table 3. Total energies (a.u.), Zero-point correction 
(a.u./Particle), zero-point vibrational energies (kcal mol-1), 

entropies (cal mol-1K-1), thermal energies (kcal mol-1), 
rotational constants (GHz), heat capacities (cal mol-1K-1), and 

dipole moment (Debye). 

 
3.4.NMR Spectra Analyses 

NMR analysis is one of the essential techniques to 
identify organic compounds. The difference between the 
13C and 1H NMR spectra using HF/6-31+G(d,p) and 
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B3LYP/6-31+G(d,p) calculation techniques arises due to 
electron correlation effects. In the present work, the GIAO 
method is used to find the chemical shifts for the 13C and 
1H NMR belonging to 2,4,6-tribromoaniline molecule with 
the results presented in Table 4. The B3LYP/6-311+G(d,p) 
calculations for the optimized molecular structure show a 
good correlation with experimental data. Experimentally, 
the 1H isotropic chemical shifts range from 4.560 to 7.497 
ppm, while the calculated values are found to change from 
3.9611 to 8.2442 ppm, indicating a close match between 
quantum calculation theory methods and experimental 
findings. Regarding the 13C NMR chemical shifts relative to 
TMS (tetramethylsilane), the computed values fell within 
125.300 (C6) to 158.489 (C2) ppm, while the experimental 
shifts range from 133.80 to 141.32 ppm. Besides, the 
chemical shifts for the bromine and nitrogenous atoms are 
provided in Table 4. 

Table 4. Experimental and theoretical chemical shifts for 2,4,6-
tribromoaniline molecule. 
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3.5.Molecular Features of 2,4,6-Tribromoaniline 
Molecule 

In this part, the fundamental properties of the 
frontier molecular orbitals, specifically the highest 
occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO) are extensively 
examined. It is known that the inner orbitals represent the 
outermost orbital that contains electrons and acts as an 
electron donor. Conversely, the former orbitals are related 
to the innermost orbital with vacant spaces that can accept 
electrons. Correspondingly, orbitals are crucial for 
understanding the chemical reactivity and electronic 
properties of the organic molecule (Gece, 2008). According 
to molecular orbital theory, interactions between the 
HOMO and LUMO are associated with electronic 
transitions, such as π-π* type transitions, which influence 
directly the optical and electronic behavior of molecule 
(Fukui, 1987). 

  
Fig. 2. 3D plots of a-) HOMO and b-) LUMO of the title 

compound. (Red/green regions reveal the positive/negative 
phases. 
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The energy level of the HOMO correlates with the 
ionization potential, indicating how easily the molecule can 
donate electrons. On the other hand, the LUMO energy 
relates to electron affinity, reflecting the ability of the 
molecule to accept electrons. The energy gap between the 
HOMO and LUMO, known as the band gap (∆E), is a 
significant parameter that reveals the stability of the 
molecular structure. It is known that a smaller band gap 
represents higher chemical reactivity whereas a larger gap 
shows greater stability (Lewis, Ioannides, & Parke, 1994). In 
our calculations, the values for the frontier orbitals and 
band gap are summarized in Table 5, with 3D 
visualizations of the HOMO and LUMO displayed in Fig. 
2. 

The computed band gap at the B3LYP/6–31+G(d,p) 
level of theoryi approximately 0.1049 a.u. whereas at the 
HF/6–31+G(d,p) calculation level, the band gap is about 
0.65121 a.u. Due to the lack of correlation in the HF 
calculation, relatively higher energy band gap is observed. 
As for the simulations, HOMO is predominantly localized 
in small pieces over all the molecule except for hydrogen 
atoms (positive charge) such as H7, H8, and amino group in 
the molecule, while the LUMO extends in rather larger 
pieces across the entire molecule except for Br9, amino 
group, C3, and C6 atoms. Furthermore, the lowest 
molecular orbital (MO) eigenvalue is found to be -14,42496 
a.u. at the B3LYP/6–31+G(d,p) level and-15.64274 at the 
HF/6–31+G(d,p) level. In contrast, the highest MO 
eigenvalues are calculated to be 4,75958   a.u. for the 
B3LYP/6–31+G(d,p) level of theory and 5.20638 for the 
HF/6–31+G(d,p) basis level method. The findings 
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observed offer insight into the electronic structure of the 
compound, highlighting the variations in stability and 
reactivity based on the level of theory used in the 
calculations. One can see values of EA, IP, µ, ζ, χ, ψ, η, and 
∆Nmax parameters deduced from both modern 
computational chemistry models. 
 

Table 5. The total electronic energies, energy gaps and 
molecular quantities for 2,4,6-Tribromoaniline molecule 

based on DFT and HF B3LYP/6-31+ G(d,p) levels of theory. 

 
 

3.6.Molecular Electrostatic Potential and 
Electrostatic Potential 

In this part of paper, we focus extensively on ESP 
surface map over the electron density for the 2,4,6-
Tribromoaniline molecule, illustrating its molecular size, 
shape, and charge distributions along the spatial chemical 
environment. As well known, the ESP mapping provides a 
valuable tool for analyzing molecular interactions, as 
information about ESP helps predict reactivity and 
highlights potential areas for intermolecular and 
intramolecular interactions, such as hydrogen bonding 
(Wang, Sun, Shen, Hou, & Zhai, 2008). Figure 3a displays 
the ESP map for the compound, supporting the findings of 
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the electron engagements, conjugative effect, and lone pairs 
discussed throughout the study. The map clearly identifies 
the most negatively charged regions, predominantly 
surrounding the nitrogen atom and some carbon atoms, 
indicating areas of electrophilic reactivity. This suggests 
that the π-electrons are extensively delocalized around 
these atoms, enhancing their potential for electrophilic 
interactions. Conversely, the map also shows that the 
carbon atoms in the rings and bromines are located in 
regions of nucleophilic reactivity, suggesting they may act 
as electron-rich sites within the molecule. These insights 
into the charge distribution and reactivity patterns not only 
favor the molecular findings from other parts of the paper 
but also provide a deeper understanding of the behavior of 
the title compound in various chemical and biological 
contexts. 
 

 
 
Fig. 3. 3D plots of a-) ESP picture and b-) MEP image of 2,4,6-

Tribromoaniline compound 
We also simulate MEP image (related to the 

interaction energy between the electron and nuclear 
charges with a hypothetical positive test charge (proton) at 
a given point in space) for the title compound in Fig. 3b. In 
this respect, the MEP serves as a valuable indicator for 
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understanding chemical reactivity. In more detail, the 
inspection of MEP map is closely linked to the electron 
density distribution and helps identify regions prone to 
electrophilic and nucleophilic interactions, as well as 
potential hydrogen-bonding sites (Politzer & Murray, 
2002). That is exactly why the applied magnetic field 
strengths affect seriously the in vitro regeneration, phenolic 
profiles, growth, antioxidant potential and defense enzyme 
activities of herbal and organic compounds (Yildirim, 
Zalaoglu, Kirilmis, Koca, & Terzioglu, 2011; Ulgen, 
Yildirim, & Turker, 2017). As seen from the figure, the MEP 
map highlights areas of varying reactivity. The regions 
depicted in red correspond to sites favorable for 
electrophilic attack, contrariwise, the blue areas indicate 
regions suitable for nucleophilic reactivity. The map image 
indicates that the most negative potential, suggesting 
electrophilic reactivity, is concentrated around some 
carbon atoms and nitrogen atom. In contrast, the regions 
with a positive potential, which are more prone to 
nucleophilic behavior, are localized around the bromine 
and hydrogen atoms. The findings obtained indicate that 
the 2,4,6-Tribromoaniline molecule exhibits a versatile 
reactivity profile, with the ability to engage in both 
electrophilic and nucleophilic interactions. The distinct 
charge distribution also indicates potential for metallic 
bonding and various intermolecular interactions, making 
the compound a suitable candidate for diverse chemical 
applications. 
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4. CONCLUSION 

In the present work, we present a comprehensive 
analysis of the 2,4,6-Tribromoaniline organic compound 
using quantum chemical methods of HF/6–31+G(d,p) and 
DFT-B3LYP/6–31+G(d,p). The investigation encompasses 
the atomic charge distributions-dipole moments, 
thermodynamic quantities, electronic properties, 13C and 
1H NMR parameters, electronegativity, electrophilic index, 
softness, molecular charge transfer regions, chemical 
hardness, HOMO, MEP, LUMO, ESP, nucleophilic and 
electrophilic reactive regions. correspondingly, this work 
fills the gap in the literature. The results reveal significant 
ICT imbalances and electron-donating characteristics, 
influenced by substituent positions, electron distribution, 
electron engagements, lone pairs, π-π* interactions, ICT 
transfer, and intermolecular hydrogen bonding. The title 
compound exhibits pronounced regions of electrophilic 
and nucleophilic reactivity, confirming a serious potential 
as a candidate for antimicrobial, anticonvulsant, cytotoxic, 
antimalarial, and other pharmacological applications due 
to its strong interactions with biological targets. The 
characteristic behavior under external magnetic field 
strengths is also discussed. 
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WEAKNESSES OF TRANSPORTATION 
INFRASTRUCTURE IN TURKEY AND 
FUTURE TARGETS TO BE ACHIEVED 

 

Sedat OZCANAN1 

 

1. INTRODUCTION 

Transportation plays a critical role in the 
development of societies and the functioning of daily life. 
An effective transportation infrastructure is essential for 
economic growth, social integration, geopolitical 
advantages, and sustainability. Transportation systems can 
include various types, such as road, rail, air, sea, and 
pipeline networks, each offering distinct benefits to society. 
Transportation infrastructure, which holds strategic 
importance from geopolitical, economic, and social 
perspectives, is a fundamental building block for 
enhancing a nation's international competitiveness. In 
countries with vast territories like Turkey, the integration 
and harmonious operation of transportation systems are 
crucial. 

It is evident that transportation holds significant 
importance in the economic development of nations. 
Numerous studies have examined the impact of 
transportation infrastructure on economic growth and 
regional development. Erdoğan (2016) analyzed 
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transportation sub-sectors from a technical perspective, 
while Maparu and Mazumder (2017) identified a long-term 
relationship between transportation infrastructure and 
urbanization, as well as a causality from development to 
transportation. Kara and Cigerlioglu (2018) confirmed the 
positive effect of road infrastructure on economic growth 
in Turkey using the Johansen cointegration test, and Logun 
and Tuzemen (2018) demonstrated the meaningful 
relationship between road and rail infrastructure and 
economic growth through the ARDL model. Alam et al. 
(2020) highlighted the positive impact of transportation 
infrastructure on development in Pakistan, although the 
statistical significance was found to be low. Magazzino and 
Mele (2020) revealed, through machine learning, that 
transportation investments influence development in 
China, while Telli (2020) emphasized the strong 
relationship between transportation infrastructure and 
human development in Turkey. Wang et al. (2021) 
identified a long-term relationship between maritime 
transportation infrastructure and economic development 
in China. Yurdakul (2022) analyzed the relationship 
between transportation infrastructure and economic 
development in Turkey using the ARDL bounds test, 
finding a statistically significant long-term relationship 
between economic development and road and maritime 
transportation infrastructure. These findings collectively 
underscore the critical role of transportation infrastructure 
in driving development. 

The economic impact of transportation 
infrastructure is not independent of its social effects. The 
development of transportation infrastructure parallels 
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socio-economic development, as economic progress also 
triggers social advancement (Prus and Sikora, 2021). 
Moreover, transportation infrastructure is not only a tool 
for socio-economic development but also an indispensable 
element for national security and strategic superiority. 
Therefore, countries must design their transportation 
systems to support not only economic but also military and 
strategic objectives. In line with this, the transportation 
infrastructure of economically and militarily strong nations 
has developed in this direction (Lin, 2019). 

In light of the evaluations above, the importance of 
transportation infrastructure has been emphasized. 
Considering its geographical position, socio-economic 
context, and military security, has Turkey’s transportation 
infrastructure reached the required level? This study will 
address the current state of transportation infrastructure in 
Turkey and the future targets that need to be achieved. 

 

2. CURRENT SITUATION 

Transportation infrastructure in Turkey is 
diversified with various systems such as road, rail, air, and 
sea/ maritime transport. However, there are certain 
weaknesses in terms of the efficiency and sustainability of 
this infrastructure. Below, the current state and weaknesses 
of Turkey's transportation systems are examined. 

As of 2022, Turkey's road network consists of 3,633 
km of highways, 30,961 km of state roads, and 34,131 km of 
provincial roads, totaling 68,725 km (Figure 1). Of this 
network, 28,816 km consists of divided roads (UAB, 2022). 
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Figure 1. Status of Turkey's Road Network (UAB, 2022) 

As shown in Figure 2, road transport is the most 
preferred mode of passenger and freight transportation in 
Turkey. As of 2021, 92.7% of domestic passenger transport 
and 89.4% of freight transport are carried out by road (UAB, 
2022). 

 
Figure 2. Domestic Passenger and Freight Transport Shares by 

Mode of Transportation in Turkey (UAB, 2022) 

Road transport is the most commonly used mode of 
transportation for passengers across the EU. However, 
while 95.2% of passenger transportation in Turkey is by 
road, this figure is 89% in the US and around 79% in EU 
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countries. In freight transportation, there is a more 
balanced distribution between road, rail, and maritime 
transport. In EU countries, the share of road transport in 
freight transportation is approximately 45%. In Turkey, this 
share is 76.1%, and in the US, it is 69.5%. Especially when 
compared to the share in EU countries, road transport in 
Turkey dominates other modes of transportation. As 
shown in Figure 3, road infrastructure, having received 
more investment, has left other transportation modes 
relatively weak (Kuscu, 2012). 

The EU's transportation policy aims to balance the 
modes of transportation and promote more sustainable 
transportation types. Within this framework, increasing the 
share of rail and maritime transport and reducing the 
environmental impacts of road transport have been 
targeted (Kuscu, 2012). 

 
Figure 3. Distribution of Transportation and Communication 

Investments by Mode from 2003 to 2022 (UAB, 2022) 
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 The EU, in line with its sustainable transportation 
goals, encourages modes of transport other than road 
transport to reduce carbon emissions, particularly 
investing in railway and maritime infrastructure. 
Additionally, through projects such as the Trans-European 
Transport Network (TEN-T), it aims to increase the use of 
environmentally friendly methods in transportation. In 
light of this data, it is expected that the transportation sector 
will evolve into a balanced and environmentally friendly 
structure in the future (Kuscu, 2012). When comparing the 
infrastructure, investment, and development status of 
transportation modes in Turkey with the current situation 
and goals of EU countries, it appears that Turkey is far from 
achieving these targets. Table 1 compares Turkey’s 
transportation infrastructure status with the European 
average. 

Table 1. Comparison of Total Length/Number of 
Transportation Modes in Turkey with the European Average 

Transportation 
Mode Turkey  European 

Average  Comparison 

Road 68,526 km ~100,000 km Turkey is below the 
European average. 

Rail 13,021 km ~30,000 km Below the European 
average. 

Air 57 airports 80-100 
airports 

 
The number of 
airports lags behind 
Europe. 

Sea/maritime 

172 ports 
172 ports 
Port capacities 
are 
insufficient. 

200-250 ports 
High-
capacity 
ports. 

The port 
infrastructure is 
relatively developed. 

Pipelines ~20,000 km ~15,000 km Turkey is above the 
European average. 
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When comparing Turkey with the European average 
in terms of transportation infrastructure: 

• Road: Turkey's road network is developing through 
modernization processes, but in terms of length, it 
remains below the European average. 

• Rail: Turkey’s railway network is limited, with 
fewer high-speed train lines compared to Europe. 

• Air: Although the number of airports is lower than 
in Europe, Turkey is a significant transit hub for 
international flights. 

• Sea: The port infrastructure is strong due to its 
strategic location, and although the capacity is 
lower, it is comparable to Europe. 

• Pipelines: Turkey, being an important energy 
transportation hub, exceeds the European average. 

• Transportation systems: When considered as a 
whole, Turkey lags behind Europe, particularly in 
terms of combined transport. 

 

3. ACTIONS TO BE TAKEN 

Technological innovations are needed to address the 
weaknesses of Turkey’s transportation systems. Solutions 
such as autonomous vehicle technologies, smart 
transportation systems, and infrastructure modernization 
are of critical importance for achieving future 
transportation goals. Among the weaknesses of Turkey’s 
transportation infrastructure, the lack of integration and 
inadequate technological infrastructure stand out. In the 
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future, equipping transportation systems with autonomous 
technologies and strengthening rail and maritime transport 
should be prioritized. 

When comparing the total lengths of Turkey’s 
transportation infrastructure with European averages, 
some areas fall short, though improvement efforts are 
ongoing in line with specific goals. In terms of road 
networks, Turkey’s total length is 65,354 kilometers, of 
which 7,830 kilometers consist of highways. This highway 
density is below the European Union average (8.8 
km/1,000 km²), but new projects aim to close this gap. 

For railways, Turkey’s total network is 
approximately 13,022 kilometers, but this length is quite 
limited regarding modern high-speed train lines. While 
railway transportation plays a more active role in Europe, 
Turkey should invest in increasing capacity in this sector. 

In maritime transportation, despite Turkey’s 
strategic geographical position, efforts are needed to 
increase port capacity and ensure logistical efficiency. 
Turkey’s current port infrastructure has less capacity 
compared to Europe’s major ports; however, new projects 
aim to bridge this gap. 

In the aviation sector, Turkey is in a more 
competitive position. Notably, Istanbul Airport’s 
international freight and passenger capacity is comparable 
to that of Europe’s major airports. 

Comparative analyses with Europe highlight a lack 
of holistic and long-term planning in Turkey’s 
transportation infrastructure. Addressing these 
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deficiencies requires viewing transportation projects not 
merely as economic tools but as a comprehensive 
development strategy that supports all sectors. 

 

4. CONCLUSIONS AND 
RECOMMENDATIONS 

The development of transportation infrastructure in 
Turkey is crucial for the country's economic growth and 
social cohesion. The increasing demand for transportation 
and logistics highlights the importance of combined 
transportation solutions and new international trade 
routes. Turkey, located at the crossroads of three continents 
and along historic trade and transportation corridors, holds 
a strategic position as a bridge. Its location between the 
production centers of the East and the markets of the West 
underscores the significance of transit transportation for 
the country. In this context, international transportation 
corridors such as Pan-European, TRACECA, and the Belt 
and Road Initiative should be carefully monitored and 
leveraged. However, for Turkey to effectively utilize this 
advantage, it requires a robust physical and legal 
transportation infrastructure. 

Turkey's transportation strategy documents reveal a 
misalignment between goals and achievements, leading to 
frequent goal changes and a lack of cohesive planning. The 
transportation sector has been treated as an isolated field 
rather than integrated with other sectors, diminishing the 
efficiency of investments. Given the transportation sector's 
reciprocal impact on and from the economy, it is essential 
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to approach it with holistic planning to enhance benefits 
and maximize societal advantages. 

To strengthen Turkey's transportation 
infrastructure, investments should focus not only on the 
road network but also on railway, maritime, and air 
transportation. Addressing the deficiencies compared to 
Europe would be a significant step toward achieving 
sustainable development. 

Based on the current situation and the necessary 
actions discussed in this report, it is recommended that 
Turkey modernize, integrate, and transform its 
transportation systems into a sustainable structure. 
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WEIGHT MINIMIZATION OF STEEL 
SPACE FRAMES USING RAO-1 

ALGORITHM 
 

İbrahim Behram UĞUR1 

 

1. INTRODUCTION 

With the rise in population and rapid urbanization 
over time, advancements in technology and industry have 
led to increased demand for diverse structural forms. 
Structures such as factory buildings, bridges, industrial 
facilities, sports complexes, aircraft hangars, large 
warehouses, and workshops have evolved to meet these 
demands. In the construction of such structures, steel 
systems are frequently favored due to their homogeneous 
and isotropic properties, capacity to span wide areas, ease 
of fabrication, recyclability, and lightweight characteristics. 

As structural density continues to increase, 
optimizing steel systems has become essential to reduce 
material usage and minimize project costs. Mathematical 
optimization is the process of finding the maximum or 
minimum value of a function under specified conditions. 
Broadly, optimization techniques fall into two categories: 
classical and heuristic methods. Classical methods typically 
address problems with continuous variables, but because 
practical design challenges often involve discrete variables, 
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heuristic optimization methods inspired by biological 
processes, evolutionary mechanisms, and natural 
phenomena are widely applied (Dorigo, Maniezzo, & 
Colorni, 1996; Goldberg, 1989; Karaboga & Basturk, 2007; 
Kennedy & Eberhart, 1995; R. V Rao, Savsani, & Vakharia, 
2011). 

In civil engineering, heuristic optimization methods 
have proven effective across various domains, including 
hydraulic structures, retaining walls, water transmission 
lines, roadway planning, and structural design 
(Abdelmohsen & El-Rayes, 2018; Chong, Lai, Ahmed, Wan 
Jaafar, & El-Shafie, 2021; Hasancebi, Carbas, Dogan, Erdal, 
& Saka, 2009; Shakeel, Azam, Riaz, & Shihata, 2022). In steel 
structures, achieving optimal design involves selecting the 
smallest feasible cross-sectional dimensions for structural 
elements. These dimensions must ensure that the structure 
can withstand external loads, maintain stability, and 
adhere to allowable displacement limits. However, 
optimizing full-scale steel structures presents significant 
challenges due to the need to comply with regulatory 
standards, meet strength constraints, and achieve the 
lightest possible design without compromising safety or 
functionality. 

This study investigates the optimization of steel 
frame systems subjected to static loads while satisfying all 
relevant design constraints. The RAO-1 algorithm, a recent 
metaheuristic optimization technique, was utilized for this 
purpose. Structural analysis and validation of the 
optimized designs were performed using SAP2000, a 
widely used structural analysis software. 
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2. RAO-1 ALGORITHM 

Rao (R. V. Rao, 2020) introduced the RAO algorithm 
series as a framework to address optimization problems 
without relying on metaphor-based concepts or algorithm-
specific parameters. These algorithms provide a simple and 
effective approach by iteratively improving solutions based 
on the best and worst candidates within the population. In 
this study, the first one (RAO-1) is utilized for the 
optimization process.  

Initially, a random set of candidate solutions is 
generated to form an initial population. For each iteration, 
the best and worst candidates are identified based on their 
performance in meeting the objective. Solutions are 
iteratively refined by generating new candidate solutions 
based on random adjustments around the best and worst 
solutions. The optimization continues until a specified 
number of iterations or another stopping condition is met. 

The formula for updating candidate solutions is: 

𝑋𝑋′𝑗𝑗,𝑘𝑘,𝑖𝑖=𝑋𝑋𝑗𝑗,𝑘𝑘,𝑖𝑖+𝑟𝑟1,𝑗𝑗,𝑋𝑋𝑗𝑗,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑖𝑖−𝑋𝑋𝑗𝑗,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,𝑖𝑖       (1) 

where 𝑋𝑋𝑋𝑋,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑖𝑖 and 𝑋𝑋𝑋𝑋,worst,𝑖𝑖 are the best and worst 
solutions for the j-th variable at iteration i, 𝑋𝑋’𝑗𝑗,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑖𝑖 
represents the refined candidate solution, is a randomly 
generated coefficient between 0 and 1, ensuring variation 
in candidate updates. 𝑟𝑟1,𝑗𝑗 is randomly generated coefficient 
between 0 and 1, ensuring variation in candidate updates 
(R. V. Rao, 2020).  

This method effectively directs solutions towards 
feasible regions in the design space, optimizing with a 
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balance of exploration and exploitation without the need 
for additional control parameters. 

 

3. OPTIMUM DESIGN OF SPACE STEEL 
FRAMES 

Structural optimization seeks to identify the lightest 
feasible design for a space steel frame while ensuring 
compliance with all design constraints. The optimization 
problem is framed by grouping members into categories 
based on structural symmetry, with each group sharing the 
same cross-sectional properties. The objective is to 
minimize the total weight of the structure (W), which 
depends on the material density (𝛾𝛾), cross-sectional areas 
(A), and member lengths (L) across all groups (NG) as given 
below:  

        Minimize      𝑊𝑊 = ��𝛾𝛾𝑖𝑖 ∙ 𝐴𝐴𝑖𝑖 ∙�𝐿𝐿𝑗𝑗

𝑁𝑁𝑚𝑚

𝑗𝑗=1

�

𝑁𝑁𝑔𝑔

𝑖𝑖=1

 (1) 

       Subjected to    𝑔𝑔𝑘𝑘 ≤ 0         𝑘𝑘 = 1,2,3 … ,𝑁𝑁𝑐𝑐 (2) 

The design variables comprise steel profiles selected 
from a predefined list, and constraints are imposed to 
ensure structural safety and performance. These 
constraints include normalized strength criteria for axial 
and flexural behavior, derived from the Load and 
Resistance Factor Design (LRFD) (AISC, 2022) 
specifications as given below:  

  

Developments in the Field of Engineering 2024

47



𝑔𝑔(𝑖𝑖,𝑗𝑗) = 𝑃𝑃𝑢𝑢
𝜙𝜙𝑐𝑐𝑃𝑃𝑛𝑛

+ 8
9
� 𝑀𝑀𝑢𝑢𝑢𝑢
𝜙𝜙𝑏𝑏𝑀𝑀𝑛𝑛𝑛𝑛

+ 𝑀𝑀𝑢𝑢𝑢𝑢

𝜙𝜙𝑏𝑏𝑀𝑀𝑛𝑛𝑛𝑛
� − 1 ≤ 0 for

 𝑃𝑃𝑢𝑢
𝜙𝜙𝑐𝑐𝑃𝑃𝑛𝑛

≥ 0.2        (3) 

𝑔𝑔(𝑖𝑖,𝑗𝑗) = 𝑃𝑃𝑢𝑢
2𝜙𝜙𝑐𝑐𝑃𝑃𝑛𝑛

+ � 𝑀𝑀𝑢𝑢𝑢𝑢
𝜙𝜙𝑏𝑏𝑀𝑀𝑛𝑛𝑛𝑛

+ 𝑀𝑀𝑢𝑢𝑢𝑢

𝜙𝜙𝑏𝑏𝑀𝑀𝑛𝑛𝑛𝑛
� − 1 ≤ 0 for

 𝑃𝑃𝑢𝑢
𝜙𝜙𝑐𝑐𝑃𝑃𝑛𝑛

> 0.2                  (4) 

 

Strength limits account for axial forces (𝑃𝑃𝑢𝑢) and 
moments along major and minor axes (𝑀𝑀𝑢𝑢𝑢𝑢,𝑀𝑀𝑢𝑢𝑢𝑢), 
incorporating resistance factors for compression, tension, 
and bending (𝜙𝜙𝑐𝑐,𝜙𝜙𝑡𝑡 𝜙𝜙𝑏𝑏) 

Additionally, structural members must satisfy shear 
strength requirements, which are governed by the ratio of 
applied to nominal shear strength (𝑉𝑉𝑛𝑛), adjusted with a 
shear resistance factor (𝜙𝜙𝑣𝑣), as given below:  

𝑔𝑔(𝑖𝑖,𝑗𝑗) = �
𝑉𝑉𝑢𝑢
𝜙𝜙𝑣𝑣𝑉𝑉𝑛𝑛

� − 1 ≤ 0   (5) 

Beyond strength-based constraints, the design must 
comply with inter-story drift limits and maximum lateral 
displacement criteria, ensuring stability and serviceability 
under loading conditions  

𝑔𝑔𝑖𝑖𝑖𝑖𝑖𝑖 =
𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖

𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖,𝑙𝑙𝑙𝑙𝑙𝑙
− 1 ≤ 0   (6) 

𝑔𝑔𝑑𝑑 =
∆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
∆𝑟𝑟,𝑙𝑙𝑙𝑙𝑙𝑙

− 1 ≤ 0   (7) 
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This optimization framework ensures the resulting 
steel frame designs are both efficient and structurally 
robust, adhering to established engineering standards. 

3.1.SAP2000 Software for Structural Analysis  

SAP2000 (Computers & Structures Inc, 2019) is a 
powerful tool for structural analysis and design, widely 
used for its advanced capabilities in modeling and 
simulating structures under static and dynamic loads. Its 
parametric modeling tools simplify defining and adjusting 
structural components to meet project needs. The 
software’s Open Application Programming Interface 
(OAPI) enables seamless integration with programming 
environments like MATLAB or Python, automating tasks 
such as model creation, analysis, and result extraction. With 
its robust analytical tools and user-friendly interface, 
SAP2000 is a versatile and indispensable resource in 
modern structural engineering. 

3.2.Optimal Design of Space Steel Frames Using 
the RAO-1 Algorithm 

A 135-member braced space frame model from the 
literature was optimized to assess the performance of 
heuristic algorithms in designing space steel frames. 
Structural analyses were conducted using SAP2000, while 
the optimization process was executed via a MATLAB-
based program. Each method was tested 10 times to 
ensure reliable comparisons, and the results, including the 
lightest design and the corresponding number of 
structural analyses, were recorded. Additional metrics 
such as average weight, worst-case weight, standard 
deviation, and constraint violation percentages were also 
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evaluated. The space frame had material properties of an 
elastic modulus of 20 GPa and a yield strength of 248.2 
MPa (Azad, 2014) . Design constraints were based on 
AISC-LRFD (AISC, 2022) specifications, with geometric 
constraints for beam-column connections included for 
further refinement. The optimization process was 
terminated after a maximum of 625 iterations. 

3.3.Three Story 135-Bar Space Frame  

The three-story, 135-bar braced space frame, 
adapted from Azad (Azad, 2014) was used as the initial 
example for the optimal design of space steel frames. The 
frame consists of 10 groups of structural members, 
categorized based on their roles, such as corner columns, 
edge columns along the xz and xy planes, interior columns, 
floor beams, and bracing members. To enhance lateral 
stiffness, V-shaped braces were included along the xz 
plane. 

 

 
Figure 1. Three Storey 135-bar Steel Frame 
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The frame was analyzed under 10 load 
combinations, including dead, live, and seismic loads as 
follows: 

1. 1.4D  

2. 1.2D + 1.6 L  

3. 1.2D + 1.0Ex +0.5L  

4. 1.2D + 1.0Eex+0.5L  

5. 1.2D + 1.0Ey+0.5L  

6. 1.2D + 1.0Eey+0.5L  

7. 0.9D + 1.0Ex  

8. 0.9D + 1.0Eex  

9. 0.9D + 1.0Ey  

10. 0.9D + 1.0Eey  

Dead loads for regular and roof beams were set at 20 
kN/m and 15 kN/m, respectively, while live loads were 12 
kN/m and 7 kN/m. Seismic loads were determined using 
the equivalent static method outlined in ASCE 7-98, with 
the base shear distributed across floors based on the 
structural weight and importance factor. The fundamental 
period of the frame was estimated using the ASCE 7-98 
guidelines, with adjustments made to the structural 
parameters through linear interpolation. Seismic loads 
were dynamically updated during optimization to reflect 
changes in the frame’s weight caused by varying design 
variables. To ensure stability, the effective length factors 
were set at 1.0 for beams and braces. For columns, these 
factors were adjusted based on their strong and weak axes 
as per standard guidelines. Maximum allowable 
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displacements included a roof displacement limit of 0.03 m 
and an inter-story drift limit of one-fourth the story height. 
A rigid diaphragm assumption was applied, ensuring 
uniform lateral displacements across nodes on the same 
floor (Azad, 2014). 

Table 1. Optimum Design Results for the 135-Bar Braced 
Space Steel Frame Using RAO -1 

 Group RAO-1 
1 KL1 W12×35 
2 KL2 W24×68 
3 KL3 W24×84 
4 KL4 W24×68 
5 KR1 W21×44 
6 KR2 W21×44 
7 KR3 W12×16 
8 ÇR1 W8×28 
9 ÇR2 W6×15 
10 ÇR3 W4×13 
Best weight (ton) 36.92 
Number of Analysis 24852 
Mean weight (ton) 43.58 
Worst weight (ton) 50.17 
Std (ton)  3.97 
Constraint Violation (%) 0 

The optimization results for the 135-bar braced space 
steel frame using the RAO-1 algorithm are summarized in 
Table 1. The RAO-1 algorithm achieved an optimum design 
with a minimum structural weight of 36.92 tons after 
performing 24,852 structural analyses. Statistical outcomes 
derived from 10 independent optimization runs are also 
presented, including the best, mean, worst weights, and the 
standard deviation of the resulting designs. The mean 
structural weight was determined to be 43.58 tons, while 
the worst case reached 50.17 tons. The standard deviation 
of 3.97 tons indicates a moderate level of variability in the 
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optimization outcomes, which reflects the algorithm's 
robustness in consistently identifying near-optimal 
solutions across multiple runs. 

It is noteworthy that the design achieved by the 
RAO-1 algorithm adhered strictly to all predefined strength 
and displacement constraints. The absence of any 
constraint violations, as shown in Table 1, underscores the 
reliability of the algorithm in producing feasible designs 
that satisfy structural performance requirements. To 
further validate the accuracy of the obtained solution, the 
optimal design was implemented in SAP2000 software, 
with results demonstrating full compliance with strength 
constraints. This is visually confirmed through the color 
map representation of the strength ratio, as illustrated in 
Fig. 2.  

 
Figure 2. Design verification of the 135-bar steel frame 

model in SAP2000 

Developments in the Field of Engineering 2024

53



The convergence behavior of the RAO-1 algorithm is 
depicted in Fig. 3, which illustrates the variation in 
structural weight as a function of the number of structural 
analyses performed. An initial rapid reduction in weight is 
observed during the first 3,000 analyses, indicating the 
algorithm's efficiency in identifying promising design 
regions early in the optimization process. Beyond this 
point, the reduction in weight progresses more gradually 
as the algorithm refines the design, converging steadily 
toward the global optimum.  

 
Figure 3. Convergence curve of 135-bar steel frame using 

RAO-1 algorithm 

 

4. CONCLUSION 

This manuscript demonstrates the effective 
application of the RAO-1 algorithm for the optimal design 
of a 135-bar braced space steel frame, emphasizing its 
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simplicity, efficiency, and effectiveness. As a parameterless 
algorithm, RAO-1 eliminates the need for tuning 
algorithm-specific parameters, making it easy to 
implement. The optimization process integrated SAP2000's 
Open Application Programming Interface (OAPI) with 
MATLAB, facilitating seamless interaction between 
structural analysis and optimization tasks. This integration 
enabled automated structural analysis, design validation, 
and iterative updates, improving computational efficiency 
and ensuring accurate results. The RAO-1 algorithm's fast 
convergence, reliable performance, and straightforward 
implementation make it a useful tool for structural 
optimization. Future studies could expand on this research 
by applying the algorithm to larger structures, exploring 
multi-objective optimization, and comparing its 
performance with other emerging metaheuristic algorithms 
to assess its broader applicability in structural engineering. 
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3D PRODUCTION TECHNOLOGIES 

 

Mete Han BOZTEPE1 

 

1. INTRODUCTION 

A wide variety of structures and complex shapes can 
be produced in three dimensions with 3D printing. This 
process involves stacking successive layers of material on 
top of each other. The origins of this technology began with 
a technique discovered by Charles Hull in 1986. This 
technique, known as stereolithography (SLA), was later 
followed by later developments such as powder bed 
blending, fused deposition systems (FDM), inkjet printing, 
and contour machining (CC). 3D technologies have come a 
long way over the years. The additive manufacturing 
technique is widely used in different industries, especially 
construction, prototyping, and biomechanics. It has 
significantly reduced the waste of waste materials, 
especially in the construction sector (Ngo et al., 2018).  

In other words, 3D printing technology has emerged 
as a versatile technology platform for computer-aided 
design (CAD) and rapid production. Thanks to this 
technique, unlike older production methods, it allows 
production from metals, polymers, and ceramics without 
the need for molding or machining. Today, since the prices 
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of 3D printers have fallen, it is possible to produce even on 
the desktop at home. Just as the development of digital 2D 
printing together with desktop publishing revolutionized 
communication and information technology, the 
development of AM technologies together with the 
"internet of things" has revolutionized the computer-
guided production of both complex objects and 
multifunctional material systems. Additive manufacturing 
is inherently much faster than traditional manufacturing 
and enables rapid prototyping (Ligon et al., 2017). 

 3D manufacturing technology is built on three main 
principles: universal, practical, and efficient. The ability to 
print from anywhere in the world with 3D printing is a 
testament to how universal it is. It is now possible to 3D 
print anything you desire. Seeing your food come out of a 
printer is not a far-fetched scenario (Bandyopadhyay & 
Heer, 2018). 

 This innovative technology has the potential to 
change the way we both design and consume products. The 
ability to design a part anywhere and everywhere using 3D 
printing equipment can be interpreted as the realization of 
this assumption (Babu et al., 2015). 

 Three-dimensional additive manufacturing has 
fundamentally transformed the landscape of 
manufacturing, thereby facilitating the emergence of novel 
solutions across a multitude of sectors. With prospective 
advancements on the horizon, it appears likely that the 
production of increasingly intricate and functionally 
sophisticated structures will become feasible. 
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2. METHODS 

2.1. Principles and Technologies of 3D Printers 

 3D printers add materials layer by layer to create a 
physical object from a digital model. Each layer can be 
thought of as a thin slice of the object. These printers 
usually operate using a thermoplastic extruder and a 
Cartesian XYZ platform. With materials such as PLA 
filament, they can produce physical objects with high 
precision (100 microns or 0.1 mm) and at low cost (Mishra 
& Srivastava, 2021; Pathade et al., 2015; Shahrubudin et al., 
2019). 

 3D printer technologies create objects using a variety 
of methods and materials. These technologies include; 

2.1.1. Vat Photopolymerization 

 Vat photopolymerization (VP) is one of the 3D 
printing techniques and the desired product is obtained by 
curing liquid polymers with light. The biggest advantages 
of this method are high precision and printing speed. In this 
way, it has found its place in both industrial applications 
and academic fields. There are different techniques for vat 
photopolymerization. These include stereolithography 
(SLA), digital light processing (DLP) and continuous digital 
light processing (CDLP). The basis of these production 
technologies is based on the technique of UV light 
hardening the resin used. In this way, layer-by-layer 
structures are created and the final product is obtained. 
Among these, DLP has become the most preferred 
technology (Andreu et al., 2021; Pagac et al., 2021). The 
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schematic view of a 3D printer with SLA technology is 
shown in Figure 1. 

 

 
Figure 1. Components of a typical SLA machine: 1-printed 

part, 2-iquid resin, 3-building platform, 4-UV laser source, 5-
XY scanning mirror, 6-laser beam, 7-resin tank, 8-window, 

and 9-layer-by-layer elevation (Pagac et al., 2021) 

 The following sections summarize the advantages 
and disadvantages of this technology. 

• Advantages of Vat Photopolymerization 

High Resolution and Speed: The use of VP facilitates the 
accelerated production of complex architectures 
characterized by intricate details required in medical 
contexts, including tissue engineering and prosthetic 
development (Li et al., 2024). 
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Material Versatility: The technology accommodates a wide 
range of materials, encompassing biocompatible and bio-
functional compounds that can be tailored to meet specific 
medical requirements (Timofticiuc et al., 2024).  

Complex Geometries: VP technology can manufacture 
structures with complex geometries that are difficult to 
produce (Shebeeb et al., 2023). 

• Disadvantages of Vat Photopolymerization 

Material Limitations: The limited choice of biocompatible 
materials that can be used in VP complicates the application 
of this technology in the pharmaceutical field (Graça et al., 
2024). 

Mechanical Weakness: Structures produced with VP may 
require the addition of graphene as a filler material because 
they have a wrinkled structure (Shebeeb et al., 2023). 

Process Challenges: Problems such as high viscosity, 
generally encountered in ceramic material production, 
cause low printing speeds and dimensional errors. 

2.1.2. Powder Bed Fusion 

 Powder Bed Fusion (PBF) is an additive 
manufacturing technology that produces 3D objects. Here, 
powder materials are combined layer by layer with the help 
of an energy source to obtain the final product. This 
technology is widely used in the production of materials 
such as metals, ceramics and polymers. Thanks to this 
technique, it allows the use of different materials to create 
3D structures. It is ideal for industrial applications and is 
open to development. However, studies in this area are still 
in their early stages and many fundamental questions 
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remain unanswered. (Dzogbewu & de Beer, 2023; 
Mehrpouya et al., 2022). A schematic view of powder bed 
fusion is given in Figure 2 (web). 

 
Figure 2. A schematic image of PBF 

 Powder Bed Fusion (PBF) is used in various 
industrial applications. While it stands out with its design 
flexibility and efficiency, high initial installation costs are 
still a problem. 

• Advantages of Powder Bed Fusion  

Design Flexibility: With the Powder Bed Fusion (PBF) 
technique, structures with complex geometries can be 
achieved (Bernsmann et al., 2023).  

Precision and Quality: In parallel with the developments 
in laser technology, the precision and accuracy of PBF 
technologies have increased (Hedric, 2024).  

Reduced Material Waste: In this technology, unused 
powder materials are reused, contributing to cost reduction 
(Nichols, 2021) 
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• Disadvantages of Powder Bed Fusion  

High Costs: Initial investment costs are high (Bernsmann et 
al., 2023). 

Thermal Stress and Cracks: Thermal differences between 
different materials can cause cracks (Dzogbewu & de Beer, 
2023). 

Mechanical Limitations: Ceramic materials, such as 
alumina, exhibit lower mechanical performance 
(Abdelmoula et al., 2024).  

 Although Powder Bed Fusion (PBF) is a method that 
offers high flexibility in production, its implementation 
costs are quite high. Future studies can focus on strategies 
to reduce costs and make processes more efficient so that 
this technology can be used more widely in different 
industrial sectors. 

2.1.3. Material Extrusion (FDM) 

 Fused Deposition Modeling (FDM) is one of the 
additive manufacturing methods. It is a technique of 
combining a meltable material, such as thermoplastic, layer 
by layer by passing it through a nozzle. This method uses a 
variety of materials, from fiber-reinforced cementitious 
materials to polymers and metals. Screw and piston 
extrusion methods are commonly used for cementitious 
materials. For polymers, techniques such as Material 
Extrusion (ME) or Fused Deposition Modeling® (FDM) 
create objects by depositing molten polymer filaments layer 
by layer onto a surface (Mackay, 2018; Perrot et al., 2019). 
The basic components of material extrusion are given in 
Figure 3 (Shah et al., 2019). 
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Figure 3. Basic working principle of material extrusion 

printing 

 FDM is additive manufacturing and has some 
advantages and disadvantages. Some of them are as 
follows. 

• Advantages of Material Extrusion  

Cost Effectiveness: This technique is more economical than 
other joint manufacturing methods. Therefore, it has a wide 
range of applications (Al-Tamimi et al., 2023; Boulaala et al., 
2020). 

Design Flexibility: This method allows for structures with 
complex designs, especially in aerospace and medical 
(Jiang et al., 2020).  

Material Diversity: This method can also use 
biodegradable materials such as PLA (Tümer & Erbil, 2021). 
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• Disadvantages of Material Extrusion  

Mechanical Limitations: They have lower mechanical 
properties than products obtained by traditional methods 
(Tümer & Erbil, 2021).  

Material Limitations: Printable polymer materials are 
limited (Jiang et al., 2020). 

Porosity: Pores may occur during the consolidation of the 
material. This may negatively affect the mechanical 
properties (Al-Tamimi et al., 2023). 

 Although this method of production offers 
significant advantages, it needs research and development 
due to reasons such as low mechanical properties and poor 
surface quality 

2.1.4. Material Jetting 

 Another 3D additive manufacturing technology is 
material jetting. This production method enables 
production through the polymerization of liquid 
photopolymers. This innovative production method 
provides perfect dimensional accuracy and minimal 
surface roughness. Due to these superior properties, it is 
suitable for use in sectors such as biomedical, dentistry, 
manufacturing, and aerospace 

 In this technique, liquid material jetting and UV 
curing are performed in a single process. This allows multi-
component materials to be produced. It can also be 
produced with both rigid and flexible photopolymers (Tee 
et al., 2020). This allows for the production of complex 
geometries at micro scales (Sun et al., 2022). The material 
jetting technique is an environmentally friendly 
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technology. It minimizes material waste in the creation of 
complex structures (Nagarajan et al., 2018). 

 This technique develops dental solutions and 
provides specific requirements for each patient. It is also 
used in microelectronic packaging and ceramic 
manufacturing areas (Salmi, 2021; Sun et al., 2022). 

 The mechanical properties of the parts produced 
vary depending on the reinforcement materials and 
components. Rigid reinforcement elements increase the 
strength, while flexible reinforcement elements act as a site 
for crack initiation. The printing parameters have an impact 
on both the dimensional accuracy and mechanical 
properties of the final product. The direction of the printing 
and the alignment of the reinforcement elements affect the 
durability of the material (Tee et al., 2020; Yap et al., 2017). 
A general schematic representation of material jetting is 
given in Figure 4 (Gülcan et al., 2021). 

 
Figure 4. A schematic representation of MJ 
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 Material spraying, a 3D manufacturing method, has 
distinct advantages and disadvantages that have 
significant impacts in different industries. This technology 
has the potential to make manufacturing processes more 
efficient and improve material performance. However, 
various challenges can be encountered in terms of material 
adhesion and compatibility. The positive and negative 
aspects of this method can be summarized as follows.  

• Advantages of Metarial Jetting 

Economic Viability: Deposition of metals on 3D printed 
polymers facilitates rapid fabrication of complex 
geometries, thus offering a cost-effective alternative to 
traditional direct metal printing (Ramaraju & Chandra, 
2022).  

Wide Range of Materials: It has the ability to interact with 
a range of alloys and composites (Li et al., 2018). 

Design Flexibility: The application of additive 
manufacturing methodologies facilitates the realization of 
complex designs while simultaneously minimizing waste, 
thus making it highly suitable for various applications, 
including energy conversion systems (Hüner et al., 2022) 

• Disadvantages of Metarial Jetting 

Material Restrictions: Compatibility of sprayed materials 
with underlying substrates may limit the scope of 
application and require extensive testing (Hüner et al., 
2022). 

Surface Roughness: The resulting surface roughness after 
spraying can exhibit high levels, potentially requiring 
additional processing (Vo & Martin, 2017). 
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Limited Part Geometry: There are constraints in the 
production of components, especially those characterized 
by thin walls or complex geometric configurations. 

 

3. CONCLUSION 

 Additive manufacturing technologies have 
revolutionized manufacturing processes, offering 
advantages such as design freedom, speed and efficiency. 
While Vat Photopolymerization stands out for its high 
resolution and the production of complex geometries, it 
also has disadvantages such as limited material diversity 
and mechanical durability challenges. Powder Bed Fusion 
is ideal for high performance materials such as metals and 
ceramics, but energy density and surface quality issues are 
problems that need to be improved. Material Extrusion 
offers low-cost production, but has structural strength 
limitations due to anisotropic properties. Material Spraying 
offers advantages in terms of multi-material production 
and high precision, but adhesion issues and material 
limitations are obstacles to be solved.   

 All these technologies are important building blocks 
of the modern manufacturing industry, with features that 
address different needs. In the future, advances in materials 
science, software algorithms and energy use are expected 
to make these methods more efficient, environmentally 
friendly and accessible. This flexible nature of 
manufacturing processes will continue to provide 
innovative solutions in a wide range of applications, from 
personalized products to large-scale industrial 
applications. 
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NON-TRADITIONAL MACHINING 
METHODS 

 

Mete Han BOZTEPE1 

 

1. INTRODUCTION 

With the developing technology, non-traditional 
production methods have emerged and found a place for 
themselves in industrial applications. The process that 
accelerated the development of non-traditional production 
was the limits encountered in traditional production. 
Traditional manufacturing techniques generally face 
problems such as low flexibility and high costs. On the 
other hand, non-traditional production methods have some 
advantages such as very flexible production and low costs 
(Berman, 2012). 

Non-traditional manufacturing methods have high 
sustainability. They provide environmentally friendly 
production by significantly reducing material waste 
compared to traditional methods. For example, products 
are built layer by layer in a 3D printer, using only the 
necessary materials. This significantly reduces waste (Ford 
& Despeisse, 2016).  

Non-traditional manufacturing methods mainly 
include mechanical, chemical, electrochemical and thermal 
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manufacturing techniques. This provides flexibility and 
high precision in the production of complex geometry parts 
(Brasil, Moura, & Rocha Neto, 2019; Ikumapayi et al., 2023; 
Snoeys, Staelens, & Dekeyser, 1986) 

 

2. METHODS 

2.1. Mechanical Processes 

2.1.1. Ultrasonic Machining (USM) 

One of the traditional manufacturing methods is the 
ultrasonic machining (USM) method. With this method, it 
has become possible to process brittle and hard materials 
such as ceramics, glass and titanium. Since high 
temperatures are not released in this method, there is no 
damage or permanent stress on the part. Due to these 
superior features, it is frequently preferred in industrial 
applications (K, Kuriachen, & Mathew, 2021; Kumar, 2013; 
Singh & Khamba, 2006). 

In this method of production, abrasive particles are 
used and the chip is removed by direct impact on the 
workpiece. These particles strike the workpiece under the 
action of the tool moving with ultrasonic vibrations, 
creating micro-cracks and causing the material to break off 
in small pieces (K et al., 2021; Kataria & Kumar, 2016). This 
method makes it possible to remove material without 
thermal damage or permanent stress to the workpiece 
(Goswami & Chakraborty, 2015; Singh & Khamba, 2006). 
Figure 1 shows the basic elements of an USM (Singh & 
Khamba, 2006) 
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Figure 1. Basic elements of an USM 

In the USM method, material removal rate (MRR) 
and tool wear rate depend on various parameters used. In 
addition, these parameters affect the surface quality of the 
workpiece. These important process parameters include 
ultrasonic vibration amplitude, vibration frequency, the 
size of the abrasive particles used, the static load exerted by 
these particles on the workpiece, etc.(Das, Kumar, Kibria, 
Doloi, & Bhattacharyya, 2020; Lalchhuanvela, Doloi, & 
Bhattacharyya, 2012). For example, increasing the vibration 
amplitude and frequency can increase the material removal 
rate by enabling faster and higher material removal. 
However, the diameter of the abrasive particles and their 
concentration in the abrasive fluid used also play an 
important role, as larger particle sizes and a more 
concentrated abrasive content can positively or negatively 
affect the final surface finish remaining on the surface of the 
workpiece. By optimizing MRR and tool wear problems, 
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surface quality can be improved (Lalchhuanvela et al., 
2012). 

During the USM process, tools are worn due to 
abrasive slurry and high frequency. This wear increases the 
processing time and costs. The wear rate depends on the 
material structure of the tool used, the strength of the 
abrasive slurry and ultrasonic vibration. Tools made of 
more durable materials have better wear resistance and 
higher process efficiency. The size of the abrasive particles 
used is another factor affecting wear. For all the reasons, 
appropriate material and abrasive slurry should be selected 
to increase the durability of the tools used in the USM 
process (K et al., 2021; Singh & Khamba, 2009). 

Since high heat is not released in the USM method, 
there is no thermal damage on the part and no residual 
stress is created. This feature is a feature that is superior to 
traditional methods. It is advantageous to process 
especially sensitive and brittle parts with this method 
(Goswami & Chakraborty, 2015; Singh & Khamba, 2006). 
However, USM also has some limitations. For example, the 
processing time is longer than other methods. Because the 
material removal process is a slow process. In addition, 
wear may occur on the tool due to abrasive slurry and 
ultrasonic vibrations. This requires more frequent tool 
changes and increases costs (Kumar, 2013; Sabareesan, 
Vasudevan, Sridhar, Kannan, & Sankar, 2021). 

In summary, USM is a very good method for 
processing hard and brittle materials. During chip removal, 
factors such as process parameters and tool wear determine 
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the quality and efficiency of the process. It is also preferred 
because there is no thermal damage during the process 

2.1.2. Water Jet Machining (WJM) 

Another non-traditional production method is water 
jet machining (WJM) technology. In this process, the 
material is processed with the help of pressurized water. 
This technique offers many advantages over traditional 
processing methods. Material processing with this 
technique is used in many sectors. 

The working principle of WJM is based on the 
principle of passing high-pressure water through a narrow 
nozzle. The water gains high speed as it passes through this 
nozzle and hits the material at high speed. This ensures that 
the material is cut by erosion (Jagadish & Gupta, 2020). 

The parameters used during the WJM process affect 
the precision and efficiency of cutting. These parameters 
include; water pressure, nozzle exit speed, amount of 
abrasive particles and distance between the nozzle and the 
workpiece. Optimizing these parameters are the basic 
factors that determine efficiency (Gostimirovic, Pucovsky, 
Sekulic, Rodic, & Pejic, 2019; Ozcan, Tunc, Kopacka, Cetin, 
& Sulitka, 2021). Figure 2 shows the WJM system and the 
main parts of which it is composed (El-Hofy, 2005).  
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Figure 2. Schematic illustration of WJM system 

AWJM is a variation of WJM and works by adding 
abrasive particles to the water. In this way, the particles 
gain momentum in the water and enable cutting of much 
harder materials. With the AWJM technique, operations 
such as drilling and surface cleaning can be performed on 
the material (Rao, 2011). 

In the WJM process, there is no physical contact with 
the material during the cutting process. Thanks to this 
feature, both the risk of deformation in the material is 
reduced and thermal damage does not occur. It allows the 
processing of delicate parts compared to traditional 
manufacturing methods. However, WJM has some 
disadvantages. For example, the drilling process does not 
occur instantly, which can increase the processing time. In 
addition, the initial installation costs of this system can be 
high for small and medium-sized businesses (Geren, 
Bayramoğlu, & Eşme, 2007). 

Both WJM and AWJM are used in many areas such 
as aerospace and automotive. This is because this method 
offers greater flexibility to process high-quality materials 
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compared to traditional manufacturing methods 
(Gostimirovic et al., 2019; Ozcan et al., 2021). 

In conclusion, WJM technology is a technology that uses 
high-pressure water. It is possible to process harder 
materials by adding abrasive particles to water. This system 
has a wide range of applications, especially in engineering 
fields such as aerospace and automotive. 

2.2. Chemical Processes 

2.2.1. Chemical Milling (CM) 

Chemical milling is one of the non-traditional 
production methods and the process is carried out 
chemically. This process starts with a controlled chemical 
reaction acting on the surface of the material and unwanted 
material is removed from the surface. This method is 
especially suitable for parts requiring precise shaping. 
Minimum stress occurs compared to mechanical methods. 
It is also an effective method for obtaining complex 
geometries and fine details. 

Chemical milling is a method in which mechanical 
energy initiates chemical reactions. In this way, the 
chemical reaction on the material accelerates and ensures 
the removal of unwanted parts (McCormick & Froes, 1998). 
Figure 3 shows the chemical milling system and the main 
parts of which it is composed (El-Hofy, 2005). 
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Figure 3. Schematic illustration of chemical milling system 

In the chemical milling process, more chemical 
reactions take place to remove the material. This process 
accelerates solid state diffusion. In addition, various 
reactions can occur between chemical liquids and the 
material (Lukin et al., 2019). 

In this process, reaction parameters must be 
controlled. In particular, control of values such as 
temperature and pressure affects reaction rate. In new 
devices, mechanochemical reactivity is increased using 
controlled heating programs, thus reducing energy and 
time costs (Cindro, Tireli, Karadeniz, Mrla, & Užarević, 
2019).  

Real-time monitoring of chemical milling reactions 
helps to understand the mechanism in more detail. 
Techniques such as high-energy X-ray diffraction can 
directly monitor reaction profiles, formation of 
intermediates, and structure transformations. This plays a 
critical role in better understanding the dynamic nature of 
mechanochemical processes and reaction rates (Friščić et 
al., 2013). 
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This method is especially used to improve the 
solubility of poorly soluble drugs. This makes drugs more 
useful by changing their particle size, surface area and 
shape. It is also an effective method for the production of 
advanced materials such as metal-organic frameworks 
(Friščić et al., 2013; Loh, Samanta, & Sia Heng, 2015). 

Electrochemical milling is similar to chemical 
milling. The only difference is that electric current is used 
throughout the process. This method is especially used for 
machining complex and delicate parts (Hinduja & 
Pattavanitch, 2016). 

As a result, chemical milling is a production method that 
combines mechanical energy and chemical reactions. Real-
time monitoring, heat, pressure control, electrochemical 
methods ensure that this process is efficient. It is also used 
in many areas from the pharmaceutical industry to the 
production of advanced products. 

2.2.2. Photochemical Milling (PCM) 

Photochemical milling (PCM) is a method in which 
parts are removed from the surfaces of materials using light 
and chemical reactions. With this process, thin, delicate and 
complex structures can be processed. Unlike traditional 
milling methods, the material is processed by light and 
chemical methods. 

Thanks to this method, unwanted parts can be 
removed from the surfaces of materials such as aluminum, 
copper, steel, titanium, ceramics and some plastics and 
processed. It also allows the processing of thin and complex 
parts. PCM is widely used in industries such as electronics, 
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automotive, aviation, and medicine. It is ideal for high 
hardness or brittle materials and produces less stress and 
heat than conventional machining methods. Photochemical 
machining allows for low cost, fast delivery and flexible 
design changes. In addition, since the tools are produced by 
photographic techniques, it is a great advantage that 
patterns can be easily reproduced (El-Hofy, 2005). Figure 4 
shows the main steps of photochemical machining. 

 
Figure 4. Photochemical milling process 

2.3. Electrochemical Processes 

2.3.1. Electrochemical Machining (ECM) 

Electrochemical machining (ECM) is a processing 
technique that allows material to be removed by electrolytic 
dissolution. This process involves anodic dissolution of the 
material using high current densities. ECM works based on 
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Faraday's law, which states that the material is dissolved by 
electrolysis at the atomic level. In this processing method, 
by applying an electrical current to the surface of the 
material, the metal atoms dissolve in the electrolyte and the 
desired shape is obtained. In the ECM process, it allows the 
processing of hard, complex geometry precision parts with 
low thermal properties. The current used during the 
process is generally around 100 A/cm², which allows the 
workpiece to be shaped anodicly in a controlled manner. In 
the ECM process, aqueous NaNO3 solutions are generally 
used. The electrolyte removes material from the surface by 
continuously passing current through the gap between the 
workpiece and the tool. In the ECM process, the interaction 
of factors such as current density, temperature, pressure 
and viscosity determines the process efficiency. In addition, 
these parameters directly affect the material removal rate 
(Cole, 1965; "Electro-chemical machining," 1978; Lohrengel, 
Rataj, & Münninghoff, 2016). 

The ECM process takes place in an electrochemical 
cell where the workpiece acts as an anode. During the 
process, an oxide layer and a meta-stable product film are 
formed on the surface of the workpiece, which is 
continuously removed by the electrolyte flow. The first 
stage is the formation of an electrolyte solution between the 
workpiece and the electrode. In the electrolyte, metal ions 
produced by the dissolution of the workpiece are 
transported towards the cathode under the influence of an 
electric field. In the final stage of the ECM process, these 
metal ions accumulate at the cathode and form dendritic 
structures. This process allows the desired shape to be 
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obtained on the surface of the workpiece (Lee et al., 2023; 
Lohrengel et al., 2016). 

Figure 5 shows the basic components of the ECM 
machine: feed control system, electrolyte supply system, 
power supply unit and workpiece holding device. As 
shown in Figure 6, the feed control system keeps the tool 
moving at a constant speed during machining. The power 
supply provides the machining current at a constant direct 
current (continuous or pulsed) voltage. The electrolyte 
supply unit supplies the electrolyte solution at a given 
speed, pressure and temperature. There are also 
installations for filtering the electrolyte, temperature 
control and sludge disposal. ECM machines are capable of 
a range of operations such as replication, immersion and 
drilling. Semi-automatic and fully automatic systems are 
used for large size operations such as deburring, especially 
in the automotive industry. Unlike conventional machining 
machines, ECM machines are built with non-metallic 
materials to resist the effects of corrosion (El-Hofy, 2005). 

 
Figure 5. ECM elements 
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Figure 6. ECM system components 

ECM is a widely used machining method in the 
aerospace industry. In this field, ECM is preferred in the 
production of aircraft engine components made of complex 
and difficult-to-machine materials. One of the key 
advantages of ECM is the absence of tool wear and high 
machining efficiency, which makes applications in this 
industry more efficient. Furthermore, the electro-chemical 
dissolution properties of ECM provide a significant benefit 
in machining new and hard materials that are difficult to 
machine with conventional cutting methods. Thanks to 
these properties, ECM continues to be favored in the 
production of critical components in the aerospace industry 
(Rajurkar, Zhu, McGeough, Kozak, & De Silva, 1999; 
"Recent Research and Developments in Electrochemical 
Machining," 2003; Xu & Wang, 2021). 

In summary, Electrochemical Machining (ECM) is a 
method used in various industrial applications that 
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performs material removal by anodic dissolution at high 
current densities. ECM also plays an important role in 
micro- and nanoscale processing techniques and can be 
combined with hybrid processing techniques to increase its 
efficiency. The process is based on fundamental principles 
such as electrolytic dissolution, current density, electrodes, 
electrolyte utilization and heat-mass transfer. 

2.4. Thermal Processes 

2.4.1. Electrodischarge Machining (EDM) 

Non-traditional manufacturing methods are used 
when it is necessary to machine materials with particularly 
high hardness and durability, or when complex shapes 
need to be obtained. Conventional machining methods can 
be limited in dealing with such challenging materials and 
shapes. This is where electrodischarge machining (EDM) 
comes into play, enabling the processing of almost any 
electrically conductive material. EDM is also notable for 
providing high precision and surface quality (Rajurkar & 
Wang, 1993). 

EDM (Electrical Discharge Machining) performs 
material removal by means of electrical discharges between 
the workpiece and the electrode. During this process, 
significant topographical changes and metallurgical 
transformations occur on the surface of the workpiece. The 
plasma channel formed in the space between the workpiece 
and the electrode causes the material to melt and vaporize 
with high temperature and energy, thus achieving the 
desired shape and size. This process is particularly effective 
for machining hard and sensitive materials (Chu, Zhu, 
Wang, Hu, & Zhang, 2016; Gangadhar, Shunmugam, & 
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Philip, 1991). Figure 7 shows the schematic representation 
of the EDM device (El-Hofy, 2005).  

 
Figure 7. EDM schematic 

Wire EDM (WEDM) is a method that performs 
cutting using a thin wire electrode. This technology is 
preferred to optimize energy consumption in the most 
efficient way, especially for difficult-to-machine materials 
such as super alloys (Gamage, DeSilva, Chantzis, & Antar, 
2017). Micro EDM is a derivative of conventional EDM and 
enables machining on a micro scale. This process performs 
high precision machining using narrow-width pulse power 
generators that can operate in smaller cavities and at low 
energy levels (Chu et al., 2016). 

EDM plays a critical role in machining difficult-to-
machine materials such as superalloys and ceramics. For 
example, EDM is almost single-handedly the preferred 
method for machining materials such as REFEL silicon 
carbide (SiC), which has high hardness and wear resistance. 
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These properties make EDM particularly advantageous 
when precision machining and complex shapes are 
required (Mahdavinejad, Mehraban, & Mahdavinejad, 
2006). EDM is also widely used in the mold and die making 
industry, where it plays an important role in producing 
high precision and complex designs (Gamage, DeSilva, 
Harrison, & Harrison, 2016). 

The EDM process leads to significant changes in the 
surface properties of the workpiece. Selecting the 
appropriate process parameters allows the surface of the 
workpiece to be modified to achieve the desired functional 
properties. This surface modification can improve the 
mechanical properties, wear resistance and overall 
performance of the material (Gangadhar et al., 1991). 
Furthermore, careful optimization of the process 
parameters is necessary to ensure that the EDM process can 
be efficiently applied to electrically non-conductive 
materials, such as ZrO2 ceramics. Since such materials lack 
direct electrical conductivity, it is critical to manage the 
energy transfer and plasma channel correctly in the EDM 
process. This enables precision machining even on such 
challenging materials (Chen, Lin, Lin, Chen, & Hsu, 2010). 

In conclusion, Electro-Erosion Machining (EDM) is 
an important technology for high precision machining of 
difficult-to-machine materials. This technology enables 
complex shapes and precise details to be achieved, while 
environmental impact and energy consumption can be 
optimized to create more sustainable production processes. 
The various types of EDM and its wide range of 
applications allow the technology to be used effectively in 
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different industries and material types. This diversity 
makes EDM an indispensable method, especially in 
industries with high precision and demanding material 
processing requirements. 

2.4.2. Laser Beam Machining 

Laser Beam Machining (LBM) is a non-contact 
machining method based on thermal energy, where the 
laser beam is focused on the material, melting and 
vaporizing the unwanted material. This technology is 
particularly ideal for precision machining such as cutting 
geometrically complex shapes and drilling fine holes. LBM 
offers high accuracy and fast process times in applications 
such as miniaturized hole making, surface forming and 
cutting in metals and other materials (Dubey & Yadava, 
2008). 

Cutting, Carving, Turning, Milling and Drilling: 
LBM is used for common machining methods such as 
cutting, carving, turning, milling and drilling. These 
processes have variable quality characteristics depending 
on material type and system parameters, and each can be 
customized for specific applications (Bakhtiyari, Wang, 
Wang, & Zheng, 2021). 

Surface Treatment: Laser surface treatment is 
widely preferred for applying corrosion and wear resistant 
coatings and for repairing engine and machine parts. This 
process improves surface quality and ensures the longevity 
of products (Meijer, 2004). 

Micro Machining: Short and ultrashort laser pulses 
enable precision machining at the nanometer level, 
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minimizing thermal damage to the material. This 
technology enables high accuracy processing at the micro 
level, opening up new application areas and avenues 
(Meijer, 2004). 

Laser Beam Machining (LBM) excels thanks to 
compact systems that deliver short laser pulses with high 
precision and low cost. This technology can be applied to 
almost all types of materials and the most widely used laser 
types in industry are CO2 and Nd:YAG lasers. 
Furthermore, artificial intelligence techniques are 
effectively used in modeling, optimization, monitoring and 
control of the LBM process. Artificial neural networks, 
fuzzy logic, metaheuristic optimization algorithms and 
hybrid approaches are used to predict and improve the 
quality characteristics of laser machined workpieces, 
improving process efficiency and result quality (Bakhtiyari 
et al., 2021; Dubey & Yadava, 2008; Meijer, 2004). Figure 8 
shows the schematic representation of the LBM device (El-
Hofy, 2005). 

 
Figure 8. LBM schematic 
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3. CONCLUSION 

 Non-conventional manufacturing methods offer 
significant advantages in terms of precision, quality and 
production efficiency for materials with complex 
geometries or difficult-to-machine materials. These 
methods transform the material processing process by 
utilizing thermal, chemical, electrical or acoustic principles 
without the need for mechanical contact. 

 Methods such as EDM, LBM, ECM and, WJM have 
been successfully applied in various industries such as 
automotive, aerospace, medical and electronics, providing 
processing possibilities that are not accessible with 
conventional methods. In addition, these methods are also 
gaining attention in terms of energy savings, 
environmental sustainability and processing flexibility. 

 In the future, the efficiency and accuracy of these 
methods can be further improved with the integration of 
AI, IoT and digital manufacturing technologies. In this 
context, it is clear that non-traditional manufacturing 
methods will become an indispensable part of modern 
production processes. 
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DAMAGES TO THE SOIL BY MINING      
AND IMPROVEMENT WORKS 
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1. INTRODUCTION 

Mining is one of the most critical sectors that guide 
societies to reach the level of economic and technical 
welfare on a global scale. Mining can meet countries' 
industrial raw material needs from the past to the future. 
As in ancient times, the minerals used by mining traders 
and the minerals used by modern humans have a common 
denominator because they are formed from sediments 
scattered worldwide. (Hustrulid, Kuchta, and Martin 2013). 
However, a wide range of environmental problems arise 
during and after mining. These problems can be classified 
as open pit mining and underground mining, which are the 
methods used to recover precious metals from the earth 
and their effects on the environment. The works carried out 
with the open pit method directly affect the land's 
topography negatively. In underground mining, it is the 
effects of cracks and collapses in the soil. For this reason, 
both environmental and legal examination and analysis of 
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mining activities are remarkable studies. Within the 
framework of the reclamation template obtained when the 
ecological planning of the mining sites whose activities 
have been completed, positive contributions are provided 
in social activities such as sports fields and museums, as 
well as economic evaluation such as agriculture and fish 
farms (Ertuğrul 2010; Jain and Domen 2016). In this study, 
the application of Open Pit and Underground mining 
methods are explained, and the damages to the soil 
structure and the improvement of these damages are 
discussed. In addition, in this research, studies on the 
deterioration of soil structure (such as physical and 
chemical) during and after mining activities were 
evaluated thematically. In this evaluation, different 
variables (soil pollutant types) taken into account by the 
researchers were discussed in terms of their quantitative 
and qualitative characteristics in the soil. 

 

2. OPEN MINE MINING AND ITS IMPACTS 
ON SOIL 

Open pit mining consists of creating slope(s) in the 
upper rock mass of these ores and removing this material 
by blasting or digging machines in order to recover 
valuable ores close to the earth. These studies are 
implemented in two ways. In the Figure 1, if the precious 
ore is very close to the soil surface or on a mountain, 
production is carried out by creating a single slope.  

Developments in the Field of Engineering 2024

106



 
Figure 1. Surface mining (Hustrulid et al. 2013) 

In the Figure 2, if the reserve is on a flat area and 
hundreds of meters below the surface, several steps are 
formed depending on the amount of ore mass, and mining 
activities are carried out (Hustrulid et al. 2013).  It is 
estimated that more than 70% of all materials excavated in 
mining operations worldwide are waste. It is estimated that 
about 80% of mine waste rock is due to unnecessary 
excavation. This inefficient operation creates negativity in 
terms of mine waste management. Mining wastes mostly 
do not contain industrial materials. Therefore, they are not 
crucial in terms of recovery processes. 

 
Figure 2. Open pit mining (Hustrulid et al. 2013) 
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There are different criteria for separating the country 
rock from the ore in mining. In these criteria, the geometry 
of the open pit (depth and step height) is considered, 
depending on the thickness of the country rock material 
(waste) covering the ore surface. The waste rock material's 
thickness and the waste amount show a direct proportion. 
Mining wastes are generally heterogeneous geological 
materials. These materials include sedimentary, 
metamorphic, igneous rocks, soils and loose sediments. The 
particle sizes of these waste materials vary from micron to 
meter. The physical and chemical properties of the mine 
waste material vary according to the mineralogy, 
geochemistry, geotechnics, climatic conditions of the region 
and the type of machinery and equipment operated in the 
operating region. In open pit mining, in addition to waste 
rock material, mine wastewater and atmospheric emissions 
(particulate matter and greenhouse Mineral Water, one of 
the mining wastes, is called meteoric water, which 
undergoes chemical changes due to the reactions of the 
minerals found in the mining activity areas and the water 
and chemical compounds used in the processes. This water 
is released due to open mining and underground mining 
operations (removing, separating and processing ore from 
the ground). Depending on its content, mineral water is 
removed from the environment or disposed of, or if there 
are valuable minerals in this water, it is evaluated by using 
recovery methods. In mining terminology, Mineral Water 
(Table 1) is generally accepted as any body of water, 
including surface water and groundwater (Amos and 
Younger 2003; Banks et al. 1997; Impacts 2008; Johnson and 
Younger 2005; Morin, K.A., & Hutt 1997).  

Developments in the Field of Engineering 2024

108



Table 1. Terminology of mine water released from mining 
activities (open pit mining or underground mining) (Impacts 

2008) 

Mine Water 
Types Explanation 

Mine Water ground or surface waters existing at the mine site 
Mining Water water released from mining operations 

Mill Water water is used in ore dressing units to crush and size 
the mineral 

Mine 
Drainage 
Water 

surface or groundwater that occurs at the mine site 
that actually or potentially flows into the area 
outside the mine site  

Acid Mine 
Drainage 
(AMD) Water 

surface or groundwater that has acidic properties 
(Low pH) that formed as a result of the reaction of 
sulfide minerals with water and oxygen that 
actually or potentially flows into the area outside 
the mine site 
 

 

In his study, (Pichtel 2003) states that mineral water is 
a potential environmental hazard. He underlined that if 
uncontrolled discharge flow and drainage of this water is 
made, it infiltrates the soil and water resources and 
dramatically deteriorates the soil and water quality since 
the mineral water contains pH value, heavy metal content 
and toxic compounds. In the study of (Younger 2000), 
mineral water that does not leak into the soil and water 
resources completely evaporates due to the heat in the 
environment, and the particles left from the mineral water 
body (such as suspended solids, acidic or basic materials, 
heavy metals and salts) are released into the atmosphere 
over time. leaking and triggering further increases in air 
pollution. Brown meat. AMD is a sign of a special chemical 
process formed by the oxidation of sulfide minerals (such 
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as iron and copper minerals) and low pH mineral water. 
(Munk, Faure, and Koski 2006).  

The problem of soil degradation caused by mining 
activities intersects at a common point globally. At this 
point, soil pollution gradually increases in areas used for 
purposes such as agriculture and animal husbandry, and 
its quality has decreased within the framework of the 
perspectives provided according to the information 
obtained by considering this pollution both locally and 
worldwide. It is necessary to develop practices for the 
effective recovery of soil masses Soil improvement studies 
stated in their study that, thanks to these applications, 
degraded soils that cannot fulfil their long-term duties will 
be healed. In addition, showed common findings about 
applications showed that degraded soil-borne pollutants 
will be prevented from penetrating into the biosphere, 
hydrosphere, and atmosphere. Concentrations of organic 
and inorganic materials in soil vary considerably, 
especially according to open pit mining activities. 
However, some elements (such as Hg and As) and 
compounds (such as HCN, H2SO4 and NaOH) found in 
these organic and inorganic materials are seriously harmful 
to the soil mass. These often exceed the permissible 
concentration limits and worsen ecological functions due to 
the interference of mining activities with the natural 
balance. The accumulation of hazardous mining wastes 
(especially heavy metals and compounds with ion 
concentrations) gradually destroys the ecological system 
(Jain and Domen 2016). The presence of Hg, which is 
among the heavy metals, in the soil directly changes the 
physical mobility of the soil, material solubility and 

Developments in the Field of Engineering 2024

110



chemical reaction equations in a harmful way to the 
environment. Among these changes are important factors 
such as pH level, redox potential, cation exchange capacity 
and organic matter content of soil masses (O’Connor et al. 
2019). The physical and chemical activities of Hg negatively 
affect the toxin level in the soil and the chemical-specific 
mobility systems (such as isotopic composition, complex 
molecular structure changes and oxidation state) of living 
things in the soil (Templeton and Fujishiro 2017). Under 
natural conditions, Hg exists in elemental form, as an oxide 
(HgO), sulfurous (HgS) compound, or in alkaline form. It 
has been observed that mercury derivatives are not very 
stable chemically in highly polluted soils due to 
anthropogenic activities. Therefore, the pollutant level is 
high (Nieder, Benbi, and Reichl 2018). Especially Hg 
compounds in oxide form can pass into the atmosphere due 
to their high volatility. In soil, Hg derivatives are inorganic 
and become organometallic if methylation occurs. 
Although these organic Hg compounds are found in very 
low amounts in soil, they are among the most toxic Hg 
derivatives. Even in very small amounts, these compounds 
accumulate easily in living organisms and therefore, the 
level of harm is relatively high (Hudson-Edwards, 
Jamieson, and Lottermoser 2011; Rodríguez et al. 2009). 
Therefore, soils with Hg content are hazardous for living 
things, and if the Hg issue is not taken into account, a high 
risk for environmental health arises (Lottermoser 2007). It 
is common for soil degradation to occur in mine sites with 
sulfide minerals. According to industry planning, the level 
of damage to soil by sulfide mining operations may 
increase. Ecological processes are not observed in such 
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industrially degraded areas (Gascó et al. 2019; Paz-Ferreiro 
et al. 2014). Soil pollution in mining areas is a significant 
environmental problem. In these areas, due to the 
properties of pollutants other than heavy metals that 
reduce soil quality and pH, the desired level cannot be 
achieved in the classical phytoremediation method used to 
remove heavy metals from the soil. Instead, the auxiliary 
phytoremediation method is preferred, and its use for 
improving degraded soil gradually increases (Houben, 
Evrard, and Sonnet 2013; Kabata-Pendias and Pendias 
2000). Auxiliary phytoremediation helps plant growth by 
preventing soil erosion, infiltration of polluted water, and 
removing heavy metals (such as Cu, Pb, Zn, Ni, Cr, and As) 
from the soil. Applying this method with natural fertilizers 
(such as rabbit manure), especially in soils contaminated by 
heavy metals, significantly increases soil fertility (Novak et 
al. 2018; Park, Kim, and Kim 2012). Thus, natural life re-
emerges. The metal concentration in the soil varies 
depending on human activities and natural processes. 
However, the severity of some of these metals depends on 
the concentration level. This harmful severity often exceeds 
the permissible limits, causing adverse effects on the 
biological functions of organisms. Mining activities are one 
of the most critical factors threatening the ecosystem. The 
accumulation of hazardous waste from these activities 
adversely affects soils and crops and threatens surrounding 
populations and human health as polluting metals enter the 
food chain through plants and contaminated water. 
Especially in agriculture, animal husbandry and 
toxicology, Hg has an important place in environmental 
health. Contaminated soils due to Hg are hazardous for 
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living things. Hg has been identified as one of the ten main 
chemicals threatening human health by the World Health 
Organization (WHO 2016). If the Hg factor is not 
considered, it poses a high risk to health and the 
environment. In studies to protect human health and the 
environment from the negative effects of Hg and to reduce 
Hg pollution, in Hg mining, in mining sites where Hg is 
used. In order to control air emissions containing Hg, in 
industries where chlor-alkali processes are used, 
environmental regulations have been introduced. With 
these regulations, it becomes easier to control Hg in the 
environment (Selin et al. 2018; UNEP 2002). 

 

3. UNDERGROUND MINING AND ITS 
IMPACT ON SOIL 

Underground mining is the preferred mining 
method when the mining of valuable minerals by open pit 
method is costly and excessive workload. Extracting ore by 
an underground mining method involves the creation of 
different types of openings with a significant range of 
functions. It consists of various openings to an operating 
underground mining operation. Includes main shaft, 
straight drives and crosscuts, ore haulages, ventilation 
shafts and airways, mine access, and service openings. 
(Darling 2001). In underground mining, depending on the 
underground tectonic conditions, the potential to cause 
physical and chemical (such as AMD formation) effects on 
the soil structure is quite high. Due to these effects, biomass 
is degraded. Large-scale destruction of vegetation is 
observed due to the chemical composition of rock waste 
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masses, such as the effects of wastes from underground 
mining, which are likely to damage the soil, and wastes 
from open-pit mining. In addition, most underground 
mining also releases toxic compounds into the air and 
water. These released components turn water bodies into 
polluting structures. These water bodies can contaminate 
the area surrounding the mine and beyond (Impacts 2008; 
Jain and Domen 2016; Lottermoser 2007). In underground 
mining, Hg is widely used to facilitate the recovery of 
precious ores. However, due to improper disposal 
methods, Hg waste becomes a major concern and damages 
the atmosphere and water bodies (Mcneill and Vrtis 2019; 
Schor and Gray 2008). Most underground mining 
operations use pumps to drain, and polluted water from 
these pumps triggers sedimentation and contamination of 
nearby streams. Therefore, it complicates the development 
of vegetation dependent on the stream. Underground 
mining indirectly causes deforestation, degradation of 
beneficial microorganisms and formation of erosion. 
Whether it is open pit mining or underground mining, 
chemical-resistant cement sets should be used in order to 
prevent harmful factors from entering the soil, and humic 
acid and natural animal fertilizers should be used for soil 
improvement (Guo et al. 2021; Jain and Domen 2016; 
TAŞKESEN et al. 2022). Another effect of underground 
mining is the depressions it will create on the earth if the 
underground operation does not work with filled methods. 
After underground productions, the rock mass on the 
cavity is defeated by the effect of gravity over time and 
moves to fill the void formed due to production. As a result, 
there may be a displacement in the rock mass up to the 
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surface layer above the underground cavity. This vertical 
displacement is called subsidences in mining (Darling 
2001). The same event can occur not only in the mining area 
but also during the creation of any underground structure 
or overtime after its creation. These subsidences physically 
damage sensitive areas such as settlements, agricultural 
lands and forest lands, and this damage is difficult to 
repair. To control the leash, seismic activity above ground 
should be constantly examined. Keeping the stresses 
occurring in the underground cavities in balance prevents 
the movement of the rock mass and to ensure this, 
supporting the existing fortification and filling the cavity 
with filling material are among the critical points. Thus, 
there will be no displacement of the rock mass originating 
from the subsidences above ground and no environmental 
damage will occur. 

 

4. RESULT AND DISCUSSION 

Many studies on the environmental impacts of 
mining have underlined it. Restoration of mining-damaged 
soil is essential in terms of soil quality and the quality of 
water resources (Pacetti et al. 2020). Evaluation of this 
restoration effectiveness, 3D solid modelling of the 
investigated soil mass in the computer environment 
(Wang, Qin, and Bai 2018) and investigating the estimation 
of soil heavy metal concentration by hyper-spectral 
methods (such as Aerial photogrammetry and Remote 
Sensing) for soil heavy metal monitoring and evaluation. It 
can be seen as a good tool to improve soil quality. Defining 
the soil quality indicator of the site before and after mining 
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has an important role in soil degradation repair works. 
Evaluation of site-specific factors such as pH, NH4+, NO3, 
P, K, organic matter, and electrical conductivity of the soil 
lead to optimal soil quality (Levi et al. 2021). The formation 
and growth processes of vegetation indicate that the soil 
has healed over time. It emerges as quantitative evidence of 
a good soil level and vegetation recovery over the years, 
thanks to the analysis of activities in the vegetation using 
soil biological index methods. Damage to vegetation due to 
mining can indirectly increase CO2 emissions, which are 
among the sources of the global warming problem. 
Another factor in CO2 emissions is fossil-based mining 
activities. This spontaneous and uncontrolled coal 
combustion creates a severe greenhouse gas in the 
atmosphere (Soria et al. 2021). Soil macropore systems of 
soil physically degraded by open pit mining can be 
considered a measure of the damage level of the soil 
ecosystem. Soil macroporous properties (such as width, 
number and depth) indicate the quality level of soil 
recovered in open pit mining areas. Determination of the 
properties of macropore systems by in situ studies is not 
preferred due to negative factors such as time consumption 
and excessive workload. Instead, information on soil 
macropores should be provided using a high-resolution, 
non-destructive computed tomography (CT) technique. 
With the 3D solid model of the soil containing numerical 
information, the quantitative properties of the soil 
macropores can be determined by analyzing the number 
and volume of the macropores. Thus, the soil's visual and 
numerical models are obtained (Wang et al. 2018). 
According to this model, soil improvement plans are 
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directed. Open pit mining has many negative consequences 
on land resources and puts dramatic pressure on the 
ecological environment. In mining, stripping, digging, 
transporting and unloading the soil requires important 
planning in terms of the environment. In these plans, 
landscaping works are restructured, and the heterogeneity 
of the soil (decreased quality of the soil and increased 
pollutant content) factor is taken into consideration (Feng 
et al. 2019). The importance of detailed and long-term 
implementation of mine soil reclamation should be 
emphasized as concerns about the negative consequences 
of mining are growing. Limestone (Pihlap et al. 2019), 
humic acid (Portillo Miranda et al. 2021), sewage sludge, 
biochar and compressed food residues can be used to 
remove adverse soil changes in soil improvement works at 
mining sites. Characterizing the chemical composition and 
structural, and morphological properties of these materials 
has an important role in ensuring the systematicity of soil 
improvement studies. In addition, thanks to these 
materials, phytonutrient levels such as Cd, Cr, As, Zn, and 
Pb, which cause soil pH and soil improvement studies, 
have reached (Azeem et al. 2021; Liu et al. 2021; Martins et 
al. 2018). Mixing wood ash and biological sludge can give a 
new direction to soil reclamation studies. The ash's 
dissolved salts and chloride content limit the potential 
toxicity levels, and the biological sludge regulates the 
release of soluble salts and chloride in the ash, providing 
organic matter and alkalinity. Limestone strongly 
influences the aggregation (breaking, crumbling and 
pulverizing) property of loose soil as it acts as a strong 
cementing agent and optimizes the photo-availability of 
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heavy metals, causing a significant change in pH value. In 
addition, limestone is important in developing microbial 
biomass as it does not limit the N uptake of the soil (Martins 
et al. 2018; Pihlap et al. 2019). On the other hand, in terms 
of soil fertility, it helps both the increase of useful materials 
(such as N and C) in the soil, the proliferation of beneficial 
microorganisms, the low cost of soil improvement, the 
reduction of heavy metals such as Cd, As, Hg, and Pb in the 
soil, thus also in plants. It contributes positively to the 
reduction of heavy metal accumulation, the improvement 
of plant growth parameters (such as fresh, dry biomass, 
root and shoot lengths) and the performance of breeding 
studies.  The accumulation of heavy metals and sulphurous 
compounds in organisms, their movement in the soil, the 
tendency of microbial and phytotoxic parameters, and their 
density and chemical change factors guide soil 
improvement studies. For example, a quantitative measure 
of the effects of the presence of Mn heavy metal in the soil 
to be reclaimed can be examined. In order to reduce the 
impact of Mn heavy metal, compounds with a long C chain 
are used. This compound increases biological factors such 
as plant biomass, height and photosynthetic pigment 
mobility. Using organic materials to improve the chemical 
and biological properties of degraded soils (especially 
carbonate-based minerals) from the mines accelerates the 
improvement processes because it increases biological 
activities. In this sense, the success of organic sewage 
sludge and composted domestic waste in soil improvement 
is evaluated over the long term (Rodríguez-Berbel et al. 
2020). In reclamation studies using rock wool and lignite 
dust, only the physical properties of degraded soil (air 
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permeability, porosity and bulk density of the soil) are 
improved (Kołodziej, Bryk, and Otremba 2020). Landscape 
studies using P focus directly on plant growth. In soils 
contaminated by heavy metals, the nutrients required for 
plant growth are inadequate. Therefore, P reduces 
oxidative stress, improves plant growth, composition, and 
cellular structure, and facilitates the phytoremediation 
potential of fibrous crop plant species. Due to acid and 
heavy metal, it is planned to use lime and biopile repair 
methods in the contaminated soils at the mine sites' 
borders. With these methods, due to the increase in pH and 
organic matter content, the solubility of heavy metals such 
as Cu, Zn, As, Mn and Pb, which have a high accumulation 
potential in plants (Wang et al. 2021), decreases in the soil. 
As biochemical activities increase in the soil, acids are 
broken down. Elements such as C and N released from 
these decomposed acids allow vegetation to develop (Brasil 
Neto et al. 2021; Ezeokoli et al. 2021; Jiang et al. 2022; 
Paniagua-López et al. 2021). Soil thickness, which forms the 
life cycle, is decreasing due to mining activities. The 
decrease in the thickness of the soil causes serious damage 
to the ecosystem (Malone and Searle 2020). In this sense, 
using mushrooms creates a new direction in improving the 
soil whose thickness has decreased. In soil reclamation 
studies, the use of fungal communities has an essential role 
in the emergence of organic C fractions and vegetation 
development. These fungi increase plants' resistance to 
environmental conditions. Thanks to these plants and fungi 
with increasing resistance, C, N and S ratios reach an 
environmentally friendly level, the solubility of organic C, 
which is necessary for life, increases, and the pH in the soil 
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reaches ideal levels. It is important to preserve the polluted 
soil in the areas where mining activity continues and ends. 
Pollution zones expand as this soil mass is easily 
transported to areas outside the mine site in the form of 
sediment depending on climatic conditions. This expansion 
poses a threat to public health as well as widely disrupting 
geological and hydrological systems. Whether it is large-
scale or small-scale mining activities, the effects of soil 
improvement work on the sediment yield are discussed on 
the samples taken from the soil and water resources, taking 
into account the geochemical and hydrological 
components. Accordingly, regulatory and environmental 
management plans are prepared for the uncontrolled flow 
of polluted sediment caused by the mining sector (Awotwi 
et al. 2021; Bond et al. 2019). Although mining and 
reclamation operations are complex and regionally specific, 
achieving a sequential systematic with coherent plans is 
possible. Thus approaching the goal of sustainable mining 
with minimal environmental destruction. It includes a 
holistic reclamation approach that restores ecosystem 
function to its original extent through sustainable mining, 
In order to increase ecosystem productivity, mining and 
reclamation processes should be taken into account 
simultaneously when investigating the effects of mining on 
soil properties (Figure 3). The complexity of mining on soil 
properties results not only from the interactions of mining 
systems but also from man-made systems such as human 
communities and land use types and from natural 
processes. Recovering soil damaged by mining is a key 
element in ecosystem restoration. Research on soil recovery 
offers better aspects of reclamation practices. Studies 
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examining soil's chemical and biological properties provide 
special guidance in soil improvement. However, the 
comprehensive application of new technologies in 
reclamation areas is impossible in all terrain conditions. 
More advanced applications will emerge if environmental 
restoration is detailed based on the basic components of the 
improvement studies (Figure 4). However, rehabilitation 
studies are limited due to establishing a database of 
environmental factors and the lack of integration and large-
scale studies on the mine soil information system and other 
nature restoration systems of mining areas. 

 
Figure 3. Core of reclamation applications in mining 

 

 

Figure 4. Reclamation system principles in mining 
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5. CONCLUSIONS 

Mining activities have significant physical, chemical, 
and biological effects on soil properties and cause serious 
effects in terms of the lack of vegetation. In this context, it is 
necessary to consider improving vegetation and soil as an 
environmentally friendly approach. If landfills and pit pits 
are left to their own devices as a result of mining operations, 
it is almost impossible for these areas to repair themselves 
and become usable again. However, it is possible to improve 
these areas, whose natural structure is deteriorated, with the 
repair works to be done. These recovery works cover a wide 
period of time, starting from the site selection stage for 
mining activities to the completion of the repair works. In this 
period of time, in terms of both the optimal operation of the 
mine and the sustainable use of resources; 

• Performing planned excavation works and 
improvement works simultaneously, 

• Consideration of existing land use plans, local 
development, construction plans and designated 
landscape protection areas, 

• Combining landscape structuring plans with 
regional development plans, 

• Ensuring optimal coordination between industry, 
site structure and landscape planning, 

• Determining the type of land use to be made after 
mining before operation, 

• Ecological data related to the area should be 
evaluated before operation and 
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• A combination of plans for restoration and 
sustainable use, ecosystem management, and 
rational use of natural land will lead to successful 
mining-related sustainable environmental practices. 

Soil degradation and reduction of agricultural uses is 
a global problem. This global problem leads to deepening 
concerns about food supply in the future. For this reason, it 
is critical that agricultural studies focus on the recovery of 
soils. The most important factor affecting soil degradation is 
the mining sector. Due to the wide working scope of the 
mining sector, it affects soil degradation to a large extent 
compared to other sectors. As a result of this deterioration, 
the lands are closed to agricultural production for many 
years. Degraded soils damage these layers by penetrating 
pollutants into the biosphere, hydrosphere and atmosphere. 
The level of environmental pollution is gradually increasing 
as the degraded soil does not fulfil functions such as filtration 
and buffering. Anthropogenic environmental impacts pose 
problems such as global land degradation and increased 
waste generation. In particular, open pit mining causes 
environmental damage that cannot be ignored, and it is an 
important issue to apply nature restoration works to the site 
in order to eliminate this damage. In this direction, calcium 
carbonate-containing rock wastes and plant-derived organic 
wastes, which can contribute to the restoration of nature, can 
be used after mining to prevent soil erosion, improve soil and 
protect it from external pollutants. However, changes in soil 
structure take a long time. In order to accelerate this process, 
the use of soil strengtheners (such as humic acid) rich in 
materials that can be more effective in soil improvement and 
productivity should be taken into account. Thanks to these 
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boosters, biochemical processes beneficial to the soil are 
accelerated. In order to make optimal use of these processes, 
it is necessary to obtain detailed information about the 
pollutants in the soil (such as their components, amount and 
reaction tendency) and to organize studies according to this 
information. Addition of animal manure (such as rabbit and 
worm manure) to soil contaminated with many heavy metals 
(such as Co, Cr, Cu, Ni, Zn, Pb, Hg and As) and coal causes 
an increase in beneficial microorganisms. 
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PERFORMANCE ANALYSIS OF biSTMD 
WITH MR DAMPER FOR STRUCTURAL 

VIBRATION CONTROL 

 

Hüseyin AGGÜMÜŞ1 

 

1. INTRODUCTION 

The study of vibrations in engineering systems 
represents a critical area of research, offering valuable 
insights into the dynamic behavior of structures and 
mechanisms. The intensity of the vibrations occurring in 
these systems may cause damage to the system. Vibrations 
in structures can cause partial or complete damage to the 
structure (Haskul & Kisa, 2021, Aggumus et al. 2022, 2022)  
or the entire structure (Aggumus et al. 2024). Furthermore, 
the collapse of the structure holds significant importance 
both in terms of human safety and material losses. 
Consequently, controlling structural vibrations remains a 
prominent research topic that garners significant attention 
from scholars.(Aggumus & Cetin, 2018; Aggumus & Guclu, 
2020a; Guclu & Yazici, 2007;  Turan & Aggumus, 2022.; 
Wang & Dyke, 2013). 

Tuned mass dampers (TMD) are effective control 
elements used to suppress structural system vibrations 
(Hadi & Arfiadi, 1998a; Warburton, 1982). In passive 
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control applications their performance depends only on the 
correct setting of parameters. (Den Hartog, 1947; Leung & 
Zhang, 2009). By selecting the damping or spring element 
or both with variable characteristics, these control 
applications can be converted to semi-active, thereby 
improving their performance further. 

Semi-active control devices are notable for achieving 
a balance between high performance and cost-effectiveness 
in mitigating vibrations. MR dampers are control elements 
that can generate variable damping force. They are effective 
control devices due to their ability to meet requirements 
such as durability, applicability, and performance with 
ease. (Dyke et al., 1996; Terasawa et al., 2004a). They can 
make passively tuned mass dampers semi-active (STMD). 
Thus, they have a higher performance than in the passive 
control case (TMD). 

TMDs can be placed individually in the structure 
(Aggumus & Guclu, 2020b; Guclu & Yazici, 2009; Hadi & 
Arfiadi, 1998b; Y. Kim et al., 2008; Paksoy & Aggümüş, 
2022) or they can be installed in multiple locations (MTMD) 
to enable semi-active control applications (Ahmad et al., 
2019). MTMDs have different applications (MSTMD). One 
approach involves installing two mass dampers on the top 
floor of the structure. (biTMD) (Ok et al., 2008, 2009). Like 
MTMDs, The effectiveness of biTMDs can be enhanced by 
optimizing their parameters and implementing semi-active 
control methods. 

This study examines the effectiveness of semi-active 
biTMD applications in suppressing structural vibrations. 
The system performance of a biTMD consisting of two 
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TMDs with MR dampers added to each of the two TMDs 
(biSTMD) is investigated. The semi-active MR damper 
control force is obtained by determining the voltages for 
each MR damper in the biSTMD separately. 

 

2. SYSTEM MODELING  

Figure 1 presents the structural model analyzed in 
this study, alongside the biSTMD configuration used for 
vibration mitigation. The system's lateral vibrations under 
harmonic excitation at its critical frequency are analyzed. 
The equation of motion of the building model is given in 
Eq.1. 

Msẍ(t) + Csẋ(t) + Ksx(t) = −Hsf(t) − MsLẍg        (1) 

Here Ms, Cs ve Ks ∈𝑅𝑅12𝑥𝑥12 are the matrices of mass, 
damping, and stiffness, respectively.  Ẍ(t), ẋ(t) ve x(t) 
∈𝑅𝑅12𝑥𝑥1 are acceleration, velocity, and displacement vectors, 
respectively.  

x, L and Hs ∈ 𝑅𝑅12𝑥𝑥1,  the displacement vector x, the 
disturbance input vector L and the location of the controller 
H are given below. 

x = [x1 x2 x3    … x10    x11 x12]T                    (2) 

Hs1 = [0 0 … 0 0 1]T          (3) 

Hs2 = [0 0 … 0 1 0]T          (4) 

where Hs1 and Hs2 denote the location of the control 
element applied to the 1. and 2. STMD respectively. 
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Figure 1. The building model with biSTMD 

The mass of the building model, m1…10 = 7.2 ∗
104 kg, rigidity, k1…10 = 1.3 ∗ 108 N

m
, damping, 𝑐𝑐1…10 =

1.24 ∗ 106 Ns
m

.   

The frequency of the excitation applied to the system is 
1.0108 Hz, and the amplitude of the acceleration is 0.002g 
m/s2. The biTMD parameters, each obtained at a mass ratio 
of 0.015. The optimum frequency (Eq. 8 and 9) and 
optimum damping ratios (Eq. 10 and 11), which are 
necessary to calculate the optimum biTMD parameters are 
calculated for each TMD as follows (Ok et al., 2009). 

fopt1 = � 1
1.0737+2.2593𝜇𝜇

     (8) 
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fopt2 = � 1
0.9895+0.4418𝜇𝜇

      (9)  

                                     ξopt1 = 0.2623𝜇𝜇0.3386                          (10) 

                                    ξopt2 = 0.4054𝜇𝜇0.4600                             (11) 

Table 1 summarizes the calculated biTMD parameters, 
including mass, damping, and rigidity values. 

Table 1. biTMD parameters 

Mass (kg) Damping (Ns/m) Rigidity (N/m) 
m11 = 10800   𝑐𝑐11 = 7.8366 ∗ 103  𝑘𝑘11 = 3.5508 ∗ 105 
m12 = 10800 𝑐𝑐12 = 8.0883 ∗ 103 𝑘𝑘12 = 4.3899 ∗ 105 

 

3. CONTROL ALGORITHM AND THE MR 
DAMPER MODEL 

For each of the two MR dampers used in BiSTMD, 
the Lugre model is used and the force generated is as 
follows (Terasawa et al., 2004b). 

𝑓𝑓 = 𝜎𝜎𝑎𝑎𝑧𝑧 + 𝜎𝜎0𝑧𝑧𝑧𝑧 + 𝜎𝜎1𝑧̇𝑧 + 𝜎𝜎2𝑥̇𝑥1 + 𝜎𝜎𝑏𝑏𝑥̇𝑥1𝑣𝑣                            (12) 

𝑧̇𝑧 = 𝑥̇𝑥1 − 𝑎𝑎0|𝑥̇𝑥1|𝑧𝑧         (13) 

Here, 𝜎𝜎0, 𝜎𝜎1, and σₐ represent, respectively, the 
stiffness, damping coefficient, and stiffness of the internal 
state variable z(t). 𝜎𝜎𝑏𝑏 refers to the viscous damping 
influenced by v(t), and 𝜎𝜎2 denotes the viscous damping 
coefficient. 𝑎𝑎0 is a constant value, and f represents the MR 
damper force (Sakai et al., 2003). 

The application of voltage to the MR damper is 
governed by the groundhook control algorithm, which is 
described as follows (H.-S. Kim & Kang, 2012; Koo et al., 
2004).  
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𝑉𝑉𝑀𝑀𝑀𝑀1 =  � 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚   →    𝑥𝑥10(𝑥̇𝑥10 − 𝑥̇𝑥11) ≤ 0
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚    →     𝑥𝑥10(𝑥̇𝑥10 − 𝑥̇𝑥11) > 0�   (14)     

𝑉𝑉𝑀𝑀𝑀𝑀2 =  �𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚   →    𝑥𝑥10(𝑥̇𝑥10 − 𝑥̇𝑥12) ≤ 0
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚    →    𝑥𝑥10(𝑥̇𝑥10 − 𝑥̇𝑥12) > 0�   (15)     

𝑉𝑉𝑀𝑀𝑀𝑀1 represents the MR damper added to 1. STMD 
and 𝑉𝑉𝑀𝑀𝑀𝑀2 represents the MR damper added to 2. STMD. 
Where 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 are voltage values ranging from 10v 
to 0v. 

 
Figure 2. 1st and 10th floor displacement time responses 

 

4. SIMULATIONS 

This study investigates displacement and 
acceleration time responses to evaluate the effectiveness of 
biSTMD in suppressing vibrations in a ten-story building. 
Both the maximum and root mean square (RMS) values of 
these responses are evaluated. The system performance is 
evaluated by comparing the no control case with the 
biTMD and biSTMD control cases. 
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Figure 3. Maximum displacement and displacement rms 

responses 

Figure 2 shows the displacements of the 1st and 10th 
floors of the system under the effect of external disturbance 
input. Figure 3 shows the maximum and rms values of the 
displacement responses. Across all levels, the biSTMD 
control configuration demonstrates superior performance 
compared to the biTMD system. 

Figure 4 depicts the acceleration-time curves of the 
1st and 10th floors of the system subjected to external 
disturbance inputs. Figure 5 shows the maxima and rms 
values of the acceleration responses. As in the displacement 
responses, there is a decrease in the system responses in 
both control cases. Although the biSTMD control case 
performs better than the biTMD control case, this is the 
opposite in the first two floors for the maximum responses 
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Figure 4. 1st and 10th floor acceleration time responses 

In general, biTMD and biSTMD applied to the 
system suppressed the system responses in performance 
values. However, biSTMD showed a superior performance. 
For acceleration responses, in the first two stories, the 
biSTMD control responses were similar to the biTMD case 
but slightly worse. However, this is acceptable considering 
the displacement response improvements. 

 
Figure 5. Maximum acceleration and acceleration rms 

responses 
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5. CONCLUSIONS 

In this study, the performance of a semi-active multi-
mass damper is investigated to suppress the vibrations of a 
ten-story building under harmonic excitation. The semi-
activity is achieved by using MR damper controller. The 
groundhook control algorithm is used for the MR damper 
voltage. The installation of two mass dampers at the top 
floor of the building enables a performance comparison 
between biSTMD and biTMD systems. Simulation results 
demonstrate that biSTMD provides superior suppression 
of system vibrations compared to biTMD. 
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