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This study presents the flame retardant (FR) performance of
chemically treated automotive upholstery fabrics using two
different impregnation methods of Resin Transfer Molding
(RTM) and supercritical carbon dioxide (scCO,). Referring to
the related standards, untreated seat fabric obtained from seat
upholstery of a bus (neat fabric, NF) and treated fabric samples
underwent burning rate (BR) and limiting oxygen index (LOI)
tests to compare effect of treatment and impregnation methods
on FR performance. Thermal analysis was also conducted on the
samples considering onset degradation temperatures and char
yields. The results showed that BR and LOI of all samples were
in acceptable range and treatment provided enhancement in FR
performance of NF. The treated sample using scCO, method
gave the highest LOI value of 32% and the lowest BR of 21
mm/min subtending to 18.5% increase in LOI and 30% reduction
in BR compared to those of NF. The performance of treatment
in RTM was worse than that of scCO; and better than that of NF.
The results confirm that both treatment and methods used in this
study give promising results for safety against fire in
transportation vehicles.
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Bu ¢alismanin amaci, RTM ve scCO; olmak iizere iki farkli
yontem kullanilarak otomotiv kumaslarinin alev geciktirici
performansini arttirmaktir. Bir otobiisiin koltuk désemesinden
elde edilen kumas numuneleri yanma hizi (BR) ve sinirlayici
oksijen indeksi (LOI) testlerine tabi tutulmuslardir. Numuneler
iizerinde termal analiz de yapilmistir. Sonuglar, tiim 6rneklerin
BR ve LOI degerlerinin uygun aralikta oldugunu ve kimyasal
iyilestirmenin NF'nin FR performansinda artis sagladigini
gostermistir. scCO; yontemi kullanilarak islenen numune, NF'ye
kiyasla, %32 LOI degeri (%18.5 artig) ve 21 mm/min BR degeri
(%30 azalig) ile en iyi performansi gostermistir. Elde edilen
bulgulara gore, bu ¢alismada kumaga uygulanan yontemlerin ve
kimyasal islemin ulasim araglarinda yangma karsi giivenlik
acisindan umut verici sonuglar verdigi gézlemlenmistir.
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1. INTRODUCTION

Textile materials used in everyday life are either originated from natural sources or derived from synthetic
compounds. The production rate of synthetic compounds is roughly 55% higher than that of natural fibers
due to their superior features such as low-cost, strength, flexibility, wear resistance, etc. On the other hand,
the organic structure of synthetic fibers paves the way for tendency of easily catching fire and fast spreading
of flame due to melt dripping in case of a contact with the fire source [1-3].

Technical textiles have a broad range of usage area in automotive industry such as interior upholstery, floor
and pillar coverings, airbags, seat belts, tires, filters etc. accounting for approximately 20-25 kg of textile
usage in an average passenger car [4-7]. As per customers’ demands, automotive textiles should meet
various requirements. For instance, it is expected that seat fabric of a vehicle should perform high flame
retardancy, resistance to abrasion and sunlight as well as stain repellency [1,2,8,9]. On the other hand, seat
belts and tires require high strength materials and thus, polyester fibers and high abrasion resistance
polyamide fibers are often used in transportation vehicles [10,11]. The fabric classification with GSM
(g/m?) values used as seat upholstery of a vehicle is tabulated in Table 1 [12].

Table 1. Fabric types for vehicle seat upholstery

Fabric type GSM (g/m?)
Plain woven 200-400
Plain woven velvet 360-450
Warp-knitted 160-340
Raschel double needle bar knitted 280-370
Circular knitted 160-230

In the late 1960s and early 1970s, in seat coverings, automotive industry had used Nylon-6, acrylic, wool
and polyester fibers instead of polyvinylchloride. However, there are drawbacks in usage of nylon,
polyacrylonitrile fiber and wool in automotive coverings due to high decomposition rate in sunlight, limited
abrasion resistance and high cost, respectively. In this context, polyester fabric steps forward for seat
coverings of vehicles [8].

The seat covering is primarily constructed of polyurethane foam cushion which is laminated to the fabric
in a variety of ways [13-19]. Among these, flame lamination method (Figure 1) is commonly used for
lamination of foam and seat fabric rather than dry lamination with thermoplastic adhesive due to drawbacks
of the latter in terms of high cost, low process speed and requirement of chemical glue during the process.

Foam layer

—_~
’ Scrim backing

Flame - -,

%

Fabric

End product

Figure 1. Flame lamination technique

Alternative fuel vehicles are now utilized in practically every kind of transportation, including cars, buses,
heavy-duty trucks, trains, and airplanes. Currently, apart from explosive conventional fuels such as LPG
and gasoline, latest technological advances in automotive technology focus on hydrogen fueled vehicles,
ethanol fueled cars or electric vehicles with batteries capable of covering long ranges. However, certain
alternative fuel cars may pose significantly greater risks in terms of flammability. For instance, a thermal
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runaway in an electric vehicle's battery caused by an overcharge, an electrical malfunction, an outside fire,
or a heating source could emit hazardous fumes and perhaps cause an explosion. Explosions can take several
forms such as detonation, boiling liquid expanding vapor explosion, gas tank rupture, and deflagration [20].
Thus, researches and utilization of flame retardant (FR) materials in transportation vehicles are very
important safety factors for drivers and passengers. In this context, seat fabrics undergo several chemical
processes [21-28] with various recipes to gain flame retardant specification. The conventional pad-dry-
cure process (Figure 2), which involves dipping the fabric into the FR solution, padding to remove extra
solvent, and then drying and curing the cloth, is widely used to insert FRs into cotton fabric. However,
incorporation of FRs in this system may be a challenging issue [29]. Another way to incorporate molecules
into textiles is by using a supercritical fluid. Supercritical fluids are extensively used as processing media
for synthetic and biopolymers offering an alternative method for modification of natural cellulose [30].
They are also known with their cost-effective, environmentally-friendly, non-flammable, non-toxic, and
high diffusion rate in organic material features. Moreover, supercritical fluids can minimize or completely
do away with the need for water and organic solvents when dyeing or impregnating hydrophobic or
hydrophilic substances into cotton fabrics [31,32]. scCO, has been commonly utilized in extractions,
impregnations, drying processes, and coloring of textiles or polymers [33,34].

Mangling

Fabric Curing

Dlppl-r;; B .
at
Figure 2. Pad dry-cure system
The lowest oxygen concentration required in an oxygen and nitrogen combination to sustain a material's
blazing combustion is known as the limiting oxygen index, or LOI. It's stated as a volume percentage
(vol%). The procedure entails setting up a sample vertically in a regulated environment and ignite the top
of the sample using a burner. Combustible materials have LOI values of less than 21%, whereas self-
extinguishing materials have LOI values of greater than 21, indicating that they require an external energy
source to sustain their combustion at room temperature. One of the benefits of LOI is that it offers a
repeatable and easy way to calculate a flammability index. In addition, the test apparatus is reasonably

priced, and the sample quantity needed for testing is little [35]. The LOI can be found as shown below:

LOI (%) =100 x [O2] ([O2] + [N2]) @)
where; [O,] and [N,] denote the concentration of oxygen and nitrogen gas, respectively.

Resin transfer molding (RTM) is an effective way of impregnation of fabric with the chemical recipes in a
rigid mold cavity [36]. Its foundation consists of an injection pump, a catalyst-resin storage system, and a
mold where yarns are subjected to a high load pressurization process while bonding and reaction-
accelerating components are mixed with resin catalyst [37,38].

Amphoteric aluminum hydroxide, Al(OH3), functions as a base in acidic media, creating a salt, and act as
a Lewis acid in basic medium. Decomposition of Al(OH3) with an endothermic dehydration reaction at
around 180°C and releasing water vapor in case of a fire makes it unique as FR additive. Furthermore, these
metal hydroxide functions as powerful smoke suppressants to stop the combustion of polymer matrix
materials [39-41].

This study aims to investigate the effect of two different methods of resin transfer molding and scCO,
method on enhancing flame retardancy of automotive seat fabrics. In literature, to the author’s knowledge,
though there are several studies focusing on improving flame retardancy of fabrics, neither impact of scCO,
and RTM method on reducing flammability of automotive interior upholstery nor their comparison have
been established. Thus, it is expected that this study will be a good guide for automotive textile industry.
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2. MATERIAL AND METHOD

The 100% polyester double-face knitted fabric samples (34 wales x 22 courses) with GSM of 45 g/m? were
supplied from seat upholstery of a bus. ZnO nanoparticles (~50 nm, 99.9% purity, in powder), urea (99%)
and aluminum hydroxide were purchased and used without any modification. The fabric samples were
bleached and any contamination was removed before the treatment in RTM machine and scCO, reactor. In
RTM machine (Figure 3), thoroughly mixed matrix (Table 2) at 140 rpm for 1 h was sent to the molding
chamber by a specially made high pressure pump and compressed by hydraulic pistons at very high pressure
of 170 bar (17 MPa) for good impregnation of fabric with the flame retardant mixture. The temperature of
the treated fabric in the mold was at about 150°C.

Table 2. Substance concentration in FR solution

Substance fraction in treatment bath

Sample code Definition ZnO ] AI(OH:) Urea Deionized
nanoparticle water
NF Neat fabric - - - -
TF-RTM Fabric treated in RTM 1 wt% 20 wt% 10 wt% 69 wt%

TF-scCO> Fabric treated in scCO> - - - -

Direction -
== @ty
\! 0__1__|| R Hydraulics
Sl = ‘
High pressure pump ////

{

el

. Blender
||I|| Electric motor I

25 mm | Mold

Ventilation duct

.Trear.ed fabric

Support
i Heater

Figure 3. RTM experimental test rig

The temperature controlled scCO; reactor (Figure 4) consists of high purity carbon dioxide and purge pump.
The fabric sample was immersed in the FR matrix and placed into the scCO; reactor in a fixed position.
The temperature of the reactor was maintained at 100°C while the treated fabric was impregnated with
scCO; for 2 h at pressure of 130 bar. Following a 10-min drying period at 110°C, the fabric samples were
cured for 5 minutes at 140°C.

Treated fabric

Figure 4. Illustration of scCO, method

The samples' ability to withstand flames was evaluated in accordance with ISO 3795 [42]. In this method,
the samples were positioned horizontally in a U-shaped holder and free-ends were exposed to low-energy
flame for 15 seconds (Fig. 5). The purpose of this test was to measure the rate of horizontal burning of
textile composite structures found in transportation vehicles. The test detected whether and when the flame
went out or how long it took for the flame to go a predetermined distance [7,43].
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Burner

Figure 5. Schematic of the flammability test

In LOI tests, the fabric sample was inserted vertically into a glass cylinder, and the top edge of the specimen
was ignited. To maintain the burning flame, a steady stream of a mixture of oxygen and nitrogen was
supplied from the chamber's bottom. The oxygen content is gradually lowered until the sample extinguishes
(Figure 6).

Burner

3. RESULTS AND DISCUSSION

BR and LOI were considered as flame retardancy performance of NF and treated fabrics in RTM (TF-
RTM) and scCO; (TF-scCO,). NF was taken as control sample and comparison was made in terms of
aforementioned parameters. As shown in Figure 7, burning rate values of all samples were below 100
mm/min which is the upper limit for automotive technical textiles [44]. Thus, it can be said that burning
rate results were in acceptable range for the automotive industry. The BR results present that the chemical
treatment using two different methods provided considerable reduction in BR of fabric samples compared
to that of NF. The average BR of TF-RTM was 25 mm/min subtending to a roughly 15% reduction
compared to that of NF. However, TF-scCO, showed better performance in terms of BR corresponding to
an average of 21 mm/min which is 16% lower than that of TF-RTM and 30% lower than that of NF.

TF-5cCO2

TF-RTM

Sample

NF

0 5 10 15 20 25 30 35
BR (mm/min)

Figure 7. Average BR values of the samples
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The average onset temperature and char yield of the samples burned in RTM and scCO, chamber are
tabulated in Table 3. When compared to NF, the flame retardants decreased the textile's onset point, that is,
weight loss in treated samples began earlier than that of NF. On the other hand, treatment process provides
higher char yield values compared to that of NF. The higher char residues for treated samples may be
ascribed to lower mass loss in BR and LOI tests.

Table 3. Data acquired from thermal analysis

Average char residue at

Sample code Onset of degradation (°C) 700 °C (%)
NF 312.4 24.7
TF-RTM 299.7 321
TF-scCO> 278.3 40.2

A textile that is combustible has a LOI value of less than 21%, while a textile that is flame-retardant has a
LOI value of 26% or more [29,35]. Referring to this information, all samples performed FR feature as seen
in Figure 8. The average LOI values for NF, TF-RTM and TF-scCO; were 27%, 29% and 32%, respectively
which were in accordance with BR values. Results confirm that chemical treatment of the NF using two
different methods yields improvement in FR feature of the seat upholstery. TF-scCO; performed the best
result both in BR and LOI tests showing that, apart from its other advantages, scCO; can also be good
candidate in terms of enhancing FR performance of the fabrics. One of the reason for improving FR is the
characteristics of ZnO metallic nanoparticles which may have acted as heat sink during the BR and LOI
tests. Heat release rate was augmented due to good thermal conductivity of the ZnO nanoparticles leading
to flame retardancy. The other reason for improving FR can be attributed to the decomposition of Al(OH3)
at about 180 °C and giving off water so as to act as an extinguisher. In scCO, reactor, the sample fabrics
were wrapped with the scCO, layer protecting the fibers being destroyed by the flame. Furthermore, TF-
scCO; samples may function better due to their capacity to break down into additional gas products from
the nitrogen atom. The higher FR performance of scCO, than that of RTM method may be attributed to the
physical conditions of the RTM. In RTM, the fabric was impregnated by the chemical treatment mixture
which was pumped and physically compressed onto the fabric sample leading to lower impregnation
compared to that of scCO» method.

35
30
g
0o
-
25
20
NF TF-RTM TF-scCO2
Sample

Figure 8. Average LOI vs. samples

4. CONCLUSIONS

Automotive seat upholstery fabric samples were successfully treated with various chemicals to improve FR
performance. Aforementioned concentrations of related chemicals provided considerable enhancement for
both treated samples referring to BR and LOI tests. Two different impregnation methods of RTM and scCO,
were utilized to carry out chemical treatment to fabric samples. The results showed that treated fabric in
scCO; depicted the best LOI performance of 40%, char yield of 40.2% and BR of 21 mm/min among NF
and TF-RTM. On the other hand, RTM also demonstrated better FR performance than that of NF. However,
impregnation in scCO, was more influential on enhancement of FR performance than that of RTM due to
limitation of RTM method’s physical conditions. Thus, it can be said that methods and chemical treatment
used in this study gave promising results for variety of applications in FR automotive technical textiles.
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High-frequency (HF) transformers have gained great interest in
recent years due to the advent of powerful soft magnetic materials
with low core loss in semiconductor power switches. Also, the
optimal design of the HF transformer is a significant issue for high-
performance energy conversion systems. In this paper, a 40W
50/12.5/25 V universal input and two output discontinuous-
conduction mode (DCM) ﬂyﬁack transformer is designed by using
mathematical calculations and analyzed via 3D ANSYS/Maxwell
simulation including electromagnetic and loss analysis. It is shown
that the simulation results accounting for hysteresis losses, eddy
current losses, copper losses, and magnetic flux density determine
the accuracy of tl?e mathematical model calculation. Analyzes are
performed at 100 kHz frequency levels. Results obtained will
include core magnetic flux density, core/copper losses,
leakage/magnetizing inductances, windings parasitic capacitances,
input/output voltage, current values, and all design parameters.
Finally, the proposed HF transformer's overall efficiency is
calculated and presented. Significantly, the HF transformer achieves
97.8% efficiency thanks to the transformer's core and coil selection,
B-H and B-P characteristics, one-to-one dimension design, and
mesh operation. The dynamic and mathematical results of the
designed transformer demonstrate the design and efficiency success.
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manyetik malzemelerin ortaya ¢ikmasi nedeniyle son yillarda bilyiik
ilgi géormektedir. Ayrica YF transformatoriiniin optimal tasarimi,
tksek performansli enerji doniligiim sistemleri i¢in O6nemli bir
Konudur. Bu makalede, 40W 50/12.5/25 V tek girisli ve iki ¢ikish
sireksiz iletim modlu (SIM) bir geri doniis transformatorii
matematiksel  hesaplamalar  kullanilarak  tasarlanmis  ve
elektromanyetik ve kayip analizini igeren 3B ANSYS/Maxwell
simiilasyonu ile analiz edilmistir. Histerezis kayiplarini, girdap
akimlarini, bakir kayiplarini1 ve manyetik aki yogunlugunu hesaba
katan simiilasyon sonuclarinin matematiksel model hesaplamasinin
dogrulugunu belirledigi gostermektedir. Analizler 100 kHz frekans
seviyelerinde gerceklestirilir. Elde edilen sonuglar ¢ekirdek
manyetik  aki  yogunlugunu, ¢ekirdek/bakir  kayiplarini,
sizinti/miknatislama endiktanslarini, sargilarin parazit
kapasitanslarini, girig/¢ikis voltajini, akim degerlerini ve tiim
tasarim parametrelerini igerecektir. Son olarak Onerilen YF
transformatoriiniin genel verimliligi hesaplanmis ve sunulmustur.
YF transformatoriiniin, transformatoriin ¢ekirdek ve bobin se¢imi,
B-H ve B-P ozellikleri, birebir boyut tasarimi ve ag c¢alismasi
sayesinde %97,8 verim elde etmesi dikkate degerdir. Tasarlanan
transformat6riin dinamik ve matematiksel sonuglari, tasarim ve
verimlilik basarisini ortaya koymaktadir.

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Optimal Design and Analysis of High-Frequency Isolation Transformer for Switched-Mode Power Converters

1. INTRODUCTION

Transformers are one of the main components of the electrical energy transmission and distribution system.
Thanks to transformers, electricity transmission, and distribution have become easier and more useful.

In recent times, there has been a notable rise in the variety of transformers employed in small and medium-
scale power applications. Among these, high-frequency transformers stand out as one of the most crucial
types [1]. These transformers are widely used in the field of power electronics, electric vehicle and
renewable energy applications [2-8]. These transformers are preferred in power electronics in terms of
reliability, stability, and quality. They are also very useful in terms of size, cost, and efficiency. They are
generally small in size. Therefore, it is both less costly and more convenient for power electronics.
Researchers have done a lot of work to minimize core loss for high-frequency transformers and optimize
properties such as efficiency and cost [9-12].

It is investigated the effect of wire type and interleaved winding structure on the electric field distribution
of medium frequency transformers using the 2D finite element method (FEM). The study presents the six
different forms of non-interleaved windings with various wire types. The maximum electric field intensities
are measured and compared [13]. A high-frequency transformer (HFT) is of great importance in obtaining
a high-efficiency Solid State Transformer (SST). And for this, a multi-purpose optimization algorithm has
been developed that minimizes the core volume and minimizes the total losses that may occur in the
transformer, and the total cost of the HFT [14]. An HFT is used for DC/DC conversion. The transformer
has dry-cast windings and is designed for DC system voltages up to S0kV. It has been observed that the
individual cast LV and HV windings provide good efficiency with insulation size and performance. The
AC insulation test was carried out for 70 kV and the LI voltage test for 150 kV. At these voltages, careful
grading down to the PD test voltage is important, to prevent discharge in air. In addition, careful insulation
of the HV terminals near the grounded components of the HFT is also required [15].

It is presented different core and coil materials under the variable medium frequencies [16]. In a frequency
range of up to 10kHz, a performance factor is used to determine the acceptability of each material. From
the result of these evaluations, it has been shown that amorphous and nanocrystalline materials perform
better in high-frequency applications above 1 kHz, and amorphous materials can outperform SiFe materials
due to losses at low frequencies (60-200 Hz). High-frequency transformers (HFT) are used in a lot of
modern-day applications. Ordinary winding topology is being used in most of these high-frequency
transformers and because of that, the magnetic core saturates without guaranteeing the maximum power
transfer (DWT). To get over this issue, it is introduced a new distributed winding topology. To apply this
DWT the magnetic core should be changed in terms of its shape and size to optimize. It is proven that
DWT-based HFT transfers %48.37 more power than the regular one [17]. Because of the lack of freedom
and difficulty in obtaining the optimal solution fast and correctly the traditional converter is not optimal.
To overcome this issue an HFT design that uses the ALO algorithm is introduced [18]. By using different
conductors and winding arrangements on an HFT, the skin effect can be studied. AC winding resistance
increases and the leakage inductance decreases with the skin effect as the frequency goes higher. In wire
conductors, the shape of the wires can affect the parasitic and loss behavior. Skin effects behavior in the
conductor changes with the shape of the wires as well. This study shows that by changing the square shape
to a circular shape the winding loss and the leakage inductance increase up to 2 times and 1.2 times
respectively [19]. It is determined the best high-frequency transformer design for maximum performance.
Magnetic core material, precisely estimating the core loss, and experimental methodologies for core loss
measurement are discussed. In addition, the performance of a transformer is determined by winding loss or
copper loss, leakage inductance, leakage resistance, stray capacitance, and thermal analysis. All
requirements that are described, are critical to optimize the design of a high-frequency transformer to get
high power density and efficiency [20]. It is examined and analyzed high-frequency transformer leakage
inductances and parasitic capacitances for different windings and structures. It is. used the finite element
method for the analysis of these transformers. These results, looking at the relationship and balance between
leakage inductance and parasitic capacitance values, have helped in classifying and designing the structure
of this transformer [21]. It is mentioned the overall effect of interleaving on leakage induction, a general
method used to reduce induction and may also cause increased parasitic capacitance. One of the parts is the
plane transformation applications in the high voltage area and the design of the exchange between all
interference. It suggests the partially reserved transformer structure improved for high-voltage and high-
frequency multiple outputs [22]. It is conducted to design a high-frequency high voltage transformer. Core
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selection, losses and thermal model for a high-frequency transformer in LLC resonant converters are
studied. 3F4 ferrite core for the high-frequency transformer, the design is realized by using E38/9/15 core.
This high-frequency transformer design is installed in an LLC resonant converter at 800 V [23]. A medium
frequency transformers model with a complete analytical steady- state thermal network has been proposed
and experimentally verified using finite element technique analysis. The similarities between the FEM
model and analytical model show that the model built is extremely accurate. Due to the low quality of
empirical natural air convection models and their restricted applicability on the specified geometrical
details, there were several issues with the calculated and measured temperatures. Although analytical
models are quick to implement, they must be rigorously connected with experimental data [24]. It is
suggested a novel data-driven technique for extracting FEM simulation data of high-frequency transformers
featuring litz-wire windings. By homogenizing these windings, computational expenses are significantly
diminished. The findings show that the double 2-D FEM model introduced, accounting for inner and outer
core window length factors, adeptly captures the three-dimensional nature of leakage inductance within
high-frequency transformers [25]. It is introduced a design for a multi-winding (HFT) aimed at a multiport
unified charge converter. It includes the development of a loss model and provides a step-by-step procedure
for designing the multi-winding transformer [26]. Another study presents the development of a model for
HFT windings. This model enables the calculation of voltage distribution along the winding and the
identification of its resonance frequencies [27].

Upon reviewing the existing literature, it becomes evident that high-frequency (HF) transformers have been
extensively studied and applied across various power applications. However, a noticeable gap exists
concerning detailed design methodologies and electromagnetic analyses specifically tailored for HF
transformers. While numerous studies are exploring their functionalities and applications, there's a scarcity
of in-depth examinations focusing on the intricate design and electromagnetic behaviors inherent to HF
transformers. This void underscores the need for further research and analysis in this specialized domain to
advance the understanding and optimization of HF transformer performance. Thus, the main focus of this
study is;

* to calculate the design parameters and core losses of the HF transformer thanks to the mathematical
model and realist simulation study.

* to present the more efficient HF transformer model.

* to create a 3D model and realize the electromagnetic analysis with ANSYS/Maxwell.

» to verify the effectiveness of the mathematical model with the electromagnetic analysis.

In this paper, the mathematical model of a HF transformer is discussed in detail. All parameters such as
power, weight and electromagnetic calculations are given thanks to the mathematical model. Also, the
proposed HF transformer is modeled and analyzed via ANSYS/Maxwell program. Electromagnetic
analysis results present the losses, magnetic flux distribution of the core and magnetic field distribution of
the transformer. Thus, the efficiency and performance analysis of the HF transformer is performed before
the transformer is produced.

2. MATERIAL AND METHOD
2.1. Structure Analysis of High-Frequency Transformers

A transformer is an electrical machine that transfers energy from one electrical circuit to the next or
numerous circuits. High-frequency transformers are one of the sorts, with frequencies ranging from 10 kHz
to IMHz. There are numerous advantages to using a higher frequency for this high-frequency transformer.
The transformer's size is the first of these. The smaller the transformer is for any power rating, the greater
the frequency. Second, because the transformer is smaller, less copper wire is required, which reduces
losses and helps the high-frequency transformer to be more efficient and operate. The use of Litz wire in
high-frequency transformers is an important factor in reducing the skin effect. Because of this to lessen the
skin effect, Litz wire is preferred. High-frequency transformers are classified into three types as flyback
transformer, push-pull transformer and forward transformer.

A flyback transformer is a hollow core inductor with a combined inductor. Once the input voltage is
supplied to the primary winding throughout each cycle, energy is contained in the cavity of the core. To
energize the load, this voltage is subsequently transmitted to the secondary winding. Voltage transformation
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and circuit isolation are provided by flyback converters shown in Figure 1. The transformer isolation or
turn-ratio voltage transformation is provided by the flyback topology, which is based on a buck-boost
topology.
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Figure 1. Typical flyback converter schematic

A switch controls the primary winding of the flyback transformer. The main inductance causes the current
to build up in a ramp when the switch is turned on. The creation of secondary current, which would
eventually oppose the primary current ramp, is prevented by an integrated diode linked in series with the
secondary winding. The current in the main decreases to zero when the switch is switched off. As the
magnetic field in the core shrinks, the energy contained in it is released to the secondary. The output
winding voltage rises rapidly (typically less than a microsecond) until it is restricted by the load
circumstances.

Flyback transformers basically work in two modes. The secondary current will never reach zero only when
the FET (Field Effect Transistor) SW return is turned on again until all of its energy has been transferred
to the secondary. A continuous transmission mode (CCM) waveform is depicted in Figure 2.
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Figure 2. Continuous current mode (CCM) flyback current waveforms

If the stored return energy discharges fully to the secondary before the FET comes on once again, the
secondary current hits zero before the period expires, resulting in a "idle time" (tde) during the cycle. This
kind of transmission is known as discontinuous transmission mode (DCM). A DCM waveform is illustrated
in Figure 3.
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In forward mode DC-DC converters, forward transformers are utilized for circuit isolation and voltage
conversion. In forward transformers, the core isn't employed for energy storage. When the switch is turned,
both the primary and secondary transmit at the same time, and the energy is processed straight through the
transformer.

One of the first switching topologies is the push-pull transformer. With a single input, this transformer can
produce numerous outputs. When the transformer's winding turn ratio is changed, the output voltages might
be greater or lesser than the input voltages. Therefore, a push-pull converter is one in which currents are
constantly pushed into and drawn from something. This is also a type of flyback transformer or an inductor.
Current is constantly pushed and drawn from the transformer. With this push-pull method, the transformer
transfers flux from the primary coil to the secondary coil, providing a kind of isolated voltage.

2.2. Electromagnetic Analysis via ANSYS/Maxwell

The ANSYS/Maxwell software tackles electromagnetic field issues across a substantial spatial domain by
employing Maxwell's equations, considering user-defined starting conditions within suitable boundary
parameters. It utilizes the finite element method (FEM) to address electrical or magnetic field challenges,
employing various design and solver types tailored to specific equations. The analysis involves creating a
mesh of basic units for the model, with the meshing process requiring careful parameter input to ensure
optimal analysis outcomes. Overly complex meshes can lead to prolonged analysis times and potential
computational capacity constraints, while overly simplified meshes may compromise analysis sensitivity.
Correctly identifying current excitation in analyses involving electrical currents can pose challenges for
many users. This study aims to address such challenges and highlight key considerations for
ANSYS/Maxwell usage through a step-by-step analysis example utilizing a magnetostatic solver.

Depending on the choice of the class included in the program, the appropriate equation sets and terms are
solved. There are three different design types (design types) available in ANSYS/Maxwell.

2.3. Mathematical Modeling

The mathematical model is realized for isolated discontinuous current flyback high-frequency transformer.
First, it is necessary to consider some parameters which are already chosen. These parameters can be chosen
according to the suitable usage area for any power application. Table 1 present the proposed HF transformer

parameter to use for a HF step-down dc-dc converter.

Table 1. A 50/12.5/25 V single-phase flyback high-frequency transformer defined parameters

Symbols Parameters Units Values
Vin-min Minimum Input Voltage v 50
Vin-max Maximum Input Voltage \% 75

Vin-nominal Nominal Input Voltage \% 12.5

Voi Output voltage 1 v 12.5
Toi Output Current 1 amps 2
Vo Output voltage 2 v 25
Vo2 Output Current 2 amps 0.5
Ku Window Utilization - 0.29
f Frequency kHz 20
Req Equivalent Resistance Q 1
Dimax Max Duty Ratio amps 0.5
Dy Dwell Time Duty Ratio watts 0.1
o Regulation % 1
Bm Operating Flux Density Tesla 0.3
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American Wire Gauge (AWG) size and feature standard contain frequency values. By looking at the
corresponding AWG according to the frequency value, certain parameters wire diameter, bare wire area,
and resistance values are determined. The parameters are selected according to this standard. Table 2
presents the selected parameters.

Table 2. Selected wire parameters according to AWG standard

AWG Selected wire size
Diameter (mm) 0.91186
Area (mm?) 0.653
Resistance (ohm/km) 26.407
Max. current (A) 1.8
Max Frequency for 100% Skin Depth 21kHz
Bare Area (10°cm?) 6.531

It has been chosen an ETD core with a core geometry that is comparable to core geometry (Kj). The core
geometry for ETD ferrite cores as shown in Figure 4. Size and design data for ETD ferrite cores are given
Table 3 and Table 4, respectively. EDT-39 is selected according to K,; parameters. It is the good option for
choosing core type of high frequency flyback transformer.

A L
' ' @
e—
e .
ETD Ferrite Core Perspective View

Figure 4. The core geometry for ETD ferrite cores [28]

An air gap put into the core has a strong demagnetizing impact, causing the hysteresis loop to "shearing
over" and the permeability of high-permeability materials to drop significantly. Excitation by direct current
maintains the same pattern. On the other hand, the introduction of a tiny air gap, has a much smaller impact
on the core bias than on the magnetization properties. The amount of the air gap effect is affected by the
length of the mean magnetic path and the uncut cores properties too. With a larger magnetic flux path, the
drop in permeability is less apparent, but it is more noticeable in a large permeability core with a low
coercive force.

A comparison of a common toroidal core B-H loop with and without a gap is shown in Figure 5. The gap
expands the magnetic path's length. Due to highly inductive circuit, once the voltage E is impressed
throughout a transformer's primary winding, the resultant current, will be minimal. Once the air gap is the
smallest for a given core size, maximum inductance happens.

B (teslas) B (teslas)

o e LT Bz
B’Il;'ahul B {teskas)
(a) (b)

Figure 5. Comparing magnetic materials a) with gap, b) without a gap [28]
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Table 3. Size data for ETD ferrite cores
ETD, Ferrite Cores (Ferroxcube)

Part No. A (cm) B (cm) C (cm) D (cm) E (cm) G (cm)
ETD-34 3.500 2.560 3.460 1.110 1.110 2.360
ETD-39 4.000 2.930 3.960 1.280 1.280 2.840
ETD-44 4.500 3.250 4.460 1.520 1.520 3.220

Table 4. Design data for ETD ferrite cores
ETD, Ferrite Cores (Ferroxcube)

PartNo.  Weeu Wye MLT MPL _ W A, W, A, K, Ay *AL
(grams) (grams) (cm) (cm) A, (cm?) (cm?) (em*)  (em®)  (cm?) (mh/IK)
ETD-34 434 40.0 7.1 7.87 1.757 0974 1.711 1.6665 0.0914 534 1182
ETD-39  69.3 60.0 8.3 9.22 1.871 1.252 2.343 29334 0.1770 69.9 1318
ETD-44 932 94.0 9.4 1030 1.599 1.742 2785 4.8515 0.3596 87.9 1682

Input power is not entirely passed to the output load in high frequency transformers. The loss power, which
consists mostly of core loss and copper loss, is the difference between input power Pin and output power
Pout. The efficiency of a transformer serves as a standard for its performance. The overall loss will be the
least and the efficiency will be the maximum when core loss is equal to copper loss. Transformer losses
versus output load current are shown in Figure 6.

12
| Maximum Efficiency Occurs When P, =Py,
w 10
o
§ s | Copper (I*R) Losses -
g 8 PP P
E o6&
-
E oaf . /
= Fixed Losses
i Py
2l
1 'l L L 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 s L L
20 40 60 80 100 120

Output Load Current %

Figure 6. Transformer losses versus output load current [17]

The copper losses is exactly proportional to the properties of material. A design is influenced by a number
of elements, size, material availability, temperature rise and cost. The use of iron alloys and ferrites in the
construction of power inductors provides substantial advantages. The magnetic core material properties are
given in Table 5. As can be seen in the Table 5, the effect of the material used on the flux density is
compared. Ferrite was chosen as the most suitable material among the compared materials.

The mathematical model of the transformer yields the specifications for a 50/12.5/25 V flyback-type high-
frequency transformer. Table 6 provides comprehensive details regarding the transformer's weight,

electrical characteristics, and electromagnetic properties.

Table 5. Magnetic core material properties

Initial Flux densit Curie Density
Material name Composition permeability B y temperature grams/cm3
K y °C )

Silicon 3-97 SiFe 1500 1.5-1.8 750 7.63
Orthonol 50-50 NiFe 2000 1.42-.158 500 8.24
Permalloy 80-20 NiFe 25000 0.66-0.82 460 8.73
Amorphous 81-3.5 FeSi 1500 1.5-1.6 370 7.32
Amorphous 66-4 CoFe 800 0.57 250 7.59
Amorphous (u) 73-15 FeSi 30000 1.0-1.2 460 7.73
Ferrite MnZn 2500 0.5 >230 4.8

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Optimal Design and Analysis of High-Frequency Isolation Transformer for Switched-Mode Power Converters

Table 6. The design parameters of 50/12.5/25 V single-phase flyback-type high frequency transformer by

using a mathematical model of the transformer

Parameters

Symbols Units Values
) Skin Depth cm 0.0468
D awe Wire Diameter cm 0.0936
A, Base Wire Area m/cm 263.9
T Time Period sec 5%1075
ton Maximum Transistor on Time sec 2.5%107°
P, Power out in secondary No.1 watts 27
P, Power out in secondary No.2 watts 13
Pror P,n,.,  Total Secondary Power watts 40
Iprimax Max Primary Current amps 0.88
Ipripr Primary Peak Current amps 3.55
Dprigys Primary RMS Current amps 1.45
Piymax Maximum Input Power watts 44.44
Rineq Equivalent Input Resistance ohms 56.25
L Primary Inductance uH 351
W-S Energy Handling Capability w—s 0.0022
W-S Energy Handling Capability w—s 0.0022
K, Electrical Condition - 5.22 % 107°
K, Core Geometry cm® 0.0946
J Current Density amps/cm? 174.15
Apw(B) Primary Wire Area cm? 8.3x1073
Snp The Required Number of Primary Strands - 2
N, The Number of Primary Turns turns 26
ly The Required Gap cm 0.0266
mils The Equivalent Gap in Mils - 10.472
F Fringing Flux Factor - 1.1275
Npp The New Number of Turns Ny, by Inserting The Fringing Flux, F turns 23
B The Peak Flux Density teslas 0.382
pQ/cm The primary, The new pQ/cm - 131.95
P, Primary Copper Loss watts 0.053
Ngo1 The Secondary Turns turns 5
Is010p1) Secondary Peak Current amps 10
Ls01(rms) The Secondary rms Current amps 3.65
Aswor(s) The Secondary Wire Area cm? 0.0210
Snso1 Required Number of Secondary Strands - 3
(So1)HQ/cm The Sy;secondary, uQ/cm - 82.2
Rgo1 The Winding Resistance ohms 0.0037
) The Secondary Copper Loss watts 0.0487
N2 The Secondary Turns turns 10
L0200k The Secondary Peak Current amps 2.5
Is02(rms) The Secondary rms Current amps 0.913
Aswoz(s) The Secondary Wire Area cm? 0.00524
Snso2 The Required Number of Secondary Strands - 1
(So2)uQ/ecm  The, Sy,, Secondary, pQ/cm - 263.9
Rgo2 The Winding Resistance ohms 0.0219
Py The Secondary Copper Loss watts 0.0183
K, The Window Utilization - 0.2086
P., The Total Copper Loss watts 0.12
a The Regulation, @, For this design % 0.30
R, Primary Winding Resistance ohms 0.025
B, The AC Flux Density teslas 0.191
WK The Watts per Kilogram watts/kg 12.4
Py, The Core Loss watts 0.7443
Py The Total Loss, Core Pf, and Copper Py, in watts watts 0.8643
'4 The Watt Density watts/cm? 0.0124
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3. ELECTROMAGNETIC ANALYSIS AND RESULTS

An analysis is conducted on a discontinuous high-frequency flyback transformer using electromagnetic
methods. Initially, the transformer's characteristics are determined through a mathematical model, which
includes losses (such as copper, core, and stray losses), transformer weight (including core and winding
weights), and the dimensions of the core and windings. Subsequently, these parameters are optimized for
weight and efficiency. Following optimization, the transformer is modeled in the ANSYS/Maxwell
program, which is tailored for designing and analyzing electrical machines from an electromagnetic and
thermal perspective. The design process for the transformer's core and windings will be elaborated upon in
the subsequent steps. All the procedures are outlined below:

o Choosing the simulation type (electromagnetic, transient)
e Draw 3D the geometry

e Assign the materials

e Specify the boundary

o Assign the excitations and coil terminals

e Mesh operations

e Determine the solution setup

e Analyze Time Calculation

e Getting results and diagrams

The analysis of the high-frequency flyback transformer is conducted using the ANSYS/Maxwell simulation
program in discontinuous mode. To accurately represent the transformer's electromagnetic nature, the
solution type is selected as magnetic-transient, and the resulting analysis outcomes are time-dependent. The
transformer's core and windings are then modelled using 3D-solid objects. Figure 7 displays the resulting
model of the designed transformer.

Region (air)

Ferrite Core

Primary Coil (p1)

Secondary Coil (1)

Jary Coil (s2)

Figure 7. ANSYS Maxwell design of ﬂyBack high-frequency transformer

Following this, the transformer is structured in a 3D format, allowing for the design of its core, primary,
and secondary windings utilizing Maxwell-3D, as illustrated in Figure 8.

30 Derign
Panel

-, —

Figure 8. ANSYS/Maxwell 3D design operation panel
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Once the transformer core and windings have been modeled, the material types for this equipment are
chosen through the material property panel, as depicted in Figure 9.

>

Figure 9. Creating specific material property and determining B-H and B-P curves of the core

During the design process, ferrite is specified as the core material for the transformer, with its characteristic
features outlined in Section 2. Additionally, copper is chosen as the material for both the primary and
secondary windings. Air material is then assigned to specific regions or boundaries due to the transformer's
characteristics. After the assignment of materials, the primary and secondary windings are energised based
on transformer parameters, taking into account factors such as turn ratio, ohmic resistance, and excitation
terminal voltage values. The allocation of excitation to the windings is shown in Figure 10.

E--#J Excitations
i g [} Winding1
: -8 Primary
- &=-|llll winding2
‘&g Secondary_1
- =-|llll winding3
- Secondary_2

Figure 10. Assignment of excitation to the coil terminals of the transformer

The result of a finite element analysis (FEA) application should be independent of the mesh size.
Convergence study not only accelerates the solution of the problem but also increases the accuracy of the
result. Finite element analysis (FEA) is a method that can be used when making high-risk and costly
decisions. Therefore, the finite element analysis results must be verifiable. To show the accuracy of the
results, the mesh operation is used in the simulation study. The designed transformer undergoes a mesh
operation, dividing it into 80000 particles, enabling electromagnetic analysis of each particle. This mesh
operation enhances the accuracy of the analysis for the designed model. The mesh operation performed on
the transformer model is illustrated in Figure 11.
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After completing these procedures, the transformer can be analyzed in subsequent stages. The analysis
duration needs to be specified using the setup panel. The analysis solution step is employed in the setup
panel to accurately define parameters such as type, start time, and stop time. These parameters are essential
for achieving accurate electromagnetic transient analysis of the transformer as they directly affect the
precision of the currents and voltages on the transformer. In this study, small ranges are selected for the
analysis step size in order to obtain clear signals. The analysis configuration for the transformer is shown
in Figure 12.

Sweep Setup

Time ~
Type ‘Linaar Step j Add to List>> | |Ons

1000000ns
sat [0 s =|| Replacelist>> || |2000000ns
3000000ns
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Step Size: |1 us v Add Single Point | |—|°000000ns
6000000ns
Delete Selection 7700%%"5
8000000ns
Clear Al | |s000000ns
|| 10000000ns
Undo LastChange | | |11000000ns
| [12000000ns
| [13000000ns
Please note the stop time defined in the General Page will be | 14000000ns
included automatically. [ [15000000ns
|| 16000000ns
| |17000000ns
| |18000000ns
| [13000000ns
| [20000000ns

| |21000000ns “

Use Defaulis

Figure 12. Analysis settings of the high-frequency transformer in ANSY S/Maxwell

The analysis duration ultimately determines the results. The electromagnetic transient analysis produces
the following outcomes: When voltage is applied to the primary side of the coils, a varying magnetic field
is generated within the transformer core and coils, resulting in voltage generation across the coil ends. The
current and magnetic flux are both affected by changes in the magnetic field of the primary coil. This change
in magnetic flux induces voltage in the secondary side of the coils. Figure 13 shows the analyzed
transformer core and the distribution of magnetic flux.
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E6638E-@2
3193E-A2
97Y4EE-A2
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Figure 13. Magnetic field distribution on the transformer core

The transformer is subjected to testing in both normal load and overload scenarios. Under load, where 50
volts is supplied to the primary windings, 25 volts are induced in the secondary side. Figure 14 illustrates
the primary and secondary voltages and currents of the engineered transformer.
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Figure 14. High-frequency flyback transformer primary and secondary (a) voltages (b) currents

Also, power loss analysis of the transformer is realized in the transformer core and coils. Figure 15. presents
the power losses. When an alternating current flows through a coil wrapped around a core, it induces voltage
in the core. This induced voltage leads to the creation of numerous closed-loop current paths within the
core. This phenomenon occurs not only on the surface of the core but also within its interior. These currents,
which form in the form of closed tiny rings, are called fuco currents (eddy currents). The current strength
in each closed current path is directly proportional to the induced voltage. The current intensity is inversely
proportional to the electrical resistance of this current path. Fuco currents cause overheating of the cores.
Warming up means loss of energy. Some ferromagnetic materials, such as iron, become temporarily or
permanently magnetic when exposed to an external magnetic field. This magnetism is opposite to the
magnetic field on the transformer and causes energy loss as heat. This loss is called hysteresis loss. The
hysteresis loss occurs in the form of heat as a result of the friction of the molecules with each other during
the change of direction of the core molecules depending on the frequency. Copper loss is a term generally
used for the heat produced by electric current in transformer windings or conductors of other electrical
devices. All these losses in the HF transformer are presented with electromagnetic transient analysis results.

e

Power Loss (mW)

(1] nw e i [ 1= [C TN ) Tl
Time {us)

Figure 15. Power losses of the HF flyback transformer

When the losses in the HF transformer are examined, it is around 859 mW. In the mathematical model, it
is seen that this power loss is about 864 mW. This shows that the simulation results are realistic. This
realistic analysis is directly related to the transformer's core and coil selection, B-H and B-P characteristics,
one-to-one dimension design and mesh operation. The HF transformer's total power is 40-W so the
efficiency of the transformer is 97.8%.
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4. CONCLUSIONS

The simple design of the high-frequency flyback transformer is smaller, lighter, and easier to install than
other transformers. This means they are better suited to general electrical systems. A high-frequency
flyback transformer usually has the same investment as other transformers. However, flyback converters,
in which the high-frequency flyback transformer is the main component, are typically less expensive than
similar converters because they consist of fewer components. An important benefit of the high-frequency
flyback transformer is that it can be used as circuit isolation, which prevents electrical hazards and provides
enhanced safety, especially for those near high-energy electrical systems. A high-frequency flyback
transformer is used to isolate and switch multiple output voltages from a single control. A 50/12.5/25 V
single-phase flyback transformer prioritizes optimal weight and size efficiency. Its parameters are derived
through the utilization of a mathematical model. After performing the mathematical calculation, the
transformer is designed using model parameters and then analyzed electromagnetically. The performance
analysis of the HF transformer such as power losses, voltages, currents and magnetic field are verified with
the experimental results. Thanks to this study, the efficiency and performance analysis of the HF
transformer is performed before the transformer is produced. Also, the material selection of the HF
transformer plays key role to achieve the great potential efficiency from the transformer. In the future study,
CFD analyses of HF transformer and temperature and strength tests will be carried out under overload
conditions. Also, the HF transformer will be experimentally exposed to the overload conditions and its
strength and temperature analysis will be verified by simulation studies. Thus, before the HF transformer
is produced commercially, both electromagnetic and temperature and strength tests will be carried out
realistically.
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One of the most commonly used materials in additive manufacturing with the
fused deposition modeling (FDM) method is polylactic acid (PLA) filaments. In
3-dimensional (3D) printed products, an external wall is also used in addition to
the internal structure pattern. The exterior wall pattern differs from the interior
structure pattern. The 3D products obtained by this method contain two different
pattern structures, which is not desired when determining the mechanical
properties. In this study, tensile test specimens were produced with two different
3D printers using 1.75 mm and 2.85 mm diameter PLA filaments. Some tensile
test specimens were directly produced in ASTM D638-14 Type 1 dimensions
and subjected to tensile testing. The rest of the specimens were produced in a
rectangular shape with 19 mm x 165 mm dimensions and the side edges of those
specimens, produced in rectangular shape, were cut with CNC milling to bring
their dimensions to ASTM D638-14 Type 1. All tensile test specimens were
manufactured with a thickness of 4 mm. The test specimens cut with CNC
milling after 3D printing were compared with the specimens tested only by 3D
printing. The effects of CNC milling cutting on the tensile test properties of
specimens produced on two different 3D printers using 1.75 mm and 2.85 mm
diameter PLA filaments were investigated. Consequently, it was observed that
cutting the side edges with CNC milling eliminated irregularities caused by 3D
printing due to the tensile stress in those areas and allowed for more regular and
consistent fractures of test specimens. When compared with only the 3D-printed
specimens, the elongation at break of the tensile test specimens whose side edges
were cut with CNC milling resulted in 13.45% and 33.55% higher using 1.75
mm and 2.85 mm PLA filaments, respectively. It was determined that the
toughness of the samples cut by CNC milling was higher than the test samples
that were only 3D printed.

EYM Yéntemiyle iki Farkh 3B Yazic1 Kullanilarak Uretilen PLA Numunelerde CNC
Freze ile Kesme Isleminin Cekme Testi Uzerindeki Etkisinin Incelenmesi
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Eriyik y1gimn modelleme (EYM) yontemi ile eklemeli imalatta en ¢ok kullanilan
malzemelerden biri polilaktik asit (PLA) malzemedir. 3-boyutlu (3B) yazdirilan
iirtinlerde i¢ yap1 deseninin haricinde bir de dis duvar kullanilmaktadir. D1s duvar
deseni, i¢ yapt deseninden farkliliklar gostermektedir. Bu yontemle iretilen
irtinler iki farkli desen yapis1 icermekte olup, bu durum 3B yazdirilmis tiriinlerin
mekanik 6zelliklerinin belirlenmesinde istenen bir durum degildir. Bu ¢alismada,
1,75 mm ¢apinda ve 2,85 mm capinda PLA filamentler kullanilarak iki farkli 3B
yazicida ¢ekme test numuneleri tretilmistir. Cekme test numunelerinin bir kismu
ASTM D638-14 Tipl boyutlarinda iiretilmis olup, numunelere g¢ekme testi
uygulanmigtir. Cekme test numunelerinin bir kismi da 19 mm x 165 mm
boyutlarinda dikdortgen seklide iretilmistir. dikdortgen seklinde iretilen
numunelerin yan kenarlari CNC freze ile kesilerek numuneler ASTM D638-14
Tipl boyutlarma getirilmistir. Cekme test numunelerinin tamamimim kalinhig 4
mm olacak sekilde tiretimler gergeklestirilmistir. 3B yazdirildiktan sonra CNC
freze ile kesilen test numuneleri, sadece 3B yazdirilarak test edilen numunelerle
karsilastirilmistir. CNC freze ile kesme isleminin, 1,75 mm ¢apinda ve 2,85 mm
capinda PLA filamentler kullanilarak iki farkli 3B yazicida tiretilen numunelerin
¢ekme testi 6zellikleri tizerindeki etkileri aragtirilmistir. Caligma sonucunda, 3B
yazdirilmis ¢ekme test numunelerinin ¢ekmeye maruz kalan yan kenararmnin
CNC freze ile kesilmesi sonucunda, bu bolgelerde 3B yazdirmadan kaynaklanan
diizensizliklerin ortadan kaldirildigi, test numunelerinde daha diizenli ve tutarli
kopmalarin gergeklestigi tespit edilmistir. 1,75 mm PLA filament kullanilarak
tretilen ve yan kenarlart CNC freze ile kesilen ¢ekme test numunesinin kopma
uzamasinda, 3D-printed ¢ekme test numunesinin kopma uzamasina kiyasla
%13,45 artis oldugu belirlenmistir. 2,85 mm PLA filament kullanilarak tiretilen
ve yan kenarlari CNC freze ile kesilen g¢ekme test numunesinin kopma
uzamasinda, 3D-printed ¢ekme test numunesinin kopma uzamasma kiyasla
%33,55 artig oldugu belirlenmisti. CNC freze ile kesilen numunelerin
toklugunun 3D-printed test numunelerine goére daha yiiksek oldugu
belirlenmistir.
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1. INTRODUCTION

Today, additive manufacturing is widely used with one of the most commonly applied 3D production
methods being Fused Deposition Modeling (FDM). FDM involves layer-by-layer production in additive
manufacturing. Determining the mechanical properties of products produced with this method is important
for assessing their suitability for various applications. In FDM additive manufacturing, products typically
have both an infill pattern and an outer wall pattern. Therefore, test specimens, produced to determine the
mechanical properties of the materials manufactured with this method, naturally exhibit two different infill
pattern structures. This makes it difficult to determine the actual mechanical properties of the produced
materials. Various methods (such as producing without outer walls, production by cutting specimens from
a 3D produced sheet, etc.) are applied to eliminate this issue, with the most common being the production
of test specimen dimensions slightly larger and then cutting these parts using various methods [1-4]. This
eliminates the infill pattern differences in the outer walls of the produced product, ensuring that only a
single infill pattern remains in the test region of the specimen. One of the most commonly used materials
in additive manufacturing with the FDM method is PLA material. Two different diameters of PLA
filaments, 1.75 mm, and 2.85 mm, are used in 3D printers. The filament diameter is determined depending
on the 3D printer. Just as there may be differences in the mechanical properties of PLA filaments of these
two different diameters, there may also be differences in the mechanical properties of 3D printed products
using these filaments. Many studies have been conducted in the literature to determine the mechanical
properties of 3D-printed PLA materials, some of which are introduced below.

Tungel and Tutar [5] examined the effects of different edge widths on the compressive strength of face-
centered cubic structured specimens produced using PLA material with the FDM method. They determined
that increasing the edge width also increased the compressive strength. Demirci et al. [6] investigated the
effects of nozzle diameter and layer thickness parameters on the mechanical behavior of 3D-printed PLA
lattice structures under quasi-static loading. They found that a combination of small nozzle diameter and
high layer thickness led to a decrease in compressive strength in both types of lattice structures. Sahin et al.
[7] exposed tensile test specimens produced using PLA material on a 3D printer and the PLA filaments
used in production to 80% relative humidity for different durations. They investigated the changes in
mechanical properties as a result of the test specimens being exposed to a humid environment. Their study
revealed that the tensile strengths of filament and tensile test specimens exposed to a humid environment
decreased by 6.8% on the twentieth day. Bolat and Ergene [8] investigated the dimensional accuracy of
tensile test specimens produced using PLA, PET-G, and ABS materials with different layer heights with a
3D printer. They determined that the most accurate dimensional measurement results for length and height
were obtained from PET-G test specimens, while the most accurate dimensional measurement results for
width were obtained from PLA test specimens.

The authors have previously experimentally investigated various aspects of additive manufacturing and
material properties. They examined the mechanical properties of tensile test specimens produced with ABS
and PLA materials using different table and nozzle temperatures [1], the mechanical properties of bending
test specimens produced with different printing parameters on a 3D printer [2], the mechanical properties
of tensile test specimens produced with ABS and PLA materials in different colors and infill patterns [3],
the creep behavior of PLA test specimens produced with different printing parameters using the FDM [9],
the mechanical properties of tensile test specimens produced with ABS and PLA materials at different
printing speeds on a 3D printer [10,11], the tensile and shear strengths of bolts created by threading the
polymer shafts produced with PLA material at different printing orientations using a 3D printer [12], the
bending strengths of honeycomb sandwich structures with different cell diameters produced using a 3D
printer [13], and the mechanical properties of tensile test specimens produced with PLA filaments of
different diameters on a 3D printer [14].

In this study, tensile test specimens were produced using PLA filaments with diameters of 1.75 mm and
2.85 mm on two different 3D printers. Some of the tensile test specimens were directly produced in ASTM
D638-14 [15] Type 1 dimensions and subjected to tensile testing. The rest of the test specimens were
produced in rectangular shapes with 19 mm x 165 mm dimensions, and then the side edges of the specimens
produced in rectangular shapes were cut using CNC milling to size them into ASTM D638-14 Type 1
dimensions. All tensile test specimens were produced to have a thickness of 4 mm. Tensile test specimens
that were 3D printed and then cut with CNC milling to obtain specified dimensions were compared with
the specimens that were tested after being solely 3D printed. The effects of the CNC milling process on the
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tensile test properties of specimens, produced with two different 3D printers using 1.75 mm and 2.85 mm
diameter PLA filaments, were investigated.

2. MATERIAL AND METHOD

Table 1. The 3D printing parameters for manufacturing test specimens

Nozzle temperature 208°C
Bed temperature 60°C
Printing speed 70 mm/s
Travel speed 150 mm/s
Nozzle diameter 0.4 mm
Layer thickness 0.2 mm
Wall thickness 0.4 mm
Wall number 1
Infill density %100
Infill pattern Zig Zag
Applied standard ASTM D638-14 Type-1 — 4mm thickness

In this study, tensile test specimens were produced using PLA filaments with diameters of 1.75 mm
(Raise3D Premium PLA Blue [16]) and 2.85 mm (Ultimaker PLA Pearl White [17]) on two different 3D
printers (Zaxe Z1 Plus 3D printer [18] and Ultimaker S5 3D printer [19]). Test specimens were produced
using Raise3D Premium PLA Blue filament with a diameter of 1.75 mm on the Zaxe Z1 Plus 3D printer.
On the Ultimaker S5 3D printer, test specimens were produced using Ultimaker PLA Pearl White filament
with a diameter of 2.85 mm. The parameters given in Table 1 were used for 3D printing of the tensile test
specimens on both printers.

Six tensile test specimens, based on ASTM D638-14 Type-1 dimensions, each having a thickness of 4 mm
were produced using 1.75 mm and 2.85 mm diameter PLA filaments, respectively (Figures la and Ic¢).
Additionally, six rectangular specimens of 19 mm x 165 mm in size and 4 mm in thickness were produced
using PLA filaments of two different diameters (Figures 1b and 1d). The images of all produced specimens
after 3D printing are shown in Figure 1.

|

(a) Raise3D PLA dog-bone samples (c) Ultimaker PLA dog-bone samples

- e

plPle]e]lp ]
343233 34|35 |34
E- A=

(b) Raise3D PLA rectangular samples (d) Ultimaker PLA rectangular samples
Figure 1. 3D-printed test samples
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A two-stage cutting process was performed with a CNC milling machine to size the rectangular specimens
into ASTM D638-14 Type-1 dimensions in the form of a dog-bone shape. The cutting with CNC milling
operations were performed in two stages. In the first stage, one side of the rectangular specimen was cut.
Then it was turned to cut the other side. At this stage, the test specimen was brought to ASTM D638-14
Type-1 dimensions. The images, illustrating the CNC milling stages of the rectangular specimens, are
shown in Figure 2. A 6 mm diameter, 4-flute, flat-end mill cutter was used in CNC milling operations.
Initially, a rough cutting operation was applied with a depth of 0.8 mm and a lateral feed of 0.9 mm to leave
a 0.30 mm finishing allowance. Then, two passes of finish cutting with a lateral feed of 0.15 mm were
conducted with cutting depths are to be equal to the material thickness, followed by one final pass of idle
cutting without lateral feed. First, the cutting was performed on one edge of the specimen (Figures 2b and
2e) which was placed on the CNC milling machine (Figures 2a and 2d). Then, the test specimen was rotated
180° along the vertical axis and placed on the CNC milling machine, and cutting was performed on the
other edge of the test specimen (Figures 2¢ and 2f). In all CNC milling operations, a spindle speed of 3500
rpm, a cutting axis speed of 500 mm/min, an idle axis speed of 1500 mm/min, and a conventional cutting
direction were used. A Hattech 3-axis CNC milling machine was used for milling the side edges of the test
specimens. No cooling system was used in CNC milling cutting processes and dry milling was done. In
order to prevent the chips formed during cutting with the CNC milling machine from sticking to the
workpiece or tool, the chips were removed by air blasting once in each round-trip period.

(5

1d

Figure 2. Convertng rectangular samples into ciog-bone shape with CNC milling

Tensile test specimens produced in two different ways (3D-printed samples and milled samples) using 1.75
mm and 2.85 mm diameter PLA filaments were measured for their dimensions, masses, hardness, and
surface roughness values, and all specimens were subjected to tensile testing. Additionally, four pieces of
165 mm long filaments, prepared individually from 1.75 mm and 2.85 mm diameter PLA filaments,
respectively, were subjected to the tensile tests. A digital caliper with a precision of 0.01 mm was used to
measure the dimensions of the test specimens. KERN PLS 6200-2A precision balance with 0.01g sensitivity
was used to measure the masses of the test specimens. The hardness values of the test specimens were
measured using an MITECH MH210 portable hardness tester. Hardness measurements were performed on
the bottom surfaces of the test specimens using a Shore D probe, and average values were determined by
taking measurements from five different regions of each specimen. Surface roughness values of the test
specimens were measured using a JENOPTIK Hommel-Etamic W5 surface roughness measurement device
with parameters set at a measurement length of 4.8 mm, measurement speed of 0.5 mm/s, and wavelength
of 0.8 mm. Surface roughness measurements were performed parallel to the tensile direction on the top
surfaces of the test specimens, and average values were determined by taking measurements from three
different regions of each specimen. Tensile tests were conducted using a Zwick/Roell Z100 tensile testing
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machine, equipped with a long-stroke extensometer mounted on the machine frame. Tensile tests were
performed at a speed of 5 mm/min, with an extensometer gauge length set to 50 mm. The sample codes and
production parameters for the test specimens in all tested parameters are provided in Table 2. The test
specimens will be referenced by these codes in the paper henceforth.

Table 2. Sample codes of test specimens and production parameters

. Production parameters
Sample code Production method Filament 3D printer CNC milling machine
R-F.1~4 Filament - -
RS0 i Plréﬁiﬁlnl? Ifia: Eglll?e Zaxe Z1 Plus Hattech- 3-Axis
R-CNC-1.1~6 Milled 3D printer CNC Milling Machine
U-F.1-4 Filament - -
U-6.1~6 3D-printed 2.85 mm Ultimaker . -
. Ultimaker S5 p
. PLA Pearl White . Hattech 3-Axis
U-CNC-3.1~6 Milled 3D printer CNC Milling Machine

3. RESULTS AND DISCUSSION

Spider graphs generated from measurements of all tensile test specimens produced using two different
diameters of PLA filament (1.75 mm, 2.85 mm) and two different methods (3D-printed, Milled) are shown
in Figure 3. When the figure is examined, it can be seen that the measurement data of the test specimens
for each parameter are very close to each other within each graph.

The average values of tensile test specimens’ measurements, taken from four different production types,
were used to create the spider graph, as shown in Figure 4. When the graph is examined, it can be revealed
that the highest dimensional values are generally found in the U-6 3D-printed test specimens, the highest
mass values are in the R-5 3D-printed test specimens, the highest hardness values are in the R-CNC-1
Milled test specimens, and the lowest arithmetic mean surface roughness values are in the U-CNC-3 Milled
test specimens.

Mass (g) Mass (g)
12:89 12459
o . 12i54
Thickness Hardness Thickness A Hardness
(mm) 4 42 "*ﬁm:m (HS) (mm) 4 \‘l 1./ 50 : 7300 (HS)
P/ =rs \8 _— 83/ —-U-6.1
527 \I ~-R-5.2 'MW —-U-6.2
350/ | Rs3 s U-6.3
1 ——R.5 ——1]-6.4
‘ | ks A e “ues
4 744 “R-5.6 2 ““"‘ —U-66
J1a00n, — __14"\‘7 A” < S N = ..s
Widih 1362 —— ?\_T *94 Roughness Width 1336 & h“ "‘ 89 Roughness
2 (mm) . Ra ]
(mm) . Ra (pm) \,_\_\. ""iﬂ? 1 (pm
.,
~
165.12
Length (mm) Length (mm)
(a) R-5 - 3D-printed samples () U-6 - 3D-printed samples
Mass (g) Mass (g)
12:39
12433
Thickness Hardness Thickness //"\ Hardness
(mm) 4 g8 E2s0 (HS) (mm) 44 = |3T2(,\ 550 (HS)
==R-CNC-1.1 ~ —=U-CNC-3.1
7903 | / +R-CNC-1.2
R-CNC-1.3
=+=R-CNC-1.4
+R-CNC-1.5
R-CNC-1.6 / ¢ = L-CNC- \i‘i
Widih 134 65 Roughness Widih 1299 795 Roughness
{mm) Ra (um) {mm) Ra (um)
Length (mm) Length (mm)

(b) R-CNC-1 - Milled samples

(d) U-CNC-3 - Milled samples

Figure 3. Spider graphs created with data obtained from measurements

C.U. Miih. Fak. Dergisi, 39(3),

Eyliil 2024




nvestigation of The Effect of CNC Milling Cutting Process on The Tensile Test of PLA Samples Produced Using Two Different

D)

Mass (g)

Hardness
“Reos (HS)

Thickness

—+R-5

—+=R-CNC-1
u-6

—+=U-CNC-3

Width 13:33
{mm)

%0 Roughness
Ra (pm)

165.08

Length (mm)

Figure 4. Spider graph created with average values of parameters

The failures of the tensile test samples for all parameters are shown in Figure 5. Since an error was observed
during the tensile test of the R-CNC-1.1 Milled test specimen, the results of this test specimen are not
included in the paper. In some of the R-5 3D-printed tensile test specimens (Figure 5a), fractures occurred
from the neck region during the tensile test (R-5.1, R-5.4). However, such a situation was not encountered
in the R-CNC-1 Milled tensile test specimens, whose side edges were cut with a CNC milling machine
(Figure 5b), and the fractures were generally observed in the middle regions of the test specimens. Similar
to the failures of R-5 3D-printed and R-CNC-1 Milled tensile test specimens, respectively, in some of the
U-6 3D-printed tensile test specimens (Figure 5c), the fractures occurred in the neck region during the
tensile test (U-6.1, U-6.3). However, such occurrences were not observed in the U-CNC-3 Milled tensile
test specimens, whose side edges were cut with CNC milling (Figure 5d), and the fractures were observed
in the middle regions of all test specimens. It was found that cutting the side edges of the specimens with
CNC milling operations eliminated the irregularities, where those regions were exposed to tensile forces,
caused by 3D printing, and resulted in more regular and consistent fractures in the test specimens.

- |
-]
-1
~ |
o

F iguré 5. Images of broken samples

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Muhammed Safa KAMER, Cagri UZAY

Stress-strain curves obtained from all tensile tests are shown in Figure 6. It is observed that the stress-strain
curves of R-F 1.75 mm PLA filament (Figure 6a) and U-F 2.85 mm PLA filament (Figure 6d) are generally
very close to each other. Although the tensile strengths of the tensile test curves of the R-5 3D-printed test
specimens (Figure 6b) and the U-6 3D-printed test specimens (Figure 6¢) are close to each other, it is seen
that there are irregularities in their elongation at break values. It has been determined that the stress-strain
curves of R-CNC-1 milled test specimens (Figure 6¢) and U-CNC-3 milled test specimens (Figure 6f)
exhibit much closer and more consistent results among themselves.

70 60
60 1 50
50 |
- — 40
L] o~
g 40 E .
& —R-F.1 3 5
20
—R-F.2
10 ——R-F3 10
0 2 4 6 8 10 0 10 20 30 40
Strain [%o] Strain [%a]
(a) )
70 50
40
= =
30 -
2 2
] w
g £20 4
w w
10 -
O { 4
0 1 2 3 4
Strain [%o] Strain [%a]
(b) (e)
70 50
60
40
50
= =
& 40 | & 30 |
240 = ——U-CNC-3.1
§ 30 ——R-CNC-1.2 § 20 1 ——U-CNC-3.2
@ » —R-CNC-1.3 @ ——U-CNC-33
- ——R-CNC-1.4 10 4 ——U-CNC-3.4
10 —==R-CNC-1.5 ~—U-CNC-3.5
0 ——R-CNC-1.6 0 ——U-CNC-3.6
0 1 2 3 4 56 0 1 2 3 4 5
Strain [%0] Strain [%]
(0) (0]

Figure 6. Tensile test stress-strain graphs
(a) R-F 1.75 mm filament, (b) R-5 3D-printed specimens, (¢) R-CNC-1 milled specimens,
(d) U-F 2.85 mm filament, (e¢) U-6 3D-printed specimens, (f) U-CNC-3 milled specimens

Figure 7 was created by selecting a curve that can be represented as an average from each parameter shown
in Figure 6. It was determined that the tensile strength of the R-5.2 3D-printed tensile test specimen is
11.3% lower than that of the R-F.2 1.75 mm filament (Figure 7a). Similarly, it was determined that the
tensile strength of the U-6.5 3D-printed tensile test specimen is 17.8% lower than that of the U-F4 2.85 mm
filament (Figure 7a). Since voids are formed within the specimens produced during 3D printing, it can be
concluded that 3D-printed tensile test specimens have a porous structure. Therefore, it is expected that the
tensile strength values of 3D-printed tensile test specimens can be lower than the tensile strength of the
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filaments used in 3D printing. It was determined that the elongation at break value of the R-5.2 3D-printed
tensile test specimen is 36.5% lower than that of the R-F.2 filament (Figure 7a). Similarly, the elongation
at break value of the U-6.5 3D-printed tensile test specimen is 89.4% lower than that of the U-F4 filament
(Figure 7a). Based on these results, it can be inferred that there is a significant decrease in the toughness of

3D-printed products compared to the filaments used in 3D printing. Similar results were also encountered
in the literature [7].

When Figure 7b is examined, it can be seen that there is almost no change in the tensile strength as a result
of cutting the side edges of the 3D-printed test specimens with a CNC milling machine. However, there
was a 13.45% increase in the elongation at break value of the R-CNC-1.4 milled tensile test specimens,
whose side edges were cut with a CNC milling machine, compared to that of R-5.2 3D-printed tensile test
specimens. Similarly, it was determined that there was a 33.55% increase in the elongation at break value
of the U-CNC-3.2 milled tensile test specimens, whose side edges were cut with a CNC milling machine,
compared to that of the U-6.5 3D-printed tensile test specimens. As a result, it can be concluded that cutting
the side edges of the 3D-printed test specimens with CNC milling reduces the possible notching effects that
may occur during 3D printing, and reveals the stress-strain curves that the test specimens should exhibit.

70 60

(=
=

W‘f]

-
=

g g
= 40 b=
2 2 30
£ 30
” 20 220 )
—R-F.2 —U-F.4 —R-52 ——1-6.5
10 10
—R-5.2 —1U-6.5 —R-CONC-14 —U-CNC-3.2
0 0
0 5 10 15 20 25 30 0 1 2 3 4 5
Strain [% Strain [%
(a) (%] (b) [%]

Figure 7. Comparison graph (a) filament vs 3D-printed, (b) 3D-printed vs milled

Figure 8 presents the comparison of the average tensile strength and elongation at break values for samples
using 1.75 mm and 2.85 mm PLA filaments. When Figure 8a is examined, it is determined that the tensile
strengths of the specimens using 2.85 mm filament are consistently lower than those using 1.75 mm
filament in all cases (filament, 3D-printed, milled). It is determined that the tensile strength of the 1.75 mm
filament is approximately 19% higher than the tensile strength of the 2.85 mm filament. The elongation at
break value of the 2.85 mm filament is approximately 4.39 times higher than that of the 1.75 mm filament
as seen in Figure 8b. Contrarily, in other cases (3D-printed, milled), it is found that the elongation at break

value of the samples using 2.85 mm filament is slightly lower than that of the samples using 1.75 mm
filament.

70 30
—8—1.75 mm
6 ‘\_—a 25
= = ——2.85mm
50 &
E g 20
= 8
g 40 kS
g § 15
2 30 g
= :’E“ 10
E 20 g
——1.75mm =
10 5
—8—2.85 mm
0 0
Filament  3D-Printed Milled Filament  3D-Printed Milled
@ Sample type ) Sample type

Figure 8. Variation of (a) tensile strength and (b) elongation at break according to sample type
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4. CONCLUSIONS

In this study, tensile test specimens were produced on two different 3D printers using 1.75 mm and 2.85
mm diameter PLA filaments. Some of the tensile test specimens were directly produced according to ASTM
D638-14 Type 1 dimensions and subjected to tensile testing. The remaining specimens were produced in a
rectangular shape with 19 mm x 165 mm dimensions. The side edges of the specimens, produced in a
rectangular shape, were cut using CNC milling to bring the specimens into ASTM D638-14 Type 1
dimensions. All tensile test specimens were manufactured with a thickness of 4 mm. The results of test
specimens cut by CNC milling after 3D printing were compared to those produced by only 3D printing.
The results obtained from the study are listed below.

o Cutting the side edges of the 3D printed tensile test specimens, which were exposed to tension, with a
CNC milling machine eliminated the irregularities caused by 3D printing in those areas, leading to
obtaining more uniform and consistent fractures in the test specimens.

e Tensile strength and elongation at break values of the 3D-printed tensile test specimens were lower
than those of the filaments used in 3D printing. Accordingly, a significant decrease in the toughness of
the 3D-printed products compared to the filaments, used in 3D printing, was observed.

e There was almost no change in the tensile strength of the 3D-printed test specimens as a result of
cutting the side edges with CNC milling.

e A 13.45% increase was obtained in the elongation at break value of the R-CNC-1.4 milled tensile test
specimen, produced using 1.75 mm PLA filament and with side edges cut by CNC milling, compared
to that of the R-5.2 3D-printed tensile test specimen.

o A 33.55% increase was obtained in the elongation at break value of the U-CNC-3.2 milled tensile test
specimen, produced using 2.85 mm PLA filament and with side edges cut by CNC milling, compared
to that of the U-6.5 3D-printed tensile test specimen.

o Cutting the side edges of 3D printed test samples with a CNC milling machine, the notch effects that
could occur in 3D printing were reduced, and the stress-strain curves expected for the test specimens
were revealed.

o Tensile strengths of the specimens using 2.85 mm filament were consistently lower than those using
1.75 mm filament in all cases (filament, 3D-printed, milled).

o Elongation at break values of 2.85 mm diameter filament was significantly higher than that of 1.75 mm
diameter filament. Conversely, in other cases (3D-printed, milled), it was observed that the elongation
at break values of the test specimens using 2.85 mm filament was slightly lower than that of the
specimens using 1.75 mm filament.
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2D microstructural modeling based on the optical micrographs
was successfully carried out. Creating a realistic microstructural
model containing microstructural features such as fusion
boundaries and phases makes it possible to analyze the
relationship between the microstructure and property. We
implemented this method to the 316 stainless steel (SS) laser
powder bed fusion melted specimens. The optical micrographs
were meshed and imported into finite element (FE) software.
According to the results, the orientation of the fusion boundaries
significantly influenced the mechanical properties of the printed
parts. Stress localization was significant when the fusion
boundaries were parallel to the loading direction. The situation
differed when the fusion boundaries were perpendicular to the
loading direction. In this case, the large amount and size of
fusion boundaries showed significant ductility with
homogenously distributed straining.
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Optik mikrograflara dayali 2 boyutlu mikroyapisal modelleme
basariyla gergeklestirildi. Fiizyon smurlari ve fazlar gibi
mikroyapisal oOzellikleri igeren gergeke¢i bir mikroyapisal
modelin olusturulmasiyla mikroyapt ve ozellik arasindaki
iligkinin analiz edilmesi miimkiin olmustur. Bu yontemi 316
paslanmaz gelik (SS) lazer toz yatakli fiizyon ile sinterlenmis
numunelere uyguladik. Optik mikrograflara mesh atild1 ve sonlu
elemanlar (FE) yazilimina aktarildi. Sonuglara gore, flizyon
siirlariin yonelimi, 3d yazici ile iiretilmis pargalarin mekanik
Ozelliklerini 6nemli Olclide etkilemektedir. Filizyon smirlari
yiikleme eksenine paralel oldugunda oOnemli bir gerilim
lokalizasyonu  olugmustur.  Fiizyon  smurlar1  yiikleme
dogrultusuna dik oldugunda ise durum faklidir. Bu durumda
biiyiikk miktarda ve boyuttaki fiizyon sinirlari, homojen olarak
dagilmas bir sekil degistirme ile onemli bir siineklik gdstermistir.

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




2-D Microstructure Modeling based on Micrographs of Laser Powder Bed Fusion Melted Specimens

1. INTRODUCTION

Additive manufacturing technologies draw attention to part production for diverse applications. In additive
manufacturing, various fabrication parameters, such as layer thickness, laser power, scanning speed, and
hatching distance, influence the microstructure of the parts and result in a complex interplay between the
microstructure and the mechanical properties. A substantial effort is dedicated to comprehending the impact
of these production parameters on microstructure and mechanical properties [1].

The laser powder bed fusion process is an additive manufacturing method that uses a high-energy laser to
melt metal powder layer by layer [2]. During this process, the laser impinged on a single point and tracked
the surface of the powder bed. Melting of the powder results in a melt pool, which solidifies quickly and
creates an anisotropic microstructure with elongated grains. Besides, melt pools intersect along the building
direction and overlap with adjacent scan tracks, forming fusion boundaries between tracks and layers.
Shifeng et al. [2] addressed that sharp corners were generated at the junction of layer-layer and track-track
fusion boundaries, triggering crack initiation. They also discovered that slippage at these fusion boundaries
enhanced material ductility, even under room-temperature loading conditions.

Several studies have investigated the impact of building direction, or texture, on mechanical properties
[3-7]. For instance, Hitzler et al. [6] revealed maximum values for samples fabricated at a polar angle of 45
degrees. Contrary to that Guan et al. [3] illustrated that horizontally built 316L samples exhibited the highest
tensile strength. Furthermore, Giiden et al. [S] reported that strength increased with increasing the polar
angle for 316L samples. As computational work, Ahmadi et al. [7] carried out a 3D numerical study on the
effects of the microstructure on the mechanical properties of the parts fabricated by selective laser melting
(SLM). They modeled the microstructure with grain and melt pools, simulated by overlapping cylinders
interconnected by cohesive surfaces. They modeled the grains using the Voronoi tessellation method.
Furthermore, Rodgers et al. [8] applied a computational method based on a Monte Carlo Potts model to
generate an additively manufactured microstructure. Microstructure evolution was simulated using the melt
pool shape, temperature gradient, and scan pattern.

To our knowledge, 2D microstructure modeling of laser powder bed fusion melted specimens based on

optical micrographs has not been applied. Here in this study, FE modeling of the microstructure was
conducted, and the influence of the fusion boundaries on the mechanical properties was elucidated.

2. MATERIALS AND METHODS

2.1. Materials

Specimens were produced using a laser powder bed fusion machine for additive manufacturing of metal
parts (Concept Laser M2 Cusing, Concept Laser GmbH, Lichtenfels, Germany) [1]. The samples were
synthesized with an energy density of 75 J mm™ under a nitrogen gas atmosphere with the printing

parameters in Table 1. The layer thickness of the parts was 30 pm.

Table 1. Printing parameters of the samples [1]

Parameters Value
Laser power (W) 180
Spot size (um) 140
Scann speed (mm/s) 700
Offset to original contour (mm) 0.0825
Hatching distance (mm) 0.115

Fig. 1 shows dogbone-shaped specimens of various sizes and shapes. The specimens were built vertically
and parallel to the building directions. The thickness of the micros tensile specimens was 1 mm.

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Ali Can KAYA

a Parallel specimen b Vertical specimen

Build 1m\ )

directio

Figure 1. Dimension and shape of the a) parallel and b) vertical printed samples [1]
2.2. Metallographic Preparation

The etched samples were used to observe the microstructure optically. For this purpose, specimens were
inserted in epoxy resin and ground on SiC abrasive paper with grit sizes spanning from 300 grit to 1200
grit. After that, polishing was conducted using diamond suspensions of 3 and 1 pm grain size for 5 and 3
min, respectively. Further polishing was accomplished with silica suspension for 1 minute.

To observe the fusion layers, etching was conducted with a V2A etchant at 50 ° C for 30 sec. The
microstructure surface was then captured with a Leica DMRM light microscope (Leica Microsysteme
Vertrieb GmbH, Wetzlar, Germany).

2.3. Image Processing

Before FE meshing, captured microstructure images were processed using a software, Image J [9]. Figure
2 demonstrates the image processing sequence. The optical micrograph was initially scaled, and then the
“‘subtract background’’ tool was implemented to isolate the fusion boundaries. Secondly, the ‘‘make
binary’’ tool was carried out to create a binary image. The emerging speckles in the background were
removed using the ‘“despeckle tool’’. Finally, the gray image value was inverted to develop the segmented
fusion boundaries in the micrograph.

Optlcal mlcrograph Subtract background Binary Despeckle

Figure 2. Image processing on the micrographs of the a) parallel and b) Vertlcal spec1mens -
2.4. FE Meshing
FE meshing was accomplished using the Im2mesh plug-in [10] based on MESH2D [11] (Delaunay mesh
generator), which converted 2D multi-phase images into FE triangular meshes. The Im2mesh plug-in was

executed in Matlab R2023a (The MathWorks Inc., Massachusetts, USA). Table 2 gives the parameters for
meshing the microstructure.
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Three essential parameters are used in the Im2mesh, including tolerance, hmax, and grad_limit. Tolerance
is used as a tolerance for polygon simplification. hmax depicts the maximum mesh size. grad _limit explains
the scalar gradient limit for the mesh [10, 11]. Generated meshes were recorded as .inp files and imported
into the FE software.

Table 2. Parameters used for meshing

Parameters Values
tolerance 1
hmax 2500
grad_limit +0.25

2.5. FE Modeling

Initially, vertical and horizontally built microstructure meshes were scaled to their actual size using the
copy command in FE Software. Fusion boundaries and matrix meshes were imported as different parts in
the beginning. Then, those parts and nodes were merged only on the boundary. Constitutive material
models were taken from our previous work [1]. Micro-tensile testing of the specimen was performed with
a speed of 5 um/s using a micro-testing machine (Kammrath und Weiss, Dortmund, Germany). Tensile
testing was carried out under a digital light microscope to image the surface of the samples. Image series
were acquired every 15 sec for evaluation in the digital image correlation method (DIC, Vic-2d, Correlated
Solutions, Inc., Irmo, USA). Elongation of the printed samples was determined using a virtual extensometer
function on the strain field. For more detailed information, please refer to reference [1]. The young modulus
for horizontally and vertically built-up specimens were 193.3 GPa and 225 GPa, respectively. The yield
strengths for horizontally and vertically built-up specimens were 513 and 667 MPa, respectively. Poisson’s
ratio was 0.3 [12]. The elastic-plastic material model was assigned to the matrix materials; however, only
the elastic material model was set to the fusion boundaries. A 3-node linear plane stress triangle CPS3 with
a linear geometric order was used as an element type. On one end, micrographs were fixed with encastre
and displaced from the other end with a length of 0.016 mm, as illustrated in Fig. 3. The number of elements
of vertically and horizontally built-up specimens was 101810 and 51511, respectively.

» Fusion boundaries
® Printed matrix 55 316

¥ g

Figure 3. FE model of t

steel microstructures
2.6. XRD Measurement
XRD experiments were carried out on the printed sample using an XRD machine (Empyrean, Malvern

Panalytical, Malvern, England) with Cu Ko radiation (A = 1.54060 A). XRD scans were carried out in the
range of 20 = 40°-120°. Scan parameters include a step size of 0,013° and a holding time of 80 s per step.

3. RESULTS AND DISCUSSIONS

3.1. Microstructure Quantification

Parallel specimens have larger fusion boundary sizes than vertical specimens. The area percentage of the
parallel specimen's fusion boundary is higher than that of the vertical specimen. The circularity and solidity
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of both specimens are almost the same. The feret diameter of the fusion boundary was measured to be 8.9
and 14.6 pum for vertical and parallel specimens, respectively.

Table 3. Quantification of the fusion boundary of the printed specimens

Fusion boundary properties Vertical specimen Parallel specimen
Average size 21.4 pm 82 um

Area percentage 12.3% 17.4%

Circularity 0.76 0.77

Solidity 0.82 0.82

Feret diameter 8.9 um 14.6 um

3.2. X-ray Diffraction

Fig. 4 illustrates the X-ray spectrum of the printed specimen. 316 stainless steel (SS) has an austenitic phase
with y-iron, also detected in the XRD.

Counts

gonio316]_B0degree
* Fed.00; Iron)

10000

2500

T
50 60 70 B0 90 100 110
Pasition [*28] (Copper (Cu))

Figure 4. XRD Spectrum of the 316 steel sample fabricated by laser powder bed fusion
3.3. Effects of Fusion Boundary on the Mechanical Properties

Microtensile testing results were compared with the 2-D modeling results. The Mises stresses and
displacement from the nodes at the side of the model were averaged and plotted in Fig. 5. The 2-D modeling
results well matched with the elastic portion of the curve. In the plastic regime, however, there is a
discrepancy between the vertical samples' modeling and micro tensile testing results. Interestingly, the
plastic portion of the parallel specimen is consistent with the experimental results.

900+
800 :
7004
£ ool
g 11 et
9 500qp----""
2
i 4004/
o i :
2 200 Vertical specimen 1 [1]
= ---- 2-D FE model
200 4 Parallel specimen 1 [1]
---- 2-D FE model
100
0 T T T T 1
0,00 0,02 0,04 0,06 0,08 0,10

Strain

Figure 5. True stress-strain curves of the modeling results and micro tensile testing.

Mises stress and PEEQ strain fields of the vertical specimen was demonstrated in Fig. 6. At a strain of 0.02,
stress concentrated on the fusion boundaries, and a large localized strain was observed in the microstructure.
At a strain of 0.03, there is a significant elongation in the microstructure, resulting in a decrease in the
stress. Localized strain is aligned with an angle of 45° to the loading axis.
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Flgure 6. a) Mlsses stresses and b) Equivalent plastic strain (PEEQ) on the microstructure of vertical
specimen at a strain of 0, 0.02, and 0.03

In the case of a parallel specimen, Misses stress and PEEQ strain fields differ more from the vertical
specimens (Figure 7). At a strain of 0.02, there is a stress concentration on the fusion boundaries. Upon
further loading, the stress concentration on the fusion boundaries is maintained. The straining in the
microstructure is distributed homogeneously.

Vertical specimens showed significant strain hardening in the plastic regime. This can be attributed to the
localization of the stress flow due to the orientation of the fusion boundaries. Parallel fusion boundaries
enhance the strain hardening. However, in the case of vertical specimens, the fusion boundaries
significantly hindered stress flow, where boundaries are situated vertically to the loading direction.

The inherent property of the printed microstructure significantly impacts the mechanical properties of the
metals and may lead to unexpected results during service.
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Figure 7. a) Misses stresses and b) Equivalent plastic strain (PEEQ) on the microstructure of parallel
specimen at a strain of 0, 0.02, and 0.03
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4. CONCLUSIONS

2-D microstructure modeling allows us to demonstrate the influence of the fusion boundary shape and size
on the stress and strain distribution in the microstructure. According to findings in this study the following
results can be drawn from this study:

1. Parallel built-up specimens possessed larger dimensions and higher amounts of fusion boundaries
than vertical specimens.

2. Fusion boundaries are almost parallel to the loading axis for vertically built-up specimens. The
enormous strain was localized in the microstructure.

3. Fusion boundaries in parallel specimens are perpendicular to the longitudinal axis, resulting in a
more homogenous strain distribution.

4. Higher plasticity of the parallel specimen is due to the uniform distribution of the strain in the
microstructure

5. The orientation, size, and amount of the fusion boundaries are important and affect the mechanical
properties.

2-D microstructure modeling based on the optical micrographs allows us to analyze the microstructure-
property relationship in detail.
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The temperature factor is of great importance in areas that directly affect
the environment and engineering parameters of liners, such as solid
waste storage areas. It is known that the temperature value increases as
a result of the degradation of waste in these areas, and temperature
changes affect the engineering properties of the soils. Properties vary
depending on the soil type, and additives that can be used to improve
the engineering properties of soils come to the fore. One of the most
important criteria is that the additive to be used is sustainable and
environmentally friendly. Zostera marina, with its terminological name,
or dried seaweed an aquatic plant and is a sustainable, low-cost material
used in thermal insulation. In this study, dried seaweed additive was
added to zeolite-bentonite mixtures and compression parameters were
determined under room temperature and 40°C. Hydraulic conductivity
values of seaweed-added mixtures were determined with the help of
volumetric compression coefficient (mv) and consolidation coefficient
(cv) parameters and empirical relationships obtained as a result of
consolidation tests. Its potential to be used as a buffer material in the
presence of temperature in solid waste storage areas evaluated. The tests
results showed that the seaweed additive decreased the hydraulic
conductivity values of zeolite-bentonite mixtures at room temperature
and under 40°C.
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Kat1 atik depolama alanlarinda c¢evre ve miihendislik parametreleri
acisindan sicaklik faktorii de Onem arz etmektedir. Bu alanlarda
atiklarin  bozunmas: sonucunda sicaklik degerinin yiikseldigi
bilinmektedir ve sicaklik degisimleri zeminlerin miihendislik
ozelliklerini etkilemektedir. Zemin cinsine bagl olarak da &zellikler
degisim gostermektedir ve zeminlerin mihendislik 6zelliklerinin
iyilestirilmesinde kullanilabilecek katki malzemeleri 6n plana
¢ikmaktadir. Burada en 6nemli kriterlerden biri kullanilacak katkinin
siirdiiriilebilir ve ¢evreyle dost olmasidir. Terminolojik adiyla Zostera
marina yani kurutulmus deniz yosunu, bir su bitkisi olup siirdiiriilebilir,
maliyeti diistik ve 1s1 yaliiminda kullanilan bir materyaldir. Bu
calismada kurutulmus yosun katkisi, zeolit-bentonit karigimlarina
eklenerek oda sicakligi ve 40° C sicaklik altinda sikisma parametreleri
belirlenmistir. Konsolidasyon deneyleri sonucunda elde edilen hacimsel
stkigma katsayisi (mv) ve konsolidasyon katsayisi (cv) parametreleri ve
ampirik iligkiler yardimi ile yosun katkili karisimlarin hidrolik
iletkenlik degerleri belirlenmistir. Kat1 atik depolama alanlarinda
sicaklik varliinda tampon malzeme olarak kullanilma potansiyeli
degerlendirilmistir. Deney sonuglart yosun katkisinin, zeolit-bentonit
karigimlarimin hidrolik iletkenlik degerlerini oda sicakligi ve 40 °C
sicaklik altinda azalttigini géstermistir.
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1. INTRODUCTION

Studies in the field of geotechnical engineering under higher temperatures are gaining importance day by
day. Because the increasing world population, the ability to meet the energy needs of the population in a
sustainable way, and the orientation towards alternative energy sources instead of fossil fuels have resulted
in an increase in the use of energy geo-structures.

It is known that the engineering behavior of soils changes to a non-negligible extent in areas where high
temperatures occur, such as solid waste and nuclear waste storage areas [1,2]. Solid waste is decomposed
by bacteria and during this process, the temperature values in the environment rise. In order for
decomposition to occur, the temperature value must be between 35-40 °C and 50-60 °C. These values vary
depending on the type of microorganism that performs the decomposition. [3]. It has been recorded that it
is 55 °C and below for multiple solid waste storage areas [4-6]. It has been determined that temperature
values in areas with high temperature storage areas, which is a different concept, reach 100 °C [7]. For
instance, high temperature values resulting from the decomposition of waste by microorganisms in solid
waste storage areas [3] affect the hydraulic conductivity coefficient (k), one of the most important
parameters in these areas, and accelerate permeability, leading to undesirable results. The exposure of the
soil to temperature does not only occur due to the above-mentioned structures. Seasonal changes, melting
of frozen ice masses and mixing into the soil play an important role in changing the temperature values of
the soil [8,9]. Although hydraulic conductivity is one of the most basic engineering parameters, it varies
depending on many factors such as temperature, viscosity, void ratio, mineralogical structure, dry density
and stress history [10]. As the temperature increases, permeability increases due to the decrease in viscosity
[11-13].

Another parameter affected by temperature changes belongs to consolidation. In cases where the
compression index, consolidation coefficient and creep mechanism occur, creep behavior is affected by the
temperature increase. In the most basic way, it can be said that the void ratio decreases with increasing
temperature and therefore the compression increases [14]. The creep behavior, that is, the part that expresses
how consolidation occurs in the heating-cooling cycle of the soils, refers to the drainage of excess pore
water from the voids [15-16].

Within the scope of this study, dried seaweed additive was used to be used as a buffer material in solid
waste storage areas. This aquatic plant, whose terminological name is Zostera marina, has been used for
years for purposes such as roof insulation in cold countries such as Denmark, and is low-cost, sustainable
and resistant to thermal changes. In this study, the hydraulic conductivity behavior of dried seaweed-added
zeolite-bentonite mixtures were examined with the help of the parameters obtained as a result of
consolidation tests carried out at room temperature and 40°C. The dried seaweed additive effect on the
permeability of mixtures and the mechanism of permeability changing with temperature are discussed.

2. MATERIALS AND METHODS
2.1. Materials

In this study, bentonite, zeolite and dried seaweed (as additive) were used.

B

Figure 1. Dried seaweed additive
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Materials were obtained from local companies. The physico-chemical properties of bentonite and zeolite
are given in Table 1. Seaweed (Zostera marina) is a marine plant whose habitat is an aquatic area, which
grows under water, and whose leaf length is maximum 1100 mm. Underwater leaf blade width is
approximately 2-12 mm. The seaweed used as additive material in the tests was provided in dried form
(Figure 1).

Table 1. Physicochemical properties of the materials

Property Zeolite Bentonite
Specific gravity 2.40 2.70
Liquid limit (%) 50.0 476.0
Plastic limit (%) N.P. 70.1

pH 7.6 9.5

2.2. Methods

The Standard Proctor tests [17] were conducted on the samples. According to the optimum water content
(Wopy and maximum dry unit weight parameters (Ydry,max) Obtained from these tests, mixtures were prepared
and the consolidation test was started.

Figure 2. Consolidation test equipment at room temperature and 40°C

Consolidation tests were carried out according to ASTM D2435 [18]. The tests were carried out at room
temperature and under 40°C. Loadings started from 0.25 kg/cm? and continued up to 2 kg/cm?. Then the
unloading phase started. For the tests under high temperature, a heat ring was placed inside the cell,
precautions were taken for evaporation by supplying water from the water tank through pipes, and the cells
were covered with a thick membrane (Figure 2). The tests were started and terminated at 40°C. After then,
the samples were placed in the oven for water content determination. By comparing the test results, the
high temperature effects were observed.

Ry Initial
U= 0% compression
Dial Primary
di
::m;lg consolidation
Rsg
R  \ U = 100%
. Al Secondary
H consolidation
R :
\J{f; ~Time (min)

Figure 3. Square root of time method [19]
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The square root time method was used to calculate the consolidation coefficient, ¢, (Figure 3). After
determining the too value with this method, the c, value was obtained by substituting in Equation 1. The m,
value was obtained with the experimental data during the calculation of the compression amount. The
hydraulic conductivity coefficient was calculated using the consolidation coefficient (cy) and volumetric
compression coefficient (my) parameters obtained at room temperature and under 40°C. The permeability
coefficient (k) was calculated by Equation 2.

0.848d2
Cv=—/—— (D
too
k:Cv- my. Ywater @)

3. RESULTS AND DISCUSSIONS

The Standard Proctor test results showed that as the seaweed content was increased, the optimum water
content increased and the maximum dry unit volume weight value decreased. Consolidation test results
indicated that the compression amount of additive free zeolite-bentonite mixtures at room temperature was
19.4%. With 10% and 20% seaweed additive, this rate decreased to 17.7% and 16.8%, respectively. An
increase in the amount of compression of the mixtures was observed at 40°C compared to room
temperature, it was determined that the additives had an effect on reducing the amount of compression. In
parallel with these data, a decrease in the consolidation coefficient was observed with the addition of dried
seaweed, and it’s change depending on temperature as given in Figure 4. Abuel-Naga et al. (2005) reported
that in their study on the normally consolidated soft Bangkok clay at different temperatures that the
consolidation rate (c,) increases with increasing temperature. Delage et al. (2004) studied on the over
consolidated Boom clay sample and stated that the changes in ¢, and m, with temperature increase were
negligible unless the temperature was higher than 60 °C [20, 21].

0,0001682

0,0001482

0,0001282

0,0001082

0,0000882

¢, (cm?/s)

0,0000682

0,0000482 T
® Coeff. of Consolidation RT

0,0000282 ® Coeff. of Consolidation at 40°C

0,0000082
0 5 10 15 20

Rates of dried seaweed addition (%)

Figure 4. Change of ¢, depending on addition amount

The too value was calculated from the consolidation curve of all mixtures using the square root time method.
The permeability coefficient k, determined by empirical methods shows that the value of zeolite-bentonite
mixtures at room temperature is 4.1 x 10 cm/s, while with 10% and 20% seaweed additive these values
decreased 3.6 x 10” cm/s and 2.4 x 10" cm/s, respectively.
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Figure 5. Hydraulic conductivity (k) values of dried seaweed added mixtures a) at RT and b) 40°C

It is shown in Table 2 that decreasing trend was also seen under 40°C temperature. It was observed that as
the temperature increases to 40°C, the increase in the permeability values compared to room temperature.
It is possible that a clay mineral with a larger surface area will retain more water than a smaller surface
area, and the surface area will be more affected by the increase in temperature [1].

Table 2. The coefficients of permeability, consolidation and volumetric compressibility

Room temperature 40°C

Mixtures Cv my k Cv my
(cm?/s) (cm?/g) (cm/s) (cm?/s) (cm?/g) k (cm/s)
60Z-40B 1.2x10* 34x10° 41x10° 1.41x10* 47x10°  6.6x10°

60Z-40B-10Y 1.1x10* 33x10° 3.6x10° 1.07 x 10 44x10°  47x10°
60Z-40B-20Y 8.4x10° 29x10° 2.4x 107 7.2x10° 49x10°% 35x10°

Also, the effect of soil mineralogy in the resulting difference cannot be neglected. Different factors such
as specific surface area (SSA) and soil minerology change the consistency limits in the presence of
temperature, viscosity changes and hydraulic conductivity is affected [22]. The potential for redistribution
of intra- and inter-particle pores with increasing temperature may change the permeability coefficient of
the soil [23]. As the temperature increases, the size of the diffuse double layer changes with temperature.
Water adsorbed at a high temperature can be converted into bulk pore water, resulting in increased hydraulic
conductivity [12, 24]. Different additive materials were used to evaluate hydraulic conductivity behavior.
Studies have shown that 15% boron additive (tincal) has an effect of increasing hydraulic conductivity by
approximately 20 times [25]. In another study, it was revealed that the hydraulic conductivity value of sand-
bentonite mixtures increased approximately 3.5 times in the presence of 10% ulexite, another boron
mineral, while it did not show a significant change in the presence of 20% ulexite [26].

The behavior revealed that the dried seaweed additive contributes to the permeability-reducing effect and
is suitable for use in situations where leachate as well as temperature need to be buffered, such as solid
waste storage areas. The sealing limit value k of the material that can be used as a buffer in solid waste
storage areas is around ~10"" m/s. It was observed that the permeability of the added and additive free
zeolite-bentonite mixtures used in this study was approximately and generally compatible with these limits.
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If seaweed is used in applications, it should be evaluated by taking into account the degradation processes
and rates according to the type and characteristics of the seaweed. Biodegradation of seaweed depends on
the dissolution and degradation of the component called "alginate". Alginate constitutes the main structural
component of the cell wall and intercellular matrix of brown seaweeds. however, compounds such as
polyphenols in seaweed can also affect biodegradation. Alginates can be degraded by acid and alkali
hydrolysis. Hydrolysis refers to the combined dissolution of particulate material as well as the degradation
of polymeric substances [27].

4. CONCLUSIONS

In this study, behavior of dried seaweed-added zeolite-bentonite mixtures were determined using empirical
relationships at room temperature and 40°C. The k coefficients were determined with the help of ¢, and m,
parameters obtained from the consolidation tests. It was observed that when the temperature was increased
from room temperature to 40°C, the amount of compression of the mixtures increased in line with the
literature, but the seaweed additive had a reducing effect on the amount of compression in both temperature
conditions. The test results showed that the dried seaweed additive had a reducing effect on the permeability
of zeolite-bentonite mixtures under both conditions. Additionally, it was observed that as the temperature
increases to 40°C, the permeability increased in comparison with room temperature. When all the results
were evaluated, it was revealed that the mixtures within the scope of the study had a high potential to be
used as buffer material in solid waste storage areas.
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Yiiksek sertlik, asinma ve korozyon direncinde 6nemli ol¢iide artiglar
saglamasi nedeniyle borlama islemi kullanilan en yaygin termokimyasal
kaplama islemlerinden birisidir. Bu c¢alismada sicak is takim
geliklerinden AISI H1l malzemenin kutu borlama teknigiyle
borlanmasinda iglem sicakligi ve siiresinin kaplama kalinligi, yiizey
purtizliligi, sertligi ve korozyon oranina etkisi makine §grenmesi
yontemleriyle modellenmis ve incelenmistir. Calisma kapsaminda
coklu dogrusal, K en yakin komsu, destek vektér makinesi, karar agaci,
rastgele orman ve ekstrem egim arttirma regresyon algoritmalar ile
modeller olugturulmus ve bu modellerin performanslar1 R?, ortalama
mutlak hata ve ortalama kare hatasi kriterleri kullanilarak
kiyaslanmistir. Kaplama tabakasi kalinlik ve sertlikleri islem sicakligi
ve siiresi ile artmaktadir. Diger yandan bu 6zellikleri iizerinde borlama
sicakligi silireye gore daha etkilidir. Regresyon modeli sonuglar
incelendiginde kaplama parametrelerinin kaplama kalinligmma ve
piriizliiliige olan etkilerinin birleserek korozyon orami iizerinde
kiimiilatif bir etkiye doniistigi goriilmistiir. Calisma sonucunda AISI
H11 ¢eliginin borlanmasinda korozyon direnci i¢in optimum parametre
degerlerinin 1000 °C ve 2,2 saat oldugu sonucuna varilmistir.
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Due to the significant increases in hardness, wear, and corrosion
resistance it provides, boronizing is one of the most commonly used
thermochemical coating processes. In this study, the effect of process
temperature and duration on coating thickness, surface roughness,
microhardness, and corrosion rate in boronized hot work tool steel AISI
HI11 material with pack boronizing technique has been modeled and
investigated using machine learning methods. Multiple linear, K-nearest
neighbors, support vector machine, decision tree, random forest, and
extreme gradient boosting regression algorithms were employed to
create models, and their performances were compared using R?, mean
absolute error, and mean squared error criteria. Coating thickness and
hardness increase with process temperature and duration. However,
process temperature has a more significant effect on these properties
compared to duration. Upon examining the results of the regression
model, it was observed that the effects of coating parameters on
thickness and roughness cumulatively transformed into an effect on the
corrosion rate. As a result of the study, optimum parameter values for
corrosion resistance in boronized AISI H11 steel were determined to be
1000°C and 2.2 hours.
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1. GIRIS

Yiiksek alasiml: geliklerden birisi olan AISI H11 ¢eligi yiiksek tokluk, dayanim ve siineklik 6zelliklerine
sahip oldugundan sicak ve soguk islem uygulamalarinda yaygin olarak kullanilmaktadir [1,2]. AISTH11’in
uygulamalar1 arasinda ugak inig takimlari, helikopter rotor kanatlar1 ve milleri, ekstriizyon mandrelleri,
plastik kaliplari, magcalar, kalip tutucu bloklar, sicak is zimbalari, digliler, merdaneler ve diskler yer
almaktadir [3-5]. Bununla birlikte, diger birgok metalde oldugu gibi, AISI H11 ¢eligi, yapis1 kararsiz
oldugundan, kararli, oksitlenmis bilesikler olusturmak i¢in gevre ile etkilesime girme egilimindedir. Bu
durum malzemenin servis hayatinda korozyon olarak kendisini gostermektedir. Pratikte korozyonu
tamamen ortadan kaldirmak miimkiin degildir. Fakat korozyonun ilerlemesi, ¢esitli kaplamalar vasitasiyla
yavagslatilabilir [6,7]. Bunlardan en etkili olan1 metal yiizeyinin korozyon direnci yiiksek bir malzeme ile
kaplanmasidir.

Asindirict ortama maruz kalan ¢eliklerin veya diger sert malzemelerin direncini artirmak i¢in ¢ok ¢esitli
kaplamalar uygulanir. Nitriirleme [8], aluminyumlama [9], iyon implantasyonu [10], segici lazer eritme,
fiziksel buhar biriktirme [11], kimyasal buhar biriktirme [12,13] ve derin kriyojenik 1s1l islem bu yontemler
arasindadir [14]. Kaplama tabakasinin ana malzeme iizerindeki varligin1 1000 °C'ye varan sicakliklara
kadar koruyabilmesi ve altlik malzeme ile adhezyonu yiiksek olmasi avantajlarindan dolay: termokimyasal
islemler digerler kaplama metotlarina gore tercih sebebidir [3,7].

Borlama islemi sonucu elde edilen boriir kaplamalarin yiiksek sertlik, korozyon ve asinma direngleri
sebebiyle termokimyasal kaplamalar igerisinde en yaygin olarak kullanilan kaplama yontemlerinden
birisidir. Bu yéntem Bor (B) verici bir ortamdan yiiksek sicaklik ve siireye bagli olarak bor’un metalik
malzemelere difuze olmasi ve metalik malzeme ile kimyasal bagli bir boriir tabakasi olusturmasi esasina
dayanir. B’nin bir veya birden fazla bilesiginin olusan sert bir yiizey elde edilmesini saglar [15-18].
Borlama ile yiiksek sertlige ve mukavemete, ayrica geliklerde karbonlama, nitriirleme ve karbonitrasyon
gibi geleneksel yiizey islemleriyle kolayca elde edilemeyen iistiin tribolojik performansa sahip yiizeyler
elde edilir [19-22]. Ayrica bazi ¢alismalarda borit tabakalarinin gesitli agindirici sivilara karsi ¢eliklerin
korozyon direncini arttirdigini ortaya konulmustur [23-26].

Degisik tiirdeki kaplamalarin 6zelliklerinin makine 6grenmesi modelleri kullanilarak modellenmesi ile
calismalara literatiirde ancak son zamanlarda rastlanmaktadir. Kaplamalar ile ilgili yapilan makine
O6grenmesi c¢aligmalarinda, Magnezyum alasimlarina uygulanan termal sprey kaplamalarin asinma
davranislari [27], ¢eliklere uygulanan ¢ok katmanli TixAl,—N kaplamanin mekanik ve tribolojik 6zellikleri
[28], karbid kesme takim uglarinin kat1 yaglayici ile kaplanmasinda kaplama kalinlig1 [29], yiiksek entropili
alasimlarin ve ¢ok elemanli alasimlarin termal sprey ile olusturulmasinda toz formasyonlarinin ve bunlara
kargilik gelen faz olusumlari [30], kaplanmig aliiminyum alasimli vidalama elamanlarinin galvanik
korozyon davranislart [31], degisik kalinliklarda iki katmandan olusan TiAIN kaplama sistemlerinin
mekanik 6zellikleri [32] gibi hususlarin tahmin edilmesi gibi konular arastirilmistir.

Borlanmig ¢eliklerin korozyon direncini inceleyen arastirmalar daha ¢ok asit ortamlarinda, 6zellikle bir HC1
ortamindaki korozyon davranislarina yoneliktir [33,34]. Yapilan ¢alismalar sonucunda borlama isleminden
sonra ¢eliklerin (diisiik karbonlu gelik, soguk takim ¢eligi, disli ¢elik, AISI 1018, AISI 304'ten AISI M2'ye)
korozyon direncinin arttig1 belirlenmistir. Bir¢ok ¢elik malzeme NaCl ortaminda kullaniliyor olmasima
ragmen borlirlenmis ¢eliklerin NaCl ortaminda korozyon davranisi iizerine yapilan ¢alismalarim sinirli
oldugu goriilmiistiir [35-38].

Onceki calismalarda borlanmis AISI H11 takim celiginin NaCl ortaminda korozyon direnci analitik olarak
incelenmistir fakat kaplama islemindeki uygulanan parametrelerinin korozyon direncine etkisinin herhangi
bir yontemle modellenmesine yonelik ¢caligmaya rastlanmamustir [39]. Bu ¢alismada AISI H11 ¢eliginin
kutu borlama teknigi ile borlanmasinda 800 °C ile 1000 °C arsindaki sicaklik ve 1 ile 5 saat arasindaki
islem siiresi parametrelerinin kaplama kalinlhigi, piiriizliilik, mikrosertlik gibi kaplama 6zelliklerinin yani
sira korozyon direncine etkisi de degisik makine 6grenmesi yontemleri ile modellenmistir. Modelleme
uygulamalarinda, ekstrem gradyan arttirma (XGBoost), destek vektdr makinesi regresyonu (SVR), karar
agaci regresyonu (DT), K en yakin komsu (k-NN), ¢coklu dogrusal regresyon (MLR) ve rastgele orman (RF)
algoritmalar1 kullanilmig ve bunlarin tahmin performanslari karsilastirilmistir.
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2. MATERYAL VE YONTEM
2.1. Veri Seti

Bu ¢aligmada kullanilan veri seti daha 6nce yaymlanmis olan AISI H11 takim ¢eliginin borlanmasinda
sicaklik ve islem siiresi parametrelerinin korozyon dayanimina etkisi ile ilgili ¢aligmasindaki deney
sonuglarindan olusturulmustur [39]. Kullanilan altlik malzemesinin DV-6S 3063A, Thermo Jarrell
ASH/BAIRD Corp., ABD spektral analiz cihazi ile tespit edilen kimyasal bilesimi Tablo 1’de verilmistir.
Calismada bor kaynagi olarak %90 amorf nanobor ve aktivator olarak agirlik¢a %10 NaBF4 tozundan
olusan borlama maddesi kullanilmustir.

Tablo 1. Deneysel calismada kullanilan AISI H11 sicak is takim celiginin kimyasal kompozisyonu
Element Cr Mo \ Si C Fe
% Agirhk 5.07 1.25 0.3 1.0 0.35 Kalan

Belirtilen ¢aligma kapsaminda AIST H11 ¢eligi numuneleri nano boyutlu borlama tozlart kullanilarak 800,
900 ve 1000 °C'de 1, 3 ve 5 saat siireyle kutu borlama teknigi ile borlanmistir. Belirtilen sicaklik ve iglem
siirelerinin kombinasyonlari ile gergeklestirilen deneysel kaplamalar ile elde edilen numunelerin kaplama
tabakas1 kalinliklari, ortalama ylizey piiriizliiliikkleri ve ortalama mikrosertlik degerleri tespit edilmistir.
Sonrasinda borlanmis AISI H11 ¢elik numunelerinin korozyon direnci performansi CH 608E analiz cihazi
kullanilarak agirlik¢a %3,5 NaCl ¢ozeltisinde elektrokimyasal korozyon testi yapilarak belirlenmistir. Her
test ii¢ kez tekrarlanmis ve korozyon degerlerinin her biri, {i¢ 6l¢iimiin ortalamasi olarak rapor edilmistir.
Her numune i¢in uygulanan borlama parametreleri ve dl¢iim sonuglar1 Tablo 2’de sunulmustur.

Tablo 2. Deneylerde kullanilan bagimsiz iglem parametreleri ve dl¢iim sonuglari

Deney 51Ics;lillrllgl slzl:(:ns[ Kaplama Mikrosertlik pﬁriiziilillzi:gii Ra Korozyon orani
no kalinhigi (um) (HVo.05) ’ (g/h) 10°¢
(°O) (Saat) (um)
S1 800 1 10.25+0,5 1704+150 0.65 6.371
S2 800 3 12.18+0,6 1710495 0.52 4.544
S3 800 5 15.8+1 1719+£70 0.45 4.28
S4 900 1 32.55+0,9 1935475 0.312 4.759
S5 900 3 42.75+1,2 1942461 0.298 3.027
S6 900 5 47.5+2,1 1955452 0.285 2.769
S7 1000 1 54.6+1,5 1950475 0.327 5.255
S8 1000 3 85.8+1,9 1993455 0.335 5.272
S9 1000 5 94.942,2 2015+105 0.358 6.062

Calisma kapsaminda islem sicaklig1 ve islem siiresi bagimsiz degiskenlerinin kombinasyonlarindan ve
kaplama kalinligi, mikrosertlik, yiizey piiriizliiliigii ve korozyon oram1 bagimli degiskenlerinin Ol¢iilen
degerlerinden olusan 9 satirlik veri seti elde edilmistir. Veri seti ¢ok kiiglik oldugu i¢in verilerin tiimii egitim
seti olarak kullanilmistir.

Veri setindeki sicaklik ve siire degerlerinin biiyiikliik farki olduk¢a fazladir. Buna gibi durumlarda bir
degiskenin digerini baskilamasinin 6niine gegmek i¢in standartlagtirma islemi uygulanir. Bu ¢aligmada da
sicaklik ve siire verileri Denklem 1’e gore dlgeklendirme yapan ScikitLearn kiitiiphanesi kullanilarak
standartlagtirilmistir.

z =2 )

Denklemde z, x numunesinin standartlastirilmig degerini, ¥ numunelerin ortalamasini, s de numunelerin
standart sapmasini ifade etmektedir.

2.2. Makine Ogrenmesi Modellemeleri

Bu c¢alismada matematiksel islemler i¢in Numpy, makine 6grenmesi modellerinin uygulanmasinda
ScikitLearn kiitiiphaneleri kullanilmustir. Tablo 2’de listelenen deney parametreleri kullanilarak kaplama
kalinlig1, mikrosertlik, yiizey piiriizliiliigii ve korozyon orani bagimli degiskenlerinin her biri i¢in asagida
belirtilen makine 6grenmesi algoritmalari uygulanmistir.
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2.2.1. Coklu Dogrusal Regresyon (MLR)

Birden fazla bagimsiz degisken ile bunlara bagli olarak degisen ¢iktilar arasindaki iliskinin dogrusal
oldugunu varsayan istatiksel bir yaklasimdir. Coklu dogrusal regresyon modeli regresyon katsayilarini bu
iligkiyi en iyi sekilde yansitmak i¢in veri setinden tahmin eder [40].

Coklu dogrusal regresyon modeli matematiksel olarak denklem 2 ile formiile edilir.
Y =B+ BiXy + BoXo + 4 BrXi + € (2

Denklemde, Y bagimli degiskeni, X;, X5,..Xx bagimli degiskenleri, So, fo, fo, ... Pr regresyon katsayilarimi
ve ¢ hata terimini ifade eder.

2.2.2. K En Yakin Komsu Regresyonu (kNN)

K En Yakin Komsu Regresyonunun temel prensibi, yeni bir veri noktasinin tahminini, en yakinmdaki k
veri noktasinin ortalamasi veya medyant gibi bu noktalara ait degerlerin bir tiirii ile yapmaktir. Bu yontem,
veri setindeki benzer drneklerin ¢evresindeki yapiy1 kullanarak tahmin yapar [41].

Bu yontemde bir veri noktasiin tahmini yapilirken 6nce en yakin k sayida veri noktasi genellikle Euclidean
mesafesi veya diger benzer mesafe Olgiitleri kullanilarak belirlenir. Bu komsulara ait bagimli degisken
degerleri kullanilarak bir tahmin yapilir. Bu tahmin, k veri noktasinin ortalamasi veya medyani gibi
istatistiksel bir deger olabilir. Kullanici tarafindan belirlenen bir k degeri vardir. Bu k degeri, tahminin ne
kadar hassas olacagini etkiler. Daha kiiciik k degerleri modelin karmagikligini artirirken, daha biiyiik k
degerleri diizgiinlestirme etkisi yapar [41]).

2.2.3. Destek Vektor Makinesi Regresyonu (SVR)

Bu algoritma, veri setindeki noktalar1 bir hiperdiizlem etrafinda bir regresyon ¢izgisine yerlestirmeye
calisir. Bu ¢izgi, veri setindeki noktalara olan uzakliklarin toplamini minimize ederken, bir tolerans
parametresi (¢) kullanilarak bir hata payina izin verilir.

Destek Vektdr Makinesi, regresyon problemleri i¢in dnce bir hiperdiizlem olusturur. Bu hiperdiizlem,
bagimsiz degiskenlerin bagimli degisken lizerindeki etkilerini temsil eden bir regresyon ¢izgisini ifade eder.
Algoritma, hiperdiizleme yakin olan noktalara daha az agirlik verir ve belirli bir hata payina (&) izin verir.
Bu sekilde, modelin veri setindeki giiriiltiilii noktalara daha az hassas olmasi saglanmis olur. SVM,
hiperdiizlemi ¢evreleyen destek vektorler arasindaki mesafenin maksimize edilmesini hedefler. Buna
maksimum margin prensibi denir ve modelin genelleme yetenegini arttirir, asirt uyum riskini azaltir [42].

2.2.4. Karar Agaci Regresyonu (DT)

Temelde, veri setini belirli kosullar altinda bdlerek ve bu boliinmelerdeki ortalamalart veya medyanlari
kullanarak bagimli degiskeni tahmin eden bir aga¢ yapisi olusturur. Her bir yaprak diiglimii, bir regresyon
degerini temsil eder [42].

Karar agaci regresyonu, veri setini belirli kosullar altinda bolerek homojen alt gruplara ayirir. Bu
boliinmeler, her bir diigiimde belirli bir 6zellik (degisken) ve bir esik (threshold) kullanilarak yapilir. Veri
noktalari, agacin dallarinda ilerlerken belirli kosullar altinda agacin gesitli diigiimlerine yonlendirilir. Her
bir diigiim, belirli bir alt kiimeyle iliskilidir. Agacin yaprak diigiimlerine ulasildiginda, bu diigtimlerdeki alt
kiimelere ait bagimli degisken degerlerinin ortalamasi veya medyani, o diigiimiin regresyon tahmin degerini
olusturur [41].

2.2.5. Rastgele Orman Regresyonu (RF)

Rastgele ormanlar, agaglardan olusan bir ensemble modelidir. Her bir agag, veri setinin rastgele alt kiimeleri
iizerinde egitilir ve bu agaclarin tahminleri birlestirilerek genel bir tahmin yapilir [41,43].
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Rastgele orman regresyonu, veri setinin rastgele alt kiimeleri {izerinde birden ¢ok karar agaci egitir. Bu alt
kiimeler, veri setinden rastgele drnekleme yaparak olusturulur. Her bir alt kiime tizerinde agaglar egitilir.
Agaglar, veri setinin belirli 6zelliklerine ve hedef degiskenine gore boliinerek egitilir. Bu boliinmeler,
agaclarin belirli kosullar altinda veriyi ayirmasini saglar. Tiim agaglar egitildikten sonra, her bir agag
bagimsiz olarak tahminlerde bulunur. Rastgele orman, bu tahminleri birlestirerek genel bir regresyon
tahminini elde eder. Bu birlestirme genellikle agaglarin tahminlerinin ortalamasidir [42,43].

2.2.6. Ekstrem Egim Arttirma (XGBoost)

Orijinal ad1 “Extreme Gradient Boosting” olan bu algoritma ‘“gradient boosting” algoritmasimin
performansini iyilestirmek ve bazi 6zellikler katmak amaciyla Chen ve Guestrin tarafindan gelistirilmistir
[44,45]. Gradient boosting zayif tahmincileri birlestirerek 6nceki tahmincilerin hatalarini1 diizelten bir
6grenme algoritmasidir. XGBoost algoritmasinda ise her aga¢ egitim sirasinda belirli bir 6rnek kiimesi
tizerinde galisir ve her agag¢ bir 6nceki agacin hatalarini telafi eder. Hesaplanan gradyanlar her bir 6rnek
icin tahmin hatalarini belirlemek ve bunlara gére modeli giincellemek igin kullanilir. Algoritmada modelin
asirt uyumunu (overfit) 6nlemek igin agaglarin karmasikligini kontrol eder [46,47].

2.3. Model Basari Olgiitleri

Herhangi bir bagimli degiskenin matematiksel modelinin basarisinin degerlendirilmesi i¢in degisik 6lgiitler
tanimlanmistir. Bu ¢alismada gelistirilen makine 6grenmesi modellerinin basarilari, Belirleme katsayisi
(R?), Ortalama kare hatasi (MSE), mutlak hata ortalamasi (MAE) ile belirlenecek ve birbirleri ile
kiyaslanacaktir.

Belirleme katsayis1 (R?), tahmin edilen degerlerin gergek degerlere olan uyumunu Slger. 1'e yaklasan bir
R? degeri, modelin veri setindeki degiskenligin biiyiik bir kismin1 agikladigin, sifira yaklasan bir deger ise
agiklamanin daha diisiik oldugunu gésterir. R?, Esitlik 3 ile hesaplanir:

2 _ {_ LR
k=1 2ivi-¥)? A)

Ortalama Mutlak Hata (MAE), bir regresyon modelinin tahminlerinin ne kadar dogru veya yanlis oldugunu
Olgen bir metriktir. MAE, tahmin edilen degerler ile gergek degerler arasindaki mutlak farklarin
ortalamasini ifade eder ve Esitlik 4 ile hesaplanir.

1 ~
MSE = —Yitaly: = 9i 4

Ortalama Kare Hatas1 (MSE) ise tahmin edilen degerler ile gergek degerler arasindaki farklarin karelerinin
ortalamasini ifade eder ve Esitlik 5 ile hesaplanr.

1 ~
MSE = ;Z?:l(yi - $1)? ®)

Denklem 4 ve 5’te n veri setindeki gézlem sayisini, y; gergek degerleri, y veri setindeki y’lerin ortalamasini,
¥; model tahminini ifade etmektedir.

3. SONUCLAR VE TARTISMA

Sekil 1°de goriildiigii tizere AISIH11 geligi lizerinde tiim islem sicakliklarinda boriir kaplama tabakalarinin
elde edildigi goriilmektedir. Ancak, 800 °C’de elde edilen kaplama kalinliklarinin 900 °C ve 1000 °C’ye
gore cok diisiik kalinliklarda olustugu goriilmektedir. Bu durum borun geligin o (Ferrit) ve v (Ostenit)
fazlar igerisindeki ¢oziinebilirlikleri ile ilgilidir. Borun ferrit ve 6stenit fazlari igerisindeki ¢oziintirliigii ile
ilgili birgok sayisal bulgu bu alanda ¢alisan bilim insanlar1 tarafindan sunulmustur. Ancak, tiim bilim
insanlarinin hem fikir olduklar1 nokta borun Gstenit fazi igerisindeki ¢oziiniirliigiiniin ferrite gore daha
yiiksek oldugudur [48-56]. Sharma ve digerleri (2019) o/y doniisiim araligina yakin sicakliklarda borun,
diisik alasimli ¢elikteki ¢oziniirliigii agirlikga %=0,001 oldugu 925 °C’nin iizerine ¢ikildiginda
¢Oziinlrligin hizla arttigr ve 11501170 °C'de y-Fe’de agirlik¢a %0,0055-0,260 ile en yiiksek degere
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eristigi bildirmistir[48]. Simdiki calismada 800°C’de elde edilen kaplama tabakalarinin 900 ve 1000 °C’ye
gore diigiik kalmasi1 bundan dolayidir.

3.1. Makine Ogrenmesi Modelleme Sonuglar

Veri setindeki parametre degerlerine karsilik dlgiilen bagimli degisken degerleri kullanilarak makine
o6grenme modelleri egitilmistir. Elde edilen modellerin kullanilabilirliginin belirlenmesi i¢in 6nce gergek
degerler ve model tahminleri Sekil 2’de gorsellestirilmistir. Daha sonra her bir bagimli degisken icin
belirlenen model basari 6l¢iileri hesaplanmis ve Tablo 3’te listelenmistir.

Sekil 2 genelinde gergek 6l¢iim degerleri ve regresyon modeli tahminleri incelendiginde XGBoost, kNN,
DT regresyon modeli tahminlerinin tiimiiniin gercek degerler ile bire bir ¢akistigi goriilmektedir. Bunlarin
yaninda Tablo 3’te XGBoost, KNN ve DT modelleri i¢in R2 degerlerinin 1 oldugu ve MAE ile MSE
degerlerinin de ya 0 ya da olgtim aralik degerlerine kiyasla gok kiigiik degerler aldigi gériilmektedir. Bu
veriler XGBoost, kNN ve DT makine 6grenme modellerinde agir1 6grenme ihtimalinin yiiksek oldugunu
gostermektedir.

Sekil 2 genelinde gergek 6l¢iim degerleri ve regresyon modeli tahminleri incelendiginde XGBoost, kNN,
DT regresyon modeli tahminlerinin tiimiiniin gergek degerler ile bire bir ¢akistig1 goriilmektedir. Bunlarin
yaninda Tablo 3’te XGBoost, kNN ve DT modelleri icin R? degerlerinin 1 oldugu ve MAE ile MSE
degerlerinin de ya 0 ya da 6lgiim aralik degerlerine kiyasla gok kiigiik degerler aldig1 goriilmektedir. Bu
veriler XGBoost, kNN ve DT makine dgrenme modellerinde asir1 6grenme ihtimalinin yiiksek oldugunu
gostermektedir.

Sekil 1. AISI H11 celigine a) 800 °C’de 1 saat, b) 800 °C’de 3 saat, c) 800 °C’de 5 saat, d) 900 °C’de 1
saat, €) 900 °C’de 3 saat, f) 900 °C’de 5 saat, g) 1000 °C’de 2 saat, h) 1000 °C’de 4 saat ve i) 1000 °C’de
5 saat kutu borlama uygulanarak elde edilen kaplamalarin kesitsel SEM mikroyapi1 goriintiileri
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Sekil 2. a) kaplama kalinlig1, b) yiizey piiriizliiliigii, ¢) mikrosertlik ve d) korozyon orani i¢in olusturulan
degisik makine 6grenmesi modeli tahminleri ve bunlara karsilik 6lgiilen degerler
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Tablo 3. Gelistirilen makine 6grenmesi modellerinin performans degerleri

Bagimli Degisken Algoritma R? MAE MSE
MLR 0.97 2.45 7.10
kNN 1,00 0,00 0,00
SVR 0.99 1.85 4.47
Kaplama Kalmligi
DT 1,00 0,00 0,00
RF 0.96 1.99 7.86
XGBoost 1,00 0.15 0.03
MLR 0.74 0.26 0.08
kNN 1,00 0,00 0,00
. e SVR 0.89 0.16 0.05
Yiizey Pirtizliligi
DT 1,00 0,00 0,00
RF 0.95 0.15 0.04
XGBoost 1,00 0.01 0,00
MLR 0.93 6.51 46.04
kNN 1,00 0,00 0,00
. . SVR 0.98 4.36 23.22
Mikrosertlik
DT 1,00 0,00 0,00
RF 0.99 3.07 18.14
XGBoost 1,00 0.22 0.09
MLR 0.42 0.92 1.05
kNN 1,00 0,00 0,00
SVR 0.87 0.64 0.56
Korozyon orant
DT 1,00 0,00 0,00
RF 0.91 0.51 0.47
XGBoost 1,00 0.03 0,00

Sekil 2a ve d’de SVR modeli tahminlerinin gergek degerlere grafik genelinde ¢ok yakin oldugu ve
goriilmektedir. Ayrica kaplama kalinligi ve korozyon orant i¢in modellerin performans kriterleri Tablo 3°te
incelendiginde SVR algoritmasinin R, MAE ve MSE degerlerinin oldukca iyi oldugu goriilmektedir.
Bahsedilen durumlar g6z oniinde bulundurularak SVR algoritmasiyla gerceklestirilen modelin kaplama
kalinlig1 ve korozyon orani i¢in daha uygun oldugu kanaatine varilmistir. Diger yandan Seki2 1b ve ¢
incelendiginde Yiizey piiriizliigii ve mikrosertlik i¢in RF algoritmasiyla olusturulan model tahminlerinin
gercek Ol¢iim sonuglarla oldukca yakin oldugu fark edilmektedir. Bu modellerin performans R%, MAE ve
MSE degerleri Tablo 3°’te incelendiginde modellerin gergek degerlerle olduk¢a uyumu oldugu
anlasilmaktadir. Bu nedenlerle RF algoritmasiyla elde edilen makine 6grenmesi modellerinin yiizey
piiriizliiligii ve mikrosertlik i¢in en uygun oldugu sonucuna varilmistir.

3.2. Tartismalar

Yapilan makine dgrenmesi modellerine gore kaplama kalinligi, yiizey piiriizliiliigii, mikrosertlik ve
korozyon orani tahminlerinin deney parametrelerine bagli degisimlerini inceleyebilmek i¢in sirasi ile Sekil
3,4, 5 ve 6 olusturulmustur.

Sekil 3’te SVR algoritmasiyla gelistirilen makine 6grenmesi modeline gore kaplama kalinliginin 800 °C,
900 °C ve 1000 °C’de zaman gore degisimi goriilmektedir. Grafige gore biitiin sicaklik degerlerinde
kaplama kalinlig 1 saat ile iki saat araligindaki siirelerde zamanla belirsiz bir sekilde artmaktadir. Siirenin
2 saatin lizerine ¢ikmasiyla birlikte islem siiresinin kaplama kalinlig1 tizerindeki olumlu etkisi artmaktadir.
Bu durum yaklasik 4 saat islem siiresine kadar devam etmekte ve 4,6 saatin lizerindeki igslem siirelerinde
kaplama kalinlig1 neredeyse sabitlenmektedir. Grafigin 6zellikle iglem siiresinin 2 saatin iizerindeki kism1
[57,58] tarafindan raporlanan bulgularla uyumludur. Bu durum, birinci Fick kanununun bir sonucudur.
Borlama islemi basladiginda, borun konsantrasyon gradyani yiiksektir ve bu nedenle baslangigtaki aki da
yiiksektir. Ancak, zamanla bor gradyani azalir ve bu da boriir kaplama tabakasinin olusumunun azalmasiyla
sonuglanir.
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Sekil 3. SVR ile olusturulmus modele gore kaplama kalinliginin islem sicakligi ve siiresine bagli degisimi

Yiizey piiriizliligiiniin RF algoritmasiyla gelistirilen modele gore sicaklik ve islem siiresine bagl degisimi
Sekil 4’te verilmistir. Grafikte yiizey pirizliiliiginin 800 °C ve 900 °C sicakliklarda zamana gore
degisiminin neredeyse ayni oldugu goriilmektedir. Bu sicakliklarda yiizey piiriizliiligii 2 saat islem siiresine
kadar 0,63 um degerinde sabit kalmaktadir. Daha sonra yiizey piiriizliligi hizla 0,3 um’ye diismekte ve 4
saat bekleme siiresine kadar sabit devam etmektedir. Bu siire sonunda yiizey piiriizligiinde belirgin
olmayan bir atis gerceklesmekte ve 3,1 pum degerinde sabit kalmaktadir. Islem sicakligi 1000 °C’ye
ciktiginda 2 saate kadar olan islem siiresinde yiizey piiriizliiliigii 0,45 um olarak gerceklesmektedir. Islem
siiresinin 2 ile 4 saat oldugu aralikta 0,32 um’ye diismekte ve 4 saat sonrasinda ile hafifce artarak 3,6 pm
olarak devam etmektedir. Borlama sicakliginin 800 °C'den 900 °C'ye ¢ikmasiyla yiizey piiriizliiliik
degerlerinde azalma meydana gelirken, 900 °C'den 1000 °C'ye ¢ikmasi ise yiizey piiriizliiliik degerlerinde
bir miktar artisa neden olmustur. Bu karmasik durum, Sahin (2009) tarafindan incelenmistir ve
termokimyasal kaplamalar sonras1 numunelerin yiizey piiriizliiliik degerlerinde genellikle arti olabilecegi
Ongoriilse de bazi durumlarda azalma meydana gelebilecegi bildirilmistir. Bu bulgular numunelerin
kaplama oncesi yiizey piiriizliilik degerlerinin 6nemine isaret etmektedir. Yapilan ¢alismalarda her bir gelik
tiiriine bagli olarak degisebilen bir kritik ylizey piiriizligii degeri oldugu bildirilmistir. Eger kaplama islemi
Oncesi ylizey piiriizliiliik degeri bu esigin altindaysa, borlama islemi sonrasi yiizey piiriizlilik degerlerinde
artis beklenirken, yiizey piiriizliiliikk degeri bu esigin iistiindeyse, disar1 dogru biiyliyen boriir tabakasinin
bu sirtlar1 azaltacagindan kaplama islemi sonucunda ylizey piiriizliilik degerlerinin azalabilecegi
belirtilmistir [59,60].

e 800 °C o G00 °C »1000°C
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04
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Sekil 4. RF algoritmasi ile olusturulmus modele gore ylizey piiriizliiliigiiniin islem sicaklig1 ve siiresine
bagli degisimi
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Sekil 5. RF algoritmasi ile olusturulmus modele gore mikrosertligin islem sicakligi ve siiresine bagl
degisimi
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Sekil 6. SVR ile olusturulmus modele gore korozyon oraninin islem sicakligi ve siiresine baglh degisimi

Sekil 5’te mikrosertlik i¢in RF algoritmasi kullanilarak gelistirilmis regresyon modeline gére mikrosertligin
sicaklik ve islem siiresine gore degisimi goriilmektedir. Biitlin sicaklik degerleri i¢in 2 saat islem siiresine
kadar 1710 HV, s degerinde devam etmektedir. Islem siiresinin 2 ile 4 saat oldugu aralikta mikrosertlik
degeri 800 °C ve 900 sicakliklar igin 1940 iken 1000 °C icin 1985 degerini almaktadir. islem siiresinin 4
saatin iizerinde oldugu durumlarda mikrosertlikler kiigiik artiglar gostererek 800 °C ve 900 °C igin 1948,
1000 °C igin 2015 HVys’e ¢ikmaktadir. Li ve ark. ¢alismalarinda Cr12Mn2V?2 iizerine ger¢eklestirilen
borlama isleminde zamanin ve sicakligin artmasiyla mikrosertlik degerlerinin arttigin1 gézlemlemistir [61].
Borlama siiresi ve sicaklik artisi ile beraber sertlik degerlerinin artmasi kaplama tabakasi i¢erigindeki FeB
fazinin kalinliginin artistyla ilgilidir. Nitekim FeB fazinin sertligi 1900-2100 HV s araliginda iken diisiik
sicaklik ve islem siirelerinde olugsmasi daha muhtemel olan Fe;B fazmin sertligi 1650- 1800 HVos’dir
[7,62,63]. Sicaklik ve siirenin daha da artmas1 sonu sertlik degerlerinin az artmasi yukarida anilan 2 fazin
daha sert bir faza doniismemesinin bir sonucudur.

SVR algoritmasi kullanilarak olusturulan regresyon modeline gére, korozyon oraninin iglem sicakligi ve
siiresine bagli degisimi Sekil 6'da gosterilmistir. Korozyon direncinin 800 °C’lik borlama sicakliginda 4.2
saate kadar diger diger sicaklik degerlerine gore daha iistiin oldugu goriillmektedir. Bu durum 800°C’lik
borlama sicakliginda Fe,B/FeB oraninin 900 ve 1000 °C’de yapilan borlamalara gére daha yiiksek
olmasindan kaynaklandig diisiiniilmektedir. Ciinkii Fe;B fazinin korozyon direnci FeB fazina gore daha
yiiksektir [64,65].
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Ote yandan, 1000 °C’nin 900°C’ye gore 2,6 saatten sonraki borlama sicakliklarinda daha iyi korozyon
direnci gostermis olmasi korozyon direncinde kaplama kalinliklarinin da 6nemli bir rol oynadigina isaret
etmektedir. Literatiirdeki ¢ok sayida termokimyasal kaplama arastirmasi, kaplama kalinliklarindaki artigin
kaplamalarda mikro catlaklar olusmasina neden olmadig: siirece daha iyi bariyer korumasi sagladigi
bildirilmistir [59,66,67].

Grafikte, 800°C'de 3,5 saat islem siiresine kadar korozyon oraninda hafif bir azalma goriilmekte, sonrasinda
stire arttik¢a korozyon oraninda artis meydana gelmektedir, 5 saatlik iglem siiresinde 5,16'ya ulasmaktadir.
Korozyon orani, 900°C islem sicakligi i¢in 1 saatlik iglem siiresinde 4,66'dan baslayarak 2,8 saatlik siire
icin 3,85'e kadar diismekte, ardindan 5,16'yva ¢ikmaktadir. Islem sicakligi 1000 °C'ye ¢iktiginda ise
korozyon orani once azalarak siirelerin 2,5 saat ve 3,9 oldugu noktalarda minimuma ulagsmakta ve
sonrasinda 5.58'e yiikselmektedir.

Sekil 3, 4, 5 ve 6 bir arada degerlendirildiginde kaplama parametrelerinin kaplama kalinligina ve
piiriizlilige olan etkilerinin birleserek korozyon oranmi tizerinde kiimiilatif bir etkiye donistigi
goriilmektedir. Disiik sicaklik ve islem siirelerinde kaplama kalinliklar1 diisiik olmaktadir ve kaplama
kalinliginin artmasi yalniz bagina degerlendirildiginde korozyonu arttirict bir etkiye sahiptir. Diger yandan
ylizey piriizliligiiniin azalmasi korozyonu azaltici bir etkiye sahiptir [35]. Bu durum da diisiik sicaklik ve
islem siireleri igin gegerlidir. Diisiik islem siirelerinde kaplama kalinliklar1 biitiin sicakliklar i¢in birbirine
yakindir fakat piirtizliiliik degeri 6zellikle 800 ve 900 C’de 1000 C’ye gore yiiksektir. Bu durum kisa islem
siirelerinde korozyon oraninin diisiik sicakliklarda daha yiiksek olmasi sonucu dogurmustur. Sekil 4’de
islem siiresinin orta degerlerinde ylizey piiriizliiliigiiniin biitiin sicakliklar i¢in birbirine yakin oldugu, Sekil
3’de bu siirelerde kaplama kalinligiin sicaklik artisiyla olumsuz etkilendigi goriilmektedir. Bu durum Sekil
6’da islem siiresinin orta degerlerinde korozyon oraninin 6zellikle 800 C’de belirgin sekilde yiiksek
olmasiyla kendisini géstermektedir. Uzun islem siirelerinde bu parametrelerin etkilerinin oldukg¢a karmasik
bir sekilde ortaya ¢iktig1 goriilmektedir.

4. SONUCLAR

Bu ¢aligmada AIST H11 ¢eligi kutu borlama teknigi kullanilarak 800, 900 ve 1000°C sicakliklarda, 2, 3 ve
5 saat islem siirelerinde borlama islemine tabii tutulmustur. Elde edilen kaplamalarin kalinlik, yiizey
pliriizliligi ve mikrosertlikleri ile korozyon oranlari tespit edilmistir. Elde edilen sonuclar MLR, kNN,
SVR, DT, RF ve XGBoost algoritmalari ile regresyon modellerinin gelistirilmesinde kullanilmistir.
Olusturulan regresyon modellerinin R?2, MAE ve MSE basan degerlendirilmeleri yapilmis ve olduk¢a
tatmin edici sonuglar elde edildigi goriilmistiir. Degerlendirmeler sonucunda kaplama kalmligi ve
korozyon orani igin SVR, yiizey piiriizliiliigii ve mikrosertlik i¢in RF algoritmalarmin en iyi sonuglari
verdigi kanaatine ulasilmistir.

Regresyon modelleri kullanilarak bagimsiz degiskenlerin sicaklik ve islem siiresine bagli degimleri
grafiklere aktarilmistir. Grafikler kullanilan yapilan ¢ikarimlar sunlardir:

e AISI HI1 ¢eliginin o/y doniisiim sicakligi 845°C olmasi sebebiyle 800°C’de olusan kaplama
tabakalar1 900 ve 1000°C’ye gore oldukca diisiik kalmistir.

e Kaplama tabakasi kalinlik ve sertlikleri artan borlama sicakligi ve siiresi ile artmigtir. Kaplama
tabakasi kalinlik ve sertlik degerlerinde borlama sicaklig: siireye gore daha etkilidir.

e Korozyon direngleri olusan boriir fazlar1 ve kaplama tabakasi kalinliklarina bagli olarak degisiklik
gostermigtir. 800 °C’de borlanmig numune diger iki numuneye gore 4,6 saate kadar daha yiiksek
korozyon direnci gdstermis olmasi bu sicakliktaki borlama sonucu Fe2/FeB degerlerinin 900 ve 1000
°C’ye gore daha yiiksek olmasi ile ilgilidir. Bu durum Fe2B’nin korozyon direncinin FeB ’den daha
yiiksek oldugunu gostermistir.

e Korozyon direncine etki eden diger parametre ise kaplama kalinliklar1 bariyer etki gosterdiginden faz
yapisi birbirine yakin olan, 900 ve 1000 °C’de borlanan numuneler arasinda 1000 °C’de borlanmis
numuneler daha iyi korozyon direnci gostermistir.

Calismanin sonucunda AISI H11 ¢eliginin borlanmasinda korozyon direnci i¢in optimum borlama sicaklik
ve siiresinin 1000 °C ve 2,2 saat oldugu sonucuna varilmistir.
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The segmentation of the left atrium (LA) is required to calculate
the clinical parameters of the LA, to identify diseases related to
its remodeling. Generally, convolutional networks have been
used for this task. However, their performance may be limited as
a result of the use of local convolution operations for feature
extraction. Also, such models usually need extra steps to provide
uncertainty maps such as multiple forward passes for Monte
Carlo dropouts or training multiple models for ensemble
learning. To address these issues, we adapt mask transformers
for LA segmentation which effectively use both local and global
information, and train them with evidential learning to generate
uncertainty maps from the learned Dirichlet distribution, with a
single forward pass. We validated our approach on the
STACOM 2013 dataset and found that our method can produce
better segmentation performance than baseline models, and can
identify locations our model’s responses are not trustable.
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Sol kulak¢1gin yeniden sekillenmesine sebep olan hastaliklariin
tanisinin - konulabilmesi i¢in, sol kulak¢igin bolitlenmesi
gerekmektedir. Bu amagla, genel olarak, konvolusyenel aglar
kullanilmaktadir. Fakat bu modellerin performansi, yerel
hesaplama yapmalart nedeniyle diisiik olabilir. Belirsizlik
haritalar1 {iretebilmeleri i¢in, Monte Karlo dropout ya da ¢oklu
model egitimi (ensemble) gibi yaklasimlara ihtiya¢ duyulur. Bu
problemleri gidermek i¢in, yerel ve global bilgiyi bir arada
kullanan, maske donistiiriici modelleri, sol kulak¢ik
boliitlenmesi i¢in adapte ettik. Belirsizlik haritalarini elde etmek
icin de bu modeller, kanitsal 6grenme ile egitildi. Boylece,
6grenilen Dirichlet dagilimi kullanilarak, tek adimda belirsizlik
haritalar elde edilebildi. One siiriilen yaklasim, STACOM 2013
veri setinde test edildi ve karsilastirilan modellerden daha
basarili performans gosterdigi gézlemlendi. Uretilen belirsizlik
haritalarinin, modelin kararsiz oldugu yerlerde yiiksek belirsizlik
gosterdigi gozlemlendi.
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1. INTRODUCTION

The segmentation of the left atrium (LA) in Magnetic Resonance Imaging (MRI) images is necessary to
extract clinical parameters, such as ejection fraction, volume and geometrical characteristics, to identify
diseases related to the remodeling of the LA such as atrial fibrillation [1-3]. The low contrast of the LA in
MRI images and its complicated shape makes it harder to segment with automatic tools. Recent work has
reported promising results generated by deep networks on this task [1-3]. However, the task remains
challenging when images to be segmented are collected from different vendors of MRI machines, leading
to the problem known as the data-shift problem. Given the high confidence of deep networks even for their
inaccurate results, wrongly segmented images reduce the trust of clinicians in such image analysis tools.

Uncertainty maps can give clues to clinicians to understand where a segmentation model has low
confidence in its decision. Ensemble models or Monte Carlo dropout networks have been used for
uncertainty map production [4]. The former approach trains multiple models to obtain a variety of
segmentation masks, mimicking the behaviors of human experts with different medical expertise. On the
other hand, the latter trains a single network with dropout layers, which are left active during test time.
Monte Carlo simulation is performed with multiple runs of the same model, which produces multiple
segmentation masks. Both approaches generate uncertainty maps by calculating variation across generated
segmentation maps for the same input image. Despite their common use [4], these methods are costly,
requiring training multiple models or running the same model multiple times to obtain different
segmentation masks.

Recently, evidential learning (EL) was proposed for image classification [5] and later for segmentation
problems [6-7]. This method estimates closed-form prediction distribution, based on the Dempster—Shafer
Theory of Evidence [8]. The outputs of a network are described as categorical variables, and EL learns the
parameters of prediction distributions over these variables, in contrast to yielding single point estimates
posterior probabilities for each class output generated by the softmax function [8]. This property of EL
makes it a good choice for model uncertainty calculation, which can be easily computed with a single
forward pass from network outputs. Despite its high potential to improve the reliability of deep models, a
few studies used EL for uncertainty calculation on medical image analysis, where the segmentation of brain
tumors [6] and lymphomas [7] were examined. As far as we are aware, no previous study examined its use
for uncertainty prediction of cardiac image segmentation.

Previous methods for LA segmentation generally used Convolutional Neural Networks (CNN) to learn
local information in various abstraction levels [1-3]. Recent work introduced a new type of model
enhancing CNN/transformer features with transformer decoders, called mask transformers [9], which was
shown to outperform previous methods using CNN or only encoder-decoder transformers for semantic
segmentation and object detection [9-10]. In these models, a pre-trained segmentation model provides local
information to transformer decoders to learn global information in input images with self-attention and
cross-attention mechanisms. Despite their high performance in image analysis [9-10], they struggle to
reproduce small structures in input images. This may be due to yielding downsampled segmentation masks
to reduce their high computational cost; for example, [9,11] produced segmentation masks four times
smaller than the original size of input images. This property of mask transformers limits their applications
to medical image analysis problems, where the segmentation of small structures is of high value [6-7].

In this study, we explore if the accuracy of LA segmentation and the reliability of its binary masks can be
improved by training mask transformers with evidential loss. We modify the design of the mask
transformers to increase their ability to segment small structures in input images. We present a training
scheme specific to evidential learning to improve model performance, as well. Particularly, we investigate
whether the two-steps training of mask transformers plays any role in its segmentation performance, which
allows different model parts -- CNN and transformer decoders -- to be trained with different loss functions.
We validated our method on a public LA segmentation dataset, the STACOM 2013 dataset [12]. We
conduct ablation experiments to examine how our design choices for mask transformers change their
segmentation performance. We also produce uncertainty maps to indicate locations where our model fails
to yield confident results.
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2. RELATED WORK
2.1. Evidential Learning

Evidential learning can make learning probability distributions over classes possible for a deterministic
network. It uses the concepts of Dempster—Shafer Theory of Evidence [8], a generalization of Bayesian
theory to subjective probability, where a belief distribution is obtained by assigning belief masses to the
subsets of a discerning frame. The belief distribution for the M-classes classification problem can be
represented with a Dirichlet distribution with M parameters, which are calculated from the outputs of the
network, called evidences. Evidences are continuous values equal to or larger than zero so the activation
function of the last layer of the network should be selected accordingly. For example, the softplus function
can be used for this aim. The conversion between Dirichlet distribution parameters, &, and evidences, e,
can be calculated with a,, = (e, + 1) for the class m. Predicted classification probabilities for the class
m are calculated with ¥, = “Tm for one-hot encoded class labels vector y, where S = Y _, a,, is the

Dirichlet strength.

One can define an image segmentation task as an M-class classification problem for each pixel k in input
images, and can minimize the Bayes risk of the cross-entropy loss to train the network with evidential
learning; however, this loss calculation was found to be less stable than minimizing the Bayes risk of mean
square loss [5], whose formula is given below:

~ 1 ~ -1 1%
Ex(8) = Jllyi = Vil 5 e 31" dFe (1]

where B is a multinomial beta function. y, is the ground truth label for k" pixel and ¥, is its corresponding
estimate by the network. Equation (1) can be simply rewritten in equation (2)

~ Viem (1—Vikm
E(0) = X5 1Vim — Yim)* + % .

2.2. LA Segmentation

Compared to other cardiac structures such as the left ventricle, there are few methods on the segmentation
ofthe LA [1-3]. LA-Net [1] is a multi-task CNN model equipped with cross-attention and enhanced decoder
modules to improve LA segmentation. TMS-Net [2] is a CNN ensemble model with an encoder and three
decoders, which can segment the LA in MRI images along three orthogonal axes. The network also has a
segmentation quality control module to eliminate poor segmentation masks. GSM-Net [3] is another CNN
model, proposed to better use inter-slice similarities and the information at the temporal axis of CINE MRI
images for LA segmentation, respectively, with a global slice sequence encoder and sequence-dependent
channel attention module. These networks mostly used local information obtained with convolutional layers
to segment the LA. However, they lack mechanisms that effectively learn global information in input
images, which can limit their capacities when input images are noisy and have poor contrast.

3. METHOD

3.1. Evidential Learning for LA Segmentation

Firstly, we formulate the segmentation of the LA as a regression problem to minimize the Bayes risk of the
sum of the square loss, given with equation (2). We use softplus function at the end of the proposed network
to generate evidences, e, for each segmentation class, image background, and the LA. When calculating
Dirichlet parameters, we use « = (e + 1)? similar to [6], to easily reach high Dirichlet parameters, which
increases the certainty of network outputs.

Similar to previous work [5-6], we assign pixel label predictions with misleading evidences to the uniform
distribution, with Kullback-Leibler (KL) divergence loss, described with equation (3).
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KL OGP Fal1) = 10g (st oS4 G = 1) [0 @aon) Yo i) [

where T'(.) and ¥(.) respectively denote the gamma and digamma function. &, = y, + (1 — y,)a;
denotes the Dirichlet parameters for misleading evidences.

Therefore, our total loss function becomes as given below:

E(6) + AKL(D(¥|®)||D(¥|1) (4]
where we set 1 = 0.1 min(1,t/5) for a current epoch of't.

3.2. Uncertainty Map Prediction

We use normalized entropy for uncertainty prediction, which can be calculated with
1

log(M)

M _ | Ym log ¥, , for each pixel in an input image [6].

3.3. Our Segmentation Model

As shown in Figure 1, our segmentation model consists of three main parts: (i) a pixel encoder-decoder
sub-network to generate pixel features, (ii) a transformer decoder stack to learn mask and class embeddings,
and (iii) a segmentation mask prediction module. We will explain each part of our model, and the interaction
between them, as follows.

Transformer Segmentation
Decoder Stack Mask Prediction Module
=3
Classification o ‘3
» FFN1 > (S 23
g ° \ =
Fq@ » > > : > FFN2 » X > X » S+ b%‘.
© ® A 5
A A
‘FiEC.‘I'I‘Z Fdecal'l'l Ejec,n
|
@
o
]
-E > »
5 S Softmax
(a8
o S+ Softplus
Pixel Encoder Pixel Decoder

Figure 1. An overview of our network. FFN: feed forward network. Our model uses high resolution
decoder features to enhance the segmentation of small structures in predicted masks

3.3.1. Pixel Encoder-Decoder Sub-network

We use Res-UNet [13] as a pixel encoder-decoder network, with five encoder layers and five decoder
modules. Each module consists of two convolutional layers and a residual connection. Convolutional layers
are followed by a group normalization layer and the parametric ReLU activation function, apart from the
last decoder module, which has a convolutional layer with 2 channels followed by the softmax function to
generate binary masks for image background and the LA classes.
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After being fully trained for segmentation, its weights are frozen, and the outputs of its three decoder
modules right before the final decoder module are used as pixel features, -- Fyocn—2, Faecn—1 and Fgecp -
for the transformer decoder stack in our model (see Figure 1).

3.3.2. Transformer Decoder Stack

This module updates input query features, F,, with pixel features through several decoder transformers, to
generate mask and class embeddings in the segmentation mask prediction module [9] (see Figure 1). The
initial query features, Fy, are evolved to be precursors of mask and class embeddings, F'q, with the cross-
attention and self-attention mechanisms in each transformer decoder in the stack.

Figure 2 shows a detailed schematic of a transformer decoder [14]. Firstly, query features go through a
linear projection to obtain Q,, € R¥N*¢, where N denotes the number of object masks and C represents the
dimension of projected query feature vectors. Also, pixel features, generated by pixel encoder-decoder
module, are linearly projected to yield keys and values matrices. For example, for F,. ,, we produce K,, €
R4mnXC and V7, € R4MnXC \where dim,, corresponds to the dimension of projected decoder features. Then,
the cross attention mechanism updates query features with Fq = softmax(Q,KNV, + Q,.

In the transformer decoder stack, query features produced by a previous transformer decoder are sent to the
next one in sequence to progressively update them. The stack in our model contains three transformer

decoders, each being fed with a different scale of image features for cross attention mechanism, --Fgo. > €
256x2x W 128x2x%
R*°"%7%, Fyoen—1 € R°272 and Fyppy € ROVHW_,

In contrast to previous work [9], we use higher resolution of pixel features to obtain segmentation maks,
with the same size as input images. In order to reduce computation costs as a result of using high-resolution
pixel features, we use a few object masks and reduce the dimensions of pixel features with linear projections
to a small number such as 32.

~

AFq

add & norm =
A

FFN

A

add & norm <,
A

self attention
VA 4K 40
add & norm <
A
cross-attention
'Y A

VI K Q
Fdec Fq

Figure 2. A transformer decoder module. F 4., and F respectively represent pixel and query features.
K: keys, V: values and Q: queries

3.3.3. Segmentation Mask Prediction Module

This module consists of two feed-forward networks (FFN), and converts updated query features to class
embeddings with C, = FFN; (F“q) and mask embeddings with M, = FFN, (F'q). Mask embeddings are
multiplied with a highest resolution of pixel features, Fy,.,,, to generate object masks with M=M,Fy,. ,,,
where M € RV*HnWn represents N object masks. Later, these object masks are transformed to segmentation

masks by multiplying object masks with class embeddings ¥ = MC,”, where ¥ € R¥*#W and C, € RN*2.
Note that, we learn object masks more than the number of classes in this setting.

In contrast to previous work [9,11], our segmentation mask prediction module uses image features with a
resolution equal to that of the input image; this largely ensures the reproduction of small structures in
segmentation masks.
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4. RESULTS
4.1. Material

We assessed the performance of our model on the publicly available Stacom 2013 dataset [12]. The dataset
contains MRI images obtained with balanced steady-state free precession (bSSFP) acquisition and has a
resolution of 1.25 mm x 1.25 mm x 2.7 mm. The dataset consists of 10 MRI images for model training, and
20 MRI images for performance evaluation. The dataset provides binary masks for both the LA and
proximal pulmonary veins. However, we combine them to generate a single mask for each image, similar
to previous work [2].

4.2. Experiments

We used the ResUnet trained with the cross entropy (CE) and another ResUnet trained with evidential
learning (EL) as our baseline models and compared their performance against our model.

4.2.1. Experiment 1

This experiment investigates the performance of our model for different loss functions. We examine three
scenarios: (i) ResUnet, used in pixel encoder-decoder sub-network, and the rest of our model is trained with
EL, (i1) ResUnet and the rest of our model are trained with the CE loss, (iii) the ResUnet is trained with CE
and the rest of our model is trained with EL.

4.2.2. Experiment 2

This experiment examines the importance of using high-resolution features as pixel features, in the accuracy
of produced segmentation masks. We prepare three different versions of pixel feature sets for our mask
transformer. For a fair comparison with the original model, we use the same number of transformer
decoders in all models, which is 3. We upsample the generated segmentation masks to ensure they have the
same size as the ground truth segmentation masks when necessary.

H W
Evaluated sets of pixel feature resolutions are (i) only rough resolution fetaures, -- Fyoq_, € R*>* %%

H W
--, for each transformer, (2) rough resolution features, -- Fyecpn—p € R®%%*% -, for the first two
w

H
transformers and moderate resolution fetaures, -- Fgecpn—1 € R™8%%% _, for the last one, (3) rough --

25657 128x2xY
Fiecn—z € R®*%% - moderate - Fypcp_q € R'57272 € ROAXHXW __

fetaures (as in the original model).

-- and fine resolution -- Fge

4.3. Experimental Setup

We first trained the Res-UNet for 100 epochs with a learning rate of 0.005, and the rest of the model was
trained for 40 epochs with a learning rate of 0.005. We used a weight decay of 0.001 for the training of both
models.

We used decoder features of the ResUnet with the spatial resolutions of 48x48 pixels, 96x96 pixels, and
192x192 pixels, as input to the transformer decoders respectively. The embeddings of keys, values, and
queries have dimensions of 32. The number of queries was set to be 4. We added sinusoidal positional
encodings to the pixel features, prior to feeding them to any transformer decoder.

4.4. Performance Metrics
We report Dice and Jaccard scores when measuring overlapped areas between the reference and predicted

volumes. ASSD and HD distance are used when calculating distances between the boundaries of the two
volumes.
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4.5. Results and Discussion

Our model outperformed baseline models with large margins for three performance metrics, with a Dice
score of 0.90, a Jaccard score of 0.82, and an ASSD of 1.85 (see Table 1). The baseline models are naively
ResUnets trained with either CE or EL losses. On the other hand, our model consists of a transformer
decoder stack and a segmentation mask prediction module, in addition to ResUnet used as pixel encoder
and decoder. Despite its increased complexity compared to the baseline models, our model has a small
overhead of less than 0,054 million parameters, in addition to the parameter of the Res-UNet, which is
approximately 18 million parameters. This small overhead leads to a large performance improvement over
baseline models. Another observation from Table 1 is that despite providing an easy uncertainty calculation,
EL loss yields an underperforming ResUnet, compared to the CE loss.

A similar observation is made when training our model with CE and EL losses, as described in Experiment
1 in Section 4.2.1. Training our model purely with EL loss leads to poorer performance with a Dice score
of 0.87 (see Table 2); however, its performance is still better than the baseline model of ResUnet trained
with EL loss, which was 0.85. Training our model with purely CE loss outperforms the baseline model of
ResUnet trained with CE loss, with a margin of 0.01. Finally, the best performance was obtained when the
ResUnet was trained with the CE loss and the rest of our model with EL, as described in scenario 3, with a
Dice score of 0.90 (see Table 2). These results show the effectiveness of our two-steps training scheme. It
also shows that using a better-performing segmentation model --- ResUnet trained with CE instead of EL
loss -- is important to reach a better performance by our model.

We also analyzed how much feature resolution is necessary for the transformer decoder stack, to obtain the
most accurate segmentation masks. Table 3 summarises the results of Experiment 2 detailed in Section
4.2.2. We found that using higher-resolution pixel features in the transformer decoder stack leads to better

segmentation performance, instead of repeating the same set of lower-resolution features such as Fgec n—7 -

Incremental improvement is obtained by gradually increasing the resolution of features in the transformer
decoder stack (see Table 3). The best segmentation performance is obtained when the finest resolution

features Fyo, were included in the stack. This shows the importance of increasing the resolution of
features in the transformer decoder stack to maintain small details in segmentation masks.

Figure 3 shows segmentation masks and uncertainty maps generated by our model. Our method produces
very close responses to the ground truth masks and accurately reproduces small structures, as well as larger
ones. Although deterministic networks are naively not capable of producing uncertainty maps, we generate
the maps thanks to training our model with the EL loss. Similar to human-expert labeling, the uncertainty
maps show higher uncertainty for the boundary of the LA. Boundary pixels are hard to label, and they are
generally known to lead to high uncertainty even among medical experts [12].

5. CONCLUSIONS

As far as we are aware, it is the first time that mask transformers are used for the segmentation of cardiac
MRI images. We modified the design of mask transformers to better segment small structures of the LA by
incrementally increasing the resolution of decoder features in the transformer decoder stack. We trained
our model with EL to generate uncertainty maps from the learned Dirichlet distribution over LA and image
background classes. We also presented a training scheme to improve the segmentation performance of our
model, where our two-steps training with CE and EL losses produced the best segmentation performance
for the LA in MRI images.

We found that our model outperforms baseline models with large margins in the STACOM 2013 dataset.
Another superiority of our method is that it can generate uncertainty maps with a single network and a
single pass, therefore, it is less costly in terms of computation, and expected to work faster, compared to
ensemble models and Monte Carlo dropout method. Future work will explore its use for the segmentation
of other cardiac structures such as ventricles.
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Table 1. Performance comparison of LA segmentation

Methods Dice Jaccard HD ASSD
ResUnet & EL 0.85 £0.04 0.75 +£0.05 29.62 +£13.21 2.59+0.48
ResUnet & CE 0.88 +0.03 0.79 +0.05 22.63 +£10.69 2.00 £0.36

Our model 0.90 +0.03 0.82 +0.04 30.07+22.86 1.85 +0.42

Table 2. Performance comparison for three scenarios in Experiment 1

#Scenario Dice Jaccard HD ASSD
1 0.87 £0.03 0.78 £0.05 38.23 +18.71 2.55£0.68
2 0.89 £0.03 0.80 +0.04 29.24 +£23.03 1.90 £0.36
3 0.90 +0.03 0.82 +0.04 30.07+22.86 1.85 +0.42
Table 3.Performance comparison for Experiment 2, where we use different combinations for pixel feature
H W H W
resolution. Fgeen—z € R¥%%*%, Fyocn_y € R**®2*2 ,and F e, € ROVHW
Decoder features Dice Jaccard HD ASSD

Faecn—2 & Faecn—z & Faecn—s 0.89+0.03  0.80+0.05 35.71425.11 2.05+0.45
Faeen—z & Faeen—z & Faeon-1 0.89+0.03  0.81+0.04  32.68+24.28 1.94+0.41
Faecn—2 & Faecen-1 & Faoen 0.90£0.03  0.82+0.04  30.28422.75  1.86+0.42
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In this paper, the analysis of tall multi-story buildings is
performed based on the regulations of the 2018 Tiirkiye Building
Earthquake Code (TSC-2018). The static and dynamic analysis
of reinforced concrete frame structures, structures with shear
walls, and structures with shear walls at their basement floors is
carried out using equivalent seismic load method. In addition,
the response of several models of buildings having their
basements surrounded by rigid shear walls is examined under the
seismic loads in the analysis. Multi-storey buildings with
different characteristics are modeled and structural irregularities
are investigated according to TSC-2018. The SAP 2000 finite
element package program is used for the modelling and analysis
of the buildings.
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1. GIRIS

Gegmisten gilinlimiize istenmeyen oranda can ve mal kayiplarina sebep olan ¢ok sayida orta ve biiylik
siddetli depremler meydana gelmektedir. Bu sebeple deprem etkisi altinda olan betonarme binalarin
tasariminda yeterli dayanimin saglanmasi hayati 6nem tagimaktadir.

Kiirkeii [1], yliksek katli bir betonarme yapinin TBDY-2018 gore tasarimint ETABS programini kullarak
yapmigtir. Asigcel [2], betonarme binalarda deprem etkisini dogrusal analiz metodu kullanarak 2007-
Deprem Bolgelerinde Yapilacak Yapilar Hakkinda Yo6netmelik (DBYBH-2007) ve TBDY-2018 deprem
yonetmeliklerine gore karsilastirmistir. Hamsici [3], ¢ok katli betonarme binalarda IDECAD programi
yardimiyla TBDY-2018 ve DBYBHY-2007 deprem yonetmeliklerine gore analizleri yapilarak taban kesme
kuvvetleri ve maksimum goreli kat 6telemelerinin karsilastirilmalarint yapmustir. Kapidas [4], betonarme
yiiksek binalarin TBDY-2018 deprem ydnetmeligine gore tasarim ve analizini yapmustir. Adar [5],
DBYBH-2007 ve TBDY-2018 deprem ydnetmeliklerini karsilagtirmis 13 kath bir yapiyr analiz edip
meydana gelen yer degistirmeleri incelemistir. Kefeli [6], planda diizensizligi bulunan farkli katli yapilarin
SAP2000 programinda modellemis ve itme analizi ve zaman tanim alaninda deprem performanslarinin
analizi i¢in uygulamustir. Topgu [7], 30 katli bir betonarme binanin ¢ekirdek perde ve cergceve sistemi
kullanarak tasarimini yapmustir. Deliktas [8] geometrik 6zellik ve kullanim amaglar1 bakimindan ayni olan
tagtyict sistemleri DBYBHY-2007 ve TBDY-2018 gore olusan gerilmeler ve yiikleri hesaplayip
karsilastirmistir. Tekdemir [9], TBDY-2018 gore Esdeger Deprem Yiikii Yontemi ve Mod Birlestirme
yontemini kullanarak 4 katli betonarme bir binanin tasarim, analiz ve karsilastirmasini yapmistir. Fraidoon
[10], perde sisteme sahip 24 katli bir betonarme binanin TBDY-2018’¢ gore tasariminit ve deprem
performanslarinin incelemesini yapmistir. Akgora [11], SAP2000 ve ETABS programlarimi kullanarak
binanin 3 boyutlu sonlu eleman modelleri hazirlamis ve mod birlestirme yontemi ile analizini yapmustir.
Ozmen ve Saym [12], ¢ok katli betonarme bir yapmin DBYBH-2007 ve TBDY-2018’¢ gore deprem
yiiklerini karsilagtirmiglardir. Karaca [13], bodrumlu betonarme binalari irdelemis ve bodrumun énemini
ve hesaplamalarda dikkat edilmesi gereken hususlari ortaya koymustur. Zeybek [14] ¢alismasinda TBDY-
2018’e gore yiiksek katli bir yapinin analizi i¢in yonetmelikte yapilmasi gerekenleri, asamalar halinde
anlatmis elde ettigi verileri yorumlayarak karsilasilan zorluklar1 ve eksiklikleri ortaya koymustur. Uludag
[15], TBDY-2018’de verilen yiikseklik sinirma goére tasarim kurallarini o6rneklerle karsilagtirarak
incelemistir. Seckin ve Boran [16], 20 katli bir binada TBDY 2018’e gore betonarme perdelerin kesme
giivenligini arastirnuglardir. Ozerdem [17] farkli detaylara sahip betonarme cercevelerin deprem
davraniglarini incelemistir. Saglam [18] betonarme yiiksek bir yapmin TBDY-2018 e gore tasarimini ve
performans analizini SAP 2000 programini kullanarak gergeklestirmistir. Yilmaz [18] tez ¢alismasinda kat
adedi farkli binalarin zaman tanim alaninda dogrusal olmayan analizini TBDY-2018 ve Eurocode-8
deprem yonetmeliklerini kullanilarak incelemistir.

Bu ¢alismada ¢ok katli betonarme yiiksek binalarin TBDY-2018 kapsamindaki hususlara gore analizleri
yapilmistir. Salt ¢ergevelerden olusan, perdeli ve bodrum perdeli sistemler i¢in incelemeler Egdeger
Deprem Yiikii yontemi ile asamalar halinde yapilmis, her asama sonucunda elde edilen veriler
yorumlanmustir.

2. MATERYAL VE YONTEM

Bu calisma kapsamida TBDY-2018’e [19] gére cesitli bina modllerinin analizleri yapilacaktir. {1k olarak
bina kulanim sinifi (BKS) ve bina énem katsay1 (I) TBDY-2018’de Cizelge 1 incelenerek bina kullanim
amacina uygun olarak secilir.

Farkli deprem yer hareketi diizeyleri ic¢in tanmimlanmis olan deprem tehlike haritalarina
https://tdth.afad.gov.tr [20] web adresinden erisim saglanmaktadir. Haritadan koordinat bilgileri, deprem
yer hareketi diizeyi, zemin sinifi bilgileri ve zemin sinifina bagli olarak bina yapilacak parsele 6zgii spektral
ivme katsayilari ile yatay ve diisey elastik tasarim spektrum katsayilari bulunmaktadir.
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Cizelge 1. BKS ve I (TBDY-2018)
Bmaslf I:lllglamm Binanim Kullanim Amaci Eé?szgglegl)
Deprem sonrasi kullanimi gereken binalar, insanlarin uzun siireli ve yogun
olarak bulundugu binalar, degerli esyamin saklandig1 binalar ve tehlikeli
madde iceren binalar
a) Deprem sonrasinda hemen kullanilmasi gerekli binalar (Hastaneler,
dispanserler, saglik ocaklari, itfaiye bina ve tesisleri, PTT ve diger haberlesme
tesisleri, ulagim istasyonlar1 ve terminalleri, enerji liretim ve dagitim tesisleri,
BKS=1 vilayet, kaymakamlik ve belediye yonetim binalari, ilk yardim ve afet planlama 1.5
istasyonlart)
b) Okullar, diger egitim bina ve tesisleri, yurt ve yatakhaneler, askeri kislalar,
cezaevleri, vb.
¢) Miizeler
d) Toksik, patlayici, parlayici, vb. 6zellikleri olan maddelerin bulundugu veya
depolandigi binalar
Insanlarmm kisa siireli ve yogun olarak bulundugu binalar Alisveris
merkezleri, spor tesisleri, sinema, tiyatro, konser salonlari, ibadethaneler, vb.
Diger binalar BKS=1 ve BKS=2 i¢in verilen tanimlara girmeyen diger binalar
(Konutlar, igyerleri, oteller, bina tiirii endiistri yapilari, vb.)

BKS =2 1.2

BKS =3 1.0

Deprem tasarim sinifi (DTS) ve BKS’ye gore kisa periyod tasarim spektral ivme katsayist bulunur (Cizelge
2).

Cizelge 2. DTS (TBDY-2018)

DD-2 deprem yer hareketi diizeyinde kisa periyot tasarim spektral Bina kullanim sinifi
ivme katsay1s1 ( Sps ) BKS =1 BKS=2,3
Sps <0.33 DTS =4a DTS =4
0.33 <Sps <0.50 DTS =3a DTS =3
0.50 <Sps <0.75 DTS =2a DTS =2
0.75 < Sbs DTS =1a DTS =1

TBDY-2018 Cizelge 3’ ten bina toplam yiiksekligi ve DTS’ye gore Bina yiikseklik sinifi (BYS) bulunur.
Bina toplam yiiksekligi sayisal model olusturulduktan sonra TBDY-2018 Madde 3.3.1’e gore yeniden
belirlenir.

Stineklik diizeylerine gore bina tasiyici sistemleri icin tasiyici sistem davranis katsayisi (R), dayanim
fazlalig1 katsayisi (D) ve izin verilen bina yiikseklik siniflar1 (BYS) Cizelge 4. lizerinde verilmistir. Cizelge
4’den segilen tagiyict sistem davranig katsayisi, sayisal model olusturulduktan sonra TBDY-2018 4.3.2.4.
ve 4.3.2.5. maddelerine gore tekrardan degerlendirilir.

Cizelge 3. BYS ve DTS’ye gore tamimlanan bina yiikseklik araliklar1 (TBDY-2018)
Bina yiikseklik siniflar1 ve deprem tasarim siniflarina gore tanimlanan bina yiikseklik

Bina yiikseklik sinifi araliklari [m]

DTS=1, 1a,2,2a DTS=3,3a DTS =4, 4a
BYS=1 Hx > 70 Hy > 91 Hx > 105
BYS=2 56 < Hn <70 70 < Hy <91 91< Hy < 105
BYS =3 42 <Hn<56 56 < Hn<70 56 < Hy <91
BYS=4 28 < Hy<42 42 < Hx <56
BYS =5 17.5 < Hn<28 28 < Hn<42
BYS=6 105<Hn<175 17.5 < Hn <28
BYS=7 7<Hn<105 10.5<Hn<175
BYS =38 HN<T Hn<10.5

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Farkl Ozelliklere Sahip Cok Kath Binalarda Deprem Diizensizliklerinin Irdelenmesi

Cizelge 4. Bina tasiyict sistemleri i¢in R, D ve BYS katsayilar1 (TBDY-2018)

Tastyict

sistem Dayanim izin verilen
. . . fazlahigi bina yiikseklik
Bina tastyict sistemi davranig
katsay1st siniflart
katsayi1st
R BYS
A. YERINDE DOKME BETONARME BiNA TASIYICI SISTEMLERI
Al. Siineklik Diizeyi Yiiksek Tastyic1 Sistemler
A11. Deprem etkilerinin tamaminin moment aktaran siineklik diizeyi yiiksek betonarme
S 8 3 BYS>3
gergevelerle karsilandig1 binalar
A12. Deprem etkilerinin tamaminin stineklik diizeyi yiiksek bag kirigli (bosluklu) betonarme
S 7 2.5 BYS>2
perdelerle karsilandig1 binalar
A13. Deprem etkilerinin tamaminin siineklik diizeyi yiiksek bosluksuz betonarme perdelerle
S 6 2.5 BYS>2
karsilandig1 binalar
A14. Deprem etkilerinin moment aktaran siineklik diizeyi yiiksek betonarme gerceveler ile
stineklik diizeyi yiiksek bag kirisli (bosluklu) betonarme perdeler tarafindan birlikte 8 2.5 BYS>2
karsiland1g1 binalar (Bkz.4.3.4.5)
A15. Deprem etkilerinin moment aktaran siineklik diizeyi yiiksek betonarme gerceveler ile
stineklik diizeyi yiiksek bosluksuz betonarme perdeler tarafindan birlikte karsilandig: binalar 7 2.5 BYS>2
(Bkz.4.3.4.5)
A16. Deprem etkilerinin tamaminin ¢at1 diizeyindeki baglantilart mafsalli olan ve yiiksekligi
12 m’yi gegmeyen stineklik diizeyi yiiksek betonarme kolonlar tarafindan karsilandig tek 3 2 -
katl binalar
A2. Siineklik Diizeyi Karma Tasiyici Sistemler (Bkz. 4.3.4.1, 4.3.4.6)
A21. Deprem etkilerinin moment aktaran siineklik diizeyi sinirli betonarme gerceveler ile
stineklik diizeyi yiiksek bag kirisli (bosluklu) betonarme perdeler tarafindan birlikte 6 2.5 BYS >4
karsilandig1 binalar (Bkz.4.3.1.2)
A22. Deprem etkilerinin moment aktaran siineklik diizeyi sinirli betonarme gergeveler ile
stineklik diizeyi yiiksek bogluksuz betonarme perdeler tarafindan birlikte karsilandig: binalar 5 2.5 BYS >4
(Bkz.4.3.1.2)
A23. Deprem etkilerinin moment aktaran siineklik diizeyi simirli dolgulu (asmolen) veya
dolgusuz tek dogrultulu disli dosemeli betonarme gergeveler ile siineklik diizeyi yiiksek bag 6 2.5 BYS>6
kirisli (bosluklu) betonarme perdeler tarafindan birlikte karsilandig: binalar
A24. Deprem etkilerinin moment aktaran siineklik diizeyi simirli dolgulu (asmolen) veya
dolgusuz tek dogrultulu disli dogemeli betonarme gergeveler ile siineklik diizeyi yiiksek 5 2.5 BYS>6
bosluksuz betonarme perdeler tarafindan birlikte kargilandig: binalar
A3. Siineklik Diizeyi Simirh Tasiyici Sistemler (Bkz. 4.3.4.1, 4.3.4.3, 4.3.4.7)
A31. Deprem etkilerinin tamaminin moment aktaran siineklik diizeyi sinirli betonarme
o 4 2.5 BYS>7
cergevelerle karsilandig: binalar
A32. Deprem etkilerinin tamaminin stineklik diizeyi sinirl bosluksuz betonarme perdelerle
. 4 2 BYS>6
karsilandig1 binalar
A33. Deprem etkilerinin moment aktaran siineklik diizeyi sinirli betonarme gerceveler ile 4 2 BYS>6

stineklik diizeyi sinirli bosluksuz betonarme perdeler tarafindan birlikte karsilandigi binalar

TBDY-2018’de madde 4.5.9’a gore kat kiitleleri belirlenirken sabit yiiklerin tamami ve hareketli yiiklerin
ise binanin kullanim amacina gore Cizelge 5’ te verilen katilim katsayisina (n) gore belirli bir kism1 dikkate

alinmaktadir. Ayrica cati kat1 yiiklerinin ise %30’u gbz Oniine alinir.

Cizelge 5. n degerleri (TBDY-2018)

Binanin Kullanim Amaci n

Depo, antrepo, vb. 0.80
Okul, 6grenci yurdu, spor tesisi, sinema, tiyatro, konser salonu, ibadethane, lokanta, magaza, vb. 0.60
Konut, igyeri, otel, hastane, otopark, vb. 0.30

TBDY-2018 madde 4.5.8’¢ gore, dayanima gore tasarim kapsaminda betonarme tasiyici sistem
elamanlariin kesit 6zelliklerinin tanimlanmasinda Cizelge 6’da verilen etkin kesit rijitligi carpanlari

kullanilir (TBDY-2018).

Cizelge 6. Betonarme tastyici sistem elemanlarinin etkin kesit rijitligi ¢carpanlari

Betonarme tasiyici sistem elemant

Etkin kesit rijitligi carpant

Perde — digeme (diizlem ici) Eksenel Kayma
Perde 0.50 0.50
Bodrum perdesi 0.80 0.50
Doseme 0.25 0.25

Perde — digeme (diizlem dist) Egilme Kesme
Perde 0.25 1.00
Bodrum perdesi 0.50 1.00
Doseme 0.25 1.00

Cubuk eleman Egilme Kesme
Bag kirisi 0.15 1.00
Cergeve kirisi 0.35 1.00
Cergeve kolonu 0.70 1.00
Perde (esdeger ¢ubuk) 0.50 0.50
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TBDY-2018 Madde 3.3.1.1 de verilen kosullarin her ikisini de saglayan bodrumlu binalarda bina tabani,
bodrum perdelerinin iist konundaki kat doseme seviyesinde tanimlanir (TBDY-2018).

1. Bodrumun her taraftan veya en az ii¢ taraftan rijit perdeler ile ¢evrilmesi

2. Bina eksenlerinin birbirine dik dogrultularindaki hakim titresim modunda, bodrum katlar dahil
binanin tiimi i¢in hesaplanan hakim dogal titresim periyodunun, ayni tastyici sistemin zemin katinin
doseme yiikleri ve bodrum yiikleri hesaba katilmadan ayni dogrultuda hesaplanan dogal titresim
periyoduna oraninin 1,1’den kiigiik olmas1 durumudur.

TBDY-2018’e gore herhangi bir deprem hareketi diizeyi i¢in yatay elastik tasarim ivme spektrumu ivmeleri
Sae(T), dogal titresim periyoduna gore yer ¢ekim ivmesi cinsinden

5.7 =] 044061 |5, 0<T<T,)
T\
S3e(T) = Spg (T, =T <Ty)
hY
S (1) =24 (Ty=T=T})
S,L.m=S“T’—ﬁ (T, <T)

denklemleri yardimiyla bulunur.

Denklemlerde goriildiigii lizere tasarim spektral ivme katsayilart Sps ve Sp; yatay tasarim spektrumu kdse
periyotlarina Ta ve Tg’ye bagl olarak tanimlanir. (TBDY-2018).

Sekil 1. Yatay elastik tasarim spektrumu (TBDY- 2018)
Deprem diizensizlikleri kontrol edilirken depreme karsi davranistaki olumsuzluklar sebebiyle tasarim
yapilirken dikkat edilmesi gereken diizensiz binalarin tanimlanmasinda, planda ve diisey dogrultuda

meydana gelen diizensizliklerle ilgili durumlar Cizelge 7°de verilmistir (TBDY-2018).

Cizelge 7. Diizensiz binalar (TBDY-2018)

A — PLANDA DUZENSIZLIK DURUMLARI Tlgili maddeler
Al - Burulma Diizensizligi: Birbirine dik iki deprem dogrultusunun herhangi biri i¢in, herhangi bir katta en
biiyiik goreli kat 6telemesinin o katta ayn1 dogrultudaki ortalama goreli 6telemeye oranini ifade eden 3.6.2.1

Burulma Diizensizligi Katsayisi nbi *nin 1.2°den biiyiik olmast durumu

A2 — Doseme Siireksizlikleri: Herhangi bir kattaki désemede; I — Merdiven ve asansor bosluklar dahil,
bosluk alanlar1 toplaminin kat briit alaninin 1/3’tinden fazla olmasi durumu, II — Deprem yiiklerinin diisey
tastyici sistem elemanlarina giivenle aktarilabilmesini gii¢lestiren yerel doseme bosluklarinin bulunmasi
durumu, III — Désemenin diizlem i¢i rijitlik ve dayaniminda ani azalmalarin olmasi durumu

A3 — Planda Cikintilar Bulunmasi: Bina kat planlarinda ¢ikint1 yapan kisimlarin birbirine dik iki
dogrultudaki boyutlarinin her ikisinin de, binanin o katinin ayn1 dogrultulardaki toplam plan boyutlarinin 3.6.2.2
%20'sinden daha biiyiik olmasi durumu.

B — DUSEYDE DUZENSIZLIK DURUMLARI Ilgili maddeler
B1 — Komsu Katlar Aras1 Dayanim Diizensizligi (Zayif Kat): Betonarme binalarda, birbirine dik iki
deprem dogrultusunun herhangi birinde, herhangi bir kattaki foplam etkili kesme alani’nin, bir tist kattaki
toplam etkili kesme alani’na oran1 olarak tanimlanan Dayanim Diizensizligi Katsayisi cin’nin 0.80’den kiigiik
olmas1 durumu.

B2 — Komsu Katlar Arasi Rijitlik Diizensizligi (Yumusak Kat): Birbirine dik iki deprem dogrultusunun
herhangi biri i¢in, bodrum katlar disinda, herhangi bir i’inci kattaki ortalama goreli kat 6telemesi oraninin bir
ust veya bir alt kattaki ortalama goreli kat dtelemesi oranina boliinmesi ile tanimlanan Rijitlik Diizensizligi
Katsayisi nki’nin 2.0°den fazla olmasi durumu.

B3 — Tasiyic1 Sistemin Diisey Elemanlarinin Siireksizligi: Tastyic sistemin diisey elemanlarinin (kolon
veya perdelerin) bazi katlarda kaldirilarak kiriglerin veya guseli kolonlarin iistiine veya ucuna oturtulmasi, ya 3624
da iist kattaki perdelerin altta kolonlara oturtulmasi durumu.

3.62.2

3.623

3.6.2.1
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3. SAYISAL UYGULAMALAR

Bu béliimde TBDY 2018’e gore 4 adet farkli model igin bina diizensizlikleri SAP2000 [21] programindan
alinan sonuglar yardimiyla incelenmistir. Modellemeler olusturulurken bodrum perdelerinin ve kat
perdelerinin bina davranisi iizerindeki etkisi incelenmistir. Ayrica modellerde simetrik ve asimetrik
perdelerin deprem diizensizlikleri iizerindeki etkileri arastirilmustir.

Uygulama 1. Etrafi Rijit Perdelerle Cevrili Bodrum Perdeli Sistem

Binanin Adana/Saricam’da Cukurova tiniversitesi yerleskesinde insa edilmesi planlanmaktadir.Yerel zemin
sinift ZC olarak belirlenmistir.

Bina Bilgileri:

Kat adedi : 1 Bodrum + 10 Kat
Kat Yiiksekligi :3m

Kolon : 80x80 cm
Kirig : 40x60 cm
Doseme Kalinlig :20 cm

Perde 140 cm
Bodrum kat bodrum perdeleri ile ¢evrilmistir.
Malzeme:

Beton : C40/50
Donati Celigi : 5420

Yiikler:

Normal katlar i¢in;

Sabit (Zati) Yiik : 3,5 kN/m?
Hareketli Yiik : 5 kKN/m?

Cat1 kat1 i¢in;

Sabit (Zati) Yik : 4 kKN/m?
Hareketli Yiik : 1,5 kKN/m?
Kar yiikii : 1,15 kKN/m?

Binamiz konut amaci ile kullanilacaktir. TBDY-2018 Cizelge 3.1’e gore bina kullanim siifi BKS=3 bina
onem katsayisi I=1 olarak belirlenmistir.

Deprem hareketi 50 yilda asilma olasilig1 %10 olan Deprem Yer Hareketi Diizeyi-2 (DD-2) standart tasarim
deprem yer hareketi olarak dikkate alinarak yatay elastik tasarim spektrumu olusturulur.

DD-2 deprem diizeyi ve ZC zemin sinifi i¢in Tiirkiye Deprem Tehlike Haritasindan aldigimiz parametreler;
Ss =0,527 S1=0,130  Sps=0,679 Spi=0,195 PGA=0,231 PGV=11,826

olarak bulunmustur.
Sps ve BKS kullanilarak TBDY-2018 Cizelge 2’den DTS=1 belirlenir.

TBDY-2018 Cizelge 3’ten yararlanilarak DTS ve Kat yiiksekligi bilgilerini kullanarak Bina Yiikseklik
Sinift BY S=4 belirlenir.

AFAD s

Tirkiye Deprem Tehlike Haritalar:
Interaktif Web Uygulamasi

Kullanici Girdileri

Feapor Bashis e

DD-2 50 yilda agilma clasildi %10 (bekradanma peryodu 475 yil) clan deprem yer
v

Yerul Zamin Sinif Zc Gk iy kuire, gadol v sart il tatahalen veya ayipma, ok qathakh zapl kayalar

Boam 5. BT

Sekil 2. Tiirkiye deprem tehlike haritalar: kullanic1 girdileri
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Ciktilar
Sg = 0.527 5y = 0.130 Sps = 0.679 Sps = 0.195
PGA = 0,231 PGV = 11,826

Se + Kasa periget harita sgextral vme katsayesi [boyutsuz]
S ¢ 1.0 saniys pariyat igin harita spakiral vme katsaytst [boyutsuz]
Sps + Kisa periyot tasanm spekiral vme katsayis) [boyutsuz]

Sps + 1.0 saniye pariyol igin tasanm spekiral ime atsaps! [boyulsuz]

PGA : En biiytk ye

PGV En biyik yer hizl [omisn]

Yatay Elastik Tasarim Spektrumu Diigey Elastik Tasarim Spektrumu

Sau(g)
.
_Susl)

Tis) Tis)

Sekil 3. Tiirkiye deprem tehlike haritalar1 ¢iktilar1 (AFAD)

TBDY-2018 Cizelge 3.4’e gore izin verilen bina yiikseklik smiflart igerisinde BYS >2 ve A15. Deprem
etkilerinin moment aktaran siineklik diizeyi yiiksek betonarme cerceveler ile siineklik diizeyi yiiksek
bosluksuz betonarmeler tarafindan birlikte karsilandig1 binalar i¢in Tastyici Sistem Davranis Katsayist R=7
ve D=2,5 segilir.

SAP2000 programi yardimiyla bina modeli olusturularak esdeger deprem yiikii yontemi ile analizler
yapilacaktir.

Bina modelinde 1 adet merkezde olmak iizere C perde ve 1 adette binanin dis kenarinda perde-bulunmakta
olup bodrum katinin etrafi distan rijit perdelerle ¢evrilmistir.

}
Sekil 4. SAP2000 3 boyutlu kat perspektif goriiniisii

Sekil 5. SAP2000 Doéseme sonlu elemanlar modeli ve bina perspektif goriiniisii

Bu modelde perde elamanlarinin asimetrik konumlarindan dolayr bina modelinin simetrikligi
bozuldugundan X ve Y yénlerinde farkli hakim titresim periyotlar1 (T®=0,94 sn, T®=0,70 sn) elde
edilmistir.

TBDY-2018 Madde 4.7.3.2’ye gore binanm hesaplanan hakim dogal titresim periyodu Tpoa=CHn>*
degerinin 1.4 katin1 gegmemelidir.

C=0,07 Binanin bodrum katindaki iistiindeki toplam yiikseklik Hv=30 m i¢in 1,4xTpa=1,256 sn
(T®=0,94 sn, T®)=0,70 sn) <1,4 x Tpa = 1,256 sn sartin1 saglamaktadir.
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Bina kat yiiksekliginin belirlenmesi i¢in bodrum kat yiikleri ihmal edilerek hakim dogal titresim periyodu
degerleri bulunmalidir.

Zemin kat dosemeleri dahil olmak tizere tiim bodrum kat kiitleleri hesaba katilmadan ¢6ziimlenen modele
ait X ve Y dogrultularindaki serbest titresim periyodlari, binanin tiimii i¢in hesaplanan X ve Y
dogrultusundaki periyodlarla karsilastirdigimizda ¢ikan farkin ¢ok az oldugu goriilmiistiir (T®=0,94 sn,
T®=0,70 sn). Bu sebepten bina tabami, bodrum katla zemin kat arasindaki kat ddsemesinden
tanimlanacaktir. Hv=30 m olarak alinir.

Esdeger deprem yiikii yonteminde tiim kat kiitleleri kat hizasinda y1g1il1 olarak hesaplanir. Kat hizasinda
bulunan déseme kiris gibi tiim tastyici yap1 elemanlar1 kat kiitlesine dahil edilir. Fakat kolon perde gibi
diisey tastyici elemanlarin ise uzunluklarinin yarisi bulunduklari katin kiitlesine katilir.

Buna gore {ist bolim toplam kat kiitlesi 9876 ton, bodrum kat toplam kiitlesi 1131 ton olarak hesaplanmustir.

Cizelge 8. Kat kiitleleri
Kat No Kiitle (Ton)

906
997
997
997
997
997
997
997
997
997
Bodrum 1131

—NWhUuaN0OZ

TBDY-2018’e gore yatay tasarim spektrumu kose periyodlar: hesaplanmistir.
T, = 0,222 =>T,=0,057 sn
0,679

5 = 2295 => T;=0,287 sn
0.67

Ust Katlar:

TBDY-2018’¢ gore yatay elastik tasarim spektral ivmeleri sirasiyla X ve Y dogrultularinda asagidaki
sekilde hesaplanmustir;

51 (T0) = 2 =7 5, (T) = 0,207 g

Sue(T6)) = 22 =5, (1) = 0278

TBDY-2018’¢ gore deprem yiikii azaltma katsayisi sirasiyla X ve Y dogrultularinda asagidaki sekilde
hesaplanir;

R(TW) =2=> R(TW) =7 5 R(T¥)=3=>R,(T9))=7

:
TBDY-2018’e gore azaltilmis tasarim spektral ivmesi sirasiyla asagidaki sekilde hesaplanir;
Sur(T0) = 22 =5 5, (T) = 0,030 g ,5 (T) = 22 =5 5, (T¥) = 0,039 g

Bodrum kat:

TBDY-2018’de T=0 i¢in elde edilen azaltilmis spektral ivime;

S,x(0) = o.a:n;ss

=> 5,z(0)=0,181¢g

olarak hesaplanir.
Ust Katlar:

TBDY-2018’e gore X ve Y dogrultularindaki toplam esdeger deprem yiikii asagidaki sekilde bulunur.
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Vg = m5,5(T)g = 0,04m,I5ps8

V2’ = 9876 « 0,030 » 9,81 = 0,04 » 9875,64 » 1 « 0,679 « 9,81

V¥ = 2906 kN > 2631 kN

V,z = 9876 « 0,039 « 9,81 = 0,04 + 9876 » 1+ 0,679 + 9,81
V) = 3778 kN = 2631 kN

Bodrum Kat:

Vie = m,S,z(T)g
V% = 1331+ 0,181« 9,81 = 2008kN

TBDY-2018’e gore katlara etkiyen esdeger deprem yiikleri,

miH;
N
Yj=1mjHj

Fig = (Vig — AFyg)
seklinde hesaplanmaktadir. Burada binanin tepesine etkiyen X ve Y dogrultusundaki ek esdeger deprem
yiikleri;

AFne®=0,0075NV,; =217,98 kN
AFNe®=0,0075NV =283,374 kN

olarak hesaplanmistir. Katlara etkiyen esdeger deprem yiikleri Cizelge 9’da verilmistir.

Cizelge 9. Katlara etkiye esdeger deprem yiikleri
hi Hi m; miHi

(X)), (yv)
Kat no m m ton Tonm FIE (kN) FIE (kN)
10 3 30 906 27176 670 871
9 3 27 997 26909 447 582
8 3 24 997 23919 398 517
7 3 21 997 20929 348 452
6 3 18 997 17940 298 388
5 3 15 997 14950 249 323
4 3 12 997 11960 199 258
3 3 9 997 8970 149 194
2 3 6 997 5980 99 129
1 3 3 997 2990 50 65

TBDY-2018, madde 4.5.10’a gore kat dosemlerinin rijit diyafram olarak modellenmesi durumunda, kat
kiitle merkezlerine etkiyen yatay deprem yiikleri, géz 6niine alinan deprem dogrultusuna dik dogrultudaki
kat boyunun +%5 ve - %5’ i kadar kaydirilarak bu durumlar igin ayrica deprem hesabi yapilacaktir.

Ele alinan bina sirastyla “EXU”, “EXU+%5”, “EXU-%5", “EYU”, “EYU+%5” ve “EYU-%5" yiiklemeleri
altinda incelenmis ve X ve Y yonleri i¢in en olumsuz sonuglar burulma diizensizligi (A1) kontrolleri igin
Cizelge 10 ve 11°de verilmistir.

Ornek binada X dogrultusunda Al-Burulma Diizensizliginin en elverigsiz degerleri EXU+%5 yiikleme
durumu i¢in elde edilmistir. Binada X dogrultusuna dik dogrultuda asimetrik perde elemanlar
bulundugundan n,; kat sayist 1.2<nbi <2,0 kosulu olugsmaktadir. Bu durumda TBDY-2018, madde 4.7.4’¢
gore X dogrultusunda uygulanan +%5 ek dig merkezlik, her katta hesaplanan Dbi katsayistyla ¢arpilarak
biiyiitiilmeli ve analiz tekrarlanarak tasarima esas i¢ kuvvetler ve yer degistirmeler hesaplanmalidir.

Cizelge 10. “EXU+%5” yiiklemesi icin A1 kontrolii

Kat no (di)max (di)min (Ai)max (Ai)min (Ai)ort MNbi
10 1,3902 0,26 0,0833 0,0297 0,0565 1,474
9 1,3069 0,2303 0,1045 0,0304 0,06745 1,5492
8 1,2024 0,1999 0,1249 0,0303 0,0776 1,609
7 1,0775 0,1696 0,1435 0,0297 0,0866 1,657
6 0,934 0,1399 0,159 0,0286 0,0938 1,695
5 0,775 0,1113 0,1699 0,0268 0,09835 1,727
4 0,6051 0,0845 0,1745 0,0243 0,0994 1,755
3 0,4306 0,0602 0,1704 0,0211 0,09575 1,779
2 0,2602 0,0391 0,1521 0,0177 0,0849 1,791
1 0,1081 0,0214 0,1081 0,0214 0,06475 1,669
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Cizelge 11. “EYU+%5” yiiklemesi icin A1 kontrolii

Kat no (di)max (di)min (Ai)max (Ad)min (Ai)ort Nbi
10 1,038 0,7702 0,0899 0,0731 0,0815 1,103
9 0,9481 0,6971 0,1001 0,0793 0,0897 1,115
8 0,848 0,6178 0,1077 0,0831 0,0954 1,128
7 0,7403 0,5347 0,1139 0,0858 0,09985 1,140
6 0,6264 0,4489 0,1179 0,087 0,10245 1,150
5 0,5085 0,3619 0,1186 0,0857 0,10215 1,161
4 0,3899 0,2762 0,1153 0,0817 0,0985 1,170
3 0,2746 0,1945 0,107 0,0746 0,0908 1,178
2 0,1676 0,1199 0,0925 0,064 0,07825 1,182
1 0,0751 0,0559 0,0751 0,0559 0,0655 1,146

Binada EYU+%S5 yiikleme durumu igin ise Y dogrultusuna dik yondeki perdeler simetrik olarak
yerlestirildiginden burulma diizensizligi katsay1 ny <1,2 kosulunu saglamaktadir. Aym zamanda EYU
yiikleme durumu i¢in binanin rijitlik merkezi ve kiitle merkezi ayni noktada oldugundan burulma
diizensizligi katsayisi ny; = 1 olarak incelenmistir.

Ornek binada briit kat alan1 (A): 24x24=576 m?
Ornek binada kat igindeki bosluk alani (Ab): 8x8=64 m?
64<576/3=192 m? kosulunu saglamaktadir.

Ayni zamanda deprem yiiklerinin diisey dogrultuda sistem elemanlarina giivenle aktarilabilmesini
giiclestiren yerel doseme bosluklar1 bulunmadigindan ve déosemenin diizem igi rijitligi ile dayaniminda ani

azalmalar olmadigindan binada A2 diizensizligi bulunmamaktadir.

Ormnek binada kat planinda balkon gibi ¢ikinti yapan kisim bulunmadigindan dolay1 A3 diizensizligi
bulunmamaktadir.

Ornek bina modelinde etkili kesme alanlar1 katlar aras1 degismediginde B1 diizensizligi bulunmamaktadir.
Daha sonra B2-Komsu katlar aras1 rijitlik diizensizligi kontrolleri i¢in binada sirastyla “EXU”, “EXU+%5”,
“EXU-%5”, “EYU”, “EYU+%5" ve “EYU-%S5" yiiklemeleri i¢in ¢alismalar yapilnis ve X ve Y yonleri

icin en olumsuz sonuglar Cizelge 12 ve 13’de verilmistir.

Cizelge 12.“EXU-%5" yiiklemesi i¢in B2 kontrolii

Nki = (Ai/hiort

Kat no hi (Ai)ort (Ai/hi)ort Nki = (Ai/hi)ort /(Ai+1/hi1)ore J(Air/hi)ort
10 300 0,05265 0,00018 e 0,85
9 300 0,06195 0,00021 1,18 0,88
8 300 0,0703 0,00023 1,13 0,90
7 300 0,0777 0,00026 1,11 0,93
6 300 0,0835 0,00028 1,07 0,96
5 300 0,0869 0,00029 1,04 0,99
4 300 0,08735 0,00029 1,01 1,04
3 300 0,0838 0,00028 0,96 1,13
2 300 0,07405 0,00025 0,88 1,28
1 300 0,0577 0,00019 078 e

Cizelge 13. “EYU-%5" yiiklemesi igin B2 kontrolii

Nki = (Ai/hi)ore

Kat no h; (Ai)ort (Ai/hi)ort Nki = (Ai/hi)ort /(Ai+1/hi1)ore At/ Ri1)ore
10 300 0,0815 0,00027 e 0,91
9 300 0,0897 0,0003 1,10 0,94
8 300 0,0954 0,00032 1,06 0,96
7 300 0,09985 0,00033 1,05 0,97
6 300 0,10245 0,00034 1,03 1,00
5 300 0,10215 0,00034 1,00 1,04
4 300 0,0985 0,00033 0,96 1,08
3 300 0,0908 0,0003 0,92 1,16
2 300 0,07825 0,00026 0,86 1,19
1 300 0,0655 0,00022 084 e

Cizelgeler incelendiginde, hesaplanan 1 2,0 smnir degerini agmadigindan bina modelinde komsu katlar
arast rijitlik diizensizligi (Yumusak kat-B2) bulunmamaktadir.
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Ornek bina tasiyici sistem modelinde yap1 elamanlarinin bazi katlarda kaldirilma ya da hareket etme gibi
bir durumu olmadigindan tasiyici elamanlarda herhangi bir siireksizlik yoktur.
Ornek bina modelinde B3 diizensizligi bulunmamaktadir.

Goreli kat 6telemelerini inceledigimiz (Cizelge 14 ve 15) bu kisimda ise ele alinan modelimizin TBDY-
2018 madde 4.9.1 ile tanimlanan duruma uydugu goriilmektedir. k  katsayist betonarme binalarda “1”
alinacaktir. A katsayisi ise DD-3 deprem yer hareketinin elastik tasarim spektral ivmesinin, DD-2 deprem
yer hareketinin elastik tasarim spektral ivmesine orani olarak tanimlanmustir.

DD-2 yer hareketi i¢in:
See(T™)=0207g ; Seel(T™)=0278¢
DD-3 yer hareketi i¢in:

0.076 0.076

Ta= 027 =0,062sn Ty = o3 = 0313sn
)y _ 0076 . )y _ 0076
Sae(T®) = F: =0,088 5 5,.(T¥)= e—" =0,118
A0 =28 _0386 ;A =22 -039
0,207 0,207

Cizelge 14. “EXU+%5” yiiklemesi icin géreli kat dtelemesi kontrolii

(85 ) omax

Kat no (di)max (A)max (8,) max hi A A=
10 1,3902 0,0833 0,5831 300 0,386 0,00075026
9 1,3069 0,1045 0,7315 300 0,386 0,0009412
8 1,2024 0,1249 0,8743 300 0,386 0,00112493
7 1,0775 0,1435 1,0045 300 0,386 0,00129246
6 0,934 0,159 1,113 300 0,386 0,00143206
5 0,775 0,1699 1,1893 300 0,386 0,00153023
4 0,6051 0,1745 1,2215 300 0,386 0,00157166
3 0,4306 0,1704 1,1928 300 0,386 0,00153474
2 0,2602 0,1521 1,0647 300 0,386 0,00136991
1 0,1081 0,1081 0,7567 300 0,386 0,00097362
Cizelge 15. “EYU+%5” yiiklemesi icin goreli kat 6telemesi kontrolii
Kat no (di)max (Ai)max (8:) max h; by A ('5%“
10 1,038 0,0899 0,6293 300 0,396 0,00083068
9 0,9481 0,1001 0,7007 300 0,396 0,00092492
8 0,848 0,1077 0,7539 300 0,396 0,00099515
7 0,7403 0,1139 0,7973 300 0,396 0,00105244
6 0,6264 0,1179 0,8253 300 0,396 0,0010894
5 0,5085 0,1186 0,8302 300 0,396 0,00109586
4 0,3899 0,1153 0,8071 300 0,396 0,00106537
3 0,2746 0,107 0,749 300 0,396 0,00098868
2 0,1676 0,0925 0,6475 300 0,396 0,0008547
1 0,0751 0,0751 0,5257 300 0,396 0,00069392

Cizelgeler incelendiginde, goreli kat 6telemesi kontroliinde 0,008 sinir degerinin asilmadigi goriilmiistiir.

TBDY-2018, madde 4.9.1°e gore goz Oniine alman deprem dogrultusunda ve her bir i. katinda ikinci
mertebe gosterge degeri 0y hesaplanmustir (Cizelge 16 ve 17).

Cizelge 16. “EXU” yiiklemesi i¢in ikinci mertebe gosterge degeri

Kat no (Aort mu(ton) wi(kN) Vd(kN) hi Oy
10 0,0545 905,9 8.886,6828 670 300 0,00241
9 0,06475 996,6 9.777,0384 447 300 0,00361
8 0,07385 996,6 9.777,0384 398 300 0,00462
7 0,08215 996,6 9.777,0384 348 300 0,00562
6 0,0886 996,6 9.777,0384 298 300 0,00656
5 0,09255 996,6 9.777,0384 249 300 0,00740
4 0,09335 996,6 9.777,0384 199 300 0,00806
3 0,0898 996,6 9.777,0384 149 300 0,00839
2 0,07935 996,6 9.777,0384 99 300 0,00806
1 0,06125 996,6 9.777,0384 50 300 0,00681
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Cizelge 17. “EYU” yiiklemesi igin ikinci mertebe gosterge degeri

Kat no (Ai)ort mx(ton) wi(kN) V«(kN) hi Oui
10 0,0815 905,9 8.886,6828 871 300 0,00277
9 0,0897 996,6 9.777,0384 582 300 0,00384
8 0,0954 996,6 9.777,0384 517 300 0,00459
7 0,0999 996,6 9.777,0384 452 300 0,00526
6 0,1024 996,6 9.777,0384 388 300 0,00583
5 0,1022 996,6 9.777,0384 323 300 0,00628
4 0,0985 996,6 9.777,0384 258 300 0,00654
3 0,0908 996,6 9.777,0384 194 300 0,00653
2 0,0782 996,6 9.777,0384 129 300 0,00611
1 0,0655 996,6 9.777,0384 65 300 0,00560

Oitanee = 0,122 Ikinci mertebe etkileri kontroliinde 0,085 sinir degeri agilmamustir.
T ChR

SAP2000 Kat plani perdelerin perspektif goriiniisii Sekil 6’da verilen modelimizde bina tabaninda meydana
gelen devrilme momenti Cizelge 18’de, perde taban devrilme momentleri ise Cizelge 19°da verilmektedir.

Cizelge 18. Toplam devrilme momenti

R (X)) SR (Y)

Kat no Hi(m) Fie® (kN) Fie™ (kN) I%klg;l) I-:klsl‘::l)
10 30 670 871 20093 26120
9 27 447 582 12078 15701
8 24 398 517 9543 12406
7 21 348 452 7306 9498
6 18 298 388 5368 6978
5 15 249 323 3728 4846
4 12 199 258 2386 3101
3 9 149 194 1342 1745
2 6 99 129 596 775
1 3 50 65 149 194
62589 81366

P2 Perdesi

P1 Perdesi

Sekil 6. Kat plan1 perdelerin perspektif goriiniigii

Cizelge 19. Perde taban devrilme momentleri (kNm)
P1 perdesi i¢in X-dogrultusundaki Mpgy = 3897
P2 perdesi i¢in X-dogrultusundaki Mpgy 22399
P2 perdesi i¢in Y-dogrultusundaki Mpgy 33678

TBDY-2018, madde 4.3.2.4 (a)’ya gore tastyici sistemde tek bir perdenin aldig1 taban devrilme momenti
Mbgyv, 0 dogrultuda binanin tiimii i¢in deprem yiiklerinden meydana gelen toplam taban devrilme momenti
My’ in 1/3’ inden fazla olmamalidir (Cizelge 20).

Cizelge 20. Mpgy / My orant

P1 perdesi i¢in X-dogrultusundaki Mpgy / My = 6%
P2 perdesi i¢in X-dogrultusundaki Mpgy / My = 36%
P2 perdesi i¢in Y-dogrultusundaki Mpgy / My = 41%

Cizelge incelendiginde P1 perdesi X dogrultusu i¢in TBDY-2018 Madde 4.3.2.4.(a) kosulunu sagladigi
ancak P1 perdesi Y dogrultusu ve P2 perdesi i¢in bu kosulun saglanmadigi goriilmektedir.
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Bu durumda tastyici sistem davranig katsayisi R yerine 4/5 R alinarak tiim hesaplar tekrarlanmalidir.

TBDY-2018 madde 4.3.4.5’¢ gore, perdelerin tabaninda deprem yiiklerinden meydana gelen devrilme
momentlerinin toplami, binanin tiimii i¢in deprem yiiklerinden tabanda meydana gelen toplam devrilme
momentinin %40’ 1indan az %75’inden fazla olmamalidir (Cizelge 21).

Cizelge 21. Toplam Mpgv / My orani
X-dogrultusundaki toplam Mpgy / My = 42%

Y-dogrultusundaki toplam Mpgy / My = 41%

Model X ve Y dogrultusunda TBDY-2018 madde 4.3.4.5 kosulunu saglamaktadir.
Uygulama 2. Etrafi Rijit Perdelerle Cevrili Bodrum Sistem

Model 2’de (Sekil 7.) model 1’deki bina modelinin kat perdelerini ¢ikartip kat perdelerinin yapi
diizensizlikleri {izerindeki etkileri incelenmistir.

Sekil 7. SAP2000 Bina déseme modeli ve bina perspektifi goriiniisii

Yapidan kat perdeleri ¢ikartildigr icin ikinci modelde daha yiiksek hakim titresim periyodu degerleri
bulunmustur. Bunun yani sira binada asimetrik perde bulunmadigindan dolay1 x ve yonlerinde ayni1 hakim
titresim periyodu degerleri bulunmustur (T®=1,07 sn, T®=1,07 sn).

Ornek binada sirasiyla “EXU”, “EXU+%5”, “EXU-%5", “EYU”, “EYU+%5” ve “EYU-%5" yiiklemeleri
icin iglemler yapilmis binanin X ve Y ydnleri i¢in binanin simetrik olmasi sebebiyle ayni degerlerin
bulundugu goézlenmis ve en elverissiz haldeki burulma diizensizligi durumu Cizelge 22.’de verilmistir.

Ornek binada X ve Y dogrultusunda A 1-Burulma Diizensizligi bulunmamaktadar.

Burulma diizensizliginin en elverigsiz degerleri, X ve Y deprem dogrultularinda EXU ve EYU +%5
yiiklemeleri i¢in hesaplanmistir. Onceki modelimize gore perdelerin olmamasi burulma diizensizligi
acisindan dezavantaj olusturulurken, binanin simetrik bir modele sahip oldugundan daha elverisli ;i

degerleri elde edilmistir.

Cizelge 22. “EXU+%5” yiiklemesi igin A1 kontrolii

Katn (di)max (di)min (Ai)max (Ai)min (Ai)ort MNbi
10 1,2249 0,9991 0,056 0,046 0,051 1,098
9 1,1689 0,9531 0,0779 0,0637 0,0708 1,100
8 1,091 0,8894 0,1006 0,0822 0,0914 1,100
7 0,9904 0,8072 0,1217 0,0992 0,11045 1,101
6 0,8687 0,708 0,1397 0,1137 0,1267 1,102
5 0,729 0,5943 0,1539 0,1253 0,1396 1,102
4 0,5751 0,469 0,1628 0,1324 0,1476 1,102
3 0,4123 0,3366 0,1633 0,1327 0,148 1,103
2 0,249 0,2039 0,1471 0,1195 0,1333 1,103
1 0,1019 0,0844 0,1019 0,0844 0,09315 1,093

Ayn1 sekilde B2 diizensizligi kontroliide gerceklestirilmistir (Cizelge 23).

Cizelge incelendiginde hesaplanan m 2,0 sinir degerini agmadigindan bina modelinde B2
bulunmamaktadir.
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Cizelge 23.“EXU” yiiklemesi icin B2 kontrolii

Kat no hi (Ai)ort (Ai/hi)ort Nki = (Ai/hi)ort /(Aix1/his1)ort Nki = (Ai/hi)ort /(Aic1/hi1)ort
10 300 0,051 0,00017 e 0,720
9 300 0,0708 0,00024 1,388 0,774
8 300 0,0914 0,0003 1,290 0,827
7 300 0,1104 0,00037 1,207 0,870
6 300 0,1268 0,00042 1,148 0,908
5 300 0,1395 0,00047 1,100 0,944
4 300 0,1477 0,00049 1,058 0,997
3 300 0,148 0,00049 1,002 1,111
2 300 0,1332 0,00044 0,9 1,429
1 300 0,0932 0,00031 0,699 e

Goreli kat 6telemelerini inceledigimizde (Cizelge 24.) ise DD-3 yer hareketine gore gerekli islemler
yapildiktan sonra (= = p 390 olarak hesaplanmistir.

Cizelge 24. “EXU+%5” yiiklemesi icin goreli kat telemesi kontrolii

Kat no (di)max (AD)max (8i)max hi A A*(0i)max/hi
10 1,2249 0,056 0,448 300 0,390 0,00058
9 1,1689 0,0779 0,6232 300 0,390 0,00081
8 1,091 0,1006 0,8048 300 0,390 0,00105
7 0,9904 0,1217 0,9736 300 0,390 0,00127
6 0,8687 0,1397 1,1176 300 0,390 0,00145
5 0,729 0,1539 1,2312 300 0,390 0,0016
4 0,5751 0,1628 1,3024 300 0,390 0,00169
3 0,4123 0,1633 1,3064 300 0,390 0,0017
2 0,249 0,1471 1,1768 300 0,390 0,00153
1 0,1019 0,1019 0,8152 300 0,390 0,00106

Cizelge incelendiginde, goreli kat 6telemesi kontroliinde 0,008 sinir degerinin agilmadigi gorilmistiir.

Ikinci mertebe etkilerine ait degerler Cizelge 25.’de sunulmustur. ikinci mertebe etkileri kontroliinde
0,085 simir degeri agilmadig goriilmiistiir.

Cizelge 25. “EXU” yiiklemesi i¢in ikinci mertebe gosterge degeri

Kat no (Ai)ort mx(ton) wi(kN) V«(kN) hi(cm) Ouni
10 0,051 900,9 8.837,9271 506 300 0,00297
9 0,0708 967,2 9.488,1339 332 300 0,00516
8 0,0914 967,2 9.488,1339 295 300 0,00747
7 0,1104 967,2 9.488,1339 258 300 0,00986
6 0,1268 967,2 9.488,1339 221 300 0,01226
5 0,1395 967,2 9.488,1339 185 300 0,01455
4 0,1477 967,2 9.488,1339 148 300 0,01664
3 0,148 967,2 9.488,1339 111 300 0,01805
2 0,1332 967,2 9.488,1339 74 300 0,01766
1 0,0932 967,2 9.488,1339 37 300 0,01351

Uygulama 3. Perdeli Sistem

Bu uygulamada bir adet binanin merkezinde olmak iizere ve bir adette binamizin dis kenarinda perde
bulunmakta olup modelde (Sekil 8) bodrum kati bulunmamaktadir. Ugiincii modelde birinci bina
modelinden bodrum kati modelden ¢ikartilarak bodrumun hékim titresim periyodu ve deprem
diizensizlikleri {izerindeki etkisi incelenmistir.

Sekil 8. SAP2000 Bina déseme modeli ve bina perspektifi goriiniisii
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Bu uygulamada yapidaki etrafi rijit perdelerle ¢evrili bodrum katin ¢ikartilmasi sonucunda bina toplam
agirhigmin azalmasidan dolay1 periyodlarin degerlerinde bir miktar diisiis yasanmigtir. Ama ayni zamanda
bina rijitligi azaldigindan dolay1 X ve Y dogrultularindaki hakim titresim periyodu degerleri arasindaki
farkin biiyiidiigii goriilmiistiir (T®=0,90 sn, T¥=0,64 sn).

Ele alinan bina sirastyla “EXU”, “EXU+%5”, “EXU-%5", “EYU”, “EYU+%5” ve “EYU-%5" yiiklemeleri

altinda incelenmis ve X ve Y yonleri i¢in en olumsuz sonuglar burulma diizensizligi kontrolleri i¢in Cizelge
26 ve 27°de verilmistir.

Cizelge 26. “EXU+%5" yiiklemesi igin Al kontrolii

Kat no (di)max (di)min (Ai)max (Ai)min (Ai)ort Nbi
10 1,331 0,2124 0,0838 0,0263 0,05505 1,522
9 1,2472 0,1861 0,1055 0,0271 0,0663 1,591
8 1,1417 0,159 0,1262 0,0267 0,07645 1,650
7 1,0155 0,1323 0,1447 0,0261 0,0854 1,694
6 0,8708 0,1062 0,1598 0,0247 0,09225 1,732
5 0,711 0,0815 0,1694 0,0227 0,09605 1,763
4 0,5416 0,0588 0,1716 0,02 0,0958 1,791
3 0,37 0,0388 0,1632 0,0166 0,0899 1,815
2 0,2068 0,0222 0,1374 0,0131 0,07525 1,825
1 0,0694 0,0091 0,0694 0,0091 0,03925 1,768

Cizelge 27. “EYU+%S5"” yiiklemesi i¢in A1 kontrolii

Kat no (di)max (di)min (Ai)max (Ai)min (Ai)ort MNbi
10 0,9938 0,7171 0,0915 0,0733 0,0824 1,110
9 0,9023 0,6438 0,1021 0,0797 0,0909 1,123
8 0,8002 0,5641 0,1099 0,0832 0,09655 1,138
7 0,6903 0,4809 0,116 0,0856 0,1008 1,150
6 0,5743 0,3953 0,119 0,0858 0,1024 1,162
5 0,4553 0,3095 0,1182 0,0831 0,10065 1,174
4 0,3371 0,2264 0,1124 0,0771 0,09475 1,186
3 0,2247 0,1493 0,1005 0,0671 0,0838 1,199
2 0,1242 0,0822 0,0809 0,053 0,06695 1,208
1 0,0433 0,0292 0,0433 0,0292 0,03625 1,194

Ornek binada X ve Y dogrultusunda Al-Burulma Diizensizligi bulunmaktadir. Modelden etrafi rijit
perdelerle ¢evrili bodrum katin ¢ikartilmasi sonucu bina rijitligi azaldigindan burumla diizensizligi degeri
olduk¢a artmustir. Burulma diizenligi katsayismin en elverissiz degerleri “EXU+%5” yiiklemesi icin
hesaplanmistir. Bu durumda TBDY-2018, madde 4.7.4’e¢ gore x dogrultusunda uygulanan +%5 ek
digmerkezlik, her katta hesaplanan Dy; katsayisiyla carpilarak biiyiitiilmeli ve analiz tekrarlanarak tasarima
esas i¢ kuvvetler ve yer degistirmeler hesaplanmalidir.

Ele alian bina sirastyla “EXU”, “EXU+%5”, “EXU-%5”, “EYU”, “EYU+%5” ve “EYU-%5" yiiklemeleri
altinda incelenmis ve X ve Y yonleri i¢in en olumsuz sonuglar B2 diizensizligi kontrolleri Cizelge 28 ve

29°da verilmistir.

Cizelgeler incelendiginde, hesaplanan mg 2,0 sinir degerini asmadigindan bina modelinde B2
bulunmamaktadir.

Cizelgeler incelendiginde, goreli kat Stelemesi kontroliinde 0,008 siir degerinin asilmadigi goriilmiistiir
(Cizelge 30 ve 31).

Cizelge 28.“EXU+%5"yiiklemesi icin B2 kontrolii

Kat no hi (Ai)ort (Ai/hi)ort Nki = (A/hiort /(Ais1/his1)ort  Nii = (Ai/hi)ort /(Ait/hi1)ort
10 300 0,05505 0,00018 e 0,830
9 300 0,0663 0,00022 1,204 0,867
8 300 0,07645 0,00025 1,153 0,895
7 300 0,0854 0,00028 1,117 0,925
6 300 0,09225 0,00031 1,080 0,960
5 300 0,09605 0,00032 1,041 1,002
4 300 0,0958 0,00032 0,997 1,065
3 300 0,0899 0,0003 0,938 1,194
2 300 0,07525 0,00025 0,837 1,917
1 300 0,03925 0,00013 0,521 e
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Cizelge 29. “EYU+%5” yiiklemesi icin B2 kontrolii

Kat no h; (Ai)ort (Ai/hi)ort Nki = (Ai/hiort /(Ai1/his1)ort  Nii = (Ai/hi)ort /(Ai1/hi1)ore
10 300 0,0824 0,00027 e 0,906
9 300 0,0909 0,0003 1,103 0,941
8 300 0,09655 0,00032 1,062 0,957
7 300 0,1008 0,00034 1,044 0,984
6 300 0,1024 0,00034 1,015 1,017
5 300 0,10065 0,00034 0,982 1,062
4 300 0,09475 0,00032 0,941 1,130
3 300 0,0838 0,00028 0,884 1,251
2 300 0,06695 0,00022 0,798 1,846
1 300 0,03625 0,00012 0,541 e

Cizelge 30. “EXU+%5" yiiklemesi igin goreli kat dtelemesi kontrolii

Kat no (di)max (AD)max (81)max hi A A*(0i)max/hi
10 1,331 0,0838 0,5866 300 0,387 0,00076
9 1,2472 0,1055 0,7385 300 0,387 0,00095
8 1,1417 0,1262 0,8834 300 0,387 0,00114
7 1,0155 0,1447 1,0129 300 0,387 0,00131
6 0,8708 0,1598 1,1186 300 0,387 0,00144
5 0,711 0,1694 1,1858 300 0,387 0,00153
4 0,5416 0,1716 1,2012 300 0,387 0,00155
3 0,37 0,1632 1,1424 300 0,387 0,00147
2 0,2068 0,1374 0,9618 300 0,387 0,00124
1 0,0694 0,0694 0,4858 300 0,387 0,00063

Cizelge 31. “EYU+%S5” yiiklemesi igin goreli kat 6telemesi kontrolii

Kat no (di)max (A)max (6i)max h; A A*(8i)max/hi
10 0,9938 0,0915 0,6405 300 0,396 0,00085
9 0,9023 0,1021 0,7147 300 0,396 0,00094
8 0,8002 0,1099 0,7693 300 0,396 0,00102
7 0,6903 0,116 0,812 300 0,396 0,00107
6 0,5743 0,119 0,833 300 0,396 0,0011
5 0,4553 0,1182 0,8274 300 0,396 0,00109
4 0,3371 0,1124 0,7868 300 0,396 0,00104
3 0,2247 0,1005 0,7035 300 0,396 0,00093
2 0,1242 0,0809 0,5663 300 0,396 0,00075
1 0,0433 0,0433 0,3031 300 0,396 0,0004

Ikinci mertebe etkilerine ait degerler Cizelge 32 ve 33’de sunulmus ve 0,085 sir degerin asilmadig
gorilmiistiir.

Cizelge 32. “EXU” yiiklemesi icin ikinci mertebe gosterge degeri

Kat no (Aiort my(ton) wi(kN) V«(kN) hi Oi
10 0,05305 905,9 8.886,6828 692 300 0,00227
9 0,06325 996,6 9.777,0384 462 300 0,00341
8 0,07255 996,6 9.777,0384 411 300 0,00439
7 0,0807 996,6 9.777,0384 360 300 0,00534
6 0,0868 996,6 9.777,0384 308 300 0,00622
5 0,0901 996,6 9.777,0384 257 300 0,00697
4 0,0897 996,6 9.777,0384 205 300 0,00749
3 0,08395 996,6 9.777,0384 154 300 0,00759
2 0,0702 996,6 9.777,0384 103 300 0,00690
1 0,03675 996,6 9.777,0384 51 300 0,00395

Cizelge 33. “EYU” yiiklemesi igin ikinci mertebe gdsterge degeri

Kat no (Ai)ort mg(ton) wi(kN) V«(kN) hi Oui
10 0,0825 905.,9 8.886,6828 960 300 0,00255
9 0,0909 996,6 9.777,0384 641 300 0,00353
8 0,0965 996,6 9.777,0384 570 300 0,00421
7 0,1008 996,6 9.777,0384 499 300 0,00481
6 0,1024 996,6 9.777,0384 427 300 0,00529
5 0,1006 996,6 9.777,0384 356 300 0,00561
4 0,0948 996,6 9.777,0384 285 300 0,00571
3 0,0838 996,6 9.777,0384 214 300 0,00547
2 0,0669 996,6 9.777,0384 142 300 0,00474
1 0,0363 996,6 9.777,0384 71 300 0,00281
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Ornek modelimizde bina tabaninda meydana gelen devrilme momenti ve perde taban devrilme momentleri
(Cizelge 34 ve 35) verilmektedir.

Cizelge 34. Toplam devrilme momenti

R (X HR ()
Kat No Hi(m) Fie® (kN) Fie® (kN) }3«15:1)) I:klsrfl)
10 30 692 960 20762 28799
9 27 462 641 12481 17312
8 24 411 570 9861 13678
7 21 360 499 7550 10472
6 18 308 427 5547 7694
5 15 257 356 3852 5343
4 12 205 285 2465 3420
3 9 154 214 1387 1924
2 6 103 142 616 855
1 3 51 71 154 214
64675 89711
Cizelge 35. Perde taban devrilme momentleri (kNm)
P1 perdesi i¢in X-dogrultusundaki Mpgy = 3994
P2 perdesi i¢in X-dogrultusundaki Mpgy = 25763
P2 perdesi i¢in Y-dogrultusundaki Mpgy = 42853

Cizelge 36’da ise Perdelere etkiyen Mpgy/Myp sunulmakta ve bu modelde P1 perdesi X dogrultusu igin
TBDY-2018 Madde 4.3.2.4.(a) kosulunu sagladig1 ancak P1 perdesi Y dogrultusu ve P2 perdesi i¢in bu
kosulun saglanmadigi gériilmektedir.

Cizelge 36. Perdelere etkiyen Mpgy/My orant

P1 perdesi igin X-dogrultusundaki Mpgy / My = 6%
P2 perdesi i¢in X-dogrultusundaki Mpgy / My = 40%
P2 perdesi i¢in Y-dogrultusundaki Mpgy / My = 48%

Perdeli Sistemli modelimizde Toplam Mpgv/Mg orani Cizelge 37°de verilmektedir.

Cizelge 37. Toplam Mpgv/M, orani
X-dogrultusundaki toplam Mpgy / My = 46%
Y-dogrultusundaki toplam Mpgyv / My = 48%

X ve Y dogrultusunda TBDY-2018 madde 4.3.4.5 kosulunun saglandig anlasilmaktadir.
Uygulama 4. Salt Betonarme Cergeve Sistem

Model 4’te, Uygulama 1’deki bina modelinin bodrum kat1 ve kat perdeleri (Sekil 9.)binadan ¢ikartilip
yapidaki diizensizlikler incelenmistir. Hakim Dogal Titresim Periyodunun degerleri SAP 2000 sonlu
elemanlar programi yardimiyla T®¥=1,03 sn ve Tya = 0,897 sn olarak bulunmustur. Bu degerler T <1,4xTpa
sartin1 saglamaktadir.

Sekil 9. SAP2000 Déseme sonlu elemanlar modeli ve bina perspektif goriiniisii
Ornek binada sirastyla “EXU”, “EXU+%5”, “EXU-%5", “EYU”, “EYU+%5” ve “EYU-%5" yiiklemeleri

icin iglemler yapilmig binanin X ve Y yonleri i¢in binanin simetrik olmasi sebebiyle ayni degerlerin
bulundugu goézlenmis ve en elverissiz haldeki burulma diizensizligi durumu Cizelge 38’de verilmistir.

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Farkl Ozelliklere Sahip Cok Kath Binalarda Deprem Diizensizliklerinin Irdelenmesi

Cizelge 38. “EXU+%5” yiiklemesi icin A1 kontrolii

Kat no (di)max (dD)min (A)max (A)min (Aiort Mbi
10 1,1941 0,9706 0,0567 0,0465 0,0516 1,098
9 1,1374 0,9241 0,079 0,0646 0,0718 1,100
8 1,0584 0,8595 0,1023 0,0834 0,09285 1,101
7 0,9561 0,7761 0,1236 0,1007 0,11215 1,102
6 0,8325 0,6754 0,142 0,1156 0,1288 1,102
5 0,6905 0,5598 0,1562 0,1269 0,14155 1,103
4 0,5343 0,4329 0,1643 0,1335 0,1489 1,103
3 0,37 0,2994 0,1623 0,1315 0,1469 1,104
2 0,2077 0,1679 0,1393 0,1127 0,126 1,105
1 0,0684 0,0552 0,0684 0,0552 0,0618 1,106

Ornek binada X ve Y dogrultusunda A 1-Burulma Diizensizligi bulunmamaktadar.

B2 diizensizligi kontrolii Cizelge 39’da verilmistir.

Cizelgeler incelendiginde hesaplanan 1y 2,0 smir degerini asildigindan B2 diizensizligi bulunmaktadir.
TBDY-2018’e gore Esdeger Deprem Yiikii Yontemi, her bir katta burulma diizensizligi katsayisinin

Moi < 2 kosulunu sagladigi ve ayrica B2 tiirii diizensizliginin olmadigi binalarda kullanilabilmektedir.

Cizelge 39. “EXU+%5" yiiklemesi i¢in B2 kontrolii

Kat no hi (Aiort (Ai/hi)ort Nii = (A/hi)ort /(Ait/his)ore— Mia = (Aithi)ort /(Aii/hic)ort
10 300 0,0516 0,00017 e 0,718
9 300 0,0718 0,00024 1,391 0,773
8 300 0,09285 0,00031 1,293 0,827
7 300 0,11215 0,00037 1,207 0,870
6 300 0,1288 0,00043 1,148 0,909
5 300 0,14155 0,00047 1,098 0,950
4 300 0,1489 0,0005 1,051 1,013
3 300 0,1469 0,00049 0,986 1,165
2 300 0,126 0,00042 0,857 2,038
1 300 0,0618 0,00021 0490 e

Bu sebeple yumusak kat diizensizligini gidermek i¢in modelde bazi kolon boyutlari bulundugu kenara
paralel olacak bigcimde biiyiitiilecektir. Modelinde bazi kolon boyutlar1 80x80cm den 80x160cm’a
cikartlmigtir.

Ebatlar degistirilen kolonlar Sekil 10°da isaretlenmistir. Kolonlardaki ebat degisikligi bina zemininden
bina tepesine siirekliligi bozmadan yapilmustir.

Gerekli islemler yapildiktan sonra elde edilen sonuglar B2 diizensizligi kontrolii icin Cizelge 40’da
verilmigtir.

Sekil 10. Kat kolon plani
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Cizelge 40. “EXU+%5” yiiklemesi icin B2 kontrolii

Kat no h; (Ai)ort (Ai/hi)ort Nk = (Ai/hi)ort/(Aix1/his1))ore . Mii = (Ai/hi)ort /(Ai1/hi_1)ort
10 300 0,0634 0,000211 e 0,783
9 300 0,08095 0,00027 1,276 0,807
8 300 0,10025 0,000334 1,238 0,844
7 300 0,1187 0,000396 1,184 0,881
6 300 0,13465 0,000449 1,134 0,916
5 300 0,14695 0,00049 1,091 0,953
4 300 0,15415 0,000514 1,048 1,003
3 300 0,15355 0,000512 0,996 1,097
2 300 0,13985 0,000466 0,910 1,945
1 300 0,0719 0,00024 0514 e

Cizelgeler incelendiginde, hesaplanan m; 2,0 sinir degerini agmadigindan bina modelinde B2 diizensizligi
bulunmamaktadir.

DD-3 yer hareketi diizeyine gore gerekli islemler yapildiktan sonra A® = 0,390, AY )= 0,390 olarak
hesaplanmis ve goreli kat 6telemesi kontrolii Cizelge 41°de gergeklestirilmistir.

Cizelge 41. “EXU+%5” yiiklemesi icin goreli kat telemesi kontrolii

Kat No (di)max (Ai)max (8i)max h; A A*(6i)max/hi
10 1,2805 0,0698 0,5584 300 0,390 0,0007259
9 1,2107 0,0889 0,7112 300 0,390 0,0009246
8 1,1218 0,11 0,88 300 0,390 0,001144
7 1,0118 0,1303 1,0424 300 0,390 0,0013551
6 0,8815 0,1477 1,1816 300 0,390 0,0015361
5 0,7338 0,1613 1,2904 300 0,390 0,0016775
4 0,5725 0,1693 1,3544 300 0,390 0,0017607
3 0,4032 0,1689 1,3512 300 0,390 0,0017566
2 0,2343 0,1543 1,2344 300 0,390 0,0016047
1 0,08 0,08 0,64 300 0,390 0,000832

Cizelge incelendiginde goreli kat telemesi kontroliinde 0,008 sinir degerinin agilmadigi gorilmistiir.
Ikinci mertebe etkilerine ait degerler Cizelge 42°de sunulmustur.

Cizelge 42. “EXU+%5” yiiklemesi icin ikinci mertebe gdsterge degeri

Kat No (Ai)ort mx(ton) wi(kN) Vi(kN) h; O
10 0,0634 920,5 9.030,2031 532 300 0,00359
9 0,0809 1.006,4 9.872,6859 354 300 0,00576
8 0,1002 1.006,4 9.872,6859 314 300 0,00801
7 0,1187 1.006,4 9.872,6859 275 300 0,01037
6 0,1347 1.006,4 9.872,6859 236 300 0,01273
5 0,147 1.006.,4 9.872,6859 196 300 0,01500
4 0,1541 1.006,4 9.872,6859 157 300 0,01699
3 0,1536 1.006,4 9.872,6859 118 300 0,01833
2 0,1398 1.006,4 9.872,6859 79 300 0,01814
1 0,0719 1.006,4 9.872,6859 39 300 0,01020

Ikinci mertebe etkileri kontroliinde 0,085 sinir degeri asilmamustir.

4. SONUCLAR

Bu caligmada ¢ok katli betonarme binalarin 2018 Tiirkiye Bina Deprem Yonetmeligi kapsamindaki
hususlara gore tasarim ve analizleri yapilmistir. Salt betonarme gergeve sistemler, perdeli sistemler ve
bodrum perdeli sistemlerin statik ve dinamik analizleri Esdeger deprem Yiikii Yontemine gore
incelenmistir. Farkli modeller {izerine yapisal diizensizlikler incelenmis ve ortaya ¢ikan bu diizensizliklerin
giderilmesine yonelik ¢6ziim yollar1 arastirilmistir.

Yapilan incelemelerde; etrafi rijit perdelerle ¢evrili betonarme bodrum katli binalarin yap1 diizensizlikleri
iizerinde dnemli bir etkisi oldugu anlasilmistir. Ele alinan betonarme modellerde kat perdelerinin yumusak
kat diizensizligi lizerinde 6nemli bir katkist oldugu gézlemlenmistir. Perdelerin eksik ya da yetersiz oldugu
yapilarda yumusak kat diizensizligi gézlenebilmektedir. Bu durumda TBDY-2018’ne gore esdeger deprem
yiikii yontemi ile analiz yapilamamaktadir. Yumusak kat diizensizliginin giderilmesiyle ilgili olarak; salt
betonarme karkas gerceveli sistemlerde bazi kolon boyutlar1 iki yonde de biiyiitiilerek yumusak kat
diizensizligi giderilebilecektir.
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Sonug olarak; ¢cok katli binalar {izerinde yapilan hesaplamalar ve analizler, TBDY-2018 ilkelerinin dikkatli
sekilde uygulanmasi gerektigi ortaya konulmustur.
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Beton kullanim dmrii boyunca takip edilmeli, varsa hasarlar tespit edilmeli
ve gerekli islemler zamaninda yapilmalidir. Bundan dolay1 dogru zamanda
dogru tespit betonun dayanikliligi agisindan olduk¢a 6nemlidir. Catlaklar,
betonarme yapilarin zarar gérdiigiiniin en erken sinyalleridir. Tiirkiye gibi
deprem riski yiiksek bolgelerde yapilarin dayaniklihigi ve giivenligi
acisindan catlaklarin erken tespiti hayati 6neme sahiptir. Catlaklari manuel
olarak tespit etmek genellikle zaman, isgiicii, maliyet, yiiksek hata olasilig
ve uygulamadaki zorluklar agisindan oldukc¢a dezavantajlidir. Manuel
tespite alternatif olarak goriintii isleme teknikleri, makine 6grenmesi ve
derin  6grenme  tabanli  algoritmalarmn  bu alanda  kullanimi
yayginlasmaktadir. Bu calismada, Orta Dogu Teknik Universitesi
kampiisiindeki farkli binalardan elde edilen goriintiilerden olusan METU
veri kiimesi kullanilarak beton yiizeyindeki c¢atlaklarin goriintii isleme
yontemi ile tespit edilmesi amaglanmigtir. Veri kiimesinden 550 adet 6rnek
goriintii se¢ilmis olup bu gorintiilerin 500 adedi pozitif, kalan 50 adedi ise
negatif gorlintiiden olugmaktadir. Veri seti gesitli veri artirma teknikleri ile
1330 &rnege genisletilmistir. Veri seti %88 egitim, %8 dogrulama, %4 test
kiimesi olarak boliinmiistiir. Sonug olarak 1170 adet goriintii egitim, 105
adet goriintii  dogrulama ve 55 adet gOrliinti ise test icin
kullanilmistir. Egitim islemi Google Colab ortaminda gergeklestirilmistir.
Model olarak YOLO serisinden YOLOv8 modeli kullanilmstir. Elde edilen
sonuglara goére modelin ¢atlak tahminlerinde ¢ok az yanlis pozitif sonug
verdigi ve farkli simiflar1 ayirt etmede yiiksek basari gosterdigi tespit
edilmistir.
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Concrete should be monitored throughout its service life, any damages
should be detected, and necessary repairs should be promptly carried out.
Therefore timely and accurate detection is crucial for the durability of
concrete. Cracks are the earliest indicators of damage in reinforced concrete
structures. Especially in high seismic risk regions like Turkey, early
detection of cracks is of vital importance for the resilience and safety of
structures. Manual detection of cracks is generally disadvantaged in terms
of time, labor, cost, high error probability, and application difficulties. As
an alternative to manual inspection, image processing techniques and
algorithms based on machine learning and deep learning are increasingly
being utilized in this field. This study aims to detect cracks on concrete
surfaces using image processing methods with the METU dataset consisting
of images from various buildings on the Middle East Technical University
campus. A total of 550 sample images were selected from the dataset,
comprising 500 positive and 50 negative images. The dataset was expanded
to 1330 examples using various data augmentation techniques. The dataset
was divided into 88% training, 8% validation, and 4% test sets. Thus 1170
images were used for training, 105 for validation, and 55 for testing. The
training process was conducted in the Google Colab environment using the
YOLOv8 model from the YOLO series. According to the results obtained,
the model produced very few false positive results in crack predictions and
demonstrated high accuracy in distinguishing different classes.
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1. GIRIS

Beton giiniimiizde en ¢ok kullanilan yap1 malzemelerinden biridir. Yapilarin dayanikliligi, saglamlig: ve
Oomrii betonun kalitesine ve i¢ yapisina baglidir. Yapt hizmet 6mrii boyunca, degisen yiikleme kosullari,
korozyon, donma ¢oziilme, klor difiizyonu, karbonatlasma, biyolojik olusumlar gibi c¢esitli mekanik,
fiziksel ve kimyasal etkilere maruz kalmaktadir. Bu etkiler betonun catlamasina ve bozulmasina sebep
olmaktadir. Bu bozulmalar, 6nlem alinmadig: takdirde, yapilarin yapisal biitiinliigiinii tehlikeye atmanin
yanisira Onemli insan ve mali kayiplara sebep olabilir [1-6]. Catlaklar, betonarme yapilarin zarar
gordiigiiniin en erken sinyalleridir. Tiirkiye gibi deprem riski yiiksek bolgelerde yapilarin dayaniklilig: ve
giivenligi acgisindan catlaklarin erken tespiti hayati 6neme sahiptir. Hizmet omrii boyunca yapimin
performansi ve giivenligini saglamak i¢in ¢atlaklarin tespit edilmesi, derinliginin ve miktarinin belirlenmesi
dogru teshisin konulmasi agisindan olduk¢a dnemlidir [7]. Catlaklart manuel olarak tespit etmek genellikle
zaman, isgiicii, maliyet, yliksek hata olasilig1 ve uygulamadaki zorluklar agisindan olduk¢a dezavantajlidir.
Son yillarda manuel tespite alternatif olarak goriintii isleme teknikleri, makine 6grenmesi ve derin 6grenme
tabanli algoritmalarin  bu alanda kullanimmna yonelik arastirmalarin  yayginlastigi literatiirden
anlagilmaktadir [8,9].

Rimkus ve arkadaglar1 (2015) tarafindan yapilan ¢alismada, beton yapilarin sik¢a karsilastigi catlak
sorunlarini ¢6zmek i¢in dijital goriintii analiz sistemlerinin kullanimi 6nerilmistir. Geleneksel yontemlerin
aksine dijital goriintii korelasyon teknolojisinin g¢atlaklarin yerini etkin bir sekilde belirlemede avantaj
sagladig ifade edilmistir. Calismada goriintii isleme siirecinin iki agamali oldugu ve catlaklarin dikey
konumlarmin tespitinde kullanildigi belirtilmistir. Catlak piksellerinin tanimlanmasinda hiyerarsik
kiimelenme teknigi’nin kullanildigi ve bu yontemin etkinliginin deneysel verilerle desteklendigi
agiklanmisgtir [7].

Ni ve arkadaslar1 (2020) tarafindan yapilan ¢aligmada catlak tespiti yapabilen akilli telefon uygulamasi
gelistirilmistir. Akilli telefon zoom lensi ile beton ¢atlaklarinin dogru tespit edilebilecegi ifade edilmistir.
Kamera haricinde lazer tarama ve goriintii islemenin birlikte kullanim1 da giderek yayginlagmaktadir [10].

Miao ve Srimahachota (2021) tarafindan yapilan ¢aligmada, beton yiizey ¢atlaklarii tespit etmek ve
niceliklerini belirlemek i¢in yar1 otomatik bir sistem gelistirilmistir. Caligmada dort yaygin evrisimli sinir
ag1 (CNN) modeli test edilmis ve GoogLeNet'in transfer 6grenme ile egitilmis versiyonunun iki farkli veri
setinde dengeli performans sergiledigi belirtilmistir. Ayrica "mahalle taramasi”" ad1 verilen yeni bir teknik
onerilmis ve 6nceki ¢ift tarama yontemi ile benzer performans gosterdigi tespit edilmistir. Onerilen catlak
genisligi hesaplama yontemi 6nceki yontemlere kiyasla daha diisiik ortalama goreceli hata sunmaktadir [9].

Rucka ve arkadaslar1 (2021) tarafindan yapilan ¢aligmada, dijital goriintii isleme teknigi ve ultrasonik test
birlikte uygulanarak poliolefin lif takviyeli beton kirislerdeki hasarin gelisimi karakterize edilmistir.
Caligsma sonuglarina gore, 6nerilen yontemin kirilma siirecinin ger¢ek zamanli izlenmesi igin, bir sistemde
otonom hasar gostergeleri olarak kullanilabilecegi yazarlar tarafindan bildirilmistir [11].

Seving ve Ozyurt (2022) tarafindan yapilan calismada, Orta Dogu Teknik Universitesi kampiis binalarindan
toplanan veri seti kullanilarak derin 6grenme modelleri araciligiyla beton yiizey ¢atlaklariin tespit edilmesi
amaclanmistir. Bu kapsamda goriintiiler ResNet-50, VGG-16, Inception-V3, Xeption derin CNN
mimarileri ve MobileNet, ShuffleNet, EfficientNet hafif CNN mimarilerini kullanilarak egitilmistir.
Sonuglar karsilagtirildiginda elde edilen dogruluk oranlarinin basarili ve birbirine yakin oldugu tespit
edilmigtir [12].

Vivekananthan ve arkadaglari (2023) tarafindan yapilan ¢alismada, beton kopriideki gatlaklarin tespiti i¢in
gelistirilmis OTSU yo6ntemi kullanilmistir. Yontem goriintii 6n islemesinde gri seviye ayrimi yaklagimin
kullanarak catlaklarin tespit edilme dogrulugunu arttirmay1 hedeflemektedir. Catlaklarin kenar piksellerini
belirlemek i¢in Sobel filtresi kullanilmistir. Sonug olarak ¢aligmada kullanilan bu yontemin beton koprii
catlaklarint %95'e varan bir dogruluk oraniyla tespit ettigi ifade edilmistir [13].
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Iraniparast ve arkadaslar1 (2023) tarafindan yapilan ¢alismada, beton yiizeylerdeki ¢atlaklarin tespiti ve
segmentasyonu i¢in transfer 6grenme ve ¢ok ¢oziiniirliiklii goriintii isleme teknikleri kullanilmistir. Catlak
segmentasyonunda dalga doniisiimiine dayali ¢ok ¢oziiniirliikli goriintii analizi uygulanmistir. Derin
evrisimli sinir aglart (DCNN) ve transfer 6grenme ydntemleri beton yiizey catlaklarin tespiti igin
kullanilmistir. DCNN siniflandirict modellerin yiiksek performans gosterdigi ve onerilen ¢ok ¢oziintirliklii
goriintli analizinin ¢atlak piksellerini %95,25 F1 skoru ile segmentleyebildigi belirlenmistir [14].

Beton, dogru uygulama ve zamaninda gerekli bakim ve onarim yapildiginda oldukg¢a uzun 6miirlii bir
malzemedir. Beton kullanim dmrii boyunca takip edilmeli, varsa hasarlar tespit edilmeli ve gerekli islemler
zamaninda yapilmalidir. Bundan dolay1 dogru zamanda dogru tespit betonun dayanikliligi agisindan
oldukga 6nemlidir [15-17]. Yapinin kullanim 6émrii boyunca geleneksel ve manuel olarak takip edilmesi ve
degerlendirilmesi siireci iggiicli ve zaman agisindan diisiiniildiigiinde yavag ve maliyetlidir. Ayrica kisinin
bilgisine, becerisine ve tecriibesine bagli oldugundan yeterince objektif degildir. Son yillarda yapilan
caligmalar goriintii isleme ve makine 6grenmesi modellerinin yapisal saglik izleme de tahribatsiz metot
olarak kullanilabilecegini gostermektedir [17,18]. Konu ile ilgili ¢aligmalar sinirlt sayida olup farkli makine
6grenmesi ve derin 6grenme algoritmalarinin kullanildigi ¢ok daha fazla aragtirmaya ihtiya¢ bulunmaktadir.
Bu ¢aligmada, catlaklar1 daha hizli ve daha dogru tespit etmek amaciyla METU veri seti iizerinde Yolov8
derin 6grenme algoritmasi kullanilmis ve literatiirde yapilan diger ¢alismalarla kiyaslanmustir.

2. METODOLOJI
2.1. Veri Seti

Bu calismada, Orta Dogu Teknik Universitesi kampiisiindeki farkli binalardan elde edilen toplam 40.000
adet goriintii iceren METU veri kiimesi kullanilmistir. Veri kiimesinin 20.000 adedi pozitif yani ¢atlak
iceren goriintiilerden, 20.000 adedi ise negatif yani ¢atlak igermeyen goriintiilerden olusmaktadir [19]. Bu
¢alisma i¢in veri kiimesinden 550 adet 6rnek goriintii se¢ilmis olup bu goriintiilerin 500 adedi pozitif, kalan
50 adedi ise negatif goriintiiden (background) olusmaktadir. Veri seti Roboflow sitesi iizerinden
anotasyonlanmis ve ¢esitli veri artirma teknikleri (dikey ve yatay dondiirme, bulaniklik ekleme, giiriiltii
ekleme, doyma, belirli agida dondiirme gibi) uygulanarak 1330 Ornege genisletilmistir. Veri seti %88
egitim, %8 dogrulama, %4 test kiimesi olarak boliinmiistiir. Sonug olarak 1170 adet goriintii egitim, 105
adet goriintii dogrulama ve 55 adet goriintii ise test igin kullanilmistir.

Catlak iceren goriintiiler pozitif, background olan goriintiiler ise null olarak etiketlenmistir. Null, Roboflow
etiketlemesinde background olarak temsil edilmektedir [20]. Goriintii boyutlart YOLO igin 256x256 piksel
olarak sabitlenmis ve piksel degerleri 0 ile 1 arasinda normalize edilmistir. Calisma kapsaminda kullanilan
veri seti igerisinde yer alan baz1 goriintiiler Sekil 1°de gosterilmistir.

2.2. Yontem

Egitim islemi Google Colab ortaminda gerceklestirilmistir. Google Colab, tarayici lizerinden erisilebilen
bulut tabanli bir Jupyter not defteri hizmetidir. Intel CPU'larla donatilmis olup yaklasik 12 GB RAM
kapasitesine sahiptir. Ayrica derin 6grenme gibi hesaplama yogun islemler i¢in NVIDIA Tesla T4, A100,
L4 ve TPU v2-8 gibi GPU ve TPU'lardan birini segme imkan1 sunmaktadir. Bu ¢alismada NVIDIA Tesla
T4 GPU kullanilmustir [21].

Model olarak YOLO serisinden YOLOv8 modeli kullanilmistir. YOLOV8' de yapilan mimari iyilestirmeler,
daha derin ve etkili 6zellik temsilleri saglamak iizere 3x3 filtrelerin tercih edilmesi gibi degisiklikleri
icermektedir. Ayrica, modelin ana yap1 blogu (C2f, C3) yeniden tasarlanmis ve aktivasyon fonksiyonu
olarak SiLU kullanilmigtir. YOLOVS veri artirimi teknikleriyle egitim sirasinda goriintiilerin g¢esitli
varyasyonlarini igleyerek genellemeyi artirmay1 hedeflemektedir. YOLOvVS COCO veri setinde yapilan
testlerde yiiksek dogruluk gdstermis ve Roboflow 100 benchmark da diger popiiler modellere gore {istiin
performans sergilemistir [22]. Sekil 2°de YOLOvV8’in mimarisi detayli olarak gosterilmistir [22,23]
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Sekil 1. Veri setine ait 6rnek goriintiiler
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Sekil 2. YOLOvS8’in mimarisi [22,23]

2.3. Degerlendirme Metrikleri

Veri seti, YOLOVS8'in 6nceden egitilmis agirliklari iizerinde 100, 200 ve 300 donemler boyunca egitilmistir.
Egitim siirecinde modelin kaybi (loss) ve dogrulugu (accuracy) gibi performans metrikleri diizenli olarak
kaydedilmis ve incelenmistir. En iyi sonuglar1 elde etmek igin egitim parametreleri dikkatlice ayarlanmis
ve test edilmistir. Egitim siirecinde kullanilan metrikler modelin dogrulugunu ve genel performansini
belirlemek i¢in kritik 6neme sahiptir. Kaydedilen sonuglar daha sonra dogruluk, duyarlilik, pozitif tahmin
degeri, negatif tahmin degeri, F1 degeri, karmagiklik matrisi gibi degerlendirme Olgiitleri iizerinden
incelenmistir.
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Bu dlciitler gergek pozitif (TP), yanlis pozitif (FP), gercek negatif (TN) ve yanlis negatif (FN) olmak {izere
dort kategori iizerinden hesaplanmaktadir ve modelin performansi agisindan dnemli bilgiler sunmaktadir.
Dogruluk (accuracy) modelin dogru tahminlerinin genel veri seti igerisindeki oranini gdstermektedir.
Duyarlilik (recall) gercek pozitiflerin dogru siniflandirilma oranini ifade etmektedir. F1 degeri, dogruluk
ve duyarlilik metriklerinin harmonik ortalamasi olarak hesaplanmaktadir. Pozitif tahmin degeri modelin
pozitif olarak tahmin ettigi 6rneklerin gergekten pozitif olma oranini gostermektedir. Negatif tahmin degeri
ise modelin negatif olarak tahmin ettigi 6rneklerin gercekten negatif olma oranini ifade etmektedir [24].
S6z konusu metrikler Esitlik (1-5) yardimiyla hesaplanmaktadir.

Accuracy = (TP+TN) / (TP+FN+TN+FP) )
Recall = TP / (TP+FN) 2)
F1 score = 2TP / (2TP+FP+FN) 3)
Positive predictive value = TP / (TP+FP) 4

Negative predictive value = TN / (TN+FN) (5)
3. ANALIZ SONUCLARI

Bu ¢alisma, beton ¢atlaklarinin tespiti icin YOLOvV8 modeli kullanilarak ger¢eklestirilmistir. Egitim siireci
METU'dan elde edilen 1170 goriintii tizerinde NVIDIA Tesla T4 TPU kullanilarak gergeklestirilmistir.
Modelin performansini degerlendirmek igin farkli egitim donemlerinde elde edilen degerlendirme
metrikleri kullanilmigtir. Egitim siirecinin farkli donemlerinden elde edilen MAP (Mean Average
Precision) degerleri, degerlendirme metrikleri ve zaman degerleri Cizelge 1°de verilmistir. MAP degerleri
g0z Oniine alindiginda en iyi sonucu 200. donemin, dogruluk agisinda en iyi sonucu 300. dénemin, duyarlik
acisindan en iyi sonucu 100. déonemin, F1 skoru olarak 100. ve 200. dénemlerin en yiiksek sonucu verdigi
tespit edilmistir. Tim bu metrikler ve zaman agisindan degerlendirildiginde 200. donemin genel olarak
daha iyi sonug verdigi belirlenmis ve model 200 egitim donemi baz alinarak egitilmis ve sonuglar bu
baglamda degerlendirilmistir.

Cizelge 1. Farkli egitim donemlerinden elde edilen sonuglar

DRI MAP@S) MAP@S095  Dogruluk  Duyarbik  FI degeri Z(:;“i‘)“
100 0,965 0,841 0,958 0,934 0,95 0,350
200 0.971 0.855 0,959 0,933 0.95 0,645
300 0.970 0,859 0.964 0.894 0.93 0,970

Bunun nedeni, modelin 200. déneme kadar 6grenme siirecinde uygun bir denge yakalamas1 yani hem egitim
verileri iizerinde yeterli 6grenmeyi gergeklestirmesi hem de asir1 uyuma (overfitting) egilimini minimize
etmesidir. Egitim siirecini daha da arttirmak modelin egitim verisine daha fazla uyum saglamasina
dolayisiyla ezberleme egilimine yol agabilmektedir.. Bu modelin genel performansini ve gergek diinya
verileri tizerindeki genelleme yetenegini olumsuz etkileyebilmektedir. Egitim siirecinin arttirilmast her
zaman daha iyi giivenlik veya performans saglamaz, bu yiizden hiperparametre ayarlamalari ve erken
durdurma (early stopping) gibi stratejiler kullanilarak optimal egitim siiresi belirlenmelidir [25-27].
Modelin performansinin koétii gittiginden emin olmak i¢in 300. doneme kadar testler yapilmustir.

Sekil 3’de modelin karmasiklik matrisi verilmigtir. Karmagiklik matrisi modelin basarisint dogru sekilde
6lgmek ve degerlendirmek i¢in olduk¢a 6nemlidir. Bu matris yardimiyla farkli performans metriklerinin
degerleri belirlenmekte ve bdylece modelde iyilestirmeler yapmak ve gercege en yakin tahminler
iiretebilmek miimkiin olabilmektedir [24]. Buna gére modelin dogru bir sekilde ¢atlak olarak tespit ettigi
ornek sayisi yani dogru pozitif degeri 115°tir. Catlak olmayan alanlar1 yanliglikla catlak olarak
smiflandirdig1 6rnek sayist yani yanlis pozitif sayis1 15°dir. Modelin tespit edemedigi gergek c¢atlak sayist
yani dogru negatif sayist ise 5’tir. Modelin yliksek gergek pozitif degeri ¢atlaklar etkin bir sekilde tespit
edebildigini gostermektedir.
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Sekil 3. Karmasiklik matrisi

Modelin dogruluk-duyarlilik (P-R) egrisi Sekil 4’te gosterilmistir. Egriye gore model pozitif olarak
etiketlenen ¢atlaklar1 %96,9 oraninda kesinlikle dogru bir sekilde tespit etmektedir. Tiim siniflar igin
ortalama kesinlik (MAP) degeri de %96,9 olarak belirlenmistir. Bu sonuglar modelin gatlak tahminlerinde
¢ok az yanlis pozitif sonug¢ verdigini ve farkli smniflar1 ayirt etmede yiiksek basart gosterdigini ifade
etmektedir. Modelin yiiksek kesinlik puani gercek pozitifleri (gatlaklari) tespit etmede giivenilir oldugunu
gostermektedir.

Modelin F1 skoru Sekil 5’de gosterilmistir. En yiiksek F1 skoru yaklagik 0,626 giiven esik degerinde
0,93’tiir. Giiven esik degeri 0,8 civarinda iken F1 skoru azalmaya baglamakta ve 1,0’e yaklastik¢a keskin
bir azalma goriilmiistlir. Bunlara gére model belirtilen giiven esik degerinde en iyi dengeli dogruluk ve
hatirlama oranina sahiptir ancak yiiksek giiven esiklerinde yanlis negatifleri artirabilecegine isaret
etmektedir. Cesitli diizenleme teknikleri (Dropout, L2 diizenleme), veri ¢esitlendirme ve artirma, erken
durdurma (early stopping) ve ¢apraz dogrulama gibi yontemler ile modelin asir1 uyuma egilimi azaltilarak,
genelleme yetenegi ve giivenilirligi arttirilarak performansi iyilestirilebilmektedir [25-27].

10 Precision-Recall Curve
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0.6
c
k=
@
o
<
a
0.4
0.2 4
0.0 . . . .
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Sekil 4. Dogruluk-duyarlilik (P-R) egrisi
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Sekil 5. F1 giivenilirlik egrisi

0.2

Modelin egitim sonug grafikleri Sekil 6’da, modelin tahmin 6rnekleri Sekil 7°de verilmistir. Bu grafiklere
gore egitim kayiplarinda azalma goriilmektedir. Bu modelin zamanla daha iyi &grendigini ve
performansinin arttigini géstermektedir. Egitim siiresi boyunca modelin performanst belirli araliklarla test
edilmekte ve genellikle 6grenme egrileri kullanilarak analiz edilmektedir. Diisiik donem sayis1 ile modelin
veri setini tam dgrenememesi yani eksik 6grenme ve modelin performansinin yetersiz olmasi anlamina
gelmektedir. Yiiksek donem sayisi ise asir1 uyuma neden olabilmekte yani model egitim verisine fazla
uyum saglayip genelleme yetenegini kaybedebilmektedir. Bu nedenle ideal egitim siiresi genellikle
performans metriginin en yiiksek oldugu doneme gore belirlenmektedir [25-27]. Dogruluk grafigindeki
yiikselis catlaklarin dogru tespit edilme oraninin arttigini gostermektedir. MAP (ortalama kesinlik)
grafigindeki yiikselis catlak tespitindeki ortalama kesinligin arttigmi isaret etmektedir. Dogrulama
kayiplarindaki diisiis egilimi modelin dogrulama seti iizerinde de iyi performans gosterdigini ve
genellestirme yeteneginin oldugunu gostermektedir.

train/box_loss train/cls_loss train/dfl_loss metrics/precision(B) metrics/recall(B)
1.0
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Sekil 6. Modelin egitim sonug grafikleri

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Muhammet Gokhan ALTUN, Ahmet Hakan ALTUN

positive (

tive Q.73

Sekil 7. Modelin tahmin 6rnekleri

Catlak tespitine yonelik yapilan caligmalarda ¢ogunlukla Inception V3, Alexnet, VGG16 ve ResNet derin
Ogrenme tabanli algoritmalar kullanilmistir. Elde edilen sonuglar neticesinde kullanilan modellerin dogru
tahmin etme yeteneginin %80 ile %99 arasinda degistigi tespit edilmistir [14,28-46]. Bu ¢alismada Yolov8
algoritmast kullanilarak elde edilen dogruluk degeri %95,6, literatiirdeki diger c¢alismalar ile
kiyaslandiginda modelin dogru tahmin etme yeteneginin oldukea iyi oldugu belirlenmistir.
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Yap1 malzemelerinin diizenli bakimi, dayanikli, giivenli ve uzun Omiirli yapilar i¢in vazgecilmezdir.
Deprem, asirt yiikleme, zemin kaynakli ya da gevresel faktorlerden kaynakli yapida veya yapinin bir
bolimiinde olusan hasarlar cesitli yontemler kullanilarak dayanim ve dayanikliliginin arttirilmasi amaciyla
onarilmasi gerekmektedir. Beton ve betonarme yapilarda bozulmalarin basladig: ilk olarak gatlaklarin
gozlemlenmesi ile anlasilmaktadir. Dolayisiyla yapmin hizmet 6mrii boyunca performansinin ve
giivenliginin saglanmasi igin catlaklarin hizli ve dogru tespit edilmesi, catlak karakterizasyonunun dogru
analiz edilmesi ve yapisal bakimin zamaninda gerceklestirilmesi olduk¢a dnemlidir. Sonug olarak yap1
saglig1 ve giivenligi acisindan ilk agama olan ¢atlak tespitinin, hizli, dogru, objektif ve otomatik olarak
tespit edilmesi hayati 6neme sahiptir.

4. SONUC

Bu calismada, Orta Dogu Teknik Universitesi kampiisiindeki farkli binalardan elde edilen goriintiilerden
olusan METU veri kiimesi kullanilarak beton yiizeyindeki ¢atlaklarin goriintii isleme yontemi ile tespit
edilmesi amaglanmistir. Elde edilen sonuglara gore, model yiiksek gercek pozitif degeri gatlaklar etkin bir
sekilde tespit edebilmektedir. Modelin ¢atlak tahminlerinde ¢ok az yanlis pozitif sonug verdigi ve farkli
siniflart ayirt etmede yiliksek basar1 gosterdigi tespit edilmistir. Modelin yiiksek kesinlik puani gercek
pozitifleri (¢atlaklar1) tespit etmede gilivenilir oldugunu gostermektedir. Model belirtilen giiven esik
degerinde en iyi dengeli dogruluk ve hatirlama oranina sahiptir ancak yiiksek giiven esiklerinde yanlis
negatifleri arttirabilme ihtimali s6z konusudur. Modelin zamanla daha iyi 6grendigi ve performansinin
arttig1 belirlenmistir. Dogrulama kayiplarindaki diislis egilimi modelin dogrulama seti iizerinde de iyi
performans gosterdigini ve genellestirme yeteneginin oldugunu gostermektedir.

Farkli makine ve derin 6grenme algoritmalari ile daha genis veri setleri kullanilarak ¢alismalarin yapilmasi
ve ¢ok daha hizl1 ve dogru tahmin yetenegi olan uygulamalarin gelistirilmesi yapisal saglik izleme agisindan
oldukg¢a 6nemli olacaktir.

Catlak tespiti haricinde dijital goriintii isleme tekniklerinin dayanim tahmini, segregasyon, agrega yiizey
ozelliklerinin belirlenmesi, beton yiizeyinde olusan hata deliklerinin tespit edilmesi, karbonatlagsma
derinliginin tespit edilmesi, korozyon gibi betonun farkli 6zelliklerinin belirlenmesinde kullanilarak
zaman, hiz, isgilicli, enerji, objektiflik agisindan avantaj saglayacak modellerin ve uygulamalarin
gelistirilmesine ihtiya¢ bulunmaktadir.
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Bu calisma, Fenton Oksidasyon Prosesinin (FOP) dogrudan
aritilmamus tekstil atik suyuna uygulanmasini, 6zellikle dokuma
kumas iretim tesisinden gelen atik suyu hedef alarak
incelemektedir. Optimize edilmis kosullar (pH 3, 0.7 g/L Fe*2, 2
mM H,0,) altinda, proses %81 Kimyasal Oksijen Ihtiyac1
(KOI), %80 Askida Kat1 Madde (AKM) ve %93 renk giderimi
gibi Onemli verimlilikler saglamistir. FOP performansini
modellemek amaciyla Matlab R2020a'da Yapay Sinir Aglar
(YSA) ve NARX-YSA modelleri, Levenberg-Marquardt
(trainlm) ve Olceklenmis Eslenik Gradyan (trainscg)
algoritmalart  kullanilarak  olusturulmustur.  9-20-3  ag
topolojisine sahip YSA modeli, 0.9843 R? degeri ile yiiksek bir
tahmin yetenegi gostermistir.
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1. INTRODUCTION

Needs for clothing and shelter come right after basic needs such as air, water, and food, which are necessary
for the survival of humanity. The increasing demand for textile products for these needs on a global scale
has resulted in the textile industry being included in the top five major industrial sectors in the inter-industry
classification [1,2]. In addition, as a result of the modeling, it is estimated that the consumption of textile
products will increase 3 times worldwide by 2050 [3]. The textile industry, which traditionally consists of
stages such as yarn, weaving, spinning, knitting, washing, bleaching, dye-printing, and finishing processes,
consumes significant amounts of water and energy According to studies conducted in recent years, stated
that over 3 billion tons of [4] wastewater are discharged annually in the textile industry worldwide [5,6].
Textile wastewater is usually processed using procedures such as coagulation, filtration, biological
treatment by aerobic means (activated sludge), and adsorption [7,8]. Due to these processes' low efficiency,
excessive sludge formation, high initial investment, and operating costs, and an ongoing decline in
developed and developing countries' discharge standards (particularly regarding colors), researchers have
been working harder over the past 25 years on creating and implementing new and more suitable
technology. [9]. One of the areas where these efforts concentrate is Advanced Oxidation Processes (AOP)
[10]. (AOPs continue to develop as a highly efficient process, especially for toxic, colored, and biologically
treatable wastewater such as textile wastewater. AOPs are efficient, cost-effective, and environmentally
friendly treatment processes. It is widely known that AOPs are used in advanced or pretreatment.
Researchers and plant operators will be more interested in these procedures when they are used as single-
unit systems for wastewater treatment, and this will help to preserve natural water supplies [8,11].
Commonly used AOPs are Fenton, photo-Fenton, ozonation, photocatalysis, radiation, electrochemical
oxidation, and sonolysis [12,13]. These procedures are based on the production of hydroxyl radicals (HO*),
which have an extremely high 2.80 V oxidation potential. Most organic and pigment compounds can be
partially or fully mineralized by radicals [14]. Among these processes, Fenton oxidation stands out with its
effectiveness and promising results [14-16]. Henry J. Fenton discovered the Fenton oxidation process
(FOP) in 1894. During the 1960s, studies and research on the process were conducted, with a focus on the
oxidation of biological pollutants in water, as shown by Equation 1-4 [17-21].

Fe?* + H,0, - Fe3* + OH + OH™ 1)
OH' + organics — H,0 + inter.products 2)
OH' + intermediate products — H,0 + CO, 3)
Fe3* + H,0, — Fe?* + HO, + H* @

The FOP begins when divalent iron (Fe?*) in an aqueous solution reacts with hydrogen peroxide (H>0) to
form HO* (Reaction 1). Reaction 2 and Reaction 3 produce intermediate products (H>O and CO,) and end
products (oxidized organic materials in wastewater) respectively, as a result of the generated HO-. A
connected reaction cycle is created during oxidation, which further offers Fe?* regeneration, H,O,, and Fe**
reactions (Reaction 4). [16,20,22]. When the Fenton process is compared with other AOPs; It has many
advantages such as being simple to apply, not requiring special ambient conditions, high speed and amount
of HOe formation, high oxidation capacity, relatively low cost, the wide area of use and being
environmentally friendly [16,21]. In addition, the ferrous sewage that develops in the final phase is the main
drawback of the FOP. Separation and disposal of this sludge cause additional costs [23]. In addition,
dissolved Fe?' remaining in treated water can cause problems during water reuse, especially in the textile
industry, and may require additional treatment processes [24].

Numerous factors including pH, H,O,, and Fe?* dose, interaction and reacting period, the flow rate, reactor
quantity, temperature outside, and effluent quality all affect how well FOP performs when used in the
advanced treatment of textile wastewater. The complexity of the reactor's response phases and a wide range
of factors make it difficult to estimate efficiency and optimize the FOP using conventional approaches,
wasting time and raising the cost of process design and scaling [25-28]. To make the design and operation
of the FOP highly effective, applicable, current, and future-oriented, as well as more economical,
optimization and modeling studies are becoming increasingly important [27,29]. The environmental
engineering discipline has extensively studied and applied modeling techniques in water and wastewater
treatment operations. Adaptive Neural Fuzzy Control System (ANFIS), the Surface Responsive Method
(RSM), the method of Multiple Linear Regression (MLR), and Artificial Neural Networks (ANN), among
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others, are the most often used [8]. ANN is one of the most significant models used nowadays, particularly
in the scientific and engineering domains, to establish the connection among operating factors influencing
numerous procedures and equipment outputs [25,26,28,30]. Based on the organic neuron system, artificial
neural networks (ANN) are statistical methods of modeling that aim to provide novel information using
brain-specific skills [28,29,31]. In terms of generating algorithms for existing information not requiring
over previous layout and modification [8], simplification of modeling, calculation, as well as predicting
[25], illuminating the relationships between factors and the outcomes [26], adaptability, forecasting
efficiency, and user-friendliness, this approach is thought to be a promising tool [29]. One of the time-series
studies is the Nonlinear External Input Autoregressive Artificial Neural Networks (NARX-ANN) model,
in addition to the ANN approach. One form of dynamic filter is the time series evaluation, which uses past
data to forecast future data. Numerous systems, including heat exchangers, wastewater treatment,
manufacturing equipment, processes related to chemicals, automation, and aviation mechanisms, are
subject to evaluation, modeling, tracking, and operation using this software [32,33].

The FOP is typically used for enhanced or prior treatment, in which case the treatment plants will produce
both chemical and biological sludge. Only chemical sludge will occur when the FOP is utilized for only
one process for treatment in basic textile waste stream treatment; overall, sludge formation will likely be
lower than with combination treatment alternatives. The experimental results regarding the FOP process's
ability to remove COD, SS, and color in unprocessed wastewater from textiles are provided in this study.
FOP has simple and fast reactions, low cost and environmental friendliness. In addition, models that can
predict the performance of processes have been developed and compared by artificial intelligence models
(ANN and NARX-ANN), which are one of the areas of focus in studies on AOPs in recent years. Seldom
is a study conducted in the literature that treats raw wastewater from textile manufacturing using the FOP
as only one component and compares the process's performance to that of ANN and, in particular, NARX-
ANN models. The study's findings provide crucial information for the global treatment of textile wastewater
in the interest of sustainable development. As a result, investigators and managers in treatment facilities
may be interested in this research.

2. MATERIALS AND METHODS

2.1. Raw Textile Effluent

Table 1 lists the general features of the unprocessed wastewater from textile industries and the statistical
assessment of each sample utilized in the FOP. A local textile plant that was established in Adana, Turkey,
and produced woven fabrics provided the untreated textile effluent used in the study.

Table 1.Heterogeneous pollutant features and statistical analysis of untreated water used for fabric waste

in the FOP
pH COD SS Color Temp EC
Sample number 20 20 20 20 20 20
Mean 9.80 1341.15 100.05 1395.00 45.00 1463.00
Median 9.80 1341.50 99.50 1396.00 45.00 1464.50
Mode 9.80 1341.00 97.00* 1396.00 45.00* 1462.00*
Std. dev. 0.12140 10.09051 5.65197 6.00877 2.02614 12.66574
Variance 0.015 101.818 31.945 36.105 4.105 160.421
Minimum 9.50 1315.00 89.00 1382.00 41.00 1437.00
Maximum 10.00 1357.00 117.00 1408.00 48.00 1492.00
Sum 196.00 26823.00 2001.00 27900.00 900.00 29260.00

2 There are several modes. The value that is the smallest is displayed.

2.2. Analytical Method

The MERCK brand of analytical purity chemicals is utilized in the experimental investigation, H>O, as
oxidant and FeSO4.7H,0 as a catalyst in the FOP process; NaOH and H,SO4 for pH adjustments; For COD
analysis, KoCr07, (NH4)2Fe(SO4),.6H,0, 1.10-Phenontrolline monohydrate, HgSO4 and Ag,SO4 were
used. Fast mixing, slow mixing and settling were carried out in the Jar-Test device (MTOPS SF4). pH
measurements were made with

OHAUS, WTW conductivity meter was utilized to determine electrical conductivity (EC), DS/890
colorimeter was used with color measurements, HACH LANGE DR 6000 was applied in COD
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measurements, and Whatman GF/C was employed as SS measurements. All analyses were conducted using
techniques based on Standard Procedures [34]; three repetitions of the analyses were carried out, and the
arithmetic mean of the data was used. The methods applied were COD (5220 C), AKM (2540 D), Color
(2120 C), pH (4500-H+ B), Temperature (2550 B), and Electrical Conductivity EI (2510 B).

2.3. FOP Experiments

Under laboratory circumstances, FOP experimental studies were conducted in a jar testing setup depicted
in Fig. 1. To prevent light from affecting the experimental setup, it was housed in a cardboard box that was
covered in aluminum foil. Five minutes of fast mixing (250 rpm), sixty minutes of slow mixing (50 rpm),
and sixty minutes of settling times were used in studies filling bottles containing 700 mL of untreated fabric
waste with a volume of 1000 mL. pH was adjusted at intervals of 2.0-7.5; Fe*" was added at 0.15-1.05 g/L;
and H,O, was added at 1-12 mM. To start oxidation, the catalyst (Fe?") and oxidant (H,O,) were added to
the beaker quickly. IN H>SO4 and NaOH solutions were then used to correct the ambient pH. After the
oxidation step, the pH was raised to 8.5 to guarantee sufficient slow stirring & flocculation itself were
carried out, and precipitation was used to finish the FOP process.

I::> e |::> > |::> |:|'> Meutralisation ::>

1N NaOH

FesS0s__g~— H202 —g— =
ﬁ;ﬁtewater = = 4“;; <=

uoneaypioe
uoneaypie

Cardboard barrier covered aluminum foil

rapid rapid slow slow

o o . .. precipitation
mixing mixing mixing mixing

Figure 1. Schematic of the FOP experimental steps

Following the precipitation process, samples were taken from the beaker's top phase, and each assessment
group was carried out on three separate occasions with COD, SS, and color analyses performed. The entire
procedure was conducted at 25+2 °C ambient temperature and pressure in the air.

2.4. Methods for ANN and NARX-ANN
Table 2 displays the model technique scheme used in this investigation.

Figures 2 and 3 illustrate the architecture of the ANN and NARX-ANN, respectively, showcasing the
interplay between input and output layers. Following the outlined methodology, the FOP inputs for both
models encompass pH, Fe** concentration (g/L), H>O, dosage (mM), treatment duration (min), temperature
(°C), fast and slow mixing rates (rev/min), sample volume (mL), and electrical conductivity (EC) measured
in uS/cm. Meanwhile, the outputs comprise COD, AKM, and Color parameters. In the models, tested with
neuron counts ranging from 2 to 20 in increments of 2, a total of 396 (9x44) inputs and 132 (3x44) output
datasets were incorporated for ANN and NARX-ANN, respectively. These datasets were divided into three
categories: training (70%), validation (15%), and testing (15%).

Table 2. The framework of the FOP model technique

Unprocessed Waste from Fabrics
COD, SS, and Color in the Fenton Method

Model ANN NARX-ANN
Directives nntool nnstart-ntstoll
Category of network Feedforward backprop Feedback Loop
Algorithm for training Trainlm, Trainscg Trainlm, Trainscg
Adaptive learning process | LEARNGDM LEARNGDM
Network attribute %70 Training, %15Validation, %15 Test | %70 Training, %15Validation, %15 Test
Performance function MSE MSE

Regression R R

The number of layers 2 2

Quantity of neurons 2-20 (2 each) 2-20 (2 each)
Transfer function TANSIG, LOGSIG TANSIG
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Figure 2. Illustrates the architecture of the constructed ANN model
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Figure 3. Illustrates how the resulting NARX-ANN algorithm was designed

Several activation functions were used in the study at various neural network levels. In particular, the
Purelin function was used in the output layer of the ANN, and in the unseen layer, Tansig as well as Logsig
algorithms were employed. In the same way, Purelin functions were employed in the output layer and
Tansig functions in the hidden layer of the NARX-ANN model. In the training phase, 1000

epochs of weight and trend adjustments were performed by comparing two different algorithms, "trainlm"
and "trainscg." To enhance convergence and manage nonlinearities, momentum-weighted descent of
gradients and a biased learning function (LEARNGDM) were added to the ANN and NARX-ANN training
processes.

Notably, "trainlm," renowned for its rapid and stable convergence [35-38], is adept at solving nonlinear
challenges based on the Hessian Matrix (equation 5) [33,39,40].

Aw = [JTW) J(w) + A7 T (w) e(w) )

In Equation 1, The mass of the vector is represented by w.; J, Jacobian matrix; J7, overturned; Iw, identity
matrix; A is the value of the learning stable, while with represents an error vector, Equation 1 is adjusted
iteratively to find the minimum error. As discovered by Meller [41], the Scaled Conjugate Gradient
(trainscg) weight can train any network as long as its net input and transfer functions have derivative
functions [41-43]. According to the equation adapted by Du and Stephanus [40,44];

Aw = wy — Wiy = agdy_, (6)

In Equation 6, the number that represents the number of iterations is k.; ax is defined as the stride length in
the k iteration and dy.; is the search direction.

Equation 7 in the range of “mapminmax” (-1,1) was used in the scaling optimization of the inputs and outputs
in the models [45]:
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Omax=Ymin) X=Xmin)
— Umax~Ymin min + Yonin (7)

y (Xmax—%min)

In Equation 7, Xmax and xmin reflect the data's highest and lowest values, while ymax and ymin take the values
1 and -1, respectively. y is the normalization of x. The problem definition of the NARX-ANN model is
expressed by Equation 8 [40,46].

y(@®) = f(x(t — D), x(t — d),y(t — Dy(t — d)) ®)

In the equation, x(t-d) represents the input, y(t-d) represents the network outputs; d indicates the value of
the past inputs and outputs to be used in the feedback. R? the MSE were considered in order to assess how
well the projected values in each model performed [47,48].

RZ=1_— Z%\%\ll(}'thm,i _dey,izz ©)
Zizl(Ythm,i _YOrt)

N
1
MSE = £ (| Youm — Yanysl)’ (10)
i=1

In Equations 9 and 10, N is the number of data; ymm; is the expected predictive value; yany,i represents the
true value, the mean value of the true samples.

3. RESULTS AND DISCUSSION

3.1. Results of FOP Experiments

3.1.1. Effect of pH

Figure 4 shows how different pH values affect the Fenton oxidization procedure and how COD, SS, and
color parameters change as the outcome. The study investigated pH values that extend from 2.0 to 7.5 while
keeping constant Fe** and H,O, dosages of 0.15 g/L and 1 mM, respectively. The most significant removal
rates were achieved at pH 3, resulting in 72% COD reduction, 76% SS removal, and 90% color elimination.
Previous research on FOP has consistently emphasized the pivotal role of pH in influencing the process
dynamics. The acidic conditions fundamental to FOP are instrumental in regulating HOe formation,
oxidation rates, and the simultaneous control of Fe** and H,O, doses.

According to Figure 4, there is a decrease in the values of the parameters measured in the wastewater as
the pH 3 value goes to the left and right.

100 -

80 - OoCOD @SS mColor
T 60 -
(=)
g
& 40 -
X

20 A

0 - . - : : : - . ; *
5,5 6 6,5 7 7,5

2 25 3 35 4 45 5

Figure 4. Graph for showing the effect of pH on FOP performance
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At pH levels below 3, characterized by elevated H' ion concentrations, there's an increased tendency for
H,0, to convert into the oxonium ion (H30,"). This conversion enhances the stability of H,O,, thereby
slowing its reaction with Fe?* ions. Consequently, the formation of complex iron compounds occurs instead
of Fe**, disrupting the [Fe(H20)s>*]-FOP cycle. Moreover, according to Pliego et al. [57], heightened H*
ion concentrations hinder HO* radical formation due to their scavenging effect. Conversely, at pH levels
above 3, the reaction rate between Fe?* and H,O, diminishes, resulting in the formation of Fe(OH);. This
formation impedes Fe?" regeneration and diminishes the catalyst's presence in the environment,
consequently reducing treatment efficiency. Furthermore, Roudi et al. [50] pointed

out that H,O, becomes more unstable in alkaline solutions, which could cause it to break down into
molecules of water and oxygen and impair the FOP's ability to oxidize. In light of this information, the
study's findings align meaningfully with existing literature, providing valuable insights into the process.

3.1.2. Impact of Fe** Content

The measurements of COD, SS, and Color detected in the effluent were utilized to assess the impact of Fe*
material on FOP performance. This was accomplished by studying several Fe*" concentration ranges (0.15-
1.05 g/L) at constant pH and H>O, concentrations (pH 3 and 1 mM H,0,) (Figure 5).
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Figure 5. Fe?" concentrations’ impact on textile wastewater's ability to remove color, SS, and COD
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Fenton-like Oxidation Process (FOP) treatment of untreated textile effluent at 0.7 g Fe*/L. was shown to
be the ideal concentration based on research findings. At this concentration, notable clearance

rates of 80% for COD, 79% for SS, and 91% for color were attained. Figure 5 illustrates how increasing the
Fe*" dosage from 0.15 g/L to 0.7 g/L resulted in enhanced removal rates for COD, AKM, and color,
elevating them from 40-60% to 80-90%. This trend underscores the heightened generation of HO radicals
with increased Fe?* dosage, consistent with findings by Abedinzadeh et al. [59] and Roudi et al. [50].
Conversely, a decline in removal rates to 50-60% was observed at Fe** doses between 0.7-1.05 g/L. This
decrease is attributed to the inhibition of HO radicals by excess Fe?" concentrations exceeding 0.7 g/L, in
line with studies by [32,49,50]. Furthermore, as noted by Sevimli et al. [60], the formation of Fe*" (Equation
1) in the Fenton process can react with HyO, to generate Fe?" and hydroperoxyl radicals (HO,*) (Equation
4), thereby depleting H>O, concentration and impeding HO+ formation and efficacy. Hence, excessive Fe**
utilization leads to unnecessary chemical consumption, excessive sludge formation, and compromised
process efficiency.

3.1.3. Effect of H202 Concentration

When Fe?" is catalyzed and the environment is acidic, H>O; in the FOP forms a greater HO« radical than it
does. That being said, one of the key factors influencing the effectiveness of the procedure is the
concentration of H>O,. The effective concentration was ascertained in this work by testing a range of H>O,
values, from 1 to 12 mM, at a fixed pH and Fe?" concentration (pH 3 and 0.7 g/L) (Fig. 6). For COD, SS,
and color at 2 mM H202 concentration, the greatest efficiency of removal was 81%, 80%, and 93%. There
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was a double rise in the concentration that was effective at the start (from 1 mM to 2 mM), which led to
increases in COD removal of 12%, SS reduction of 73%, and color elimination of 20%.

120
oCoD @SS B Color
100 A
80 1
60 - -1[

40 1

% Removal

20

1 2 3 4 5 6 7 8 9 10 11 12
H,0, (mM)

Figure 6. FOP performance: effect of H,O, concentrations

The color parameter of the untreated water employed in this study, which had an average original color
concentration of 1395 Pt-Co, drops to about 98 Pt-Co as a result of the 93% color removal. It follows that
nearly all of the discharge requirements listed in Table 3 can be satisfied with FOP.

Table 3. Guidelines related to a particular brand and minimum color levels for discharge waters regulated
by different nations [61]

Countries and companies

Regulation limits

Turkey (fabric),

Taiwan (fabric),

India (dye and dye business),

Malaysia (industrial, used for drinking water),
Vietnam (textile, used for drinking water),
Vietnam (industrial, used for domestic water),

280 Pt-Counits
550 Pt-Counits
400 Pt-Counits
100 Pt-Counits
50 Pt-Counits
20 Pt-Counits

Follows a dilution method not Pt-Counits
Follows a dilution-method not Pt-Counits
Absent of color

China (textile, direct discharge),
Italy (industrial)
India (industrial, surface waters),

Thailand (textile), Not objectionable
South Korea (industrial, type I area), 200 chromaticitydegree
Nike, 150 Pt-Counits

C&A (follows BSR), 150 Pt-Counits

H&M (follows BSR), 150 Pt-Counits

New Balance (follows BSR),
Levi Strauss &Co.,

150 Pt-Counits
Not offensive

The elimination effectiveness increases in tandem with the initial H,O» concentration. This suggests that a
large and swift production of the HO,* radical is needed for the oxidative degradation of contaminants in
raw textile effluent [32,49]. Nevertheless, as Fig. 6 illustrates, there was no evidence of a fully linear
correlation between this rise and the effectiveness of removal. In a range of 2—-12 mM, a non-uniform
declining trend in removal rates was noted at H,O, concentrations. Addressing the topic, Abedinzadeh et
al., [59] claimed there was a decline, while Mousavi et al., [49] claimed that raising the H,O» concentration.
did not significantly alter the removal rates. The explanation for this decrease is that using more H,O, than
necessary leads to generating hydroperoxyl radical (OOHe¢), which has a lesser oxidation capacity. As a
result, the rate of HOe radical formation declines [55,59,62,63].
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The greatest efficiency of the process in this investigation was achieved at pH 3, 0.7 Fe*" g/L, and 2 mM
H,0, concentrations, with 81% COD, 80% SS, and 93% color removal. Examining the research on FOP, it
becomes clear that SS is not the main focus—rather, organic matter (as COD) and dyestuff (Color)
oxidation dominate. The primary cause of this is that, rather than using actual textile effluent, the research
reported in the literature was conducted using synthetic wastewater or water dye solutions. FOP is a three-
step process that involves the flocculation and precipitation phases. It is based on the oxidation process. An
important factor to consider while evaluating is the efficacy of the flocculation and subsequent settling
processes, particularly the quantity of suspended solids (SS). This work closes some of the existing
information gaps in the sector by using untreated textile wastewater alongside SS for wastewater
monitoring. It will make it possible to use the collected data more suitably and helpfully.

3.3. Building a Model and Accurate Predictions

The following tables provide comparative statistical parameters of the ANN and NARX ANN models that
were created utilizing the Fenton process variables: Tables 4, 5, and 6. To determine the ideal number of
neurons, a range of 2 to 20 was added to the models, as there is no set network architecture or neuron count.
Traditional training algorithms used in ANN and NARX-ANN; Scaled Conjugate Gradient (SCQ),
Bayesian Regularization (BR), Broyden-Fletcher Goldfarb-Shanno (BFGS) and Levenberg-Marquardt
(LM). For the most part, studies have chosen to use logistic regression (LM), one of the most used classical
training techniques that uses quadratic derivatives [30,64,65]. The LM and SCG algorithms were applied
and contrasted in this work. A 70% training, 15% validation, and 15% test set of data were employed for the
LM and SCG algorithms. This study compared ANN and NARX-ANN using MSE and R? values. When
R? is assessed between 0 and 1, it indicates, in percentage terms, how well the values of the variables
identified or targeted at each stage of the model were estimated. The model is more efficient when the value
is near 1. The prediction efficiency increases with the MSE's proximity to zero, so it's usually positive
[31,45,66,67].

Table 4. Results of ANN model LM learning algorithm
Using the fenton ANN-nntool-levenberg marquardt algorithm (trainlm), COD-SS-Color, and MSE-R

TANSIG function LOGSIG function
Regression (R) Regression (R)
ANN Epoch| MSE Training Validation Test All MSE Training Validation  Test All
structure

9-2-3 1000 68.9 0.9233 0.94716  0.88982 0.92261| 43.5 0.92757  0.84043  0.87202 0.89855
9-4-3 1000 18.0 091235  0.85262 0.89784 0.88768| 32.8 0.93799  0.24007  0.93373 0.88649
9-6-3 1000 2.98 0.98184  0.72014 0.97021 0.94832| 8.29 0.76041  0.98667  0.9409 0.82135
9-8-3 1000 60.2 0.94065  0.80909 0.67778 0.90468| 3.65 098135  0.97238  0.94669 0.97814
9-10-3 1000 0432 099224  0.94334 0.934 097889 | 754 0.56349  0.68857  0.69365 0.59943
9-12-3 1000 | 0.0642 0.99689  0.93356  0.9243 0.98247| 0.0379 0.99148  0.99304  0.95511 0.98836
9-14-3 1000 666 0.60259  0.70777  0.16507 0.57516| 650 0.56708  0.38652  -0.22918 0.47728
9-16-3 1000 | 0.0998  0.96974 09816  0.99863 0.97725| 0.143  0.90397  0.98503  0.83596 0.91054
9-18-3 1000 72.1 0.81896 0.8486  0.90431 0.83191| 0.108  0.92509 0.9826  0.93881 0.93184
9-20-3 1000 | 1.08e+03 0.5138 0.53508  0.34276 0.45442]8.84e-09 0.99709 0.96609 0.98737 0.99212

Table 5. ANN model SCG learning algorithm results
COD-SS-Color and MSE-R using fenton ANN-nntool-scaled conjugate gradient algorithm (trainscg)

TANSIG function LOGSIG function
Regression (R) Regression (R)
ANN Epoch | MSE Training Validation  Test All MSE Training Validation Test All
structure
9-2-3 1000 | 61.7  0.8921 0.85079  0.63952 0.86375 | 49.4  0.92873 0.92432  0.82046 0.91973
9-4-3 1000 | 17.4  0.97109 0.94654  0.59935 0.91747 | 50.5 0.83116 0.97472  0.96669 0.86839
9-6-3 1000 | 11.2  0.90876 0.95556  0.96914 0.9267 | 9.63  0.94734 0.92528  0.78838 0.92888
9-8-3 1000 | 10.1  0.96419 0.98484  0.79142 0.92116 | 6.55 0.97421 0.98278  0.73807 0.95169

9-10-3 1000 | 6.8 0.9582 0.56225  0.87667 0.90487 | 496 0.96365 0.93871  0.99427 0.96753
9-12-3 1000 | 4.29  0.94725 0.97105  0.99097 0.9585 | 6.79  0.9608 0.86381  0.96715 0.94128
9-14-3 1000 | 3.41 0.99138 0.99393  0.99624 0.99272 | 3.12  0.95884 0.97424  0.88232 0.9489
9-16-3 1000 | 3.39 0.97723 0.98715 094778 0.9734 3.88 0.97372 0.99593  0.94391 0.97675
9-18-3 1000 | 833  0.62612 -0.29346  0.40781 0.53607 | 3.81  0.96981 0.99603  0.87859 0.96686
9-20-3 1000 | 3.91 0.97401 0.98419 0.9864 0.97774 | 2.19 0.97204 093112 0.99214 0.97336
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Table 6. NARX-ANN model LM and SCG learning algorithm results
MSE-R and fenton NARX-ANN-nnstart-COD-SS-Color

Levenberg marquardt algorithm (trainlm) | Scaled conjugate gradient algorithm (trainscg)
TANSIG-purelin function
Regression (R) Regression (R)

NARX-ANN
structure
9-3-2-3 9 62  0.78246  0.81323  0.83693 0.79986 46 106 0.87087 0.90221 0.65224 0.82195
9-3-4-3 20 8.08 0.99044  0.93793  0.58931 0.92036 22 742 0.90912 0.77757 0.74079 0.8729
9-3-6-3 18 1.81 0.99467 0.93253 0.78738 0.94379 15 70.9 090137 0.90617 0.64499 0.85801
9-3-8-3 12 0.737 098136 0.90008 0.79946 0.94637 22 57.2 0.92437 0.89967 0.68175 0.89028
9-3-10-3 9 17.1 092927  0.62293  0.79562 0.88813 18 75.8 0.89808 0.6937  0.84686 0.86214
9-3-12-3 10 1.62 096286 0.87354 0.83727 0.92575 22 55.1 0.92983 0.96254 0.68709 0.87708
9-3-14-3 10 6.46 051673  0.54831 0.39359 0.51071 84 446 0.99298 0.94068 0.79606 0.93628
9-3-16-3 9 0.613 0.9702 0.8487 0.97289 0.96314 41 293 095914 0.97759 0.22099 0.87169
9-3-18-3 10 1.09 0.95511 0.42037  0.89501 0.83782 18 399 093737 0.46815 0.78382 0.86966
9-3-20-3 12 10.1 0.96922  0.63541 0.64176 0.82724 21 35.7 093631 0.79207 0.78648 0.89421

Epoch MSE Training Validation Test All Epoch MSE Training Validation Test All

When the developed ANN (Table 4-5) model is compared considering the MSE and R? results. in the Logsig
transfer function of the Levenberg-Marquardt learning algorithm in the 9-20-3 network topology; R? values
for MSE 8.84¢”. Training, Validation, Test and All were calculated as 0.9942, 0.9333, 0.9748, 0.9843,
respectively. For the NARX-ANN model (Table 6). MSE 0.613 in 9-3-16-3 network topology. and R? values
are calculated as 0.9412, 0.7202, 0.9465 and 0.9276 for the same algorithm respectively. Figures 7 and 8.
respectively. display the regression (R) graphs created for the developed models. The graphs have estimated
values on the Y-axis and experimental data on the X-axis. The fit line illustrates the correlation between
the estimated value and the input data. The goal line or Y=T line is reached when the estimated and actual
values are equal. The COD, color, and SS parameter values that were acquired from the experimental FOP
are represented numerically as the "Data" indicator [68]. Considering Figure 7-8. the experimental
performance of the Fenton process in raw textile wastewater and the performance estimation made using
the created models are summarized in Table 7 for the COD, SS, and Color parameters.

As can be seen in Table 7 the experimental, and estimated removal results in the developed ANN model
are more compatible than NARX-ANN. It is also seen that H,O, is more effective in Fenton process
performance than pH and Fe'. Similarly, Huo et al. [69], stated that the effective removal in the Fenton
process would be very poor without the addition of H>O,. Because H»O, ion provides HO radical formation.
which is the main element of the Fenton oxidation process under Fe*? catalysis and acidic conditions
[16,50,63]. Yu et al. [70], obtained an estimation ranging from 0.91-0.99 R? with the ANN model they
developed in 5-4-1 net structure for the estimation of COD and Color removal from synthetic textile
wastewater with FOP. Accordingly, it is possible to say that the ANN model with 0.9843 R? and 8.84¢-9
MSE obtained in this study in the 9-20-3 net topology for the performance estimation of FOP for raw textile
wastewater treatment is successful.

The NARX-ANN model developed in the 9-3-16-3 network topology in the study has 0.9276 R? and 0.613
MSE. The difference between the experimental and estimation results is higher for pH. Fe*? and H,O; than
for the ANN. According to the direction of information flow and processing. ANNs are organized in layers
with a one-way information flow in feedforward neural networks (FNN). while in networks with repetitive
features such as NARX-ANN. information can be directed both forward and backward. allowing
connections between neurons in the same or previous layers flows [32,40,71,72]. Therefore, the NARX-
ANN estimation performance is considered to be weaker due to the high number of input/output parameters,
the reuse of the output data together with the input data, the repetitive neuron networks in the training of
the model, and the low number of epochs.

Although there are no ANN and NARX-ANN modelling studies in the treatment of raw textile wastewater
with the FOP in the literature. studies have been found for estimating the thermal damping effect in
underground vertical shafts [73], and estimating the groundwater level [40]. In both studies, it was reported
that MSE values close to zero and R? values above 0.9 were obtained. The prediction performances obtained
as a result of the application of the NARX-ANN model in different areas show that the model is within
acceptable limits.
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Table 7. Fenton process performance and estimation in unprocessed textiles waste

Fe'? H,0; Actual removal Predict removal (ANN) Predict removal
pH @L) (mM) (%) (%) (NARX-ANN) (%)
COD SS Color COD SS Color COD SS Color
3 0.15 1 72 76 90 67.14 67779 7412 80.26 80.57 86.59
3 0.7 1 80 79 91 7822 88.75 87.04 7644 8330 92.04
3 0.7 2 81 80 93 80.80 7998 91.72 63.20 57.63 63.77
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4. CONCLUSION

To ascertain the effective removal effectiveness of FOP applied to raw textile wastewater and to forecast
the performance efficiency, the following study constructed and compared the ANN and NARX-ANN
models. The FOP operated at its peak efficiency at pH 3, 0.7 Fe*" ¢/L and a 2 mM H,O, concentration.
Under these circumstances, 81%, 80%, and 93% of the COD, SS, and color were removed, respectively.
COD, SS, and color removal increased from 40-60% to 80-90% with the increase in Fe?" dose from 0.15
g/L to 0.7 g/L. However, at dosages between 0.7 and 1.05 g/L, the removal rates decreased from 80-90%
to 50-60%. Excessive sludge development and needless chemical usage are the results of using too much
Fe*". It has been established that the application of FOP as a single unit can satisfy the receiving
environment discharge standards specified for wastewater from the textile sector. taking into account the
properties and treatment efficiencies of basic textile wastewater. Furthermore. it was found that the
Artificial Neural Network model performed better and with greater

reliability when the MSE and R? values of the ANN and NARX-ANN models created for FOP were
compared. For ANN. the R is 0.9843 and the MSE is 8.84¢-9. The experimentally observed removal rates
show a good agreement with the model estimations. Further research can be conducted to compare the
prediction performances of regression models with ANN models by analyzing the data and models.
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Refrigerator.  Cukurova  University,

Journal of the Faculty of Engineering,
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Pigmis gidanin ¢ekirdek sicakligini 270 dakika i¢inde 100 °C'den
-18 °C'ye diisiirme kapasitesiyle karakterize edilen bir sok
dondurucu, muhafaza siirecinin kritik bir bilesenini olusturur. Bu
calisma, hesaplamali akiskanlar dinamigi metodolojilerini
kullanarak bir sok dondurucu sistemini modellemeyi ve ardindan
deneysel arasgtirmalarla CFD  analizlerini  dogrulamayi
amaclamaktadir. Calismadaki niimerik analizlerde k-¢ tiirbiilans
modeli kullanilmigtir. Hem bos hem de tam yiikle dolu olan sok
dondurucular i¢in deneysel ve CFD hesaplamalar1 yapilarak elde
edilen sonuglar birbiriyle karsilastirilmistir. Deneylerden ve
analizlerden elde edilen sonuglar, kabin duvarlarina yaklastik¢a
kabin igindeki sicakligin arttigini gostermektedir. Bos ve tam
dolu dondurucular i¢in maksimum hizlar sirastyla 31,1 m/s ve
26,9 m/s olarak elde edilmistir. CFD ve deneysel modeller
arasindaki ortalama farklilik -0,7 °C olarak hesaplanmistir. Bu
durum da, simiile edilen ve ger¢ek sonuclar arasinda yakin bir
uyum oldugunu gosterir.
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1. INTRODUCTION

The most common methods of food preservation are drying, salt brining, canning and cooling. However,
losses in nutritional values are quite high in both drying, brine, or canning processes. For these reasons, the
cooling method is the most effective method in terms of applicability to many foods, preservation of
nutritional/quality values, and ease of application. The most efficient cooling system within today's
technological possibilities is deep-freezing technology [1]. Blast Freezer, which are used for rapid cooling
of cooked food without losing their nutritional value and preventing bacterial growth, have gained
importance in the food industry in many countries in recent years [2].

Although its use is compulsory in many countries, especially in the European Region, due to health-related
regulations, the number of global manufacturers in this field is insufficient. The development of designs
for homogeneous temperature distribution in the cabinet is a subject that has been studied intensively. It is
seen that the temperatures are higher in the upper parts of the freezer as a result of the downward movement
of the cold air and the rise of the warm air [3]. The inhomogeneous temperature distribution in the freezer
decreases the performance of the freezer and increases energy consumption. Fans are used to provide
homogeneous temperature and airflow in the freezer [4]. In addition, the distribution of velocity vectors at
the front and rear of each fan and temperature changes in the blowing directions are important issues [5].
Analyzing the fans correctly within the scope of numerical methods and obtaining the CFD results is a very
important work base.

CFD analyzes were made using different parameters for freezer cabinet design by Pakdil [6]. In addition,
the experimental setup was set up and the results were compared. In this study, the position of the coldest
packages was determined and the parameters affecting the temperature in the freezer cabinet were
examined. Dempsey and Bansal (2012) determined with their CFD analysis that the blowing direction in
double fan blast freezers has a great effect on the cooling efficiency of the food in the freezer cabinet [2].
They also saw that the distance of the evaporator from the fans is a very important factor in Blast Freezer
designs. They concluded that the distance between the fan and the evaporator is a parameter that prevents
frost in unnecessary places. Alonso and Andersen (2011) investigated the exit of the flow from the
evaporator and its circulation in the cabinet in horizontal type freezers. In this study, they also investigated
the effect of the distance between the walls and the evaporator on the velocity of the flow. As a result, they
determined that the flow at the wall edge has a high velocity [7]. Shih et al. (2011) conducted numerical
analyzes on the heat transfer of the air passing over the evaporator in a conventional freezer [8]. It aimed
to make improvements in energy consumption by increasing heat transfer performance. They used turbulent
kinetic energy equations in their analysis. As a result, they saw that the heat transfer rate decreased along
the path of the air. Chourasia et al. (2007) investigated the heat transfer and moisture loss in the freezer in
order to preserve the potatoes chosen as food without spoiling in their study [9]. The study was carried out
both experimentally and numerically. Assuming that the airflow inside the cooler remains constant, the
airflow is stated as a steady-state. Numerical analyzes were performed using a 2D model. In the results of
the numerical analyzes, the average temperature value was achieved with a difference of 0.5 °C compared
to the experimental study results. In addition, the moisture loss obtained with the numerical solution is
0.61% higher than that obtained with the experimental results. Amara et al. (2008) investigated the
hydrodynamic boundary layer thickness formed during natural convection in a domestic freezer and the
flow movements of vertical walls depending on the boundary conditions [10]. For this, they made both
experimental and numerical analyzes. They used the PIV (Particle Image Velocity) technique for the
experiments. While doing the numerical solution, they created the simulation of the cabinet with Fluent
software. They used the global heat transfer coefficient for the walls in the analyzes where the outside
temperature was considered constant. They also have laminar airflow dissolved because it dissolves natural
convection. In the model he built by ignoring the evaporator, they defined a constant temperature on the
back wall where the evaporator is located and provided cooling inside the cabinet from this wall. They
defined these temperatures as -10 °C and 0 °C, respectively, based on the experimental data of the
compressor running and stopping times. As a result, the results of the 3D simulation and experimental study
were close to each other. Ding et al. (2004) explored the correlation between the temperature dispersion
within the freezer and the spatial dimensions, specifically the gap separating the shelves from both the
evaporator and the door. p[11]. They made both experimental and numerical analyzes for these two different
cases. The first of the models he established is the model in which natural convection is dominant, and the
second is the model in which forced convection is dominated by the fan and air duct. Numerical analyzes
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were performed with Star-CCM+ software. As a result of the analyzes and experiments they have done, it
has been seen that the shorter distances ensure that the temperatures in the cabinet are more regular.

Mirade et al. (2002) aimed to ensure that the airflow reaches all parts of the cabinet in a homogeneous state
and to optimize the design in terms of energy efficiency [12]. In this study, a turbulence model was created
with the finite volume method and CFD analyzes were performed. Lacerda et al. (2005) investigated the
temperature distribution of a freezer against forced convection using CFD and experimental models [13].
The importance of this study is the comparison of the internal flow in the unloaded and full-loaded of the
freezer. In the experimental study carried out by Poyraz (2011), the freezer compartment of a two-door
freezer was examined [14]. The evaporator temperature and the airflow rate passed through the evaporator
and blown into the cabin were selected as the parameters affecting the energy consumption. By determining
the effect of these parameters on the freezer operating rate, energy consumption inference can be made. As
a result of the experimental studies, it was determined how the evaporation temperature and the airflow rate
affect the freezer energy consumption. Rodezno et al. (2013) examined the effect of a blast freezer in the
food mass center in their study [1]. Experimental analyzes were carried out in this study. The refrigerant in
the first experiment was helium and the refrigerant in the second experiment was air. As a result of these
experiments, in the analyzes made on fish, the loss of weight of the meals was measured in a lower amount
when air shocked and based on the results, it was determined that shock freezing with air was much more
efficient.

Within the scope of this study, fan, outer construction, and insulation group designs were made for a blast
freezer to increase the air circulation inside the cabinet. Then, cooling analyzes were carried out with the
CFD technique. Blast freezer systems are produced with a very different technical infrastructure compared
to conventional freezers. In this context, the most basic difference compared to existing freezers is that the
temperature of the food mass center can be reduced from 100 °C to -18 °C in 270 minutes. The main feature
that distinguishes this study from the previous literature is that it examines the turbulent flow formed by
the effect of fans in the numerical analysis of the study and shows how efficient this flow is in terms of
design. The results of data logger measurements and climate chamber tests, which were used as
experimental methods, were used to verify the numerical results of the model. The data logger records all
the desired or undesired changes of the device in one minute intervals. In these studies, with the help of
data loggers, temperature measurements of the packages in the freezer were recorded in one minute
intervals during the experiment. Following the numerical analysis, peak velocity magnitudes of 31.1 m/s
and 26.9 m/s were identified for the empty and fully-loaded freezers, respectively. Regarding freezer
temperature, the mean deviation between the Computational Fluid Dynamics (CFD) and experimental
models was calculated at -0.7 °C. This shows that the data obtained from the CFD analysis are compatible
with the experimental results.

In the material and methods section of the paper, information about the working principle of the blast freezer
is given and the details of the experiment conducted for this study are mentioned. In the numerical method
section, numerical analyses were performed for the designed blast freezer. Firstly the geometries to be used
in the analyses were drawn and then the mesh process was performed. Detailed information was given
about the quality of the created mesh structure and the boundary conditions used in the analyses were
mentioned. In the Results section, the data obtained from CFD analyses and experiments were examined
comparatively. These examinations were made separately for 60, 120, 180 and 240 minutes. In the
Conclusions section, the important data obtained from this study are interpreted briefly.

2. MATERIALS AND METHOD

2.1. Working Principle of Blast Freezer

The cooling process in a freezer is provided by the thermodynamic refrigeration cycle. The basic principle
in the blast freezer is to increase the convection heat transfer coefficient with the fan power and thus to
provide rapid heat transfer [15]. A classical thermodynamic refrigeration cycle has four main elements.
These are evaporator, compressor, condenser, and capillary tube [16]. The air supply system in blast freezer
cabinets consists of fans. The fan in the freezer used in this study sucks the air inside the cabinet from inside
and sends it to the area where the evaporator is located. The air-cooled in the area where the evaporator is
located is given back into the cabinet from the sides and thus the packages are cooled [17]. One of the
advantages of blast freezers is that the frost-icing phenomenon seen in conventional freezers does not occur.
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The passing of the air over the evaporator by the force of the fan ensures that the frosting event does not
appear. In this way, bad appearance and volume shrinkage due to snow and icing in the cabin are prevented
[18].

2.2. Preparation of the Experiments

Energy consumption in freezers should be measured under certain standards. These standards have contents
such as ambient temperature, cabinet position, and placement of packages. Freezers are tested in climate
chambers in order to keep the temperature of the environment tested at the desired. After the freezer is taken
into the experiment room, packages of different sizes representing the food are placed according to the
cooling capacity. According to the standard of the European Union numbered EN 16825:2015, the distance
between the sidewalls of the blast freezer and the walls of the experiment room is set to a minimum of 150
cm. The sensors measuring humidity and temperature were placed at a distance of 50 cm from the walls of
the experiment room, and radial fans have been used on the side walls to distribute the temperature and
humidity homogeneously. In addition, with the use of the data logger, the temperatures of each package
have been measured in an unlimited range. Data loggers are devices that can record information according
to pre-set time intervals. Data logger device keeps all desired or undesired changes in its memory every one
minute. In these studies, the core temperature of the 14 packages has been measured once every minute.
The measuring range of the device is between -30 and +190 °C. There are 14 shelves in the blast freezer
used in the experiment, and a 1 kg package is placed on each shelf. The experimental arrangement is
depicted in Figure 1 and 2, illustrating the configured setup for the study.

Figure 1. The blast freezer

3. NUMERICAL METHODS

The results obtained from the experiments for blast freezers have been compared with the CFD analyzes.
Figure 3 shows the CAD model of the interior of the cabinet. The model has been prepared with the
SolidWorks program. Since it would be difficult to create a numerical solution network for the CAD model,
the model has been simplified, and the analysis model is shown in Figure 4. After it has been combined
with the fans that were also modeled. The interior dimensions of this cabinet are 67.5%68.1x107.8 cm. The
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thickness of the side, rear and upper walls is 6 cm and the thickness of the lower wall is 14 cm. The
insulation material is polyurethane in 0.5 mm stainless steel. In the analysis model, 3 axial fans with 40 cm
diameter and 5 blades have been used. Then, package models representing the food have been created in
accordance with the package layout plan.

Figure 4. CAD simplified model of blast freezer
3.1. CFD Application for Unloaded Blast Freezer

In conjunction with the cabin featuring airflow volume, the air supply system has been meticulously
modeled. Notably, the fan has been intricately incorporated into the air supply system model, whereas the
fin elements on the evaporator have been excluded from the modeling process. This is because these
elements are very small in size. In this study, with the rotation of the fan, the airflow velocity in the cabinet
and the cooler performance of the cabinet have been investigated. Ansys Fluent V16 [19] commercial
software has been used to create the mesh file and to perform the numerical solution. The mesh structure
of the evaporator region has been formed from hexahedral grids and is shown in Figure 5.

Figure 5. The mesh zone of the evaporator (rear view)
Due to the complex geometry of the fan and the high velocities around it, it is aimed to create cells with a

lower skewness value in this region. Since the fan blades are very thin, superficial celling is done instead
of volumetric celling. A volume has been created to only contain the fan, and this volume has been
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determined as the “moving reference frame”. With this method, the rotation of the fan is simulated. All of
the grid cells created in all the fans are of a tetrahedral type and the mesh zone is shown in Figure 6. In
addition, the size of the fan surface and the surrounding elements is given as 0.8mm, which will be lower
than the other regions.

Figure mesh zonf the [19]

The main criterion in determining the quality of the solution mesh of the model is the skewness value. The
high skewness value creates the risk of making wrong solutions. On the other hand, in Fluent software, this
value should not be greater than 0.95 for a solution to be made. As seen in Table 1, in this study, there were
no cells with skewness in the range of 0.9-1.0, which is the maximum critical range. The highest skewness
is 0.863 and is located in the fan region. In this case, it can be said that the solution network is of good
quality.

Table 1. Distribution of the number of elements according to the skewness value

Skewness range Number of elements Percent
0 - 0.1 1314205 31.12
0.1 --——-- 0.2 374623 8.87
02 --——-- 0.3 675552 16
0.3 ----- 0.4 1054824 24.98
04 ----- 0.5 424808 10.06
(| p— 0.6 248883 5.89
0.6 --—--—-- 0.7 109773 2.6
0.7 --—--—-- 0.8 19514 0.46
0.8 -—-—-- 0.9 44 0
09 --—-—-- 1 0 0

After the mesh file created for this study is finished, a thorough assessment of orthogonal alignment has
been carried out to confirm its accuracy. The precision and fluidity of the geometric relationships between
the mesh network's parts are referred to as the orthogonal quality. An increased orthogonal quality indicates
better element alignment and a more seamless connection [20]. This, in turn, establishes a foundation for
more exact and dependable analytical outcomes. Within the domain of finite element analysis, orthogonal
quality is important since a poor mesh network can lead to erroneous conclusions and forecasts. To clarify,
a mesh network with low orthogonal quality could ignore or distort important information like load
distribution or stress concentration. Closeness to 1 in the maximum values denotes an excellent orthogonal
quality, suggesting that the pieces connect at around 90-degree angles [21]. This closeness to unity is a
desired quality for accuracy in findings, highlighting the significance of well-connected element surfaces.
Table 2 provides the orthogonal quality range values of the generated grids.

Table 2. Distribution of the number of elements according to the orthogonal quality value

Orthogonal quality range Number of elements Percent
0 - 0.1 0 0
0.1 - 0.2 0 0
02 - 0.3 0 0
03 - 0.4 0 0
04 ------ 0.5 0 0
0.5 ------ 0.6 109777 2.6
0.6 ------ 0.7 870623 20.62
0.7 ------ 0.8 1111712 26.33
0.8 --—--—-- 0.9 1221912 28.94

09 ------ 1 908201 21.51

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Nima MOLANI, Haydar KEPEKCI

The mesh file created for the blast freezer model exhibits an appropriate orthogonal quality range of its
grids when Table 2 is examined.

In the CFD analysis, air was selected as the working fluid for the blast freezer. The reason is harmless to
the environment and safer than other refrigerants. At the same time, the cost of air is much cheaper than

other working fluids. The physical properties of air are provided in Table 3.

Table 3. Properties of the air

Properties Value
Density 1.177 (kg/m3)
Specific heat capacity 1004 (J/kg.K)
Thermal conductivity 0.02625 (W/m.K)
Dynamic viscosity 1.845E-05 (kg/m.s)

4.2 million grids have been used to create the entire mesh structure of the blast freezer. The mesh structure
is shown in Figure 7. The computer used in the analysis is eight-core, its processor is Intel Core i7 and its
speed is 3.70 GHz.

Figure 7. Mesh structure of unloaded blast freezer

Real experimental conditions are given as boundary conditions in the solution method of the models. The
following Navier-Stokes equations are used in this technique. In the next steps, Energy equations have been
used for temperature analysis. k-¢ realizable is used as turbulence model. In this model, "k" denotes the
kinetic energy of the turbulence, and "¢" denotes the propagation of the turbulence. In order to obtain more
precise results in CFD analysis, the second-order upwind spatial method is generally preferred. In this study,
the first-order upwind spatial method has been preferred to save solution time. At the beginning of this
study, two methods have been tried separately and it has been seen that there was no difference between
the results. For this reason, there has been no problem in using the first-order upwind spatial method to
spend less time on solutions. The equations of the turbulence model are as follows.

%(pk)+aixj(pkuj)= [(#"‘Z—;);—Z]"‘Gk"‘Gb—Pf—YM"‘Sl{ )
2 (pe) + aix] (peu;) = aix] [(u + %) :_;, +pC,S, — pC, ﬁ;ﬁ + €122 CauGy + S, )
€, = max [0.43,11”?] €))
n=5% )
S = /255y, ®)

1500 rpm, which was measured in the experimental results, has been accepted as the number of revolutions
of the fan. In addition, the sidewalls, the walls of the place where the blast freezer is located, and the upper
and lower sides are applied as boundary conditions. For this, the side, rear, and upper walls have been
applied as a boundary condition with a 6 cm insulation and a 14 c¢m insulation for the lower wall. The
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outdoor temperature has been taken as +35 °C as in the experimental analysis. Since the analysis aims to
measure the cooling status at the end of the 60, 120, 180, and 240 minutes periods of the blast freezer, it
has been run depending on time. The transient scheme has been used in Fluent.

3.2. CFD Application for Full-loaded Blast Freezer

Package models representing foods have been created in accordance with the package layout plan and the
properties of the materials have been applied to the CFD program as a boundary condition. The dimensions
of the packages are shown in Figure 8 and their placement in Figure 9.

mIGN I

325

Figure 9. Simplified sglid modelugf blast freezer with full loaded package

The mesh structure and boundary conditions for the model are presumed to be consistent with those utilized
in the analysis of the unloaded freezer. The mesh structure used in the analysis is shown in Figure 10.

Figure 10. Mesh structure of full loaded blast freezer
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4. RESULTS

4.1. CFD Application for Unloaded Blast Freezer

The rotation of the fan has been investigated in the analysis. Depending on the rotation direction of the
motor, the fan rotates counterclockwise when viewed from the opposite side of the cabinet. As seen in
Figure 11, the flow has been more intense around the fans. Especially in the middle fan, it is more
concentrated than the other fans. This is because the middle fan is open from both sides (top and bottom).
In the analyzes made, it has been observed that the region with the highest air flow rate has been the region
of the middle fan. In this region, the velocity reaches 31 m/s.

Figure 11. Velocity distribution in the unloaded blast freezer
4.2. CFD Application for Full-loaded Blast Freezer
In the analyzes made, it has been observed that the region with the highest air flow rate has been the fan

region. In this region, the velocity reaches 26 m/s. The effect of counterclockwise rotation of the fan is
observed in Figure 12.

13457

6.728

0.000
[ms*1]

Figure 12. Velocity distribution in the full loaded blast freezer
Tables 4 and 5 show the maximum velocity distribution in the X, Y, and Z directions at the outlet and inlet
points of the middle fan. The velocity value at the outlet of the fan has been calculated in the experimental

analysis.

Table 4. Maximum velocity components at the outlet of the middle fan

Velocity in the Velocity in the Velocity in the
X direction Y direction Z direction
24.5 m/s 8.8 m/s 4.3 m/s

Table 5. Maximum velocity components at the inlet of the middle fan

Velocity in the Velocity in the Velocity in the
X direction Y direction Z direction
6.6 m/s 2.1 m/s 1.8 m/s
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Another issue examined in the study is the temperatures of the packages in the blast freezer. The
temperature distribution of the packages observed in the experimental study is shown in Table 6. The initial
temperatures are the values measured for the packages at the moment the blast freezer starts operating. The
final temperatures are the values measured from the packages when the blast freezer stops. In addition, the
temperature is recorded every 60 minutes. Temp1 denotes the temperature of the package positioned on the
uppermost shelf of the freezer, whereas Temp14 signifies the temperature of the package located on the
lowest shelf.

Table 6. The temperatures of the packages taken from every 60 minutes in the experimental results
Package number Initial temp. (°C) 60 min. (°C) 120 min. (°C) 180 min. (°C) 240 min. (°C)

1 71.1 0.2 -27.6 -35.8 -36
2 69.2 0.3 -27.4 -354 -36
3 69.8 0.2 -27.6 -35.8 -36.9
4 71 0.3 -27.4 -36 -36.8
5 69.9 0.2 -27.4 -36.1 -37.1
6 75 0.4 -27.6 -36.7 -37.4
7 75.5 0.2 -27.8 -36.8 -37.7
8 74.2 0.3 -27.4 -36.4 -35.9
9 76.1 0.4 -27.6 -35.9 -36.7
10 753 0.3 -27.3 -35.8 -36.9
11 77.8 0.4 -27.4 -35.8 -36.9
12 76.6 0.3 -27.4 -36.1 -36.4
13 78 0.4 -27.4 -36.2 -36
14 78.2 0.4 -27.4 -35 -35.4

When the experimental results are examined it has been observed that the package on the bottom shelf is
the hottest and the package on the middle shelf is the coldest. Similar results have been also found in CFD
analysis. In the packages located on the middle shelves, more cooling has been observed with the effect of
both the middle fan and the lower and upper fans. The CFD results of the same situation are shown in Table
7. A comparison of experimental and CFD results is shown in Table 8.

Table 7. The temperatures of the packages taken from every 60 minutes in the CFD results
Package number Initial temp. (°C) 60 min. (°C) 120 min. (°C) 180 min. (°C) 240 min. (°C)

1 71.1 0.0 -28.6 -37 -37.1
2 69.2 -0.1 -28.4 -36.5 -37.3
3 69.8 0.0 -28.6 -36.8 -37.6
4 71 0.1 -28.2 -36.8 -37.7
5 69.9 0.0 -27.9 -37 -37.8
6 75 0.0 -28.1 -36.2 -37.8
7 75.5 -0.2 -28.9 -37.1 -37.9
8 74.2 -0.1 -28.2 -36.9 -36.7
9 76.1 0.1 -28.5 -36.7 -37.7
10 75.3 0.1 -28.4 -36.9 -37.3
11 77.8 -0.1 -27.9 -36.2 -37.7
12 76.6 0.1 -28.1 -36.9 -37.5
13 78 0.3 -28.2 -36.9 -36.9
14 78.2 0.2 -28 -36.2 -36.4

Table 8. Comparison of experimental and CFD results

Package number 60 min. AT (°C) 120 min. AT (°C) 180 min. AT (°C) Final temp. AT (°C)
1 0.2 1 1.2 1.1
2 0.4 1 1.1 1.3
3 0.2 1 1 0.7
4 0.2 0.8 0.8 0.9
5 0.2 0.5 1.5 0.8
6 0.4 0.3 0.5 0.1
7 0.4 1.1 0.3 0.5
8 0.4 0.8 0.5 1.1
9 0.3 1.1 0.8 1
10 0.2 1.1 1.1 0.4
11 0.5 0.5 0.4 0.8
12 0.2 0.7 0.8 1.1
13 0.1 0.8 0.7 0.9
14 0.2 0.6 1.2 1
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Upon scrutinizing the average temperatures of the packages, it is evident that congruent outcomes are
observed in the CFD results. The examination of individual packages reveals an average discrepancy of
approximately 0.7 °C between the experimental and CFD results. This implies a close alignment between
the CFD and experimental outcomes, thereby instilling confidence in the reliability of the CFD
methodology. Consequently, the potential to predict blast freezer results without resorting to experimental
procedures is feasible, achieved by manipulating boundary and initial conditions within the CFD analysis.
Figures 13, 14, 15, and 16 visually present the package results derived from both experimental and CFD
analyses at the conclusion of each 60-minute interval, distinctly showcasing the proximity of results
obtained from both methodologies.

60 minutes

Temperature 'C

Package numbers

© CFD [ Experimental

Figure 13. Comparison of experimental and CFD results (after 60 minutes)

120 minutes

Temparature 'C
<
o
<

Package numbers

©CFD [ Experimental

Figure 14. Comparison of experimental and CFD results (after 120 minutes)

180 minutes

Temparat
<&
.

Package numbers

©CFD ) Experimental

Figure 15. Comparison of experimental and CFD results (after 180 minutes)

240 minutes

Temperature 'C
<

Package Numbers

©CFD O Experimental

Figure 16. Co.mparison of experimental and CFD results (after 240 minutes)
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5. CONCLUSIONS

This investigation involved a comparative analysis between numerical simulations and experimental
findings for a blast freezer. A comprehensive CAD model of the blast freezer was developed, and its
simplified version was subjected to Computational Fluid Dynamics (CFD) analysis. Airflow patterns were
examined in the unloaded blast freezer, revealing the highest airflow velocity at the fan outlets.
Subsequently, the blast freezer was loaded with one package on each of the 14 shelves, and a new mesh
was generated. The mass, momentum, and energy equations were then solved to address the heat transfer
problem. The resulting maximum temperatures of the packages were compared with experimental data.
Notably, the temperatures obtained through CFD analyses were, on average, 0.6 °C lower than those
observed experimentally. Given the negligible nature of this difference, the validity of the CFD analyses
was affirmed. Future extensions of this research could involve employing different turbulence models for
further analyses.
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gelistirilmistir. Ulkelere ait kurulu giiciin dogru sekilde ileri
tahmini de iilkenin iyi bir enerji siirdiiriilebilirligi stratejisi
gelistirilmesi icin bilyllk O6nem tagimaktadir. Bu makalede,
kurulu giictin ileri tahmini igin {i¢ farkli zaman serisi tahmin
yontemi kullanilmistir:  Kapili Tekrarlayan Birim (GRU),
Evrisimli Sinir Ag1 (CNN) ve Uzun Kisa Siireli Bellek (LSTM).
Calismada 1923-2021 yillarina ait kurulu gilic degerleri
kullanilmgtir. Daha sonra 2030 yilina kadar gelecek tahminleri
yapilmistir. GRU modeli, test asamasinda LSTM ve CNN
modellerine gore, en iyi RMSE'yi elde ederek en dogru model
olarak ortaya ¢ikmistir. CNN egitim sirasinda basarili olmasina
ragmen, test sirasinda GRU'ya kiyasla daha yiiksek RMSE
sergilemistir.  Tiim modeller 2030 yilina kadar elektrik
kapasitesinde potansiyel bir artis 6ngoriirken GRU ve LSTM,
CNN'e kiyasla bu noktaya kadar daha belirgin bir artis
Ongormustir.
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1. INTRODUCTION

Accurate forecasting of energy production and consumption is crucial for effective energy planning and
management. Artificial Neural Networks (ANNSs) are preferred for such forecasting problems due to their
ability to model complex relationships in data. However, the advent of deep learning techniques has
significantly advanced this field. Deep learning methods, including Convolutional Neural Networks
(CNNs), Long Short-Term Memory (LSTM) networks, and Gated Recurrent Units (GRU), have
demonstrated superior performance in handling complex and high-dimensional data, leading to more
accurate and robust forecasting models. Bilgili et al. [1] focused on forecasting renewable energy generation
(REQG) using two methods: ANFIS with FCM, and LSTM neural networks. Both models performed well,
with LSTM showing particular strength in handling daily fluctuations in energy data. The study highlights
the effectiveness of these methods for short-term REG forecasting in Tiirkiye.

Similarly, Sun et al. [2] used RNN and CNN models for real-time turbine power forecasting with 719 days
of DCS data. The RNN model provided the best balance of accuracy and efficiency, outperforming
traditional models. Their findings highlight the potential of deep learning for enhancing turbine power
prediction and aiding in turbine control and predictive maintenance. Expanding on these approaches, Wan
et al. [3] proposed a CNN-LSTM model that combines CNN and LSTM methods for short-term electrical
load forecasting. In addition, they improved their work to deal with the information loss in long time series
data and added attention mechanisms. As a result, the proposed model has led to improvements in
cogeneration systems. When the results are analyzed, it is evident that better prediction results are obtained
compared to traditional LSTM models. Meanwhile, Agga et al. [4] introduced a CNN-LSTM model for PV
power forecasting in Rabat, Morocco, combining CNN's spatial analysis with LSTM's temporal analysis.
This hybrid approach outperformed traditional methods, offering improved accuracy and stability, with
potential applications in optimizing power systems and future research in wind power and energy cost
forecasting.

Chang et al. [5] introduced the TESDL method for forecasting renewable energy, enhancing the integration
of large-scale photovoltaics into the grid. Their deep learning-based model improved accuracy and managed
energy volatility effectively, offering better efficiency and robustness, which could reduce costs for
photovoltaic farms. Anu Shalini et al. [6] developed a grid-connected hybrid system with solar and wind
inputs, using a modified Z source converter and also battery storage. They employed a CNN-BiLSTM deep
learning algorithm for power prediction, achieving low harmonic distortion and consistent power supply.
The ANN controller and SVPWM method were most effective in reducing harmonic currents and managing
energy. Al-Ali et al. [7] developed a solar energy forecasting model using a hybrid CNN-LSTM-
Transformer approach. They enhanced accuracy and reduced complexity through clustering and self-
organizing maps for feature selection. Their model outperformed existing methods, showing high accuracy
in solar power predictions and potential for long-term forecasting and broader energy applications.
Additionally, Sozen et al. [8] developed equations for prediction of Tiirkiye's net energy consumption
(NEC) using Artificial Neural Network. They utilized two models. Both models showed high accuracy in
training and testing, indicating that ANN can effectively predict future energy consumption. The study
highlights the flexibility of the ANN technique and its potential to aid in energy policy planning by
providing mathematical equations for future consumption trends. Warkad et al. [9] developed an ANN-
based method for predicting day-ahead electricity nodal prices, improving decision-making by managing
price volatility. In the IEEE 30-bus system and Indian market simulations, the approach demonstrated
accurate predictions using a multilayer feed-forward neural network with back propagation. The
Levenberg-Marquardt algorithm provided fast convergence and low errors, making it practical for
developing countries to enhance market strategies.

Olcay et al. [10] developed models to predict how environmental factors impact solar power plants (SPPs).
Using data from a Turkish solar plant, they applied Random Forest Regression (RFR) and LSTM networks.
The LSTM model outperformed RFR in accuracy, showing better capability in handling complex
dependencies, thus improving the reliability of energy forecasts in SPPs. Aksu [11] used the LSTM
networks method to predict short-term solar irradiance in Tiirkiye, highlighting its solar potential. The study
compared LSTM with ANN and found that LSTM offered more accurate predictions, especially at peak
values. Aksu suggested that future research could benefit from combining LSTM with CNN for improved
accuracy.
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Installed power forecasting in the energy sector plays an important role in strategic planning and operational
decisions. Recently, a lot of work has been done on advanced forecasting techniques to improve forecasting
accuracy in this area. Luo et al. [12] introduced a new grey prediction model that enhanced the forecasting
of wind power installed capacity (WPIC). They combined Particle Swarm Optimization (PSO) with
parameter optimization to improve accuracy. Their model outperformed traditional grey models, although
they noted some limitations, including the influence of abnormal data points and the need for further
parameter refinement. Li et al. [13] compared four forecasting models for coal-fired power installed
capacity in China: ARIMA, NMGM, GM-ARIMA and MGM. Their results showed high forecasting
accuracy, with a predicted slower growth rate but higher annual added capacity compared to the previous
decade. They recommended improving thermal power utilization and increasing renewable energy to
balance growth and reduce carbon emissions. Chen et al. [14] introduced a novel grey model with fractional
order accumulation, abbreviated as FOGM (1,1), to accurately forecast China's installed generation
capacity, which includes wind power, hydroelectric, nuclear, and thermal. After calibrating model using
data from 2000 to 2015, they used it to predict the capacity from 2016 to 2020. Their findings suggest that
the FOGM (1,1) model is well-suited for this task, showing that wind power capacity in China is expected
to rapidly increase in the coming decades, playing an increasingly significant role in the energy mix.

Recently, deep learning methods have been frequently used for solving complex systems. In this study,
three different methods popular in the field of deep learning are used to solve a real-time problem. The
LSTM method is one of the recurrent method types. The advantage of this method is that it can memorize
previous states. This allows it to learn long-term dependencies and model structures. Compared to the
LSTM, the GRU method has a faster training time and lower computational effort. The CNN method is
successful in capturing similar patterns in consecutive time steps. This study builds on these developments
by investigating deep learning techniques to estimate Tirkiye's installed capacity. By incorporating and
extending methods used in recent studies, we aim to enhance the accuracy and reliability of energy
forecasts, thereby contributing to more effective energy planning and management.

2. METHODS
2.1. Long Short-Term Memory (LSTM)

Long Short-Term Memory (LSTM) networks represent a specialized approach within deep learning for
handling and modeling sequential data. Unlike standard Recurrent Neural Networks (RNNs), which often
struggle with long-term dependencies, LSTMs are designed to address these challenges effectively. The
fundamental unit of an LSTM is the memory cell, which preserves a vector of internal state information to
retain past data. Each memory cell is controlled by three distinct gates: the forget gate, which determines
the portion of the past data to be discarded; the input gate, which controls the extent to which new data is
incorporated into the memory cell; and the output gate, which manages how the stored information is used
to produce the final output. This structure enables LSTMs to excel in tasks such as time series prediction,
language modeling, text classification, and translation. As a result, LSTMs have become integral to both
advanced research and practical applications in deep learning. LSTM networks rely on several key
components that collaboratively manage and process sequential data. These components include the input
gate, forget gate, hidden state, cell state, candidate cell state and output gate. Each component plays a role
in maintaining and updating the network's memory, which is a key building block for the method's success.

Forget gate

The forget gate decides how much influence past information has on the cell state. The extent to which this
information is removed from the cell state is decided in this gate structure. It outputs a value between 0 and
1, determining how much of the previous memory is retained. The mathematical expression for the forget
gate is given by:

fe= G(foxt + thht—l + bf) (D

here, f; represents the output of the forget gate, Wy, W), and by are the weight and bias parameters, h;_;
is the hidden state from the previous time step, and x; is the current input. o is a sigmoid function, ¢ = 1
denotes keeping something, and ¢ = 0 denotes getting rid of it.
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Input gate

The input gate manages the amount of new information that is integrated into the cell state. It outputs a
value between 0 and 1, specifying the proportion of new data to be added. The mathematical expression for
the input gate is:

i = oWy xe + Wyihey + by) (2

where i, represents the output of the input gate, and W,;, Wj,; and b; are the corresponding weight and bias
parameters.

Candidate cell state

This component determines which new information will be incorporated into the cell state. It combines new
data with the input gate's output to update the memory. The formula for the candidate cell state is:

z, = tanh W, x, + Wy, he_qy + by,) 3)

here z;, represents the candidate cell state, while W,,, W;, and b, are the weight and bias parameters
involved in the memory update process.

Cell state
The cell state represents the updated memory, which is computed by combining the previous cell state, the

input gate's contribution, the candidate cell state and the forget gate's output. The formula for the updated
cell state is:

Ct= fe* Cor+ U * 2 (4)
where ¢, denotes the updated cell state and c,_ is the previous cell state.
Output gate

The output gate determines how the cell state information is used to generate the network's output. It
produces a value between 0 and 1, which influences the final output. The formula for the output gate is:

0 = 0(Wyoxe + Whohe—y + by) (5
where o, is the output of the output gate, and W,,, W, and b, are the weight and bias parameters.
Hidden state

The hidden state conveys the information from the cell state to the subsequent layers of the network. It is
computed using:

hy = o, * tanh (c;) (6)

where h; represents the hidden state at the current time step. The structure of the LSTM method is illustrated
in Figure 1. LSTM is designed to eliminate the problem of vanishing gradients, which is a major problem
for RNNs. To solve this problem, the method uses gates and a special cell structure as shown in the figure.
The equations of the gates are given visually in the figure, which increases the comprehensibility of the
structure of the method. These gates and the cell state in the structure of the LSTM enable the model to
process long-term information efficiently and effectively in the learning process. These features make the
LSTM a powerful tool for sequential data and time series analysis.
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Figure 1. The structure of the Long Short-Term Memory (LSTM) neural network.
2.2. Convolutional Neural Networks (CNN)

Convolutional Neural Networks (CNNs) are a specialized class of deep neural networks designed to process
and analyze spatial data. They excel in tasks such as image recognition and classification due to their ability
to automatically and adaptively learn spatial hierarchies of features. A typical CNN comprises several core
components: convolutional layers, which apply learnable filters to extract spatial patterns; activation
functions, such as ReLU, which introduce non-linearity to improve learning; pooling layers, which
downsample feature maps to reduce dimensionality and enhance computational efficiency; and fully
connected layers, which integrate learned features for high-level reasoning and classification. By leveraging
these components, CNNs have revolutionized computer vision and are also making significant strides in
other fields, such as audio processing and natural language understanding. The basic structure of the CNN
is shown in Figure 2. The overall architecture of a CNN structure usually consists of a number of layers,
where each layer has the ability to learn and extract different aspects of the data. The basic components of
a CNN, as shown in the figure, include: pooling layers, fully connected layers and convolutional layers.
Convolutional layers learn local features by applying filters (kernels) on the input data. These processes
capture patterns and features in each region of the data. Pooling layers reduce the feature maps from the
convolutional layers and summarize the most important information. This reduces the computational cost
of the model and helps prevent overlearning (overfitting). Fully connected layers use high-level features
for classification or regression tasks. These layers make the final predictions using the network's learned
features.

This architecture of CNN is designed to work effectively with high-dimensional inputs such as visual data.
In particular, convolutional layers are powerful for capturing local relationships within the data, allowing
the network to learn various features of the images. Pooling layers improve computational efficiency, by
reducing the data size and strengthening the generalization capacity of the model. Fully connected layers
perform final classification or prediction using these learned features. These layer structures of the CNN
model enable the network to extract features with high performance, making the method applicable in many
different fields.

0O 0O
0 . —= J [ ] ]
:/L =) L::> Ui > 0O-0 |:’> O
‘ . :u ; 0870
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Figure 2. Basic structure of a Convolutional Neural Network (CNN).
2.3. Gated Recurrent Units (GRU)

The Gated Recurrent Unit (GRU) is a simplified variant of the Long Short-Term Memory (LSTM) network,
designed to address the vanishing gradient problem and improve the efficiency of RNNs in modeling
sequential data. The GRU accomplishes this through its gating mechanisms, specifically the update gate
and the reset gate, which manage the flow of information through the network. The following equations
describe the functioning of these gates and the overall update of the hidden state in the GRU:
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Update Gate
fe= o(Wysxe + Wyehe s + by) (7

The update gate f; determines the extent to which the previous hidden state h,_, should be preserved and
passed to the current hidden state h;. It combines the current input x, with the previous hidden state h;_q,
applying a sigmoid activation function ¢ to regulate the update. Where, W, and W, are the weight
parameters, and by is the bias parameter.

Reset Gate
1y = 0(Wyrxe + Whphey + by) (®)

The reset gate 1 controls the degree to which the previous hidden state h,_; contributes to the candidate
activation z,. By modulating the influence of the past state, r, allows the model to effectively "forget"
irrelevant information, making room for more pertinent data. Here W,,. and W}, are the weight parameters,
and b, is the bias parameter.

Candidate Activation
Zr = tanh(szxt + th(rt * ht—l) + bz) )

The candidate activation z; represents the proposed update to the hidden state based on the current input
x; and the reset gate's modulation of the previous hidden state. The hyperbolic tangent function tanh is
applied to ensure that the candidate activation values remain within a bounded range. Where, W,., and W},
are the weight parameters, and b, is the bias parameter.

Hidden State Update
he=fix hey+ (L=fi)*z, (10)

Finally, the hidden state h, is updated by a linear interpolation between the previous hidden state h,_; and
the candidate activation z, , controlled by the update gate f;. This equation ensures that the network can
retain relevant past information while incorporating new information as needed. The architecture of the
GRU cell is demonstrated in Figure 3. As shown in the figure, the GRU architecture is similar to the LSTM
architecture. GRU's cell architecture, together with the gates that control how information is stored and
updated, allows for learning long-term dependencies, as in the LSTM method. However, GRU's structure
is designed to provide simpler and faster computations, making it preferable for large data sets and time

series problems.
& )
_/—’ -
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Figure 3. Structure of a GRU cell

3. RESULTS AND DISCUSSIONS

In this study, we analyzed the performance of GRU, CNN, and LSTM models on a dataset [15] of Tiirkiye's
annual installed capacity spanning from 1923 to 2021, consisting of 99 observations. The dataset was
preprocessed by applying 0-1 normalization, scaling each value between 0 and 1 using the formula:
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, x — min(x)

" max(x) — min(x)

Dataset was divided into 79 data points (approximately 80%) for training and 20 (approximately 20%) for
testing, with predictions extended 9 steps ahead to 2030. To effectively capture temporal dependencies, a
look-back period of 3 was utilized, meaning that each model predicted future values based on the three
preceding data points, resulting in the first three data points being excluded from the predictions. As given
in Table 1, the results revealed that the GRU model achieved the lowest RMSE during testing, with a value
of 2.51, outperforming both CNN and LSTM. The CNN model had an RMSE of 5.02 during testing and
performed better during training with an RMSE of 0.49. The LSTM model had the 2.78 RMSE values
during testing and 0.74 during training.

Table 1. Estimation results using different deep learning methods

Model RMSE RMSE
(Training phase) (Testing phase)
GRU 0.67 2.51
LST™M 0.74 2.78
CNN 0.49 5.02

These results show that the look-back mechanism significantly improves the model's ability to predict future
values. The look-back mechanism is a strategy that allows the model to remember patterns and information
from past data. Through this mechanism, the model can better understand and predict current and future
situations using past data. Especially in time series analysis, effective processing of historical data plays a
critical role in improving the accuracy of future forecasts. Therefore, the capacity of the model to learn
long-term dependencies by taking into account historical data directly affects the accuracy of forecasts. In
particular, the GRU (Gated Recurrent Unit) model shows the highest forecast accuracy among the other
models tested, suggesting that the GRU effectively uses this look-back mechanism. The gates in GRU's
design are optimized to appropriately store and update historical information. This structural advantage
enhances the model's ability to extract meaningful information from historical data and use this information
in future predictions. As a result, GRU's high forecast accuracy clearly demonstrates the effectiveness of
the look-back mechanism and the model's capacity to learn long-term dependencies. This highlights why
the GRU is such a powerful tool in time series data and other sequential data analysis.

Table 2. Forecast results for Tiirkiye’s installed capacity data (GW) between 2022 and 2030

Years CNN LSTM GRU
2022 98.45 105.56 105.95
2023 100.67 110.51 111.05
2024 101.95 115.59 116.52
2025 102.90 121.23 122.43
2026 104.30 126.62 128.21
2027 105.49 132.18 134.23
2028 106.69 137.89 140.38
2029 107.93 143.52 146.58
2030 109.14 149.21 152.89

Following the evaluation of the models' performance, the analysis was extended to forecast future electricity
capacity up to the year 2030, with the results being presented in Table 2. Lower values were consistently
predicted by the CNN model compared to both LSTM and GRU, with the predicted capacity in 2030
reaching 109.14 GW. In contrast, slightly higher future capacities were forecasted by the LSTM and GRU
models, with a peak value of 149.21 GW in 2030 being predicted by LSTM, and 152.89 GW in 2030 being
predicted by GRU. These predictions, which examine the future trends of electricity generation capacity,
reveal a clear development until 2030. Projections by three different models-GRU, LSTM and CNN-
generally signal a potential plateau in electricity generation capacity by 2030. However, each of these
models exhibits marked differences in forecasts, reflecting annual growth trends in a different way. In the
period up to 2030, the observed gradual increase in electricity generation capacity points to an overall
sustained growth. However, the trend and pace of this growth differ depending on the structural features of
the model used and the way it processes temporal information.

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Time Series Installed Capacity Forecasting with Deep Learning Approach for Tiirkiye

The prediction results of the CNN model for the training and testing phase are shown in Figure 4. The CNN
model closely follows the actual data during both the training and testing phases. Forward prediction results
up to 2030 are also given in this figure. In the future prediction segment, there is a slight divergence, with
the CNN model predicting a more gradual increase in capacity compared to the actual trend. This suggests
that while the CNN model captures the general trend effectively, it may slightly underestimate the rate of
growth in the later years.
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Figure 4. Results for the real and predicted values with CNN model.

Figure 5. illustrates the LSTM model's results. The LSTM model exhibits a strong correlation with the real
data throughout the training and testing phases, mirroring the actual trend with high accuracy. In the future
prediction period, the LSTM model shows a more pronounced increase in capacity, aligning closely with
the observed trend.

" Trawing Resulls || Tesling Resulls

real
14 LSTM !

Futne Prudiction

installed capacity (MW)
=

o i L
] 20 40 60 a0

time (year)

Figure 5. Results for the real and predicted values with LSTM model.
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Figure 6. presents the GRU model's performance. The GRU model demonstrates a very close fit to the real
data during both training and testing phases, like the LSTM model. In the future prediction section, the
GRU model forecasts a continued and consistent increase in capacity, which aligns well with the actual
trend. This result suggests that the GRU model not only accurately captures the historical data but also
provides reliable future predictions, potentially offering the most stable performance among the three
models.

real | Training Resulis | Testing Resuts |

14 GRU [} I
1

1

I

!

1
1
I
I
1
1
1 Futam Prediction =
I
]
1
]

installed capacity (MW}
-]

o 20 40 60 80 100 120
time (year)

Figure 6. Results for the real and predicted values with GRU model.
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The GRU and LSTM models present a steeper growth curve compared to the CNN model, meaning that
these models predict a faster capacity growth. This trend is due to the fact that GRU and LSTM process
temporal information more intensively and learn long-term dependencies more efficiently. This suggests
that these models tend to predict a sharper and faster increase in the future based on past data. The CNN
model, on the other hand, processes temporal information differently and tends to better capture local
patterns and short-term trends, thus predicting a smoother and more gradual increase. This approach of the
CNN allows it to take more explicit account of short-term fluctuations and local characteristics in the time
series data, but it is more conservative on long-term trends.

These differences reflect the underlying structures and methodologies of how each model processes
temporal information. The GRU and LSTM models predict future growth potential more aggressively,
thanks to their capacity to learn long-term dependencies in sequential data, while the CNN model's
approach, which prioritizes local characteristics and short-term patterns, leads to a more cautious growth
forecast.

While the projections of these three models suggest that a plateau in electricity generation capacity is likely
to be reached by 2030, the different trends presented by each model provide important insights for decision
makers. Taking these different trends into account can help develop more comprehensive and flexible
strategies for energy planning. Models that aggressively predict long-term growth potential may be suitable
for scenarios that require faster capacity expansion, while models that predict a smoother ramp-up may be
a better guide for risk management and gradual development plans.

4. CONCLUSIONS

This study assessed the forecasting performance of GRU, CNN, and LSTM models on annual electricity
capacity data spanning from 1923 to 2021. The GRU model demonstrated the best performance in terms of
predictive accuracy, achieving the lowest RMSE during testing. The CNN model, while performing well
during training, showed a higher RMSE during testing compared to the other methods.

The results suggest that the look-back mechanism was effective in capturing temporal dependencies, with
GRU proving to be the most robust in predicting future values. All models indicated a potential plateau in
electricity capacity by 2030, but GRU and LSTM predicted a more pronounced increase leading up to that
year, compared to CNN.

This study highlights the importance of selecting appropriate forecasting models based on their
performance in capturing both short-term and long-term trends. The GRU model's superior performance
underscores its suitability for accurate predictions in long-term capacity forecasting. Future research could
build on these findings by incorporating additional data or exploring hybrid models to further enhance
forecasting accuracy and address the nuances observed in these predictions.
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Bu ¢alismada, farkli kesit geometrilerine sahip ince duvarli sac
metalden tasarlanan ¢arpisma kutularinin darbe performanslari
niimerik olarak incelenmistir. Oncelikle esit kesit alan1 ve boya
sahip bes farkli kesit geometrisinde (kare, daire, tiggen, besgen,
altigen) carpisma kutular1 tasarlanmigtir. Tasarlanan ¢arpigma
kutulari, darbe simiilasyonlarmin gergeklestirilebilmesi igin
ANSYS Workbench programina aktarilmistir. Darbe analizleri
400 kg’lik bir kiitlenin 10 m/s hizla g¢arpisma kutularina
carptiritlmasiyla gergeklestirilmistir. Darbe analizleri sonucunda
carpisma kutularinda meydana gelen maksimum kuvvet,
soniimlenen enerji miktar1 ve farkli darbe indikatorleri
incelenerek en iyi kesit geometrisi belirlenmistir. Darbe analiz
sonuglaria gore en yiiksek darbe kuvveti ve soniimlenen enerji
miktar1 daire kesite sahip carpigsma kutularinda elde edilmistir.
Diger taraftan en diisiikk darbe kuvveti ve soniimlenen enerji
miktar1 liggen kesite sahip carpisma kutularinda goriilmiistiir.
Sonug olarak kesitteki kenar sayisi artisi ile birlikte yapinin
enerji soniimleme kabiliyetinin de arttig1 tespit edilmistir.
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This study numerically investigates the impact performance of
crash boxes designed from thin-walled sheet metal with different
cross-sectional geometries. Initially, crash boxes with five
different cross-sectional geometries (square, circle, triangle,
pentagon, hexagon) were designed, each having equal cross-
sectional area and length. The designed crash boxes were
imported into the ANSYS Workbench program to perform
impact simulations. The impact analyses were conducted by
simulating the collision of a 400 kg mass impacting the crash
boxes at a speed of 10 ms™!. As a result of the impact analyses,
the maximum force, absorbed energy, and various impact
indicators were examined to determine the best cross-sectional
geometry. According to the impact analysis results, the highest
impact force and absorbed energy were observed in crash boxes
with circular cross-sections. On the other hand, the lowest impact
force and absorbed energy were observed in crash boxes with
triangular cross-sections. In conclusion, it was determined that
as the number of edges in the cross-section increases, the energy
absorption capability of the structure also increases.
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1. GIRIS

Darbe yiikleri altinda yiiksek performansin gerektigi durumlarda ince duvarli sac metal yapilar tercih
edilmektedir. Bu yapilar 6zellikle otomobillerde olasi bir ¢arpigma sirasinda darbe enerjisini soniimlemek
icin kullanilirlar. Otomotiv endiistrisinde bu yapilar ¢arpigsma kutular1 adin1 almaktadir. Carpigma kutular
carpisma esnasinda aracin ana pargalarina gelebilecek zarari en aza indirerek, yolcular1 g¢esitli
yaralanmalardan koruyacak sekilde tasarlanmaktadir. Literatiir incelendiginde de carpisma kutulari lizerine
bir¢cok niimerik ve deneysel ¢alismanin oldugu goriilmektedir. Zhang ve arkadaslari [1], farkli kalinliklara
sahip konik borularin garpisma performansini deneysel ve niimerik olarak incelemislerdir. Dairesel
borularin enerji emme kapasitesi ve verimliligi, borunun daha hafif kiitleyle azaltilmasindan sonra
%120°den fazla arttirlmistir. Biiziilme sirasinda malzemenin sertlesmesinin, ¢arpisma dayaniklilig:
performansinin bilyiikk 6lgiide artmasma yol acan en 6nemli faktér oldugu tespit edilmistir. Usta ve
arkadaslar1 [2], aliminyum alasimindan yapilmis eksenel yiikli i¢ ice carpma tiiplerinin ¢arpma
dayaniklilik &zelliklerini deneysel ve sayisal olarak incelemislerdir. Caligmada farkli senaryolardaki
carpisma tiiplerinin darbe davranislari incelenmistir. Calisma sonucunda petek dolgulu ¢ift i¢ ice tiip yapili
carpisma kutusu tasariminin en uygun se¢im olabilecegi belirtilmistir. Yu ve arkadaglart [3], elytra
boceginden esinlenerek yiiksek verimli enerji sogurma yeteneklerine sahip bir tiir, trabekiiler-bal petegi
biyomimetik yap1 énermislerdir. Onerilen geometriler iiretilerek basma ve darbe testlerine tabi tutulmustur.
Ayrica niimerik calismalar da gergeklestirilerek Onerilen geometrilerin enerji soniimleme o6zellikleri
aragtirilmistir. ince ve arkadaslari [4], aliiminyum ve celik malzemelerinden &zel kaynak ydntemi ile
birlestirerek iirettikleri carpisma kutularmin darbe ozelliklerini incelemislerdir. Uretilen yeni hibrit
carpigma kutularinin %17,5 agirlik kazanci sagladigini tespit etmislerdir.

Carpigma kutularinda kesit geometrisi, soniimlenen enerji miktarini ve ¢arpigsma kuvvetini etkileyen 6nemli
parametrelerden bir tanesidir. Bu nedenle literatiirde birgok arastirmacinin farkli kesit geometrilerinin
carpisma kutularinin darbe 6zelliklerine olan etkisini deneysel ve niimerik olarak inceledigi goriillmektedir.
Hussain ve arkadaslar1 [5], cam elyaf takviyeli plastik ¢arpigma kutular1 i¢in farkli geometrilerle birlikte
etkinligini darbe testi kullanilarak aragtirmislardir. Dort farkli kesit geometrisine (kare, daire, altigen ve
ongen) sahip carpigsma kutular1 ayni1 kosullarda darbe testine tabi tutulmustur. Deney sonuglarina gore en
yiiksek enerji soniimleme kapasitesi ongen kesit geometrisinde gozlenirken, en diisiik soniimleme
kapasitesi ise kare kesit geometrisine sahip ¢arpisma kutularinda gézlemlenmistir. Yuan ve arkadaslari [6],
bazilar1 konik bir sekil alan kare, dikdortgen ve gokgen kesitli bir origami ¢arpigma kutusu numuneleri
tasarlayip darbe 6zelliklerini incelemislerdir. Origami sanatindan esinlenerek tasarlanan carpigsma kutulart,
geleneksel ¢arpigsma kutusuyla karsilastirildiginda birim kiitle basina enerji emiliminde maksimum %107,1
artis ve baslangi¢ tepe kuvvetinde maksimum %68,3 azalma meydana gelmistir. Késedag ve arkadaslari
[7], otomobil ¢arpigsma kutulart i¢in, iki farkli malzeme ve dort farkli kesit geometrisine sahip ¢arpigma
kutulari tasarlayip darbe analizleri gergeklestirmislerdir. En yiiksek enerji soniimleme kapasitesinin altigen
kesit yapisina sahip ¢arpigma kutusunda oldugu tespit edilmistir. Celik malzemeden iiretilen ¢arpigma
kutularinin aliiminyumdan iiretilenlere gore 10 kat daha fazla enerji soniimledigi tespit edilmistir. Kale ve
arkadaslar1 [8], ve Davoudi ve arkadaslar1 [9], farkli kesit geometrilerine sahip otomotiv carpisma
kutularmin darbe 6zellerini deneysel ve niimerik olarak incelemislerdir. Her iki calismada da kesit
iizerindeki kenar sayisi artiginin séniimlenen enerji miktarini 6nemli 6lgiide arttirdig tespit edilmistir.

Carpisma kutularinda séniimlenen enerji miktarinin arttirtlmasi amaciyla tek hiicreli yapilar yerine ¢ok
hiicreli yapilar tercih edilmektedir. Ayrica ¢arpisma kutulariin boyutlarinin belirlenmesinde giiniimiizde
cesitli optimizasyon yontemleri de siklikla kullanilmaktadir. Albak [10] ve Ceyhan ve arkadaslar1 [11],
otomotivde kullanilan ¢ok hiicreli ¢arpisma kutularinin darbe davranislarini deneysel ve niimerik olarak
arastirmislardir. Ayrica, optimizasyon ¢alismalar1 yapilarak darbeye kars1 en uygun ¢ok hiicre yapisi tespit
edilmistir. Fang ve arkadaslar1 [12], on farkli hiicre sayisina sahip ¢ok hiicreli tiiplerin hem eksenel hem de
egik yiikler altinda ¢arpigma davranislarini kapsamli bir sekilde aragtirmiglardir. Az hiicreli tiiplerin genis
acili egik yiiklere kars1 daha dayanikli oldugunu, ancak saf eksenel yiik altinda daha fazla hiicreli tiiplere
gore daha kotii performans gosterdigini tespit etmislerdir. Wang ve arkadaslari [13], katlanma
deformasyonuna sahip biyonik carpisma kutusunun tasarimmi ve c¢ok amacli optimizasyonunu
gerceklestirmislerdir. Kaktiis bitkisinden ilham alinarak yeni bir carpisma kutusu tasarimi ve
optimizasyonu gerceklestirilmistir. Sonuglar geleneksel ¢arpisma kutusuyla karsilastirildiginda, optimize
edilmis biyonik ¢arpma kutusu kiitlesinin %41,1 oraninda azaldig1, soniimlenen enerji miktarinin da %69,9
oraninda arttirildig1 tespit edilmistir. Tanlak ve arkadaslari [14], yiiksek hizli eksenel darbe yiikleri altinda
¢alisan ince duvarli borularin optimum sekil tasarimini niimerik yontemler kullanarak gergeklestirmislerdir.
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Sun ve arkadaslar1 [15] islevsel olarak derecelendirilmis kalinliga sahip ince duvarli ¢arpigma kutulari i¢in
carpigma analizi ve ¢ok amagli optimizasyonunu gerceklestirmislerdir. Li ve arkadaslari [16] rastgele ve
aralik belirsizlikleri olan kopiik dolgulu ince duvarli ¢arpisma kutularinin ¢arpisma dayaniklihig1 tasarimi
i¢in ok amacli optimizasyon prosediirii 5nermislerdir. Ozgiil enerji emilimi ve tepe darbe kuvvetini amag
olarak, ortalama carpisma kuvveti ise kisit olarak belirlenmistir. Onerilen optimizasyon prosediiriiniin
kopiik dolgulu yapilar i¢in carpigsma dayanikliligi tasariminda etkili oldugu kanitlanmistir. Reddy ve
arkadaslar1 [17] dort farkli kesit geometrisine sahip (kare, altigen, sekizgen ve on iki kdseli) ince duvarl
sa¢ metal carpigma kutularmmin darbe o6zelliklerini teorik, niimerik ve deneysel olarak ayri ayr
incelemislerdir. Ug farkli yontem ile hesaplanan verilerin birbirini dogruladig: goriilmekle birlikte en iyi
carpisma Ozellikleri on iki koseli kesitte en kotii carpisma oOzellikleri ise kare kesite sahip carpisma
kutularinda oldugu tespit edilmistir. Tanlak ve arkadaglar1 [18] farkli kesit geometrilerine sahip yiiksek hizli
eksenel darbe yiikleri altinda ince duvarli borularin optimum gekil tasarimini niimerik olarak
gerceklestirmislerdir.

Bu caligmada, bes farkli kesit geometrisine sahip ¢arpisma kutularinin darbe performanslari niimerik olarak
incelenmistir. Bes farkli kesit geometrisinde tasarlanan g¢arpigma kutulari ANSYS ortaminda darbe
testlerine tabi tutulmustur. Darbe analizleri sonucunda kuvvet, soniimlenen enerji ve gesitli darbe
indikatorleri yardimiyla en iyi darbe performansina sahip kesit geometrisi belirlenmistir. Elde edilen
sonuglara gore en yiiksek kuvvet enerji soniimleme kabiliyeti daire kesite ait olmasina ragmen, kirilma
kuvveti verimliligi bakimindan en iyi geometrinin altigen kesit oldugu tespit edilmistir. En diisiik darbe
kuvveti ve soniimlenen enerji miktarmin ise liggen kesite sahip ¢arpisma kutularinda goriilmiistiir.

2. YONTEM

Bu ¢aligmada dncelikle farkli kesit geometrisine sahip ¢arpisma kutularinin tasarimlart gergeklestirilmistir.
Her farkli kesit geometrisine sahip ¢arpisma kutular1 Solidworks 2022 programinda, 250 mm yiiksekliginde
ve 156 mm? taban alanma sahip olacak sekilde tasarlanmustir [9]. Sekil 1°de farkli kesit geometrisi, esit
ylizey alan1 ve esit ylikseklige sahip ince duvarli sac metal kutularin tasarimlari goriilmektedir.

< 4

P

Kare Daire Ucgen Besgen Altlg_en
Sekil 1. Farkli kesit geometrisine sahip ¢arpisma kutularinin tasarim

Tasarimlart tamamlanan geometriler sonlu elemanlar analizlerini gergeklestirmek {izere ANSYS
Workbench 2022 R2 programinin Explicit Dynamics modiiliine aktarilmigtir. Analiz programinda dncelikle
ince duvarli sac metal kutularin malzeme tanimlari gergeklestirilmistir. Malzeme olarak ANSYS program
kiitiphanesinden explicit malzemeler arasindan 4340 celigi secilmistir. 4340 malzemesine ait malzeme
ozellikleri Cizelge 1’de verilmistir.

Cizelge 1. 4340 Celigine ait malzeme 6zellikleri

Ozellik Deger
Akma sinir1 792 MPa
Esneklik modiilii 159000 MPa
Kayma modiili 81800 MPa
Johnson-Cook ozellikleri
Sertlesme sabiti 510 MPa
Sertlesme tissii 0,26
Gerilme orani sabiti 0,014
Termal yumugama {issii 1,03
Erime sicakligt 1519,9 °C
Referans gerilme orani (/s) 1
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Sekil 2. Kare kesit i¢in olusturulan ag yapisi

Malzeme tanimi yapildiktan sonra modelin ag yapisi olusturulmusgtur. Coziimiin daha hizli gergeklesmesi
icin model iki boyutlu olarak tasarlanmistir. Bu nedenle model 2 mm boyutunda yilizey elemanlar
kullanilarak olusturulmustur. 2 mm boyutunda eleman kullanilmasi durumunda modelde yaklasik 10000
diigiim noktast ve 9800 elemandan olustugu tespit edilmistir. Sekil 2’de kare kesit i¢in olusturulan ag
yapisinin genel durumu goriilmektedir.

Olusturulan ag yapisinin giivenilirliginin belirlenmesi ve modelin agdan bagimsiz ¢oziimler vermesi icin
agdan bagimsizlik ¢aligmasi gergeklestirilmistir. Agdan bagimsizlik ¢alismasinda olusturulan model, 8 mm
eleman boyutundan baslanarak sirasiyla 8-6-4-2 ve 1 mm eleman boyutlari i¢gin ¢6zdiiriilmistiir. Elde edilen
¢ozlimler sonucunda soniimlenen enerji miktari-deplasman grafikleri ¢izdirilmistir (Sekil 3). Cizdirilen
grafikler sonucunda 2 mm eleman boyutuna inildikten sonra ag yapisint 1 mm’ye indirsek bile iist {iste
cakisan grafikler elde edilmistir. Bu nedenle gerek hizli ¢6ziim, gerekse de model igin gerekli depolama
boyutunun diisiik olmasi i¢in 2 mm eleman boyutu sabit olarak tiim farkli kesit geometrisine sahip
analizlerde ayni olacak sekilde kullanilmistir.

10

ktan (kJ)

1mi

Soniimlenen enerj

0 50 100 150 200
Deplasman (mm)
Sekil 3. Agdan bagimsizlik ¢aligmast

Ag yapismin olusturulmasindan sonra modelin sinir sartlar1 tanimlanmistir. Sekil 4’de bu ¢aligmadaki
modelin siir sartlart gériilmektedir. Sac metal kutunun alt yiizeyi tiim eksenlerden sabit olacak sekilde
sabitlenmistir. A kiitlesi ise 6zkiitlesi arttirilarak 400 kg’lik bir yiikii temsil edecek hale getirilmis ve sabit
10 m/s hizla sac metal kutu ile ¢arpismasi saglanmistir. Ayrica standart yer ¢ekimi tanimi da sekilde
gorildigii gibi eklenmistir. Tiim tanimlamalar tamamlandiktan sonra model ¢6zdiiriilmiistiir. Her bir model
yaklagik olarak 1,5 saat siire sonucunda ¢6ziime ulagsmistir (Intel(R) Xeon(R) CPU E5-2650 v3 2.30GHz
2.30 GHz 2 igslemci — 64GB Ram). Coziimiin tamamlanmasindan sonra elde edilen veriler incelenerek kesit
profilinin darbe 6zelliklerine olan etkisi ¢esitli indikatorler vasitasiyla arastirilmistir.
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[A] welacity

Standard Earth Gravity:
9806,6 mm/s®

[E] Fixed Support

Sekil 4. Sonlu elemanlar modelinin sinir sartlari

Enerji soniimleyen yapilarin performanslarinin incelenmesi igin ¢esitli indikatorler bulunmaktadir. Bu
indikatorler soniimlenen enerji miktar1 (SEM), 6zel soniimlenen enerji miktari (OSEM), maksimum kirilma
kuvveti (MKK), ortalama kirilma kuvveti (OKK) ve kirtlma kuvveti verimliligi (KKV) olarak siralanabilir.

SEM carpigma sirasinda metal kutunun soniimlendigi enerji miktaridir. MKK carpigsma sirasinda okunan
en yiiksek kuvvet degeridir. OSEM birim kiitle basina soniimlenen enerji miktarmi 6lgmek icin kullanilir.

SEM

1
Kitle M

OSEM =

Bu ¢alismada kullanilan sac metal ¢arpisma kutularinin yiizey alanlari esit oldugundan, SEM ile OSEM
arasindaki oran esit olacaktir. Sadece SEM’in incelenmesi yeterli olacaktir. OKK, SEM’in toplam kirilma
uzunluguna (x) orani seklinde hesaplanmaktadir.

OKK = — 2
X

KKV, OKK’nin MKK’ne orani ile hesaplanmaktadir.

OKK
KKV = VKK (€)]
3. ARASTIRMA BULGULARI

Bes farkli kesit geometrisine sahip ince duvarli sac metal kutulariyla gergeklestirilen darbe testleri
sunucunda, her bir geometri i¢in kuvvet-zaman grafikleri, soniimlenen enerji miktari-zaman grafikleri ve
darbe indikatorlerinin degisimi incelenmistir. Bu sayede en iyi darbe soniimleme performansina sahip olan
kesit geometrisi belirlenmeye c¢aligilmistir.

Sekil 5’te farkli kesit geometrilerine sahip ince duvarli sac metal kutularin darbe yiikii altinda zaman
icerisinde gerilme ve deformasyon degisimleri goriilmektedir. t=0 aninda yiik heniiz uygulanmadigindan
metal kutular {izerinde herhangi bir gerilme olusmamistir. Yiikiin uygulanmasiyla birlikte kutularin
{izerinde gerilmeler meydana gelmistir. Uggen kesit incelenecek olursa gerilmenin esit dagilmadig, sadece
iist bolgede toplandigi goriilmektedir. Benzer sekilde kare kesitte de gerilmenin tiim kutu boyunca
dagilmadig iist bolgede yogunlastigi goriilmektedir. Beggen, altigen ve daire kesitlerde ise gerilmenin tiim
kutu boyunca diger kesitlere gore daha homojen dagildig: goriilmektedir. Bunun sebebi kenar sayisi arttikca
kenarlarin yapiy1 daha direncli hale getirerek gerilmeyi daha diizgiin dagitmasidir.
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Sekil 5. Farkli kesite sahip sac metal kutularinin esit zaman araliklarindaki ¢carpisma davranislar

= 0,01 sn’den sonra {iggen kesitte meydana gelen katlanmalarin diger kesitlere gore ¢ok daha diizensiz hale

geldigi, burkulmanin meydana geldigi goriilmektedir. Bu nedenle liggen kesit i¢in dayanim ve soniimiin
diger kesitlere gore daha diisiik olacag1 dngoriilebilir. En diizgiin katlanma seklinin ise daire kesitte oldugu
goriilmektedir. Sekilde tam olarak goriilmemekle birlikte, daire kesitli metal kutuda diger kesit
geometrilerine sahip metal kutulara gére daha fazla kivrilma meydana gelmistir. Bu da bu kesitin daha fazla
enerjiyi soniimleyecegi anlamina gelmektedir.

Sekil 6’da kare profil igin ¢arpisma zamanina bagli olarak kuvvet ve soniimlenen enerji degisimi
goriilmektedir. Sekil incelendiginde kare profil i¢in maksimum darbe kuvvetinin 70000 N civarinda oldugu
goriilmektedir. Carpigsma esnasinda zamanla kutu lizerinde meydana gelen katlanmalarla birlikte kuvvetin
artip azaldig: goriilmektedir (Sekil 6a). Carpigsma esnasinda ortalama kuvvetin ise yaklasik olarak 25000 N
civarinda oldugu sdylenebilir. Carpigma esnasinda soniimlenen enerji miktarinin ise yaklasik olarak lineer
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arttigr gorilmektedir (Sekil 6b). Kare kesit geometrisine sahip ¢arpigma kutusu i¢in toplamda 6,7 kJ’lik
enerjinin soniimlendigi tespit edilmistir.

4
* 10
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6 Z s
z =
oy =4
D4 s
- =
E =3
=
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a) Zaman (s) b) Zaman (s)

Sekil 6. Kare profil i¢in ¢carpisma testi sonuglari a) kuvvet-zaman, b) soniimlenen enerji-zaman degisimi

Kesit geometrisinin darbe kuvvetine olan etkisi Sekil 7°de gosterilmektedir. Sekil incelendiginde tiim
kesitlerde belli zaman araliklarinda katlanmalar meydana gelmektedir. Uggen kesite sahip carpigma
kutularinda kuvvetin bes kez yiikselip algaldigi goriilmektedir. Diger kesitlerde ise ¢ok daha fazla
katlanmanin oldugu goriilmektedir. En yiiksek kuvvet degerinin daire kesitte (123000 N) oldugu
goriilmektedir.

x10*

14

Kuvvet (N)

0
0 0,005 0,01 0,015 0,02
Zaman (s)
Sekil 7. Kesit geometrisinin darbe kuvvetine olan etkisi

Dairesel kesite sahip ¢arpisma kutularinda kenar olmadigindan, katlanma sayisinin daha ¢ok olmasi
nedeniyle digerlerine gore daha dayanikli oldugu tespit edilmistir. Carpisma kutularinda kuvvetin bu
sekilde ani olarak yiikselmesi istenilen bir durum degildir. Ciinkii arag igerisinde oturan canlilara da bu
kuvvet iletilmis olacaktir. Kare, tiggen, besgen ve altigen kesite sahip ¢arpisma kutularinda ise maksimum
kuvvetin birbirine yakin ve yaklagik 65000~70000 N arasinda degistigi goriilmektedir. Ortalama kuvvet
siralamasi goz oniine alindiginda, en yiiksek ortalama kuvvetten en diisiige sirasiyla daire, altigen, besgen,
kare ve tliggen kesite sahip ¢arpisma kutulari oldugu goriilmektedir. Bu durumun Sekil 7 ile de uyumlu
oldugu goriilmektedir.

Kesit geometrisinin soniimlenen enerji miktarina olan etkisi Sekil 8’de gosterilmektedir. Darbe siiresince
en az enerji soniimleyen kesit geometrisinin 5,3 kJ ile iiggen kesit oldugu tespit edilmistir. En yiiksek enerji
soniimleme kabiliyetinin ise 12,3 kJ ile daire kesit ile tasarlanan carpisma kutularina ait oldugu
goriilmektedir. Soniimlenen enerji bakimindan kesitler biiyiikten kiiciige dogru sirasiyla daire, altigen,
besgen, kare ve liggen kesit olarak siralanmaktadir. Bu siralamanin darbe aninda ortalama kuvvet siralamasi
ile ayn1 oldugu goriilmektedir (Sekil 7). Kesit lizerindeki kenar sayisi arttik¢a soniimlenen enerji miktarimin
da artt1g1 sdylenebilir. Elde edilen sonuglarin literatiirle de uyumlu oldugu goriilmektedir [8-9].
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Sekil 8. Kesit geometrisinin soniimlenen enerji miktarina etkisi

Cizelge 2°de farkl kesit geometrilerine sahip ¢arpigsma kutularinin darbe analizleri sonucunda elde edilen
indikatér degisimleri goriilmektedir. OSEM ve OKK degerlerinin birbiri ile 6zdes sonuglar verdigi
goriilmektedir. Hem OSEM hem de OKK degerleri incelediginde, iyi kesit geometrisinin daire oldugu en
kot geometrinin ise liggen oldugu tespit edilmistir. KKV agisindan ise daire kesitte meydana gelen ¢ok
yiiksek ani kuvvetten dolayr verimlilik diismektedir. KKV degeri bakimindan en iyi kesitin altigen kesit
oldugu tespit edilmistir. Dairesel kesitin ise KKV bakimindan {igiincii sirada kaldig1 goriilmektedir.

Cizelge 2. Kesit geometrisinin indikatdrlere olan etkisi

Profil/indikator gﬁl\g’; [gﬁln(] KVV
Kare 22,03 33,95 047
Daire 39,92 615 0.5
Uggen 17,42 26,85 0.44
Besgen 26,61 41 0.59
Altigen 30,34 46,75 0.65

4. SONUCLAR

Bu ¢alismada esit kesit ylizey alanina ve farkli kesit geometrilerine (kare, daire, tiggen, besgen, altigen)
sahip ince duvarli ¢arpigma kutularmnin darbe performanslari sayisal olarak incelenmistir. Belirtilen
Ozelliklerde tasarlanan ¢arpigsma kutulari darbe analizleri i¢in ANSYS programina aktarilmigtir. ANSYS
programinda malzeme tanimi, ag yapisinin olusturulmasi, agdan bagimsizlik ¢aligmasi, sinir sartlarmin
tanimlanmas1 gibi genel sonlu elemanlar analiz prosediirii uygulanmis ve darbe analizleri
gercgeklestirilmistir. Gergeklestirilen analizlerin sonucunda, kuvvet-zaman, soniimlenen enerji-zaman ve
cesitli indikatorlerin degisimi ile kesit degisiminin ¢arpigma kutularinin darbe performansi iizerine olan
etkisi incelenmistir. Gergeklestirilen sonlu elemanlar darbe analizleri sonucunda elde edilen sonuglar
asagidaki gibi 6zetlenebilir.

e Darbe esnasinda en bilyiikk kuvvet degeri 123000 N ile daire kesite sahip carpisma kutularinda
gozlenirken, en disiik kuvvet degeri 60000 N ile iiggen kesite sahip c¢arpisma kutusunda
gozlemlenmistir.

e Darbe esnasinda olusan ortalama kuvvet degerlerinin biiyiikten kiigiige dogru sirasiyla daire, altigen,
besgen, kare ve iiggen kesite sahip carpisma kutularinda oldugu tespit edilmistir. Buna ek olarak
soniimlenen enerji miktarlarmin ortalama darbe kuvveti ile dogru orantili olarak degistigi
belirlenmistir.

e KKV bakimindan kesitler incelendiginde en verimli kesitin altigen kesit oldugu tespit edilmistir. En
yiiksek kuvvet ve enerji soniimleme kapasitesine sahip olan daire kesit ise verimlilik bakimindan
iiglincii sirada kalmastir.

o Kesit geometrisi tizerindeki kenar sayisinin artmasiyla birlikte yiikiin darbe esnasinda taginimi daha
homojen olmustur. Bu nedenle bu tarz ¢arpisma kutularinin tasariminda kenar sayist ¢cok olan kesit
tiplerinin belirlenmesi uygun ¢6ziim olacaktir.

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




O0guz DOGAN, Muhammed Safa KAMER

Bu calismadan elde edilen sonuglara gore esit yiizey alanina sahip kesitlerde kenar sayisinin artmastyla
birlikte darbe performansinin arttig1 tespit edilmistir. Bu sonugtan hareketle standart olmayan kesitler i¢in
diistiniildiigiinde kenar say1s1 biiyiik (alan atalet momenti biiyiik) olan kesitlerin darbe performansinin daha
iyi olacagi 6ngoriilmektedir. Bu ¢aligmanin ardindan standart olmayan kesitler i¢in de benzer ¢aligmalar
yiiriitiilecek ve elde edilen sonuglar bu ¢aligma ile kiyaslanacaktir.
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Farkl Kesit Geometrilerine Sahip Ince Duvarli Sac Metal Carpisma Kutularinin Darbe Performanslarinin Niimerik Incelenmesi
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Caligmanmin amact Osmaniye 1li, Toprakkale ilgesi, Tiirkmen
beldesi'nde yiizeyleyen bazaltik ciiruf ve lavlarin detayli jeolojik,
petrografik ve mineralojik incelemeleridir. Gergeklestirilen
caligmalarda bu kayacglarin mineralojik, petrografik bilesimi ve
dokusal 6zellikleri ortaya konmus ve mevcut mineralojik bilesenleri
tanimlanmigtir. Caligma alanindaki bazik bilesimli kayaglar
genellikle piroklastik, gaz bosluklu bazaltlar (ciiruf) ve kolon debili
(masif) olarak ii¢ tipte bulunmaktadir Tlk tip olarak gézlemlenen
bazik karakterli piroklastik kayaclar genellikle ¢ap1 yaklasik 1 m'ye
kadar olan volkanik ciiruf, tif ve volkan bombalarindan
olusmaktadir. Bolgedeki ikinci tip volkanik iriin, gaz bosluklu
(ctiruf) seviyeleridir. Ciiruf igerikli kayaglarinin alt seviyelerinde ise
yer yer masif yapili oldugu tespit edilmistir. Bazaltlarin (ciiruf-
masif) genellikle intergraniiler porfirik dokuda ve ofitik dokuya
sahip oldugu ve ciiriif tiirii kayaglarin bol miktarda soguma gaz
bosluklar1 igerdigi belirlenmistir. Bununla beraber bosluk
icermeyen masif tipteki bazik volkanik kayaclar ise olivin, piroksen
ve plajiyoklaz mikrolitlerinden olugmakta ve ciiruf tipinde gozlenen
volkanik kayaclarin iizerinde ortalama 1,5-2,2 metre kalinlikta
gozlenmektedirler.
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The aim of the study is to conduct detailed geological, petrographic,
and mineralogical examinations of the basaltic scoria and lavas
outcropping in Turkmen village, Toprakkale district, Osmaniye
Province. The mineralogical and petrographic compositions, as well
as textural characteristics of these rocks, have been revealed, and the
existing mineralogical components have been identified in the
conducted studies. Basic composition rocks in the study area are
generally found in three types: pyroclastic, vesicular basalt (scoria),
and columnar basalt (massive). The first type of basic character
pyroclastic rocks observed typically consist of volcanic scoria, tuff,
and volcanic bombs with diameters of up to approximately 1 m. The
second type of volcanic product in the region is the vesicular (scoria)
levels. It has been determined that beneath the scoria-containing
rocks, there are occasionally massive structures. Basalts (scoria-
massive) generally exhibit an intergranular porphyritic texture and
an ophitic texture, and it has been determined that scoria-type rocks
contain abundant cooling gas voids. Conversely, massive-type basic
volcanic rocks devoid of voids consist of olivine, pyroxene, and
plagioclase microlites and are observed to have an average thickness
of 1,5-2,2 meters over the observed volcanic rocks in scoria type.
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Toprakkale (Osmaniye) Bolgesi Bazaltik Kayaclarimin Jeolojik, Petrografik ve Mineralojik Ozellikleri

1. GIRIS

Aragtirma alam, Osmaniye Ili, Toprakkale ilcesi, Tiirkmen beldesi smirlar1 igerisinde bulunmaktadir.
Calisma bolgesine en yakin yerlesim birimleri; Tiirkmen beldesi, Lale golii, Sazlik beldesi yer almaktadir.
Cevresi volkanik kiitlelerle sinirlanmis olan sahanin en yiiksek noktasi Deli Halil Tepesi (456 m.) olup
buras1 bir volkanik kiitledir. Bu kiitlenin etrafinda kii¢lik parazit koni olarak yiikselen Tiiysiiz (320 m.),
Deli Halil Tepesinin kuzeydogu yamacinda yer alir. Deli Halil Tepesinden giiney, bati, gilineydogu,
giineybati, dogu ve kuzeye dogru ova tabanina dogru azalan bir egimle lav akintilar1 yer alir. Deli Halil
Tepesinin kars1 istikametinde (Toprakkale nin kuzeybatisinda) Ugtepeler volkanik kiitlesi (132 m.) ne ait
egimli lav akintilar1 yer alir. Ovanin giiney dogusunda ise ¢ok yiliksek olmayan fakat olduk¢a genis arazi
kaplayan daglik kiitle mevcuttur. Bu daglik kiitlenin en yiiksek noktasi 314 metre ile Kafali Tepedir. Bu
kiitleye ayni istikamette fakat ovanin kuzey dogusunda 300 m. yiikseltisi ile Bahadir Tepe bulunmaktadir.
Bahadir tepenin kuzeyinde ise 147 m. ile Topraktepe ve162 m. ile Kiiglikger Tepesi vardir.

Calisma alaninda bazaltik Ciiruf kayaglarin mineralojik ve litolojik 6zelliklerinin detaylandirilmasi ve
litoloji haritasinin ¢izilmesi yapilmistir. Bolgede bulunan kayaclarin katma degere etkisinin arastirilmasi
ve endiistriyel kullanilabilirliginin detaylandirilmas1 amaci ile madencilik faaliyetlerinin ruhsatlandiriimasi
esasinda kayag¢ mineral determinasyonunun tespiti yapilmistir.

"' \...‘: \ w : ; ARy ]
Sekil 1. Inceleme alani yer bulduru haritas: (Google Earth, 2024)

2. MATERYAL VE METOD

Calisma alaninin mevcut litoloji haritasinin ¢izimi ve kaya¢ mineral igeriklerine gore litoloji tayini adina
arazi caligmalari gergeklestirilmistir. Arazideki yarmalardan ve yilizey lokasyonlarindan kayag 6rneklerinin
lupla, kiricidan gegirilerek milimetrik boyuta indirgenmis hali binokiiler mikroskop ile ve ince kesit haline
getirilen Ornekler ise stereo mikroskop ile incelenerek mineralojik igerik ve petrografik o6zellikler
saptanmugtir. Bulunan sonuglara gore kayag ismi verilmistir. Kayacin dokusal ve yapisal 6zellikleri ile
organik madde igerigi ortaya konmustur. Petrografik tanimlama ¢iplak g6z, lup, zoomlu steoro mikroskop
ile ve hazirlanmis ince kesitler {izerinde ise polarizan mikroskop kullanilarak standartta (TS EN 12407 TS
10088 EN 932-3-A1/Nisan 2006) belirtildigi sekilde yapilmistir. Yapilan petrografik analiz ile kayaci
olusturan mineraller, kayacin doku-yapisi, minerallerin petrografik o6zellikleri, o6zellikle kayacin
mikroskobik olarak alterasyona ugrayip ugramadigi, catlak, kirik 6zellikleri belirlenmis ve kayag adi
tanimlamasi yapilmustir.

2.1. Saha Calismalar
Ince kesit yapim ve tamimlama islemlerini gergeklestirmek adma arazideki yarmalardan ve yiizey

lokasyonlarindan kaya¢ 6rnekleri alinmistir. Arazi 6rnek alim lokasyonlart koordinat bilgisi ve haritasi
Sekil 2,3 ve Cizelge 1’de verilmistir.
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Sekil 2. Calisma alanindan derlenen 6rnek lokasyonlariin uydu goriintiisii (Google Earth, 2024)

Cizelge 1.Calisma alanindan derlenen drneklerin lokasyon bilgileri

Ornek

X y
OB-1 241867.00 d D 4099199.00 m K
OB-2 241734.00 d D 4099309.00 m K
OB-3 241688.00 d D 4099242.00 m K
OB-4 241645.00 d D 4099352.00 m K
OB-5 241680.00 d D 4099373.00 m K
OB-6 241542.00d D 4099302.00 m K
OB-7 241390.00 d D 4099248.00 m K
OB-8 241144.00 d D 4099336.00 m K
OB-9 241053.00d D 4099338.00 m K
0OB-10 240975.00 d D 4099328.00 m K
OB-11 240872.00 d D 4099416.00 m K
OB-12 240972.00 d D 4099587.00 m K
OB-13 240941.00 d D 4099619.00 m K
OB-14 240880.00 d D 4099770.00 m K
OB-15 241028.00 d D 4099940.00 m K
OB-16 240876.00 d D 4100191.00 m K

Her gruptan 10 ar kayag¢ 6rnegi alinmis ve petrografik incelemeleri yapilmigtir. Her bir yarmadan alinan
kayag orneklerinin kayag¢ tanimlanmasi ile diisey stratigrafik kayac tanimlanmasi yapilarak dikme kesitleri

cizilmistir.

DALEnS B PR

Sekil 3. inceleme alani arazi goriiniimii
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Toprakkale (Osmaniye) Bolgesi Bazaltik Kayaclarimin Jeolojik, Petrografik ve Mineralojik Ozellikleri

3. ARASTIRMA BULGULARI

3.1. inceleme Alaninin Jeolojisi

Inceleme alani, giineyde Iskenderun Korfezi ve kuzeyde ise Ceyhan Nehri'nin dirsek yaptigi kisimlar
arasinda yer alir. Bu alanda, genc¢ bazaltik volkanik yiizlekler olusur ve genellikle kuzeydogu-gilineybati
dogrultusunda uzanir. Caligma alanini kaplayan tiim kaya birimleri, Kuvaterner yasli plato bazaltlar1 ile
ortiiliidiir. Bolgedeki Senozoyik yash kaya birimlerine gelince; en altta, Ust Liitesiyen - Alt Miyosen
(Akitaniyen) yasli karmasgik bir birim olan Andirin Formasyonu yer alir. Bu karmasik, genellikle kumtasi,
marn-kumlu kirectasi ardalanmalarindan olusan filig icerir ve bazen olistostromal nitelik gosterir, bunun
yant sira irili ufaklr olistolitler de igerebilir. Calisma alanindaki Kuvaterner yagli bazaltlar, yaklasik olarak
kuzeydogu-giineybati dogrultusunda lekeler halinde yiizeylenmektedir (Sekil 2,4).
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Sekil 4. Osmaniye-Ceyhan bolgesindeki Kuvaterner bazaltlarin dagilimi [1,2].

Pembe renkli ve gevsek olan bu tiifler, bazaltik lavlarin énciileridir. Ug tepe konisi, Deli Halil Tepe gibi
bazaltik ciiruflar ve piroklastiklerden olusmustur. Karatag Tepe ve Kiiciikger Tepe civarlarinda, bazaltik
lavlar Pliyo-Kuvaterner yash konglomeralar iizerinde akintilar bigiminde bulunur. Diidenbasi Tepe
cevresindeki lavlar ise, Haruniye Ovasi'nda akmaktadir ve alt zonlarinda Pliyo-Kuvaterner konglomeralar
bulunmaktadir.

Calisma alani, Tiirkiye'nin plaka tektonigi agisindan son derece ilging bir bolgesindedir. Sekil 2'de de
goriilebilecegi gibi, Arabistan plakasi, Afrika plakasi ve Ege-Anadolu plakalarinin kesisim noktasindadir.
Dogu Akdeniz ve Tiirkiye'ye iliskin plaka tektonigi ¢alismalari son yillarda yogunlasmis ve pek cok
aragtirmact celigkili fikirler ortaya atmigtir. Ancak arastirmacilarin ¢ogunlugunun birlestikleri konu bu
bolgedeki plaka sinirlaridir. Anadolu'nun giineydogu parcasi, Arap plakasmin bir devami seklindedir ve
Afrika plakasi ile Arap plakasi kuzeye dogru hareket etmektedir. Dogu Anadolu ise bir sikisma bolgesi
seklindedir. Ege-Anadolu plakasi ise kuzeyde "Kuzey Anadolu transform fay1" ve giineyde Girit adasinin
giineyinden gecen ve Marmaris-Kibris boyunca devam eden yitim zonu ile sinirlanmaktadir. Bu yitim zonu
doguya dogru izlendiginde, Kibris'm giineyinden gegtigi ve doguya dogru donerek galisma alanina ulastigi,
daha sonra bir transform fay seklinde (Dogu Anadolu fay1) Ege-Anadolu plakasini, Van plakasindan
ayirdig1 belirtilmistir. Ayrica Arap ve Afrika plakalarini simirlayan "Olii deniz transform fay1" da giineyden
calisma alanma kadar uzanmaktadir. KD-GB uzaniml sol yonlii dogrultu atimli Karatag-Osmaniye Fay
zonu boyunca Neojen seriyi kesen bazik bilesimli kayaglar gézlenmektedir. Bunlar; Hama Tepe, Delihalil
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Tepe, Ug Tepeler ve Gertepe olmak iizere dort farkli bolgede yogunlagmistir. Bazik bilesimli kayaglarin
cikis noktalari, bu dort bolgedeki volkanik bacalar olarak gosterilmektedir [2].

Toprakkale’nin batisindaki Delihalil Tepe’de bu bazik volkaniklerin ¢ikis merkezlerine ait volkan konileri
gozlemlenebilmektedir. Birimin isimlendirmesi Osmaniye ili sinirlart igerisinde kalan Delihalil Tepe’den
alarak yapilmistir [3].Birim, genis bir bolgede yiizeylenmektedir. Genelde geng tektonik hatlar boyunca
yarik eriipsiyonu olarak ortaya ¢ikan bu bazik bilesimli kayaclar gozenekli, siyah renkli bazaltlar ve
kirmizimsi-gri ve siyah renkli tiiflerin ardalanmasi seklindedir. Yer yer Kuvaterner aliivyonlar: tarafindan
ortiilii olan birimin eriipsiyon yasi olarak Ust Pliyosen’in hemen sonrasi olacag1 belirtilmistir [4]. Bolge ve
yakin civarinin genellestirilmis jeoloji haritast Sekil 5 de verilmistir. En genis yiizeylenme Delihalil Tepe
civarinda goriiliir ve Delihalil Tepe ana volkan bacasidir; etrafinda birkag parazit koni bulunur. Bu bazaltlar,
Delihalil Bazalt1 olarak bilinen, ii¢ tepeyi de tek bir volkan konisi olusturan koni olmayan lav akintilari
bi¢iminde sunarlar. Bu formasyonlar, plato bazalti olarak adlandirilan diger tiim formasyonlarin iizerine
yerlesmistir. Delihalil Tepe, bir koni grubu olarak bulunur ve 2-3 biiyiik baca, birkag parazit bacaya sahiptir.
Volkan konileri genellikle bazaltik ciiruflardan olusur. Bazaltik yiizeylerin en giiney sinirinda bulunan
Arnavut Tepe ve Hayithi Tepe'de, lav akintilarinin altinda yatay tabakali tiifler vardir.

Qa Alvyon
Qd Delihall Bazam Kuvalemer
Ok Kaig

TOh Haydar Formasyonu :Iplyosm-xu.‘aimf

Tk Kuidero Formasyonu

Tka | Karalas Formasyonu Onta Eosen-Ust Miyosen

de. Bulgurkaya Olstostromu
Tll'mll. Dokuztekne Uyesi ]U“ Kretase-Alt Eosen
Ay

e Yol
Fay
A_A_A Bindirme

— AKATSY
v Kesit Hath
Sekil 5. Calisma alanimnin jeoloji haritas1 ([1] ve [3]’den almmustir)
3.2. Petrografik Calismalar

Sekil 2 ve Cizelge 1°de sunulan OB1-OB16 yarmalarinin her seviyelerinden alinan érneklerden toplam 64
adet kayag¢ tanimlanmasi gergeklestirilmis, ince kesit goriintiileri ve agiklamalari verilmistir (Sekil 6).
0B-13  0B-14
0B-16

0OB-2
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Sekil 6. Calisilan koordinatlardan alinan 6rnekler iizerinde kayag tanimlanmasina gore ¢izilen dikme kesit

Agiklamalar
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. Curuf bazalt

0B85 OB-12
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3.2.1. Koordinatlardan Sistematik Derlenen Numunelerin Petrografik incelenmesi
OBI1 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt 6rnegi %11-13 olivin, %6-8 ortopiroksen, %39-41 plajiyoklaz
mikrolitleri, volkanik cam igermektedir ve %1-2 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt
ornegi %4-6 olivin, %1-2 ortopiroksen, %38-40 plajiyoklaz mikrolitleri, volkanik cam igermektedir ve
%25-27 mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 7).

Sekil 7. OB1 koordinatindan alian émégin ice kesit goriinlimii a) masif bazalt b) ciiruf
OB2 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt drnegi %7-9 olivin, %3-4 ortopiroksen, %55-57 plajiyoklaz mikrolitleri,
volkanik cam icermektedir ve %1-2 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt 6rnegi % 7-
8 olivin, %1-2 ortopiroksen, %29-31 plajiyoklaz mikrolitleri, volkanik cam igermektedir ve %35-37
mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 8).

Sekil 8. OB2 koordinatindan alian 6rnegin ince kesit goriiniimii a) masif bazalt b) ciiruf
OB3 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt drnegi %15-17 olivin, %5-6 ortopiroksen, %40-42 plajiyoklaz
mikrolitleri, volkanik cam icermektedir ve %2-3 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt
ornegi %8-10 olivin, %3-5 ortopiroksen, %32-34 plajiyoklaz mikrolitleri, volkanik cam icermektedir ve
%22-24 mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 9).
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0OB4 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt 6rnegi %13-15 olivin, %4-5 ortopiroksen, %43-45 plajiyoklaz
mikrolitleri, volkanik cam igermektedir ve %2-3 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt
ornegi %10-11 olivin, %?2-3 ortopiroksen, % 34-36 plajiyoklaz mikrolitleri, volkanik cam i¢cermektedir ve
% 32-34 mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 10).

F

Sekil 10. OB4 koordinatindan alinan ornegin ince kesit gorliniimil a) masif bazalt b) ciiruf
OBS5 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt 6rnegi %5-7 olivin, %2-3 ortopiroksen, %52-54 plajiyoklaz mikrolitleri,
volkanik cam icermektedir ve % 1-2 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt 6rnegi %8-
10 olivin, %2-3 ortopiroksen, %33-35 plajiyoklaz mikrolitleri, volkanik cam i¢ermektedir ve %23-25
mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 11).

Sekil 11. OBS5 koordinatindan alinan 6rnegin ince kesit goriiniimii a) masif bazalt b) ciiruf
OB6 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt drnegi %11-13 olivin, %3-4 ortopiroksen, %45-47 plajiyoklaz
mikrolitleri, volkanik cam igermektedir ve %1-2 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt
ornegi % 4-5 olivin, % 7-9 ortopiroksen, % 27-29 plajiyoklaz mikrolitleri, volkanik cam igermektedir ve
% 25-27 mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 12).

Sekil 12.0B6 koordinatindan alinan 6rnegin ince kesit gériiniimii a) masif bazalt b) ciiruf
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OB7 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt drnegi %9-11 olivin, %3-4 ortopiroksen, %55-57 plajiyoklaz mikrolitleri,
volkanik cam igermektedir ve %1-2 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt 6rnegi %10-
11 olivin, %2-4 ortopiroksen, %27-29 plajiyoklaz mikrolitleri, volkanik cam i¢ermektedir ve %33-35
mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 13).

Sekil 13.0B7 koordinatindan alinan drnegin ince kesit goriiniimii a) masif bazalt b) cliruf
OBS8 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt 6rnegi %13-15 olivin, %3-5 ortopiroksen, %44-46 plajiyoklaz
mikrolitleri, volkanik cam icermektedir ve %2-3 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt
ornegi %14-16 olivin, %4-6 ortopiroksen, % 31-33 plajiyoklaz mikrolitleri, volkanik cam i¢cermektedir ve
% 35-37 mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 14).

Sekil 14. OB8 koordinatindan alinan 6rnegin ince kesit goriiniimii a) masif bazalt b) cliruf
OB)Y koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt ornegi %14-16 olivin, %3-4 ortopiroksen, %42-43 plajiyoklaz
mikrolitleri, volkanik cam igermektedir ve % 1-2 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt
ornegi %10-12 olivin, %1-3 ortopiroksen, % 26-28 plajiyoklaz mikrolitleri, volkanik cam igermektedir ve
% 37-39 mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 15).
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OB10 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt 6rnegi %13-15 olivin, %4-6 ortopiroksen, %45-47 plajiyoklaz
mikrolitleri, volkanik cam igermektedir ve %2-3 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt
ornegi %17-19 olivin, %3-5 ortopiroksen, % 18-22 plajiyoklaz mikrolitleri, volkanik cam i¢cermektedir ve
% 33-35 mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 16).

Sekil 16. OB10 koordinatindan alinan &rnegin ince kesit goriiniimii a) masif bazalt b) ciiruf
OB11 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt 6rnegi %12-14 olivin, %5-6 ortopiroksen, %43-45 plajiyoklaz
mikrolitleri, volkanik cam icermektedir ve %1-3 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt
ornegi %5-7 olivin, %2-3 ortopiroksen, % 45-47 plajiyoklaz mikrolitleri, volkanik cam igermektedir ve %
33-35 mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 17).

Sekil 17. OB11 koordinatindan alinan 6rnegin ince kesit goriiniimii a) masif bazalt b) ciiruf
OB12 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt 6rnegi %16-18 olivin, %5-6 ortopiroksen, % 38-41 plajiyoklaz
mikrolitleri, volkanik cam icermektedir ve % 2-3 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt
ornegi %5-7 olivin, %3-5 ortopiroksen, %24-26 plajiyoklaz mikrolitleri, volkanik cam icermektedir ve %
28-40 mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 18).

Sekil 18. OB12 koordinatindan alinan érnegin ine kesit goriinlimii a) masif bazalt b) ciiruf
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OB13 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt 6rnegi %14-16 olivin, %5-6 ortopiroksen, %41-43 plajiyoklaz
mikrolitleri, volkanik cam i¢cermektedir ve % 2-3 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt
ornegi %9-11 olivin, %3-5 ortopiroksen, %34-36 plajiyoklaz mikrolitleri, volkanik cam i¢ermektedir ve
%24-26 mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 19).

Sekil 19. OB13 koordinatindan alinan drnegin ince kesit goriiniimii a) masif bazalt b) cliruf
OB14 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt drnegi %16-18 olivin, %5-6 ortopiroksen, %46-48 plajiyoklaz
mikrolitleri, volkanik cam icermektedir ve %1-3 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt
ornegi % 15-17 olivin, % 3-5 ortopiroksen, % 18-21 plajiyoklaz mikrolitleri, volkanik cam icermektedir ve
% 33-35 mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 20).

Sekil 20. b]él4 krdinatndan alnan ornegin ince kesit goriiniimii a) masif bazalt b) cliruf

OBIS5 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt drnegi %8-11 olivin, %3-5 ortopiroksen, %49-51 plajiyoklaz mikrolitleri,
volkanik cam i¢ermektedir ve %2-3 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt 6rnegi %5-7
olivin, %3-5 ortopiroksen, %24-26 plajiyoklaz mikrolitleri, volkanik cam i¢ermektedir ve %?29-31
mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 21).
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OB16 koordinatindan alinan numunenin mineralojik incelemesi

Mineralojik bilesim: Masif bazalt drnegi %6-8 olivin, %3-4 ortopiroksen, %55-57 plajiyoklaz mikrolitleri,
volkanik cam igermektedir ve %2-3 mertebesinde vesikiil (bosluk) sunmaktadir. Ciiruf bazalt 6rnegi %3-4
olivin, %1-2 ortopiroksen, %42-44 plajiyoklaz mikrolitleri, volkanik cam igermektedir ve %30-32
mertebesinde vesikiil (bosluk) sunmaktadir (Sekil 22).

4. SONUCLAR

Caligsma alanindaki bazik bilesimli volkanik kayalar genellikle piroklastik, gaz bosluklu bazaltlar (ciiruf)
ve kolonlu debili (masif) olarak {i¢ tipte gozlenmektedir. Kirmizimsi, siyah ve gri renklerde gozlenen
piroklastik malzemeler, Tiiysiiz Tepe, Deli Halil Tepe ve Kocahama Tepe arasinda yer almaktadir. Bu
kayaglar genellikle volkanik ciiruf, tiif ve ¢ap1 yaklastk 1 m'ye kadar ulasan volkan bombalarindan
olusmaktadir. Caligma bolgesinin bazi kesimlerinde piroklastik kayaglar masif lav akintisi {izerinde
goriilmektedir. Bu da volkanik faaliyetin birden fazla agamada gerceklestigini gostermektedir. Bolgedeki
ikinci tip volkanik iiriin, kahverengi renkte ayrisma yiizeylerine sahip olup, taze yiizeyleri siyah renkli gaz
bosluklu (ciiruf) seviyelerdir. Gaz bosluklu (ciiruf) seviyeler genellikle alanin tamaminda bulunmaktadir.
Bu ¢alisma kapsaminda, yilizeyden yaklasik 4 m derinlige kadar gaz bosluklu (ciiruf) seviyeler bulunmus,
bu seviyenin iizerinde ise masif Ozellikte bazaltik akintilara rastlanmistir. Ciiruf seviyesinin daha
derinlerine inildiginde ise yer yer masif seviyelerin tekrar ettigi not edilmistir. Bu durum, bolgedeki
volkanik aktivitenin tek bir asamada gergeklesmedigine isaret etmektedir. Bu volkanik birimin yasi
yumurtalik bolgesinde gergeklestirilen ¢alismada Serravaliyen olarak verilmistir [5,6]. Bolgedeki bazaltlar
iki grup altinda ciiruf ve masif olarak ele alinmig ve petrografik 6zellikleri ortaya konulmustur. Cok sayida
ornegin ince kesitlerinin incelenmesi sonucunda, bazaltlarin (ciiruf-masif) genellikle intergraniiler porfirik
dokuda ve ofitik dokuda oldugu ve ciiruf tiirii kayaglarin bol miktarda soguma gaz bosluklar igerdigi
belirlenmistir. Kayac¢ matriksinde ayrica mikro olugumlar halinde opak mineral ve ¢ok az miktarda kalsit
bulunmaktadir. Opak mineraller demir igermektedir. Nadiren ojit ve olivin fenokristallerinde biyotit iceren
inkliizyonlar bulunmaktadir. Petrografik incelemeler sonucunda lavlarin (hem ciiruf hem de masif) bazalt
oldugu belirlenmistir. Masif bazaltlarin esas olarak plajiyoklas, olivin ve ortopiroksen fenokristallerinin,
yine ayni kristallerden meydana bir kayac¢ matriksi maddesi i¢inde yer aldig1 saptanmustir. Plajiyoklaslarin
sonme agilari 6l¢lilmiis ve hemen hemen tamaminin labrador bilesiminde oldugu, olivin fenokristallerinin
ise %18-22 arasinda yer aldig1 ortaya konulmustur. Masif bazaltlar i¢erisinde gdzlenen olivin kristallerinde
ayrisma hemen hemen hi¢ gézlenmezken yer yer kirik ve gatlaklar raporlanmistir. Bu kayaglar igerisinde
ortalama olarak %1-2 oraninda vesikiil (bosluk) gozlenirken kaya¢ matriksinde gozlenen volkanik camin
¢ogunlukla ayrigmamig oldugu yer yer bozunmalar oldugu saptanmistir. Caligma alaninda incelenen ikinci
grup kayag ciiruf bazalt olarak adlandirilmigtir. Ciiruf bazaltlarin ana bilesenlerini plajiyoklas, olivin ve
ortopiroksen fenokristalleri meydana getirmektedir ve ayni kristallerden meydana bir kaya¢ matriksi
maddesi ve volkanik cam icinde yer aldig1 belirtilmistir. Plajiyoklaslarin sdénme agilarina dayanilarak bu
kayaclarin da barindirdig feldispatlarin hemen hemen tamamiin labrador bilesiminde oldugu, olivin
fenokristallerinin ise %16-17 arasinda yer aldig1 gézlenmistir. Ciiruf bazaltlar igerisinde gozlenen olivin
kristallerinde ayrigsma yer yer demirli ayrisim tlirlinde gozlenirken ¢ogunlukla bozunmamis vaziyette
gozlenmistir. Ciiruf tiirii kayaglar igerisinde ortalama olarak %23-27 oraninda vesikiil (bosluk) gézlenirken
kayacin matriksinde gozlenen volkanik camin gogunlukla ayrismamis oldugu, yer yer bozunmalar oldugu
saptanmustir. Bolgede ¢aligilan ciiruf bazaltlarin ortalama kalinligi 1,8-2,1 metre olarak dlgiiliirken, masif
bazaltlarin ortalama kalinligi ise 3,3- 3,5 metre olarak Slgiilmiistiir ve ciiruf bazaltlarin masif bazalt
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seviyesinin altinda devamli bir seviye sundugu ortaya konulmustur. Misis Daglarinin ¢aligma alaninda,
Kibris adasiyla yapisal olarak benzerlik gdsteren bir deniz alt1 sirtinin bir pargast oldugu 6ne siirilmiistiir

[7].

Son yillarda yapilan ¢aligmalarla bolgede sikisma tektoniginin etkin oldugu ve Arabistan plakasinin Orta
Miyosen ’de Ege-Anadolu plakasi ile ¢arpistigi, sikismanin ilerleyen agamalarinda Dogu Anadolu fay1 ve
Kuzey Anadolu faymin gelismesiyle batiya dogru itilen Anadolu plakasinda D-B yonlii sikisma
kuvvetlerinin ortaya ¢iktig1 belirlenmistir [8]. Sikisma tektoniginin hala etkin oldugu ¢alisma alaninda, KD-
GB yonlii ikincil kirik hatlarim olusturdugu zayiflik bdlgelerinden, mantodan yiikselerek yerytiziine
ulasan toleyitik bazaltik lavlar, yer yer kirlenerek potasyum igerigi artmus ve hafif alkali nitelik
kazanmuslardir. Bu tiir kitasal toleyitik plato bazaltlari, yeryiiziinde pek ¢ok yerde goriilmektedir.
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Bu ¢alismada Seyhan barajinin olas1 deprem nedeniyle yikilmasi
durumunda meydana gelecek tagkinin mansapta Adana kent
merkezi ve ¢evresine etkisi incelenmistir. Baraj gd¢me
analizinde HEC-RAS 6.4 paket programi kullanilarak
borulanmaya bagli gévdede olusacak gediklenme ve buna bagl
iki boyutlu tagkin yayilimi ele alinnugtir. iki farkli senaryo icin
gediklenme parametreleri belirlenmis ve tagkin yayilim siireleri
ve tehlike derecelendirmesi DEFRA ya gore yapilmistir. Qo ve
Qioo debilerinde go¢gmeye bagh olusan tagkinlarin Adana kent
merkezine 6 saat siirede ulasacagi ve oOzellikle Seyhan nehri
yakinlarinda su derinliginin 15m ye kadar yiikselebilecegi
belirlenmistir. Birinci senaryoya gore (Qp) baraj gdvdesinin
goemesi durumunda toplamda 1042,61 km? alan sular altinda
kalmakta, bu alanlarin %35,4’1, ¢ok yiiksek tehlikeli bolge
olarak belirlenmistir. Qigo debisi ile birlikte barajda maksimum
seviyede su bulunmasi halinde gé¢me gergeklesir ise 1331,81
km? alan sular altinda kalmakta, bu alanlarm %40,1’i, ¢ok
yiiksek tehlikeli bolge olarak hesaplanmuistir.
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In this study the effect of the flood that will occur in case of
failure of the Seyhan dam due to possible earthquake at the
Adana city center and its surroundings was examined. In the dam
failure analysis, the possible breach in the body due to piping and
resulting two-dimensional flood propagation were discussed by
using HEC-RAS 6.4 package program. Breach parameters were
determined for two different scenarios and flood propagation
times and hazard rating were made according to the DEFRA. It
has been determined that floods caused by collapse at Qo and
Q100 flow rates will reach Adana city center in about 6 hours and
the water depth may rise up to 15m, especially near the Seyhan
river. According to the first scenario (Qo), if the dam collapses a
total of 1042,61 km? area will be flooded and 35,4% of these
areas are determined as very high hazard zone. If the dam
collapses at the maximum level of water with the Q1o flow rate,
an area of 1331,81km? will be flooded, and 40,1% of these areas
are calculated as a very high hazard zone.
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Adana Seyhan Barajimin Yikilma ve 2 Boyutlu Taskin Yayiiminin HEC-RAS ile Modellenmesi

1. GIRIS

Barajlar, evsel ve endiistriyel su ihtiyaglarini karsilamak, tarimsal sulama, hidroelektrik enerji liretimi
saglamak, gibi faydalar yan1 sira tagkin kontrolii, sediment tutma amaciyla akarsular iizerine insa edilen
hidrolik yapilardir. Barajlar sagladigi bu biiytik faydalari yaninda, olas1 go¢me-yikilma durumunda biiyiik
felaketlere neden olacaktir. Barajlar bircok nedene bagli olarak yikilma tehlikesiyle karsi karsiya
kalabilirler. Baraj govdesinde olusabilecek borulanma-siltasyon ve taskin dalgalarinin gévde tizerinden
asmas1 nedeniyle barajlarda yikici hasarlar meydana gelebilir. Toprak dolgu barajlarin govdesinde ve
temelinden olusan sizintilarin hiz1 ve miktar1 baraj isletme siiresince takip edilmelidir. Sizinti, kontrol
edilmezse, ince toprak malzeme, mansap sevinde veya temelde asinabilmekte ve bu asinma memba sevine
dogru devam ederse bosluk olusturarak borulanmaya sebep olabilmektedir. Bu durum barajin komple
yikilmasina yol acacaktir. Ayrica depremler, rezervuarin igine dogru, olusabilecek heyelanlarda baraj
govdesinde hasara neden olabilir. Barajin yikilmasi sonucu olusan taskin dalgasi yayiliminin belirlenmesi,
barajin mansabinda yer alan konut, ticari veya tarim alanlarindaki risklerin belirlenmesinde 6nemli ve
gerekli bir caligmadir.

Diinyanin degisik bolgelerinde yikilan yaklasik 900 barajin yikilma sekli analiz edilerek bu barajlarin
%65,5’inin toprak-kaya dolgu, %7,5’inin beton, %6,7 sinin ise tag barajlar oldugu belirtilmistir. Toprak
dolgu barajlarin yikilma sebepleri arasinda %42,5 oranda teknik kusur, %36,5 tagsma nedeniyle yikimin
gerceklestigi, teknik kusurlarin ise %58,3 iinlin gdvdede borulanma, %18,3’{iniin heyelan ve %9,1’inin de
dolu savaktaki yetersizlikler kaynakli oldugu belirtilmistir [1].

Afet yonetimi igin baraj yikilma analizi baglikli ¢alismada Bozkus [2], betonarme agirlik tipi barajlarin
kismi yikilma egilimi gosterdiklerini, betonarme kemer barajlarin ise tamamen yikilma egiliminde olup
birka¢ dakikada yikildiklarint belirtmistir. Sayilar1 ¢ok daha fazla olan toprak ve kaya dolgu barajlarin
yiiksekligi, dolguda kullanilan malzemenin cinsi, sikigtirma miktar1 gibi farkli parametrelere bagli olarak
saatler igerisinde ve gdvde genisliginin nispeten az bir kisminda gé¢menin gerceklestigini ifade etmistir.

Ulkemizde DSI tarafindan riskli barajlarin belirlemesi amaciyla yapilan bir calismada [3] yiiksekligi
15m’den biiyiik ve 5-15m arasinda olup rezervuar hacmi 3hm® ’ten biiyiik olan barajlar incelenmistir.
Incelenen barajlarin yikilmalar1 halinde olusacak kayiplarin %42’sinin en yiiksek risk derecesinde,
%43’linlin de 6nemli risk derecesine sahip oldugu belirlenmistir. Yapilacak planlama, yikilma sonrasi
olusacak muhtemel akim hizlarini ve taskin dalgasinin mansapta ne zaman nereye ulasacaginin tahminini
icermesi ve mansapta yasayan insanlarda felaketin muhtemel etkileri i¢in farkindalik yaratabilmesi
gerekligi belirtilmistir.

Cagatay ve Kocaman [4] baraj yikilmasina bagli mansapta olusacak taskin su yiizii profillerini NWS
FLDWAY bilgisayar program ile incelemisler, farkli Manning piiriizliliik degerleri i¢in Kozan baraji
iizerinde uygulama yaparak barajin yikilmasi halinde Kozan ilgesinin biiyiik bir kisminin tagkindan zarar
gorecegini bildirmislerdir.

Dursun ve Giil [5], toprak dolgu baraj olan Malatya, Siirgii Baraji’nin deprem veya farkli bir nedenle
yikilmasi durumunda olusabilecek zararlarin boyutlarmi ortaya koymak amaciyla HEC-RAS ile yikilma
analizi yaparak iki boyutlu tagkin yayilim haritalar1 elde etmislerdir. Siirgii Baraji mansabinda bulunan
yerlesim birimlerinin ve tarim arazilerinin baraj yikilmasindan nasil etkilenebilecegi tahmin edilmeye
calisilarak risk haritalari olugturmuslardir.

Pasa ve ark. [6] Istanbul Anadolu yakasinda ardisik iki baraj olan Elmali 1 ve 2 barajlarmin olasi
yikilmalarini ¢esitli senaryolar altinda HEC-RAS programi ile analiz ederek tagkin tehlike haritalar
olusturmuslardir. Yogun yerlesim bdlgesi ve trafigin oldugu ¢alisma alaninda, membada yer alan Elmali 2,
beton payandali bir baraj ve mansaptaki Elmali 1'de toprak dolgu bir baraj olarak insa edilmistir. En kotii
senaryoya gore tagkin tehlike haritasi olusturulmustur. Hesaplanan tagkin haritalari, ylksek niifus
yogunluguna sahip hassas alanlarin, olasi su baskinlarindan énemli 6l¢iide etkilenebilecegini gdstermistir.
Calismanin tagkin bdlgelerindeki insanlar i¢in acil durum ve tahliye planlarinin hazirlanmasi yani sira erken
uyart sistemi kurulmasi gibi tedbirlerin alinmasina yardimci olacagi dngoriilmistiir.

Bu ¢alismada zonlu toprak dolgu bir baraj olan Adana Seyhan barajinin olast deprem ve benzeri nedenler
sonucu govdede olusacak kirilma ve catlamalara bagli yikilma analizi ele alinmistir. Baraj govdesindeki
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deformasyonlar nedeniyle dolguda olusacak borulanma ve buna bagli go¢me analizi HEC-RAS 6.4 paket
programu ile iki farkli senaryo icin incelenmistir. Barajin olast gogme durumunda, taskin dalgalarinin
etkileyecegi bolgeler iki boyutlu modelleme yapilarak belirlenmistir. S6z konusu boélgelerdeki taskin
yayilim siiresi, akim hizi ve derinlige bagl tehlike durumu incelenmistir.

2. MATERYAL VE METOT
2.1. Adana ili ve Seyhan Baraji

Adana ili Anadolu yarimadasinin giineyinde, Akdeniz kiyisinda 36°30-38°25 kuzey enlemleri ile 34°48-
36°41 dogu boylamlari arasinda yer almaktadir. Adana’nin yiizélgiimi 13.844 km? ve alan olarak
Tiirkiye’nin %1,77’lik kismin1 olusturmaktadir Sekil 1(a). 2023 TUIK verilerine gore Adana niifusu
2.270.298 olmak tizere Tiirkiye’nin %2,66’lik kismini kapsar ve Tiirkiye’nin 7. kalabalik ilidir. Adana il
merkezi jeomorfolojisi, kuzey ve giiney olmak tizere iki boliimde incelenir. Kuzey kismi1 Post Miyosen
asinim yiizeyleri ile sirtlar ve dik yamaglardan meydana gelir.

— s

ot

Kalom etre Kicaeye
®) (€)

Sekil 1. Adana ili SYH ve Corine arazi kullanimi

Giliney kesiminde ise delta c¢okellerinin olusturdugu aliivyonlar ile Seyhan Nehri’nin zamanla yatak
degistirmesinden olusan genis tagkin alani, kopuk menderesler, lagiinler, karasallagmis lagiinler, gecici ve
daimi goller, burun seti depolari, kraveseler ile akarsu sekilerinden olusur [7]. Adana iline ait Sayisal
Yiikseklik Haritas1 (SYH), USGS (ABD Yerbilimsel Arastirma Kurumu) web sayfasindan alinmustir [8].
Haritalarin projeksiyonu UTM-WGS 1984-Northern Hemisphere (Kuzey Yarimkiire) ve ‘zone 36N.prj’
olarak secilmistir. Sekil 1(b) de 30mx30m ¢oziiniirliikteki yiikseklik haritas1 gosterilmistir.

Seyhan Nehri yagis alan1 Akdeniz ve ¢ Anadolu cografi bolgelerinde yer almakta ve her iki bolgenin iklim
ozelliklerini tasimaktadir. Bolgede gozlenmis taskinlar Aralik-Mayis aylarinda yagmur veya yagmur ve kar
erime akis1 birlesimine bagl olusmaktadir. Mera, orman ve fundaliklarin toplam alan1 havzanin 6nemli bir
kismini olugturur. Arazi kullanim sekli yildan yila 6zellikle sulu tarim alanlarimin, kuru tarim alanlar
aleyhine genislemesi, yerlesim alanlarinin biiyiimesi, yeni baraj gollerinin havzada énemli yer kaplamasi
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ve artmasi gibi nedenlerle hizli bir degisim igerisindedir [9]. Arazi kullanimina ait sayisal haritalar, Cevre
ve Orman Bakanligindan elde edilen CORINE Arazi Smiflandirma Sistemi esas alinarak hazirlanmustir.
CORINE Siniflandirma Sistemi, Coordination of Information on the Environment (Cevresel Bilginin
Koordinasyonu) projesi kapsaminda olusturulmustur [10] ve 1990 yilindan beri tiim AB iiye iilkelerinde
kullanilan ortak siiflandirma sistemidir. CORINE arazi 6rtiisti siniflandirma sistemi, Avrupa Cevre Ajansi
tarafindan belirlenen ii¢ hiyerarsik seviyeden olusmaktadir. Birinci seviyede; Yapay Bolgeler, Tarim
Alanlari, Orman ve Yari1 Dogal Alanlar, Sulak Alanlar, Su Kiitleleri olmak iizere 5 ana grup yer almaktadir.
Adana iline ait birinci seviye arazi kullanimi Sekil 1(c) de gdsterilmistir.

Seyhan Nehri, I¢ Anadolu’nun dogu kesiminde, Uzunyayla yéresinden dogan Zamant1 Irmag: ile bunun
dogusunda Dogu Anadolu simirlari icerisinden dogan Goksu Nehri’nin birlesmesiyle meydana gelir ve
Cukurova’y1 gecerek Akdeniz’e dokiiliir. Seyhan havzasmin toplam yiizélgiimii yaklasik 20.000km? ve
nehrin uzunlugu 500km kadardir. Seyhan baraji, Seyhan nehri iizerinde, Adana sehir merkezinin 15km
kuzeyinde yer almakta olup, 1956 yilinda egik kil ¢ekirdekli toprak dolgu tipi bir baraj olarak insa edilmistir
(Sekil 2). Cukurova’yr Seyhan Nehri'nin sebep olabilecegi su baskinindan korumak amacimin yani sira
sulama ve hidroelektrik enerji liretim amagl bir barajdir. Gévde hacmi 7.500.000m?, akarsu yatagindan
yiiksekligi 53,20m, normal su kotunda g6l hacmi 1.200,00hm?, normal su kotunda goélalant 67,82km?'dir.
Baraj sayesinde 174.000hektar arazi sulanabilmektedir. On sekizer MW'lik {i¢ {initeye sahip Hidroelektrik
santral, 54MW giic ile yilda toplam 350 milyon KWh_elektrik enerjisi_iiretebilmektedir.

9m

Maks.s.72m  Kretk 72.7m
\Yi AV :

Norm.s.s. Glm

1 Gegirimsiz kil ¢ekirdek
2 Yari gecirimli kil
3 Kaya dolgu

35m

Sekil 2. Seyhan baraj kesiti

2.2. Dolgu Barajlarda Borulanmaya Bagh Gocme

Akarsular {izerinde fazla yagiglara bagli olarak tasgkinlarin meydana gelmesi dogal bir siire¢ olarak
karsimiza ¢ikar. Barajlar igin ise, inga asamasindaki bazi hesaplama yanligliklari, beklenmedik uzun ve
yogun siiren yagislar ve/ya sahanin depremselligi gibi degisik nedenlere bagl olarak baraj gdvdesinin zarar
gormesiyle ortaya ¢ikan maksimum diizeydeki akimlarla biitiin alt havzalardaki alanlar risk altinda
kalabilmektedir. Bu nedenle, baraj insa edilen akarsular iizerinde, degisik senaryolarla olusabilecek
tagkinlar ve etkileri tizerine ¢alisilmali ve risk yonetimi olusturulmalidir [11].

Betonarme, toprak ve kaya dolgu barajlarin yikilma mekanikleri tam anlasilabilmis degildir. Sayilar1 diger
baraj tiplerinden ¢ok daha fazla olan toprak ve kaya dolgu barajlar ani olarak veya tamamen yikilma egilimi
gostermezler. Dolgu barajlarda rezervuardaki biiyiik su kiitlesi nedeniyle malzeme 6zelliklerine bagh
govdeye dogru sizma kagiilmazdir. Suyun dolgu igerisindeki bu hareketi basingli orifis akimi olarak
modellenebilir. Govde icerisinde olugan borulanma arttik¢a etrafindaki malzemeler ¢okerek hareket etmeye
baslar ve bu gbgme membaya dogru gittikge artarak yarilma genisler. Dolgu asindik¢a bu siire¢ hizlanarak
devam eder. Borulanma ile birlikte mansap yiizeyinde aginma ve toprak kaymalari meydana gelir. Baraj
govdesinde olusan nihai gedik genisligi barajin toplam genisliginden ¢ok daha kisadir. Ayrica gedik
olusmasi ¢ok ani olmay1p degisik parametrelere bagl olarak belirli bir siireg igerisinde gerceklesir.

Baraj yikilma analizi bir¢ok aragtirmaci tarafindan gegmis baraj yikilma verileri kullanilarak incelenmis ve
yikilma siiresini ve gedik akigini tahmin etmek icin birgok ampirik denklemler tiretilmistir [12]. Cikis
hidrograflarinin ve mansap su baskiminin dogru tahminini yapmak i¢in gedik yerinin, boyutunun ve gelisme
stiresinin tahmini kritik 6neme sahiptir. Toprak veya kaya dolgu zonlu barajlarda gedik sekli genellikle
trapez kesitli kabul edilir. Gedik geometrisi; gedik yiiksekligi (hy), ortalama gedik genisligi (Bor) ve yan
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kenar egimleri (Yatay: Diisey) ile tanimlanir. Baraj gediklenmesinde; su yiiksekligi de (hy), kullanilan
6nemli bir parametredir. Bu parametreler gedik biiyiikliigiinii gosterir (Sekil 3).

Gedik tabani

Sekil 3. Baraj gediklenme parametreleri

Baraj yikilma parametrelerini tahmin etmek i¢in Froehlich 1995 yilinda 63 adet baraj, 2008 yilinda ise 74
adet baraj yikilma olaylari tizerinde yapmis oldugu ¢aligsmada, ortalama gedik genisligi, gedik sev egimleri
ve gogme siiresi i¢in ifadeler gelistirmistir. Ortalama gedik genisligi ve yikilma zamani igin agagidaki
ifadeleri 6nermistir.

Bore = 0,27 KoV, 32 h 0 (1)

f Yw
tr = 63,2 R 2)

Bu ifadelerde; Boy. :Ortalama gedik genisligi (m), Ko : Sabit, Vy, :Gé¢me aninda rezervuar hacmi(m?), hy:
Gogme sonunda gedik yiiksekligi (m), g :Yergekimi ivmesi (9,81 m/s?), tr :Gogme siiresini (sn)
gostermektedir. Froehlich [13], bu calismada borulanma ile go¢gme icin ortalama sev egimini 0,7Y:1D
olarak onermistir.

2.3. HEC-RAS Programi ile 2 Boyutlu Taskin Yayiliminin Modellenmesi

Baraj yikilmasina bagli olusan taskin dalgasinin mansapta otelenerek etki alanlarinin ve giiciiniin
belirlenmesi birgok hesap asamalarini gerektirmektedir. Bu amagla gelistirilen birgok yazilim bulunmakla
birlikte en yaygin kullanilan HEC-RAS (Hidrolojik Miihendislik Merkezi, Nehir Analiz Sistemi) paket
programidir. Program kararli ve kararsiz akimlarda su yiizii profili hesaplamalari, sediment
tasinim/hareketli taban hesaplamalari, su kalitesi analizleri ve bir¢ok hidrolik yapi hesaplamalarini
yapabilen, herkesin kullanimina agik bir yazilimdir. HEC-RAS 6.4 paket programi, Cografi Bilgi Sistemleri
ile biitiinlesmis bir sekilde hidrolojik ve arazi bilgilerinden yararlanarak kararsiz akim durumlarinda, baraj
yikilma analizlerini bir ve iki boyutlu modelleme yaparak tagkin haritalamasi yapabilmektedir [14].

Tagkin dalgasinin topografya iizerindeki yayilimmin belirlenmesinde kullanilan temel denklemler
siireklilik ve momentum (Navier-Stokes) denklemleridir. Iki boyutlu (2B) HEC-RAS tagkin
modellemelerinde, siireklilik ve Momentum denklemlerinin Saint Venant veya S1g Su (SW) denklemleri
olarak adlandirilan sadelestirilmis formlar1 kullanilmaktadir. Akis sikistirilamaz, yogunluk ve hidrostatik
basing tiniform kabul edilir [14]. Siireklilik denkleminin diferansiyel formu asagidaki sekilde verilmektedir;

0H . d(hw) , d(hv) _
% T ox Ty 7470 A

Burada H:su yiizeyi kotunu, h:su derinligini, x ve y yatay diizlemleri, t:zamani, u ve v: x ve y
diizlemlerindeki hizlari, q: giren/¢ikan akimi temsil etmektedir. S1g su denklemleri x ve y dogrultusunda
sirasiyla asagidaki gibi gosterilebilir;

ou ou ou OH 2%u  9%u
E+ua+va——ga+ﬁt(ﬁ+a—ﬂ)—6fu+ﬁ, (4)
v v v OH %y | 9%v
E+ua+v5——95+ t(ﬁ+m)—6fv+fu (5)

Burada; g: yercekimi ivmesi, v¢: eddy viskozite katsayisi, Cy: taban siirtiinme katsayisini, f: Coriolis
parametresini ifade etmektedir. Analizde kullanilan 2 boyutlu kararsiz akim denklemleri kapali sonlu hacim
algoritmasi kullanilarak ¢6ziimlenir.
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2.4. Baraj Gocmesine Bagh Taskin Tehlike Analizi

Baraj gogmesine bagli mansapta olusacak taskina ait tehlike haritalarinin hazirlanmasi, olasi can ve mal
kayiplarimin en aza indirilmesi i¢in gerekli bir ¢aligmadir. Bu ¢aligmalar ile taskinlarin siddeti, sayisi ve
yayilim alanlart belirlenerek acil durum stratejileri olusturulabilir. Taskin tehlike haritalarinin
hazirlanmasinda farkli yaklagim ve yontemler bulunmaktadir.

Bu ¢alismada Devlet Su isleri (DSI) tarafindan onerilen, Ingiltere Tarim ve Cevre Bakanligi Yontemi,
DEFRA ve bu yonteme gore tehlike seviyeleri belirlenmistir [15]. DEFRA taskinlar sirasinda insanlarin ne
yapmast ve ne yapmamasi gerektigine dair bilgileri iceren “insanlar i¢in risk™ rehberinde taskin tehlike
seviyelerini aciklamistir. Taskin tehlike derecelendirmesi (TTD) hesabinda asagidaki ifade
kullanilmaktadir:

TTD =d+* (v +0,5)+ DF (6)
Bu ifadede d(m) derinlik, v(m/s) hiz ve DF debris (enkaz) faktoriinii gostermektedir. Tagkin zamaninda
suyla beraber taginan malzeme (debris) miktar1 akimin derinligine bagl olarak degisiklik gosterir. Enkaz-
debris faktorii Cizelge 1°de verilmis olup taskin derinlik ve hiz faktdriine bagh 3 farkli smif icin

tanimlanmuistir.

Cizelge 1. Derinlik, hiz ve arazi kullanimina gére DF degerleri

- DF
Derinlik ve Hiz Cayir/tarim Orman/agaclhk Sehir
0-0,25 0 0 0
0,25-0,75 0 0,5 1
d>0,75m ve/ya v>2m/s 0,5 1 1

Taskin derinlik ve hizina bagli taskin tehlike siniflar1 Cizelge 2’deki gibi verilmistir.

Cizelge 2. Derinlik ve hiza bagl tagkin tehlike siniflan

TTD Tehlike derecesi Aciklama
- S1g akan su veya derin durgun su bolgesi
<075 Disiik Dikkat edilmeli
0.75-1.25 Orta Derin veya hizli su mevecut

Cocuk ve yaslilar i¢in tehlikeli

Hizli ve derin su mevcut

Cogunluk i¢in tehlikeli

Cok derin ve ¢ok hizli su mevcut. Biitlin insanlar ve yapilar i¢in
tehlikeli

1,25-2,5 Yiiksek

>2.5 Cok Yiiksek

3. BULGULAR VE TARTISMA
3.1. Seyhan Baraji Yikilma Analizi ve iki Boyutlu Hidrolik Modelleme

Adana kent merkezi, jeolojik olarak aktif tektonik hatlar1 barindiran ve siirekli orta siddette depremler
iiretme potansiyeli bulunan bir bolgededir. 1996 yilinda Baymndirhk ve Iskdn Bakanligi tarafindan
yayimlanmis olan Tiirkiye Deprem Bolgeleri Haritasina gore sehir I1. derece deprem bolgesinde yer almustir.
Bu ¢alismada Adana, Seyhan barajinin muhtemel depreme bagli, baraj govdesinde olusabilecek gatlama ve
bunun neden olabilecegi borulanma ve go¢me analizi ele alinmistir. Baraj govdesindeki gocme
(gediklenme) buna bagli mansapta olusacak tagkin dalgasinin yaylimi iki farkli senaryo i¢in incelenmistir.
Birinci senaryoda baraja giren akim ihmal edilerek, sadece normal gol seviyesinde (67m) olusabilecek
goemeye bagl taskin durumu ele alinmistir (Qo). kinci senaryoda ise barajm tam dolu oldugu maksimum
su seviyesinde (72m) 100 yillik tagkin hidrografinin gelmesiyle (Q100=955m?%/s) birlikte dolgunun yikilmasi
durumu ele alinmstir [16]. Her iki senaryoda mansaptaki tagkin etkileri ve taskin dalgasinin olusturacag:
tagkin tehlike derecelendirmesi (TTD) belirlenmistir. Gegmiste toprak ve kaya dolgu barajlarin yikiminda
en ¢ok gozlenen tagkin dalgasinin gévde lizerinden asmasi durumu Seyhan baraji i¢in dikkate alinmamuistir.
Seyhan barajinin sag sahilinde bulunan dogal savak nedeniyle taskin dalgasinin gévde iizerinden asma
ihtimalinin diisiik olacagi ongdriilmiistiir.
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Seyhan barajinin borulanma ile yikilma senaryosuna gore gedik parametre degerleri belirlenmistir. Bu
amagla Cizelge 3’de verilen baraj 6zellikleri, HEC-RAS geometri veri penceresinde, SA/2D ve Breach
(plan data) meniileri yardimiyla agilan pencerede, Parameter Calculator meniisiinde tanimlanmistir. Bu
pencerede ayrica gedik taban kotu 40m, borulanma katsayisi 0,5 olarak alinmistir. Program 5 farkli yonteme
gore gedik parametrelerini hesaplayarak segilen bir yontemi dikkate almaktadir. Bu ¢alismada Froehlich
(2008) yontemiyle hesaplanan gedik parametreleri dikkate alimmigtir. Baraj golii normal su seviyesi ve
maksimum su seviyelerinde borulanmaya bagli hesaplanan gediklenme parametreleri ¢izelgenin altinda
verilmistir.

Baraj govdesindeki gediklenmeye bagli mansapta olusacak tagkin dalgasia ait dogru bir hidrodinamik
model kurmak ve tutarli sonuglar elde edebilmek i¢in yiiksek ¢oziiniirliiklii bir arazi modeline sahip olmak
esastir. Bu amacla USGS web sitesinden indirilen 30mx30m ¢oziintirliikteki bolgeye ait sayisal yiikseklik
haritas1 kullanilmigtir. HEC-RAS ile yapilan analizlerde 2 boyutlu akis alanimnin ag boyutu model
kararliligina gore secilebilmektedir. Taskin su baskini i¢in 100m'lik 1zgaralarin ag boyutunun, nispeten diiz
ve genis tagkin yataklarn dikkate alindiginda genellikle yeterli oldugu bildirilmistir [17]. HEC-RAS iki
boyutlu model olustururken RAS Mapper ara yiizii ve/ya Geometri veri penceresi kullanilabilir. Pencerede
calisma alaninin smirlart poligon olarak belirlenir. Seyhan nehri Adana-Mersin il sinirinda Akdeniz’e
dokiildiigiinden bu bolgede 2B ¢alisma alani genis tutulmustur. Caligma alan1 100mx100m boyutunda
1zgara elemanlarina bdliinmiis ve program tarafindan 196.240 adet g6z olusturulmustur. Baraj mansabinda
Seyhan nehri ilizerinde bulanan ikinci regiilator kopriiye kadar olan bolgede sag ve sol sahiller i¢in sedde
(kirllma ¢izgileri) tanimlanmigtir. Calisma alani igerisindeki diger yapilar dikkate alinmamistir (Sekil 4).

Cizelge 3. Seyhan baraj1 gévde gediklenme parametreleri

Parametreler Seyhan Baraji
Akarsu Seyhan Nehri
Kret kotu 72,7m
Kret genisligi 9m
Baraj golii normal su seviyesi / hacmi 67m/ 482.730 bin m’
Maksimum su seviyesi / hacmi 72.0m / 738.267 bin m?
Menba/Mansap sev egimleri 2,752
Yikilma sekli Borulanma
Borulanma katsayisi 0,5
Baraj tabaninin yikilma kotu 40m
Borulanmanin baglama kotu 67m 72m
Froehlich, 2008 Qo =0 Qi00=955m’/s
Gedik taban genisligi 164m 191m
Yikilma stiresi 3,77saat 4,66saat
Gedik sev egimi, Memba/Mansap 0,7(Yatay/Dikey) 0,7(Yatay/Dikey)

Sekil 4. HEC-RAS da belirlenen taskin alani ve 1zgara yapisi
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HEC-RAS iki boyutlu modelde hidrolik hesaplamalarin gergeklesmesi i¢in memba ve mansap sinir
sartlarinin tanimlanmasi gerekir. Kararsiz akim ile modelleme yapildiginda memba sinir sarti olarak ya
akim hidrografi ya da seviye hidrografi kullanilabilmektedir. Mansap sinir sart1 olarak ise normal derinlik
varsayimi kullanilarak 2B tagkin alanina ait siirtiinme egimi S=0,0011 olarak tanimlanmustir.

2B ¢alisma alanina ait yukarda bahsedilen CORINE arazi kullanimina bagli 5 farkli bolge i¢in Cizelge 4’de
verilen Manning piiriizliiliik katsayilar1 kullanilmustir.

Cizelge 4. Adana ili CORINE arazi kullanim1 ve Manning piiriizliiliik katsayisi

CORINE arazi kullanim Manning piiriizliiliik katsayisi
Yerlesim alant 0,12
Tarim alani 0,04
Orman 0,10
Sulak alan 0,035
Su 0,035

Tagkin senaryosu ve akim bilgileri diizenlendikten sonra HEC-RAS programindaki Run meniisiinden
“Unsteady Flow Analysis” aract yardimiyla taskin modelleme islemi gergeklestirilmistir. HEC-RAS iki
boyutlu modellemede model kararlilig1 ve sonuglarin dogrulugu i¢in hesaplama zaman adiminin uygun
secilmesi Onemlidir. Saint-Venant ve difiizyon dalga denklemleri i¢in hesaplama zaman araligimin
seciminde asagida verilen yontem kullanilabilir.

At < T (C=1,0 igin) 7)

Burada; C; Courant sayisi, At; hesaplama zaman araligi (s), Ax; i1zgara hiicre boyutu (m), V; tagkin dalga
hizi(m/s) dir. Brunner'e [17] gore baraj yikma ¢aligmalari i¢in hesaplamali zaman adiminin 1 ile 60 saniye
arasinda secilmesi uygundur. Bu ¢alismada Courant kosulunu saglamak i¢in hesaplama zaman adimi 60
saniye olarak alinmustir.

3.2. Taskin Yayilim Siiresi ve Tehlike Haritas:

Seyhan Baraji’nin borulanmaya bagli nedenle yikilmast HEC-RAS’ta iki farkli senaryo ile ele alinmig ve
2B taskin yayilim haritalar1 elde edilmistir. Modelleme ¢aligmasinda dnce baraj goliine giren akim ihmal
edilerek, normal g6l seviyesi olan 67m de olusacak trapez seklindeki gediklenme durumu incelenmistir. Bu
durumda gediklenmenin normal su seviyesinden baslayarak 40m kotuna kadar devam edecegi, olusacak
yiiksek debili ve uzun zaman araliginda soniimlenecek taskin dalgasinin etkileyecegi bolgeler
belirlenmistir.

Sekil 5(a) baraj yikilmasina bagli Qo debisinin neden olacagi selin yerlesim bolgesi ve tagkin alant boyunca
yayilma zamanim gostermektedir. Sekilden de goriilecegi iizere tagkin debisi ilk 6 saatte yerlesimin son
buldugu bolgeye ulasmakta ve Adana kent merkezini etkilemektedir. Seyhan nehri {izerindeki 2.
Regiilatoriin hemen mansabina akim 5:50 saatte ulagsmakta ve buradaki akim derinligi 4,84m olarak
hesaplanmistir. Adana kent merkezinde olusan tagkinin derinligi 6zellikle Seyhan nehri yakinlarinda sag
ve sol sahil boyunca 15m ye kadar ulasabilmektedir. Nehirden uzaklastik¢a taskin derinligi 1m’nin altina
diismektedir. Tagkin alaninin mansabina dogru tagkinin yayilma siiresi, 12 saatten ¢ok daha uzun siirmekte
denize yakin bolgelere 72 saatte ulagmaktadir. Bu bolgelerde taskin derinligi 1m’nin altina diismektedir.

Ikinci senaryoda ise barajin tam dolu oldugu maksimum su seviyesi olan 72m de 100 yillik taskin
hidrografinin gelmesiyle birlikte dolgunun borulanmaya bagli nedenle yikilmasi ele alinmistir. Sekil 5(b)
baraj yikilmasina bagli Q1o debisinin neden olacag: selin yerlesim bolgesi ve tagkin alan1 boyunca yayilma
zamaninm gostermektedir. Onceki senaryoya benzer sekilde taskin debisi ilk 6 saatte yerlesim bolgesini
etkilemekte ve tagkin alaninin mansabina ise 12 saatten ¢ok daha uzun siirede ulagmaktadir. Tagkin derinligi
ozellikle ikinci regiilatore kadar olan bolgede nehir yakinlarinda yiiksek olmaktadir.

Baraj gdcmesine bagli olusacak taskinin tehlike derecelendirmesi DEFRA tarafindan gelistirilen ve DSI
tarafindan 6nerilen (6) nolu denklem ile hesaplanmistir. Denklemde gosterilen DF debris faktorii 0,5 olarak
alinmigs ve her iki senaryo (Qo ve Qioo) i¢in bdlgenin TTD belirlenmistir. ARC-GIS programinda
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‘

hesaplanarak grafik haline getirilen TTD her iki senaryo i¢in Cizelge 5’de verilmistir. Cizelgede TTD
belirlenen bolgelerin yiiz 6lgiimii km? olarak ve tehlike derecesi oransal olarak gosterilmistir.

(b) Qo0 Taskin debisinin yayilma zamani
Sekil 5. Taskin debisinin yayilma zamani

Birinci senaryoya gore baraj gvdesinin borulanma ile gogmesi durumunda Cizelge 5’de goriilecegi tizere
toplamda 1042,61 km? alan sular altinda kalmakta, bu alanlarm %35,4’i, yaklasik 369,25 km? ‘si ¢ok
yiiksek tehlikeli bolge olarak belirlenmistir. Sekil 6(a)’da taskin tehlike derecelendirmesine gore arazinin
durumu ve kullanim sekli birlikte gdsterilmistir. Seyhan nehrinin sol ve sag sahilinde yerlesimin oldugu
bolgenin 6nemli bir kismi ¢ok yiiksek tehlike altinda kalmaktadir. Mansapta tarim arazilerinin oldugu
bolgede oOzellikle Seyhan nehrinin sag sahiline yiiksek tehlike derecelendirilmesinin oldugu
gozlenmektedir.

Q100 debisi ile birlikte barajda maksimum seviyede (72m) su bulunmast halinde, olas1 borulanma ile Seyhan
barajinin gogme senaryosu ve bu durumda belirlenen TTD Cizelge 5 de ayrica verilmistir. Cizelge 5 den
goriilecegi lizere toplamda 1331,81 km? alan sular altinda kalmakta, bu alanlarin %40,1’i, yaklagik 533,98
km? si gok yiiksek tehlikeli bolge olarak belirlenmistir. Sekil 6(b) de yine taskin tehlike derecelendirmesine
gore arazinin durumu ve kullanim sekli verilmistir. Seyhan nehrinin sol ve sag sahilinde yerlesimin oldugu
bolgenin Snemli bir kismi benzer sekilde ok yiiksek tehlike altinda kalmaktadir. Mansapta tarim
arazilerinin oldugu bodlgede daha fazla alanin yiiksek tehlike derecelendirilmesine maruz kaldig
belirlenmistir.
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Cizelge 5. Seyhan baraji1 gdgme senaryolarina gére TTD ve alanlari

Qo Q100
TTD Km? % Km? %
Diisiik, <0,75 185.45 17.8 113,93 8.6
Orta, 0,75-125 187.55 18.0 23236 174
Yiiksek, 1,25-2,5 300,37 28.8 451.54 33.9
Cok Yiiksek, >2,5 369,25 35,4 533,98 40,1
Toplam= 1042,61 100 1331,81 100

(b) Adana QIOO TTD
Sekil 6. Seyhan baraj1 gégme analizi ve TTD
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4. SONUCLAR

Ulkemizde son yillarda artan tektonik hareketlilik, birgok miihendislik yapisinda oldugu gibi barajlarin da
olas1 hasar ve buna bagli olusacak tagkinlara gore afet hazirlik ¢aligmalarini zorunlu kilmaktadir. Bu amagla
Seyhan nehri {izerinde ve Adana kent merkezinin hemen kuzeyinde bulunan Seyhan barajinin olas1 yikilma
durumunda mansaptaki etkileri incelenmistir. Depreme bagli baraj gévdesindeki deformasyonlar nedeniyle
dolguda olusacak borulanma ve buna bagli gogme analizi iki farkli senaryo i¢cin HEC-RAS 6.4 Paket
programi ile ele alinmistir. Birinci senaryoda baraj goliine giren akim ihmal edilerek, normal gol seviyesi
olan 67m de olusacak trapez seklindeki gediklenme durumu incelenmistir. ikinci senaryoda ise barajin
maksimum su seviyesi olan 72m de 100 yillik tagkin hidrografinin gelmesiyle birlikte dolgunun
borulanmaya bagli nedenle yikilmasi ele alinmstir.

Her iki senaryoya gore gediklenme taban kotu 40m ve borulanma katsayisi 0,5 olarak alinmis ve program
tarafindan hesaplanan gedik taban genislikleri sirasiyla 164m ve 191m olarak, gediklenme siireleri ise 3,77
saat ve 4,66 saat olarak belirlenmistir. Her iki durumda da gedik sev egimi Y/D 0,7 olarak hesaplanmustir.
Barajin olas1 gdgme durumunda, taskin dalgalarinin etkileyecegi bolgeler 2 boyutlu modelleme yapilarak
196.240 adet, 100mx100m boyutunda 1zgara elemanlara bdliinmiis, caligma alanina ait Manning piiriizliliik
katsayilar1t CORINE arazi kullanimina bagli 5 farkli bolge i¢in tanimlanmustir.

Qo debisinin neden olacagi taskinin ilk 6 saatte yerlesimin son buldugu bolgeye ulasarak Adana kent
merkezini etkileyecegi, olusan tagkin derinliginin 6zellikle Seyhan nehri yakinlarinda 15m ye kadar
ulasabilecegi belirlenmistir. Taskin alaninin mansabina, tarim arazilerinin bulundugu bdlgeye ise tagkinin
12 saatte ulasacagi ve derinligin 1m’nin altina diisecegi hesaplanmistir. Benzer sekilde ikinci senaryoya
gore de taskin debisi ilk 6 saatte yerlesim bolgesini etkilemekte ve tagkin alaninin mansabina 12 saatten
daha uzun siirede ulasmaktadir.

Birinci senaryoya gore (Qo) baraj gdvdesinin gdgmesi durumunda toplamda 1042,61km? alan sular altinda
kalmakta, bu alanlarin %35,4°1, yaklasik 369,25km? si ¢ok yiiksek tehlikeli bolge olarak belirlenmistir. Qoo
debisi ile birlikte barajda maksimum seviyede su bulunmasi halinde olasi go¢me senaryosuna gore de
1331,81km? alan sular altinda kalmakta, bu alanlarin %40,1°i, yaklasik 533,98km? si ¢ok yiiksek tehlikeli
bolge olarak hesaplanmistir. Seyhan nehrinin sol ve sag sahilinde yerlesimin oldugu bdlgenin énemli bir
kismu ¢ok yiiksek tehlike altinda kalmaktadir. Mansapta tarim arazilerinin oldugu bolge ise yiiksek tehlike
derecelendirilmesine maruz kaldigi belirlenmistir.

Bu ¢alisma bulgulari ile Seyhan barajinin hemen mansabinda bulunan Adana kent merkezinin acil durum
planlarmin hazirlanarak olasi mal ve can kayiplar azaltilabilir. Hesaplanan taskin yayilma siiresi ve TTD
dikkate alarak, yerlesim merkezlerinin uyarilmasi igin gereken zaman belirlenip, tahliye planlar
hazirlanabilecek, afet yonetimine bir kilavuz olacaktir.
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Yenidogan yogun bakim hastalarinin transportu yiiksek risk ve
mortaliteye sahiptir. Bu nedenle transport siireci dikkatle ele
alinmali ve degerlendirilmelidir. Bu siirecin performansinin
degerlendirildigi transport skorlama sistemleri bulunmaktadir.
Bunlardan hastanin fizyolojik stabilite risk skoru degisimini 6lgen
Transport Risk Index of Physiologic Stability (TRIPS) skorlamasi
yaygin olarak kullanilmaktadir. TRIPS skor degeri transportun ilk
15 dakika ve sonunda olmak iizere en az iki defa Olgiiliir. Bu
calismada 2011-2022 yillar1 arasinda 1117 sayida hastanin teslim
alindiginda ilk TRIPS skoru ve teslim edilmeden hemen Once
6lciilen TRIPS skor degerleri ile bebeklerin kayitl agirlik parametre
degeri alinmistir. Retrospektif olarak yapilan bu ¢alismada hastanin
agirhigina bagli olarak 6lgiilen iki TRIPS skor degeri arasindaki fark,
Monte Carlo simiilasyon modeli ile tahminlenmistir. Her hasta
agirlik grubu igin ayr1 ayri ortalama TRIPS skor farki taminlenerek,
farkli hasta gruplarinin transport siireci birbirleri ile kiyaslanarak
gruplar arasi farklar tespit edilmis ve siire¢ analiz edilmistir. Bu
analiz siirecin iyilestirilmesi, planlanmasi ve kararlarin alinmasina
katki saglayacaktir.
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Transportation of neonatal intensive care unit patients has high risk
and mortality. Therefore, the transport process should be handled
and evaluated carefully. There are transport scoring systems that
evaluate the performance of this process. Among these, Transport
Risk Index of Physiologic Stability (TRIPS) scoring, which
measures the change in the patient's physiologic stability risk score,
is widely used. The TRIPS score value is measured at least twice, in
the first 15 minutes and at the end of transport. In this study, the
initial TRIPS score and TRIPS score values measured just before
delivery and the registered weight parameter value of the infants
were obtained from 1117 patients between 2011 and 2022. In this
retrospective study, the difference between the two TRIPS score
values measured depending on the patient's weight was estimated
with the Monte Carlo simulation model. By determining the average
TRIPS score difference for each patient weight group separately, the
transport process of different patient groups was compared with
each other, the differences between the groups were determined and
the process was analyzed. This analysis will contribute to the
improvement of the process, planning and decision making.
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Monte Carlo Simiilasyonu ile Yenidogan Transportunda Fizyolojik Stabilite Risk Skor Degisiminin Tahminlemesi

1. GIRIS

Yenidogan transportu, hasta ve durumu kritik olan bir yenidoganin izlem, bakim ve tedavisinin
yapilabilmesi i¢in uygun olan baska bir merkeze hava veya kara yoluyla tasinmasidir [1]. Bebeklerin
transportunda bebegin durumuna bagli tasima performansinin degerlendirildigi farkli skorlama sistemleri
bulunmaktadir. TRIPS, Neonatal Stabilization Score (NSS),The Transport Score of Hermensen, Alberta
Neonatal Transport Stabilization Score (ANTSS), Mortalite Risk at Neonatal Transport (MINT) yaygin
olarak kullanilan transport skorlama sistemleridir. Bu skorlama sistemlerinden TRIPS, yenidogan
bebeklerin transportunda fizyolojik stabiliteyi degerlendirmek amaciyla kullanilanilmaktadir [2]. TRIPS
skorlamasinda viicut 1sis1, solunum sikintisi, sistolik kan basinci, uyarana yanit parametreleri
degerlendirilerek risk siddeti 6ngoriisii yapilir. TRIPS skor degeri 0-10 puan arasi risk yok, 11-20 puan ars1
hafif risk, 21-30 puan aras1 orta risk, 30 puan ve lizeri ise siddetli risk olarak degerlendirilir. Yenidogan
transportunu gergeklestiren ekip bu skor degerlerine gore hasta degerlendirilerek hizli ve etkin miidahale
gibi yasamsal kararlar1 verir.

Transportu yapilacak yenidogan hastanin transport ekibi tarafindan teslim alinmasinda ilk 15 dakika iginde
ve hastanin yenidogan yogun bakima teslim edilmeden transport sonunda iki defa dl¢iilerek kaydedilir [2].
[Ik degerlendirme ve son degerlendirme arasindaki fark nakil performansi ve bebeklerin durumunun
degerlendirilmesinde rehberlik eder.

Farkli yenidogan transport skorlama sistemlerinde farkli parametreler degerlendirilir. Bebegin dogum
agirlig1 parametresi yenidogan transport skorlamalarindan sadece MINT skorlamasinda dikkate alinan bir
parametredir [3]. Transport edilen yenidogan hastalar nakil esnasinda birgok parametreden etkilenebilir. Bu
calismada hastalarin dogum agirligi parametresi dikkate alinarak TRIPS skor degisiminin tahminlemesi
yapilmistir. Hastalar1 dogum agriligina gore kategorize edip degerlendirmek agirlik parametresinin siirece
etkisinin daha iyi anlasilmasini saglayacaktir.

Yenidogan bebeklerle ilgili yapilan klinik ¢alismalarda ve yasamsal durumlarini etkilemesine bagli olarak
yapilan degerlendirmelerde dogum agirlig kategorilere ayrilmistir. Birgok gruplamaya gore dogum agirligi
1000 gr alti, 1000-1250, 1251-1500 ve 1501-2500 ve 2500 iistii olarak bes kategoriye ayrilmaktadir ve
Cizelge 1°de gruplama verilmistir. Dogum agirligi 1500 gram veya daha az olan bebekler ¢ok diisiik dogum
agirhigl (Very Low Birth Weight - VLBW) olan bebeklerdir. Dogum agirligi 1000 gram veya daha az olan
bebekler ise asir1 derece diisiik dogum agirlikli (Extremely Low Birth Weight - ELBW) olarak ifade edilir
[4-6].

Cizelge.l. Yenidogan bebeklerin agirhik gruplar

Dogum Agirlik Grubu Agirlik (Gr)
Grup I <1000
Grup 11 1000 -1250
Grup 111 1251- 1500
Grup IV 1501-2500
Grup V >2500

Yenidogan dogum agirligi <1000-2500+ gram araliginda degismekte olup, hastalarin bu gruplara gore
yasamsal risk ve nakilden etkilenme derecesi farklilik gostermektedir [4]. Bu nedenle ¢alismada hastalarin
dogum agirlig1 gruplandirilarak agirliga bagli iki TRIPS skor degeri arasindaki fark tahminlenmistir.

Tahminlemede veri tiirii ve belirsizlik diizeyine bagli olarak zaman serileri analizi, ¢ok degiskenli regresyon
analizi, Monte Carlo simiilasyonu ve yapay zeka gibi bircok metod kullanilmaktadir. Monte Carlo
simiilasyonu 1940 yilllarda niikleer silah gelistirilen Manhattan Projesinde ¢alisan J.Von Neumann,
Stanislaw Ulam ve Nicholas Metropolis adli bilim adamlar tarafindan bulunmus ve gelistirilmistir. Monte
Carlo simulasyonu finans, mithendislik ve saglik gibi farkli disiplinlerde uygulanmaktadir. Monte Carlo
simiilasyonu belirsizligin ve rastgeleligin oldugu analitik ¢dziimiin zor oldugu, deney yapmanin maliyetli
ve zaman alic1 oldugu problemlerde tercih edilen bir yontemdir. Saglik ile ilgili caligmalarda belirlenen
hava yolu ile bulasan bulasici hastaliklarin bulagmasinin taminlenmesinde [7], hastanede sirada bulunan
hasta sayisin1 tahminlenmesinde [8], hastaliklara bagli maliyetlerin modellenmesi ve tahminlenmesinde [9-
12] uygulanmistir.
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Bu caligmada hasta agirligina bagl olarak iki TRIPS skor degeri arasindaki farkin hasta agirligina bagh
degisimi Monte Carlo simiilasyonu ile tahminlenmistir. Bu tahminleme ile iki TRIPS skor degeri arasindaki
farkin beklenen farktan sapmasi durumunda transport kosullari gozden gegirilerek hastanin ve nakil
siirecinin degerlendirilecektir.

2. YONTEM

Adana bolgesinde 6zel saglik hizmeti veren ve 6zel yenidogan yogun bakim hasta ambulansina sahip bir
hastanenin bu ambulans ile 2011-2022 yillar1 arasinda transportu gergeklestirilen 1117 yenidogan yogun
bakim hastalarina ait iki TRIPS skor degeri ve hastalarin dogum agirlik verileri alinmistir. Monte Carlo
simiilasyon metodu ile yapilan tahminleme Microsoft Excel @RISK programi kullanilarak uygulanmistir.
Monte Carlo Simiilasyonunda asagidaki adimlar izlenir [13]:

- Monte Carlo simiilasyonunda ilk adimda ¢oziilecek problem tanimlanir ve problemi etkileyen
parametreler ve ¢ikt1 belirlenir.

- Ikinci adimda ise simiilasyon i¢in gercek siireci temsil eden bir matematiksel veya istatistiksel model
olusturulur.

- Ugiincii adimda ise, simiilasyonda kullanilacak degisken girdi parametreleri igin olasilik dagilimlari
belirlenir.

- Bu dordiincii adimda ise girdi degiskenler ile belirli iterasyonda simiilasyon gergeklestirilir ve ¢gikti
parametresi elde edilir.

- Sonraki adim olan besinci adimda ise simiilasyon tekrar ¢aligtirilarak sonuglar kaydedilir ve
kiyaslanir. Bir sonraki adimda elde edilen bu sonuglar analiz edilir.

- Son adimda ise simiilasyon sonuglar raporlanir ve degerlendirilir [13]. Bu simiilasyon sonuglari
stirecin degerlendirilmesinde, iyilestirilmesinde, planlamasinda ve siireci etkileyen veya siirecin
etkiledigi sistemlerle ilgili karar vermede kullanilabilecektir.

3. ARASTIRMA BULGULARI

1. adim: Transportun basinda ve sonunda 6lgiilen TRIPS skorlar1 arasindaki farkin hasta agirlik gruplarina
bagli olarak ayr1 ayri tahminlenmesi siire¢ i¢indeki degisimin gbézlemlenmesi ve analizini saglayacaktir.
Caligmada hastanin hastaneden alindig1 ilk 15 dakika icerisinde dlgiilen ve hastanin nakledildigi hastaneye
teslim edildigi andaki TRIPS degerleri girdi parametresi olarak belirlenmistir.

2. adim: Simiilasyon icin gercek siirecini temsil eden bir matematiksel veya istatistiksel model
olusturulmalidir. Bu tahminleme Monte Carlo Simiilasyon metodu ile yapilacaktir. Bu adimda elde edilen
matematiksel iliski Esitlik (1) ile verilmistir.

TRIPS skor degeri transportun ilk 15 dakikasinda dlgiilen deger: TRIPS;;;,
Transprt sonunda Slgiilen TRIPS degeri: TRIPS,,

TRIPSson — TRIPSy; = TRIPS;qy (1)

3. adim: Cizelge 1’de verilen dogum agirhigr gruplamas: dikkate alinarak yenidoganlarin
TRIPS,,, degerlerine gore ANOVA analizi yapilmistir. ANOVA analizi sonucunda %95 giivenle dogum
agirhigina bagh olusturulan gruplarin ortalamalar1 arasinda istatistiksel olarak anlamli bir fark oldugu
belirlenmistir (sig. degeri <0.05) [14].

Gruplararasi farkin oldugu durumda, farkliligin hangi gruptan kaynakli oldugunu tespit eden istatistik Post-
Hoc olarak bilinmektedir. Bu nedenle Post-Hoc analizi yapilmistir. % 95 giiven araliginda p degeri 0.05’in
altinda olan grup ortalamalar1 arasinda istatistiksel olarak anlamli bir fark olmaktadir ve bu durum Cizelge
2’ye yansitilmistir. Cizelge 2’ya gore Grup I ile tiim gruplar arasinda; Grup II ile Grup IV-V; Grup Il ile
Grup II arasinda, Grup IV ve V’in ise Grup I-1I ile arasinda istatistiksel olarak anlamli bir fark vardir.

Bu durum agirligin TRIPS skorundaki etkisini ve agirliga bagl gruplamanin gerekliligini gostermistir. Bu
elde edilen bu sonuglarda Grup IV ve Grup V’ in birlestirilebilecegi goriilmektedir. Ancak sonuglarin daha
detayli olarak gozlemlenebilmesi agisindan grup sayist azaltilmamastir.
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Cizelge 2. Gruplar aras1 Post-Hoc analizi

Grup 1 Grup 11 Grup 11 Grup IV Grup V
Grup I v v v v
Grup IT v
Grup IIT 4
Grup IV v v
Grup V v v

Her agirlik grubunun TRIPS;;ve TRIPS,, dagilimlar1 @Risk programinda yer alan input analyzer
kullanilarak bulunmus ve sonuglar Cizelge 3°de verilmistir. Average log-Likelihood performans metrigi
olarak secilmistir.

Cizelge 3. Gruplarin dagilim gizelgesi
Olasilik dagilim parametreleri

Grup TRIPSy, TRIPSwy Orneklem sayis1 (adet)
Grup 1 Geomet (0,035034) Poisson (27,34) 103
Grup 11 Poisson (24,307) Poisson (23,933) 75
Grup Il Poisson (21,186) Geomet (0,045132) 70
Grup IV Geomet (0,046256) Geomet (0,046112) 252
Grup V Poisson (24,307) Poisson (23,933) 580

4.adim: Bu adimda ¢alismada tahminlenecek olan TRIPS degerleri arasindaki fark Esitlik (1) ile elde
edilmektedir. Monte Carlo simiilasyonunda iterasyon sayis1 100000 olarak alinmustir.

5. adim: 100000 iterasyonla %95 giivenle ‘ortalama’ deger icin elde edilen degerler Cizelge 4’de
verilmistir.

Cizelge 4. Monte Carlo simiilasyon ¢iktilar

Kilo Gruplari Kilo grup araliklar1 (gr) Her grup igin beklenen TRIPSg . ortalamasi
I <1000 -0,203
I 1001-1250 -0,374
111 1251-1500 -0,0286
v 1501-2500 0,0675
v >2500 0,0639

6. adim: Cizelge 4’te Monte Carlo Simiilasyonu ile elde edilen sonuglar literatiir incelemesi ve uzmanlarla
yapilan goriismelere gore degerlendirilmistir. TRIPS skor degeri hasta yenidogan bebegin durumunun ve
transport performansinin degerlendirilmesinde kullanilmaktadir. TRIPS skoru hasta teslim alindiginda
transportun ilk 15 dakikasinda ve transportun sonunda dlgiilerek risk siddeti ongdriisii yapilir. TRIPS skor
degeri arttikca hastanin risk siddeti artar. Bu nedenle transport sirasinda amag¢ TRIPS skor degerinin
yiikselmesini engellemek hatta diismesini saglamaya ¢aligmaktir. Transportun sonunda bebegin nakledilen
hastaneye/saglik kurumuna teslim edildigindeki skor degerinin TRIPS;,,, teslim alindigindaki TRIPS;;,
degerinden daha diisiik olmas1 durumunda TRIPSg 4, negatif deger alacaktir. Cizelge 4’te goriildigi gibi
1500 gramin altindaki bebeklerde TRIPSfq,, negatif deger almast TRIPS;,, < TRIPSy; olmasindan
kaynaklandigi i¢in bu durum transport performansinin artis1 olarak degerlendirilebilir. Cok diisiik (<1 500
gr) ve asir1 diisiik (<1 000 gr) dogum agirlikli olarak gruplandirilan yenidogan bebeklerin yasamsal olarak
kritik olmalarina bagli olarak transporttan daha ¢ok etkilenmesi beklenir [15].

Ancak Cizelge 4’te goriildiigii gibi elde edilen sonuglarda dogum agirlig1 azaldikga, nakilden etkilenme
durumu beklendigi gibi olumsuz olmamistir. Dogum agirlig1 azaldikga, transport siirecinden olumsuz
etkilenmemesi durumunun tibbi olarak yorumlanmasinda yenidogan yogun bakim ekibi ile bir goriisme
yapilmistir. Bu durumu iist diizey nakil hizmeti veren bir merkez olmasi ve 6zel egitimli ve deneyimli nakil
ekibi transporttaki basarisi olarak degerlendirilmistir. Bu durum yiiksek transport performansi ile
iligkilendirilmistir. Nitekim nakilde personelin 6nemi bir¢ok ¢alismada bildirilmistir [16,17]. Yenidogan
nakli deneyim ve yetkinlikler gerektiren bir ekip isidir. yenidogan bebegin transport siirecinin
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degerlendirilmesi ve gelistirilmesi, ekip ve ekipman ile ilgili kosullarin degerlendirildigi rehber ¢aligmalar
bulunmaktadir.

Transport siirecinde dogum agirhigr 1500 gr fazla olan bebeklerde ise TRIPSsq,) hasta durumuna bagh
olarak transport performansmin daha iyiye gitmesi beklenir. Ciinki diisiik dogum agirlikli bebeklerin
nakilden daha ¢ok etkilendigi diistiniilmektedir [15]. Bu beklenmeyen durumun analizi i¢in uzmanlarla
yapilan goriismelerde bu kategorideki bebeklerin dogustan kalp hastalig1 gibi iginden ¢ikilamayan kritik
vakalarin erken dogum dig1 nedenlerle transportun iist diizey hastanelere yapilmasindan kaynaklanabilecegi
belirtilmistir. Bu duruma 6rnek olarak kalp hastalig1 gibi yasamsal riski daha fazla olan kritik bebeklerin
kabul edildigi bir merkez olmasindan kaynaklanabilecegi belirtilmistir.

TRIPS gibi transport degerlendirme skorlamalarinda hangi parametrelerin skorlama parametresi olmasi
gerektigi ve bu parametrelerin nasil puanlanmasi gerektigi dikkatlice ele almmalidir. Ornegin, transport
degerlendirme skorlamalarindan MINT skorlamasinda agirlik parametresi dogum agirligi 750 gr alt1 olan
bebekler i¢in skor puan1 5, 751-1000 gr aras1 bebekler igin 2, 1001-1500 gr olan bebeklere 1 ve 1500 gr.
istii icin 0 puan verilmektedir [3]. Yani diisiik dogum agirlikli bebeklerin transport performans
skorlamasindaki risk siddeti daha yiiksek deger olarak alinmistir. Transport skorlamalarinda ele alinan
parametrelerin belirlenmesi ve puanlamasi bu agidan degerlendirilebilir.

4. SONUCLAR

TRIPS skor farkinin dogum agirligina bagl olarak Monte Carlo simiilasyonu ile tahmini, yenidogan
transport siirecindeki potansiyel risklerin anlasilmasi ve yenidogan bebeklerin stabilitesinin yorumlanmasi
acisindan faydali olmustur.

Bu tahminleme ile iki TRIPS skor degeri arasindaki fark beklenen ortalama farktan sapmasi durumunda
nakil kosullarinin ve nakli gergeklestirilen hastalarin durumunun gézden gecirilmesi agisindan uyarici
olacaktir.

Ayrica ¢aligma transport performansinin degerlendirildigi skorlama sistemlerinin gelistirilmesinde dogum
agirhigr gibi paramatrelerin hasta durumu ve risk diizeyine etkisinin farkli bir bakis agisi ile
degerlendirilebilecegini gostermektedir. Bu sadece transport skorlama sistemlerinin degerlendirilmesinde
degil hasta durumunun degerlendirildigi diger tiim skorlama sistemlerinin iyilestirilmesinde ve
gelistirilmesinde dikkate alinabilecek bir bakis agis1 sunmaktadir.
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1. INTRODUCTION

The flow behavior on the airfoil surface significantly affects the aerodynamic characteristics of the airfoil.
The phenomena reflecting flow behavior, as can be seen in Figure 1, have been analyzed and visually
presented in diverse studies [1-4].

When studies on flow behavior were examined, it was seen that different flow phenomena occur on the
surface, as shown in Figure 1 and Figure 2. As laminar flow transitions to turbulent flow, it was observed
that Tollmien-Schlichting waves (T/S waves) first formed in a direction perpendicular to the flow. T/S
waves began to form when the Reynolds number of the current reached the indifference Reynolds number
[5]. If the amplitude of the primary T/S waves was large enough, the T/S waves moved downstream due to
the perturbations of the secondary instabilities.

It lead to a characteristic lambda (lamda_A) structure formation. The A-vortices were replaced by turbulent
points, which initiated the transition to fully turbulent boundary—layer flow [5,6].
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Figure 1. The visualization of flow behavior on surface (a) [1], (b) [2]
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Additionally, as seen in Figure 1, a transitional separation bubble could be formed on the surface. Following
laminar boundary layer separation, an unstable detached shear layer was created and alteration to turbulence
took spot in this shear layer. The boosted momentum transport in the turbulent flow ordinary enabled
reconnecting and a turbulent boundary layer developed downstream. After separation, a dead-air region
formed under the shear layer. Then, reverse flow and an intense recirculation zone were created near the
back of the bubble distribution in the dead-air region [7,8]. Images taken from some studies [9-13]
expressing the characteristics of flow behaviors are given in Figure 2.

The surface oil flow visualization method is a simple but effective method that is widely used to follow the
flow behavior on the surface of aerodynamic elements. It is quite economical compared to other flow
imaging methods. Recently, many studies have been conducted to observe flow behavior using this method.
Geng et al. [9] examined the flow behavior on the NACA2415 profile surface at 0.5x10°, 1.0x105, and
2.0x10° Reynolds numbers and 4, 8, 12, and 15-degree angles of attack. In this context, the separation point,
transition point, reattachment point and length of the separation bubble were analyzed using kerosene,
titanium dioxide, and a very small amount of oleic acid. At the end of the study, it was observed that when
the attack angle increased the separation, transition and reattachment points shifted towards the leading
edge and, the length of the separation bubble shortened. In addition, it was determined that as the Reynolds
number raised, the transition and reconnect points generally moved towards the leading edge and the bubble
length decreased.

In another study, Karthikeyan et al. [10] investigated experimental the effect of the wavy leading ledge of
a NACA 4415 profile at Reynolds number of 1.2x10° and angles of attack of 6° and 18°. In the study, the
separation point, transition point, reattachment point, reverse flow, dead air region and separation bubble
were visualized on the surface of the baseline airfoil and the airfoil with tubercles.

In another study examining surface flow behaviors, McGranahan and Selig [11] examined surface flow
behavior both experimentally and numerically on nine airfoils at low Reynolds numbers of 2x10, 3.5x10°
and 5x10°. In addition, the aerodynamic performance parameters of the airfoils were analyzed with a
numerical computer program. These tests were applied at between -2 and 16-degree angles. Additionally,
fluorescent pigments and fluorescent light were used for flow visualization. Unlike other studies, the
parameters such as laminate separation, transition, oil accumulation, reattachment and turbulent separation,
which express flow behavior, were presented graphically. As a result of the studies, it was determined that
the parameters showing the flow behavior shifted to the leading edge as the angle of attack increased in
almost all airfoils. Although the study of McGranahan and Selig [11] is similar to the research presented in
this article, the study does not include analyses of any wing models consisting of airfoils. In a similar study,
Liu and Hsiao [12] experimentally investigated the aerodynamic properties and flow structures of
rectangular wings at aspect ratios varying from 1.0 to 3.0 and Reynolds number between 10* and 10°. The
studies of surface oil flow visualization were illustrated at 10, 20, 30, and 40-degree angles of attack and
Re=1x105. It was observed that the flow separations started in the regions close to the leading edge of the
wing and as the angle of attack increased, the separation shifted to the leading edge. In addition, it was
indicated at 10° and 20° that the reattachment line was formed in the regions close to the leading edge and
just below the separation.

In studies in which wing tip vortices were effective, it was seen that secondary flow occurs with the effect
of the wing tip and leading-edge vortices [12]. Additionally, at high angles of attack, the separation bubble
and wake flow region appeared to spread over the entire surface [12,13].

Also, it was observed that a secondary flow region, which was formed by the effect of leading-edge
separation and wing tip vortices, was shaped at the edges of the reattachment zone. At 30 and 40 degrees,
a wake flow region, which was behind the turbulent boundary layer separation line, was formed on most of
the surface. Additionally, when the attack angle increases, the region grows and shifts to the leading edge.

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Investigation of Surface Flow Behaviors on Wing Model Made of Different

T/S Spanwise 3D vortex Turbulent Turbulent : .
Waves vorticly Edkion ook i Separation Dead air Reverse Reattachment Turbulent

point flow flow
(a) Re=3x10%, a=4°, [9] (b) Re=1.2x10%, a =6°, [10]
Ll . . Sl = ‘ Leading Edge Separation
Secondary

Reattached
Line

W et e

Pressure
Interface

Wake Flow
Region

: = e ; Wing-Tip
Laminar Oil  Reattachment il = ! Roll UP Vortex
seperation  accumulation A As Aw A 43 b okl o Flow Region

(c) Re=3x105, =5, [11] (d) Re=1x10%, a=10°, [12]
‘ Leading Edge
Separation

Secondary

Flow
Region

Wake Flow
Region

Wing-Tip
Roll UP
Vortex Flow |

|I - >
Separation Bubble
[12] (f) Re=1.23x10°%, 0=35°, [13]

&4 Y RFE 3

(e) Re=1x10°, 0=30°,
Figure 2. The flow views at different Reynolds numbers and attack angles

The flow behaviors obtained in the study are very similar to the flow behaviors presented in this article.
However, NACA 4 and NACA 0012 airfoils with distinct features were used in the study. The wing model
obtained from the airfoils was not included in the study. Chen et al. [13] analyzed the flow behavior while
examining the effect of protuberances on the leading edge of a wing model on aerodynamic performance.
The studies were carried out at a constant flow rate and constant Reynolds number at distinct angles of
attack between 13 and 40 degrees and at aspect ratios of 1, 2, and 3. In this study, separation bubbles,
separation zones, reattachment points and similar flow behaviors were presented by visualizing using a
composite solution forming of kerosene, titanium dioxide and oleic acid by a mass ratio of 6:3:2.
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When the figures in the article are examined, it is clearly seen that while laminar and turbulent flows occur
on the wing surface at low angles of attack, the turbulent zone spreads over the entire surface at high angles
of attack. Although this study is similar to the existing study presented in the article because it is carried
out at low and high angles of attack, the main difference is that the wing model consists of a single airfoil.
Wang et al. [14] observed the flow behavior while examining the effects of blowing and suction methods
on the wind turbine airfoil on the NACA 0012 airfoil in a low-speed wind tunnel. In the study conducted
at 14- degree angle of attack and 1.0x10° Reynolds number, separation points, separation bubbles and
reattachment behaviors were inspected using a mix was made of titanium dioxide, silicon oil, dodecane and
oleic acid. Trie et al. [15] researched the behavior of flow on NACA 43018 airfoil with a parabolic vortex
generator at 1.0x10° and 2.0x10° Reynolds numbers and 0, 4, 10, 12, 15 and 17-degree angles of attack. In
this experimental research, the points of separation, transition and reattachment, spanwise vorticity,
turbulent/laminar flow, T/S waves and 3d vortex breakdown showed the flow behavior on the airfoil surface
was investigated.

Many flow visualization studies [16-24] similar to the studies whose summary given above have been
carried out. However, most visualization studies have been conducted on a single airfoil. In this article, the
flow behaviors have been analyzed on the wing model obtained from four airfoils. For this reason, the
present study differs from other literature studies.

2. EXPERIMENTAL ARRANGEMENT AND PROCEDURES

The flow visualization research presented in the paper was tested out in a low-speed tunnel in the
Aerodynamics Research Laboratory at Erciyes University Faculty of Aeronautics and Astronautics. The
wind tunnel’s test section has a 57*57 ¢cm quadratic inlet and 59*59 cm quadratic outlet of 180 cm length.
Other details of the wind tunnel can be found in [25]. A view of the tunnel is shown in Figure 3. For the
flow analysis, profiles forming the wing of a commercially used aircraft were selected in the experimental
study. Profiles forming the inner, middle and outer wings of the wing were used. The airfoils and the wing
model used in surface flow visualization have been produced from grey polylactic acid thermoplastic
polyester with the help of a 3D printer. The airfoils and the wing model have a 21cm cord length and 1.0
aspect ratio. The model wing is composed of four airfoils [25]. The features of the airfoils and the wing
model and the location of the airfoils on the wing model are given in Table 1.

The flow visualization experiments were carried out at 0, 4 ,8, 12,16, 20, 24, 32 and 40-degree angles of
attacks and 2x10°% 3x10° and 4x10° Reynolds numbers, respectively. To ensure the flow regime, flow
images were recorded after the wind tunnel was operated for 3-5 minutes, depending on the flow rate.
Additionally, each study was repeated at least twice, at several times, to ensure the correct flow regime was
established. Silica oil, oleic acid and titanium dioxide mixtures, which are widely used in the literature,
were used for flow visualization. As a result of the experiments which were conducted with different mixing
ratios and different viscosity silicone oils, it was found suitable to have a mixture of silicone oil, oleic acid
and titanium dioxide in the ratio of 8:1:1, with silicone oil with a viscosity of 5 cSt for the best visualization.
The images of airfoil D applied the mixture to the surface when the wind tunnel was closed and of the
measuring device used to gauge the flow points are given in Figure 3.

Figure 3. Views of the wind tunnel [25] and of the oil mixture on airfoil D surface

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Investigation of Surface Flow Behaviors on Wing Model Made of Different Airfoils

Table 1. The airfoil forms, characteristics and locations in the model wing of the airfoil. [25,26].

Maximum Maximum  Location on
Airfoil Forms of airfoil thickness/ location camber/ location model wing
(% of chord) (% of chord) (% of span)

Views of airfoils
on model wing

b7372 15.4/19.6 02/5 0 :
(Airfoil A) T ’ -
b737b
12.5/29.7 0.8/10 333 3
(Airfoil B) f
b737¢
10/39.9 1.5/20.4 66.6 —
(Airfoil C)
b737d
10.8 /40 1.6/20 100 -
(Airfoil D)

3. RESULTS AND DISCUSSIONS

In the section, the flow behaviors on the surface of the wing model and airfoils are analyzed in terms of
visually and dimensionally at 2x103, 3x10° and 4x10° Reynolds numbers and different attack angles range
from 0 to 40 degrees.

The images obtained in the studies can be divided into two groups in terms of visuals. 1. In studies between
0-16 degrees, the flow on the surface is trying to transition from laminar flow to turbulent flow. In there,
although there are differences in location and size/length, it is seen that the flow generally exhibits similar
behavior during the transition from laminar flow to turbulent flow on surfaces where wing tip vortices are
inactive. 2. In studies between 24-40 degrees, the turbulent flow is trying to spread or reattach over the
entire surface. The flow behaviors observed are compatible with literature studies [9-12,22,26-28] tested
out at different angles of attack from 0 degrees to 40 degrees.

Figure 4 shows the oil flow image on the wing model surface under the influence of wing tip vortices at 8

degrees and 3x10° Reynolds number.
FLOW

o T o G L Laminar Flow
Leading Edge
Separation — Ol Accumulate

Reverse Flow

1, Secondary
\ Flaw

Reattachment

Figure 4. Flow properties on the surface of the wing model at a=8° and Re=3x10°.

In the figure, the laminar flow begins to separate in the regions close to the leading edge and then continues
its flow by re-attachment itself in the middle regions where the wing tip vortices do not have any effect.
Also, it is observed that the flow in the regions close to the wing tip shifts towards the inner parts as it
moves from the leading edge to the trailing edge (as expected). Moreover, the secondary flow formed by
the effect of the wing tip vortices and reverse flow forces the oil flow to accumulate in the middle regions
of the surface.

The oil flow image on the wing model surface under the influence of wing tip vortices at 24 degrees and
3x10° Reynolds number is indicated in Figure 5. Due to the high angle of attack, the flow separation starts
at very close points to the leading edge. Wing tip vortexes are quite strong in the middle parts of the wing.
However, it does not occur at all in regions close to the trailing edge due to the effect of turbulent flow.
Secondary flow occurs at both ends of the wing and at points close to the leading edge because of the wing
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tip vortices effect. Moreover, it can be seen that the current is trying to reattachment weakly, in regions
close to the leading edge and where is not affected by the wing tip vortex.

FLOW

Leading Edge
Separation Secondary

Flow

0il
Accumulate

Wing Tip

Reverse Vortices

Flow

Dead Water
Zone

Wake Flow

Figure 5. Flow properties on the surface of the wing model at 0=24° and Re=3x10°.

Due to the effect of the large separation bubble formed in the regions close to the trailing edge, reverse flow
emerges towards the leading edge, and this reverse flow causes the oil to accumulate in the form of a dome
in the middle region. A dead flow zone, which is the flow partially stops, begins just below the reverse flow
as approaches to the trailing edge. It is seen that wake flow emerges only in the regions close to the trailing
edge, owing to the large separation bubble effect.

In the section, the flow behaviors are analyzed in terms of dimensionally such as separation point,
reattachment point and bubble length at different Reynolds numbers and attack angles ranging from 0 to 40
degrees.

Table 2-4 and Figure 6-10 represent dimensionally the separation point, reattachment point and bubble
length that emerged from flow views. Additionally, Table 5 gives the views of flow at 3x10° Reynolds
number and 0°, 8%, 16°, 24°, 32° and 40° attack angles for the airfoils and the wing model. While creating
the numerical values, the methods present in some literature studies [28-31] have been used.

Table 2. Separation point (Cs), reattachment point (Cr) and bubble length (Lb) for airfoil A

Re o Cs Cr Lb
[°] [x/c] [x/c] [x/c]
0 0.075 0.3 0.225
2x10° 8 0.05 0.25 0.2
16 0.05 0.2 0.15
0 0.085 0.275 0.19
3x10° 8 0.05 0.215 0.165
16 0.05 0.175 0.125
0 0.1 0.275 0.175
4x10° 8 0.05 0.2 0.15
16 0.025 0.125 0.1

The separation point, reattachment point and bubble length for airfoil A are offered in Table 2. While the
angle of attack increases at a constant Reynolds number, the Cs, Cr and Lb values decrease. In other words,
an increase in the angle of attack pulls the laminar separation and reattachment on the surface towards the
leading edge and weakens the separation bubble.

At 3x10° Reynolds number, as the angle of attack is increased from 0 degrees to 16 degrees, the Cs value
decreases from 0.085 to 0.05, the Cr value declines from 0.275 to 0.175 and the Lb value drops from 0.19
to 0.125.

At a constant angle of attack, increasing the Reynolds number reduces the Cr and Lb values, but does not
have a significant effect on the Cs values. Increasing the Reynolds number pulls the reattachment towards
the leading edge and weakens the separation bubble. For example, at 8 degrees for airfoil A, while the
Reynolds number is increased from 2x10° to 4x10°, the Cs value remains constant at 0.05, the Cr and Lb
have values 0f 0.25, 0.215, 0.2, and 0.2, 0.165, 0.15, respectively.
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Figure 6 displays numerical values (x/c) of separation point, reattachment point and bubble length for airfoil
B. When the changes in the figures are checked, it is seen that Cs values are 0.05, 0.025, and 0, Cr values
are 0.675, 0.3, and 0.0175 and Lb values are 0.625, 0.275 and 0.0175 at 0, 8 and 16 degrees for 2x10°
Reynolds number. When the Reynolds number is 3x103, Cs is obtained as 0.15, 0.05 and 0 at 0, 8 and 16
degrees. Cr value is obtained as 0.575, 0.225, 0.1, and Lb is obtained as 0.425, 0.175 and 0.1 at the same
degrees, respectively. While the Reynolds number is 4x103, at 0, 8, and 16 degrees Cs are 0.15, 0.05, 0, Cr
are 0.5, 0.2, 0.1 and Lb are 0.35, 0.15, 0.1, respectively.

10 -

= S -
Cs —=— Re=2x10° 10 cr —=—— Re=2x10° 10r Lb —=—— Re=2x10°
—7477R9:3X105 i — — a4 - - Re=3x10° - - 4 - - Re=3x10°
08 L —-—¢—= Re=4x10 - ——-e-—— Re=4x10° ——-e -~ Re=4x10°
8 08 | 08
0.6 - 0.6
o r o r
- L }
x F * L
04 - 0.4
02| 02}
L I
= & 0.0 L L L L L L L L L X L L L L L L
16 0 4 8 J2 16 0 4 8 12 16
Angle of attack [°] Angle of attack [ '] Angle of attack [ °]

Figure 6. x/c values of Cs, Cr and Lb for airfoil B versus angle of attack

When the figures and numerical values in Table 2-4 and Figure 6-10 are examined, two important effects
can be seen. Increasing the angle of attack or Reynolds number numerically reduces the values that
determine the boundaries of the separation bubble and weakens the surface separation bubble, causing it to
shift towards the leading edge.

10 _
Cs Re = 2x107 1or cr — = Re=2x10° 1or Lb —— Re=2x10°
—-—-e-—— Re = 4x S o - s el Re-ax
0.8 o8k . Re =4x10 08

R R 8§ 12 16 o 4 8 12 16
Angle of attack [ ] Angle of attack [ °] Angle of attack [°]

Figure 7. x/c values of Cs, Cr and Lb for airfoil D versus angle of attack

When Table 5 is examined, it is seen that there are similar changes in the x/c values of Cs, Cr, and Lb at
three different Reynolds numbers. As each Cs, Cr, and Lb changes are checked, it is viewed that x/c data
is higher in airfoils C and D having lower thickness but higher camber at angles of attack of 0 and 8 degrees.

Table 3. Separation point (Cs), reattachment point (Cr) and bubble length (Lb) for airfoil C

Re o Cs Cr Lb
[°] [x/c] [x/c] [x/c]

0 0.1 0.95 0.85

2x10° 8 0.05 0.75 0.7
16 0 0.06 0.06
0 0.25 0.875 0.625

3x10° 8 0.11 0.45 0.34
16 0 0.04 0.04

0 0.35 0.8 0.45
4x10° 8 0.1 0.275 0.175
16 0 0.025 0.025

At the same angle, the x/c value is lower in airfoils A and B which have high thickness but low camber. At
these angles, it can be said that the x/c value is inversely proportional to the thickness and directly
proportional to the camber. Moreover, it is observed that the situation is reversed at 16 degrees. Relevant
x/c values are higher in airfoils with greater thickness and low camber.
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Although these values remain in the middle in the wing model consisting of airfoils, it is sighted that it
generally follows a trend close to airfoil B up to 8 degrees and close to airfoil A after 8 degrees. To
summarize, at low angles of attack, in thick and low-camber profiles and partially in the wing model,
laminar separation, reattachment and the separation bubble occur in regions closer to the leading edge and
the length of the bubble becomes shorter. At a high angle of attack, a similar situation occurs for thin and
more camber profiles. Although different results were obtained in the studies [30,32,33], it was generally
determined that the separation bubble shortened and shifted towards

the leading edge as the thickness and camber increased. When the results obtained in the current study are
examined, it is evaluated that the thickness is effective on the size and location of the separation bubble at
low angles of attack (0 and 8 degrees), while the camber is more effective at 16 degrees.

Table 4. Separation point (Cs), reattachment point (Cr) and bubble length (Lb) for the wing model

Re a Cs Cr Lb
1] [x/c] [x/c] [x/c]
0 0.05 0.775 0.725
2x10° 8 0.05 0.3 0.25
16 0.025 0.2 0.175
0 0.1 0.625 0.525
3x10° 8 0.025 0.225 0.2
16 0 0.125 0.125
0 0.35 0.62 0.27
4x10° 8 0.05 0.225 0.175
16 0 0.1 0.1

When the flow images at 24 and 32 degrees are examined, phenomena such as reverse flow, secondary flow
and wing tip vortices are seen. Additionally, as the Reynolds number increases, it is generally observed that
the separation bubble spreads more on the surface and partially slides towards the leading edge.

The flow behaviors on the wing model are similar to the flow behaviors of airfoils A and B in terms of the
flow phenomena. When the images at 40 degrees are examined, it is seen that the flow completely breaks
away from the surface in all profiles at 2x10° Reynolds number. It is seen that at Reynolds numbers 3x10°
and 4x10°, the flow can reattach to the surface in regions close to the trailing edge. As the Reynolds number
increases, the reattachment point of the current shifts toward the leading edge.

r o cs Profile A r e — s+ Profile A [ Lb —=— Profile A
——a- - Profile B S~ — 4 - - Profile B - - -4 - - Profile B
~—-v.—~ Profile C S~ ——v.—— Profile C M- ~ 7~ Profile C
08 - ——e—— Profile D 08 [ S~__ ——e—- ProfileD 08 - ——¢—~ Profile D
— e~ Wing ——-e-—— Wing
06|
o
P
04l
02| i
b :
P Sl S et | P R .
005 4 8 12 16 004 4 8 12 16 0 4 8 J2 16
Angle of attack [ °] Angle of attack [ °] Angle of attack [ ]
Figure 8. x/c of Cs, Cr and Lb for the airfoils and the wing model versus attack angle at 2x103 Reynolds
number
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Figure 9. x/c values of Cs, Cr and Lb for the airfoils and the wing model versus attack angle at 3x10°

Reynolds number
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Figure 10. x/c values of Cs, Cr and Lb for the airfoils and the wing model versus attack angle at 4x10°
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Table 5. Flow views on the surface of airfoils and wing model at Re = 3x10°,
Airfoil-A Airfoil -B Airfoil -C Airfoil -D Wing model

a=0°
a=38°
a=16"
a=24°
=320
a=40°
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4. CONCLUSIONS

The flow behaviors on the surfaces of the wing model and of the four airfoils forming the wing model are
analyzed visually and dimensionally at different Reynolds numbers and angles of attack. The following
results are obtained from the experiments.

- The flow on the surface is trying to transition from laminar to turbulent at angles of attack of 0, 8, and
16 degrees.

- The turbulent flow is trying to spread or reattach over the entire surface at between 24-40 degrees.

- At a fixed angle of attack, the increase in Reynolds number increases the kinetic energy of the flow,
thus pulling the reattachment towards the leading edge and weakening the separation bubble.

- The increase in Reynolds number improves the kinetic energy of the flow over the wing and for this
reason it numerically reduces the x/c values for Cr, Cs, and Lb of the separation bubble.

- While the x/c value is higher in airfoils C and D having higher camber at angles of attack of 0 and 8
degrees, the x/c value is lower in airfoils A and B having high thickness. At 16 degrees, the situation
turns into reverse, so the x/c value is higher in airfoils A and B. The x/c values remain in the middle
of the wing model. The wing model generally follows a trend close to airfoil B at 0 and 8 degrees and
close to airfoil A at 16 degrees. At low angles of attack between 0-8°, increasing the camber, which
increases the lift force, delays the formation of bubbles in the more cambered C and D airfoils. At
around 16°, an increase in the thickness, which increases the lift and stall angle, delays the formation
of bubbles in the more thickness A and B airfoils.
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NOMENCLATURE

x/c : Location along the chord Re : Reynolds number
o : Angle of attack Cs : Separation point
Cr : Reattachment point Lb : Length of bubble
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Tarih boyunca insanlarn ¢esitli temel ihtiyaglar1 bulunmaktadir. Bu
ihtiyaclar biz insanlar i¢in hayati 6neme sahiptir. Ingaat mithendisligi
alanini ilgilendiren boliimi ise barmma problemine dayanmaktadir.
insaat miihendisliginin bir alt disiplini olan geoteknik alani ise hizla
tilkenen insaat sahalari, verimli arazilerin imara agilmasi ile var olan
alanlar1 degerlendirme konusunda sorumluluk altindadir. Var olan
alanlar genellikle bir yapiy1 iyilestirme olmaksizin tasima kapasitesine
sahip degillerdir. Bu nedenle zeminlerin iyilestirilmesi gerekmektedir.
Bu tip zeminleri iyilestirme amaci ile uygulanan birgok ydntem
bulunmaktadir. Son yillarda en ¢ok popiiler olan yontem atik madde ya
da farkli maddeler kullanarak zeminin var olan miihendislik
ozelliklerini iyilestirmektir. Bu ¢calismada insaat alanlarindan toplanmig
kirtk kiremit tozlari ve biyopolimer olan Akasya Zamki kullanilmustir.
Bu amag ile dogal kil zeminin 6ncelikle endeks 6zellikleri belirlenmis
daha sonra ise zemine farkli yilizdeler de bu maddeler karistirilarak
serbest basing deneyleri uygulanmistir. Sonrasinda ise zeminin donma-
¢oziilme davranigini incelemek igin 1, 3, 5 ve 10 dongii sonrasi serbest
basing deneyi yapilmigtir. Donma-¢oziilme Oncesi ve sonrasi
mukavemet parametreleri incelenmistir. Sonug olarak kiremit tozu ve
biyopolimerin birlikte ve ayri olarak kil zeminin dayanimini artirdigy,
donma-¢dziilme sonrasi ise kiremit tozu ve biyopolimer igeren kil
zeminin dayanima olumlu yonde katki sagladigi goriilmiistiir.
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Throughout history, people have had various basic needs. These needs
are vital for us humans. The section concerning the field of civil
engineering is based on the housing problem. The field of geotechnical
engineering, which is a sub-discipline of civil engineering, is
responsible for evaluating existing areas due to rapidly depleting
construction sites and the development of efficient lands. Existing areas
generally do not have the capacity to bear without improving a structure.
Therefore, the improvement of the floors is necessary. There are many
methods applied for the purpose of improving such types of surfaces. In
recent years, the most popular method has been to improve the existing
engineering properties of the ground by using waste materials or
different substances. In this study, broken tile dust collected from
construction sites and the biopolymer Acacia Gum were used. For this
purpose, the index properties of the natural clay soil were first
determined, and then different percentages of these materials were
mixed into the soil, followed by the application of unconfined
compression tests. Subsequently, to examine the freezing-thawing
behavior of the ground, unconfined compression test was conducted
after 1, 3, 5, and 10 cycles. The resistance parameters before and after
freezing-thawing have been examined. As a result, it has been observed
that both the brick powder and the biopolymer, whether used together
or separately, enhance the strength of the clay soil. After freeze-thaw
cycles, the clay soil containing brick powder and biopolymer also
positively contributes to its strength.
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1. GIRIS

Insanlarm yasamin siirdiirebilmesi igin gerekli olan bazi temel ihtiyaglar1 vardir. Bu ihtiyaglardan barmma
ihtiyact hizla artan diinya niifusu ile biiyiik bir problem haline gelmistir. Artan niifusla birlikte barmmma
ihtiyacint karsilamak icin yapilacak her tiirlii yapi icin saglam bir zemine sahip araziler giinden giine
azalmaktadir. Insan hayati igin gok biiyiik bir 5Snem arz eden bu sorun geoteknik alaninda zemin iyilestirme
konusunda birtakim g¢aligsmalarin yapilmasini zaruri kilmistir. Yapilan bu caligmalar giiniimiize kadar
bircok sekilde deneme ve caligmalar yapilarak kayda deger bir ilerleme saglanmistir. Bu calismalarin
tamami zemin iyilestirme olarak adlandirilmistir. Barinma ihtiyacinin yaninda diinyamizda bulunan geri
doniistiiriilemeyen, atil olarak kalip goriintii ve ¢evre kirliligine sebep olan atiklarda diinyamiz icin son
donemde tehlikeli hale gelmistir. Bu iki hayati konu geoteknik alanindaki uzmanlar tarafindan
birlestirilerek atiklar ile zemin iyilestirme ¢aligsmalart baglamistir.

Yapilmig olan bu ¢aligmada ise bina enkazlarindan alinan kiremit kiriklarindan elde edilmis kiremit tozu
(KT) kullanilmigtir. Kiremit tozunun ¢aligmaya dahil edilme nedeni inorganik bir madde olan KT’nin
dogada kaybolmamasi ¢evre diizeni ve sagligi i¢in risk olusturmaktadir. Bu sebeple yeni kullanim alanlar
bulmak i¢in ¢aligmada etkisi arastirilmigtir. Kiremit tozunun ana hammaddesi kildir. Kiremit tozuna ek
olarak bir biyopolimer ¢esidi olan Akasya Zamki (AZ) da zeminde iyilestirme amaci ile kullanilmistir.
Akasya zamki ise son donemde popiiler olan biyopolimerler olarak adlandirilan maddelerin bir tiirevidir.
Bu madde gidadan endiistriye, zemin iyilestirme caligmalarina kadar uzanan genis bir yelpazeye sahiptir.

Bu ¢alisma tagima giicii agisindan zayif olan bir zeminin nasil dayanimimin artirilacagi ve don olaylarina
kars1 zeminin katkili ve katkisiz hallerde nasil davranis sergileyecegini ortaya koymak amaciyla yapilmistir.

Poyraz ve Ural [1], ¢alismalarinda atik porselen karolari kullanarak kil zeminlerin geoteknik agidan
ozelliklerini incelemislerdir. Bu amagla kil zemine kontrol numunesi ve %5, %10, %15, %25 oranlarinda
atik porselen karolar1 ekleyerek endeks ozellikleri incelenmistir. Sonucunda ise limit degerlerinde diisiis
meydana geldigi gozlemlemislerdir. Maksimum kuru birim hacim agirliginda artig, su muhtevasinda ise
azalma meydana gelmistir. CBR degeri ise %6 oraninda artmistir. Serbest basing dayanimi %44 oraninda
artis gostermistir. Konsolidasyon 6zellikleri incelendiginde ise konsolidasyon katsayisinda artis, hacimsel
stkigma katsayisinda ise %90 oraninda azalma meydana gelmistir. Sonug olarak atik porselen karosu kil
zeminin fiziksel ve mekanik 6zelliklerinde iyilesme meydana getirmistir.

Cimen ve arkadaslar [2], caligsmalarinda yiiksek plastisiteye sahip bir kilin ingaat atiklar ile miithendislik
Ozelliklerinde meydana gelen degisimi incelemislerdir. Bu amag ile Oncelikle ingaat atiklart ve kil
numunenin kimyasal analizleri yapilmistir. Farkli oranlarda insaat atig1 eklenen kil zemine kivam deneyleri,
kompaksiyon deneyleri, serbest basing deneyi ve sisme deneyleri yapilmigtir. Sonug olarak %10-%20
araliginda insaat at181 kil zeminde plastisite indisi azalmakta, maksimum kuru birim hacim agirlig1 artmakta
ve optimum su muhtevasi azalmaktadir. Sisme deneyi sonucunda ise sabit hacme sahip sisme basinci
azalmustir. Serbest basing mukavemetinde de artig meydana gelmistir.

Devlet [3], yaptigi bu tez caligmasinda, kil zeminin miihendislik 6zelliklerinin iyilestirilmesinde atik
lastikler ve gaz beton atiklarinin katki malzemesi olarak kullanilabilirligini aragtirmistir. Bu caligmada, killi
zemine degisik oranlarda toz lastik atik ve 6giitiilmiis gaz beton katilarak, serbest basing deneyleri ve CBR
deneyleri yapilmstir. Yapilan deneyler sonucunda, toz atik lastik katkisimin ve 6giitiilmiis gaz beton
katkisinin killi zeminlerde optimum oran olan %5 gaz beton + %2 lastik atig1 katkili numunenin serbest
basing degerinde katkisiz numuneye gore %19,30 oraninda artis ve CBR degerinde de %27,61 oraninda
artig ile Serbest basing dayanimi 44,2 kPa, CBR degeri %27,17 olarak tespit edildigi goriilmiistiir.

Abd ve arkadaglari [4], killi zemini iyilestirmek i¢in biyopolimer kullanmiglardir. Calismada biyopolimerin
(karboxi metil seliiloz) kil zeminin dayanimina katkis1 incelenmistir. Biyopolimer, zemine iki ayr1 oranda
(%0.5 ve %3) eklenmistir. Kil zeminin dayanimi 42 kN/m? iken %3 biyopolimer ile 106 kN/m?'ye
yiikselmistir. Ayrica, 3% polimer igeriginde, 0 giinde 16 kN/m? olan serbest basing dayamiminin 7 giinde
206 kN/m?'ye ve 28 giinde 257 kN/m*ye yiikseldigi goézlemlenmistir. Sonug olarak biyopolimerin kil
zeminin dayanimina katki sagladig1 sonucuna vartlmustir.

Yarbas1 [5] yaptigi bu ¢alismada, mermer tozu ve atik lastik pargalartyla iyilestirilmis diisiik plastisiteli
kirmizi killi birimin dayanimindaki degisimler incelenmistir. Kirmizi kil birimine % 0,5, % 1, % 2 atik
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lastik ve %5, %10, %15, %20 mermer tozu ilave edilerek 0 (3 saat), 1, 7, 28 giin ve +21°C’deki dayanimlari
belirlenmigtir. Bu verilerden 28 giinliik kiir sonras1 %0.5 (2.00 mm) atik lastik ve %5 mermer tozu katkisiyla
iyilestirilen killi birimin en yiiksek dayanim degeri verdigi belirlenmistir. Bu karigima donma ¢6ziilme
deneyi uygulanmistir. Sonugta, %0.5 atik lastik (2.00 mm) ve %5 mermer tozu ile iyilestirilen killi birimin
dayaniminda %5.1, ana malzeme olan kilde ise %28.7 oraninda azalma meydana gelmistir.

Tung ve arkadaslar1 [6], ¢alismalarinda, akasya zamki (AG) biyopolimeri ile iyilestirilen nehir kumu (NK)
ve geri doniistiiriilmiis kumun (GDK) serbest basing dayanimlari ve permeabilite 6zellikleri incelemiglerdir.
AG biyopolimeri ile iyilestirilen GDK ve NK’nin serbest basing dayanimlarinin arttigi gézlenmistir. Sonug
olarak, NK’ya alternatif olarak bir malzeme olarak insaat yikinti atiklarindan elde edilen GDK’nin
kullanilabilecegi ve AG biyopolimerinin, her iki zeminin de miithendislik 6zelliklerinin iyilestirilmesinde
kullanilabilecegi belirlenmistir

Aysu [7] yiiksek plastisiteli killi zeminlere cam lifi katkisinin, zeminin mukavemet, permeabilite ve
konsolidasyon parametrelerine katkisini arastirmistir. Uzunlugu 12 mm olan cam lifi, killi zeminler
icerisinde belirli oranlarda (0.25, 0.50, 0.75, 1.0, 1.25 ve 1.50) ilave edilmistir. Zemin mukavemetinde artis
90,75 oranindaki cam lifi katkisinda en yiiksek oldugu ve daha sonraki karigim oranlarinda azalamaya
basladig1 tespit edilmistir. Suya doygun numunelere yapilan serbest basing deneylerinin sonucunda;
doygunlugun farkli oranlardaki cam lifi katkili zeminin mukavemetinde yaklagik %25-%35 oranlarinda
azalma oldugu goriilmiistiir. Optimum su muhtevasinda ve doygun durumda, katkisiz zemine kiyasla cam
lifi katkisi, zeminin kayma mukavemetini %25 oraninda artirdig1 belirlenmistir.

Alaryan [8] yaptig1 bu ¢alismada, yiiksek ve diisiik plastisiteli killerin iyilestirilmesi amactyla numunelere
farkli oranlarda katki maddeleri; PKF (%5, %10, %15, %20), karsilastirma yapmak i¢in ¢gimento (%5, %10)
ve kireg (%5, %10) eklenmistir. Yapilan caligmada, yiiksek ve diisiik plastisiteli kil zeminlere belirli
oranlarda ilave edilen PKF’nin zeminlerin basing ve kayma mukavemetini artirip oturma miktarini azalttig
tespit edilmistir. PKF, basta killi zeminler olmak {izere gesitli zeminlerde stabilizasyon (iyilestirme)
maddesi olarak kullanilabilecegi ortaya konmustur. Katkisiz kil zemine gore her iki kil zeminin (farkli kiir
siirelerinde) serbest basing mukavemetinde artig goriilmiistiir. %15 iizeri katki ilavesinde mukavemette
azalma tespit edildi. Katkili yiiksek plastisiteli kil zeminin, katkisiz yiiksek plastisiteli kil zemine gore
basing mukavemetindeki artis %97 olmustur. Katkili diisiik plastisiteli kil zeminin, katkisiz diisiik
plastisiteli kil zemine gore basing mukavemetindeki artis %225 olmustur.

Gegckil ve arkadaglari [9], killi zemine kire¢ ilavesinin dayanim tizerindeki etkisini aragtirmistir. Kireg, killi
zemine agirlikga farkli oranlarda eklenmistir. Hazirlanan karisimlarda kilin agirhiginin %2,5, %S5, %7,5,
%10, %15 ve %20'si oraninda kireg eklenerek farkli oranlarda hazirlanan numuneler homojen karistirilarak
sikistirllmis ve serbest basing ve Kaliforniya tasima orani testleri yapilmistir. Deneyler sonuglari,
karigimdaki kireg iceriginin artigiyla plastisite indeksi ve maksimum kuru yogunlugun azaldigi, optimum
su igeriginin ise arttigini gostermistir. Kiir siireleri (7 ve 28 giin) sonucunda serbest basing dayanimi degeri,
en yliksek %5 ile kiregten elde edilmistir. Ayrica kiirlenen numunelerin Kaliforniya tagima giicii orani
degerleri 7 ve 28 ginliik kiirlerin sirasiyla katkisiz killi zemine goére 1.37 ve 2,08 kat daha yiiksek
bulunmustur.

Vural [10], yaptig1 bu caligmada, insaat yikinti atifi, kire¢ ve kaolini karisim haline getirerek bu
karisimlarin 1, 7 ve 28 giinliikk CBR degerleri 6lciilmiistiir. Tyilestirme yapilacak zemin olarak kaolin kili
kullanmilmstir. Karigimlarda birinci, yedinci ve yirmi sekizinci giin i¢in en diisiik CBR degerleri sirastyla
26.3, 28.65 ve 33.13 olarak %3 Yikint1 at1§1, %5 Kireg¢ ve %92 Kaolin kullanildiginda, en yiiksek CBR
degeri ise 33.52, 34.70 ve 34.95 ile %23 yikint1 at1ig1, %5 kire¢ ve %72 kaolin kullanildiginda elde
edilmistir.

Literatiir aragtirmast sonucunda zemin iyilestirme adma bircok organik ya da inorganik maddenin
kullanildig1 goriilmiistiir. Yapilan bu g¢alismada kullanilacak kiremit tozu ve biyopolimerin bir arada
zeminin mukavemet parametresine ve donma-¢dziilme davranigsina olan etkisinin incelenmedigi
goriilmiistiir. Bu nedenle iki madde yardimi ile zeminin donma-¢6ziilme 6ncesi ve sonrasinda dayaniminda
meydana gelen degisimler incelenecektir.
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2. MATERYAL VE METOT

2.1. Materyal

Calismada kullanilan Kil Zemin (KZ) numuneleri, Adana ilinden alinmistir. Alinan kil numune ise
Sekil 1’de sunulmustur.

Sekil.1 Dogal kil numunesi &giitiilmemis ha

Adana ilinden alinan kil zemin numunesinin TS 1900-1 standardina uygun olarak yapilan deneyler ile
birim hacim agirhgi 2,63 kg/cm?, maksimum kuru birim hacim agirhgi 1,69 kg/cm?, optimum su igerigi
%21 olarak bulunmustur. Numunenin likit limiti %51, plastik limiti %28 olarak bulunmustur. Zemin
sinifi ise birlestirilmis zemin siniflandirma sistemi ile CH yani yliksek plastisiteli kil olarak saptanmustir.

Cizelge 1. Plastik limit, likit limit ve plastisite indisi

Parametreler Veriler
CH Yiiksek plastisiteli kil
WL(%) 51
Wo(%) 28
1,(%) 23
KT Gradasyon Egrisi KZ Gradasyon Egrisi
100 100 -0
95 90
90 R 80
£ 85 70
= =
s 80 8 60
54 o
S 75 O 50
% 70 g 40
B 65 B 30
[
60 20
55 10
50 0
0,001 0,01 0,1 1 0,001 0,01 0,1 1
Dane Boyutu, mm Dane Boyutu, mm

Sekil 2. Kil zemin ve kiremit tozu i¢in dane ¢ap1 dagilim egrisi
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Cizelge 1°de kil zemine ait likit limit, plastik limit degerleri, Sekil 2°de ise KZ ve KT ye ait graniilometri
egrileri verilmistir. Kz i¢in %94.4 oraninda 200 numarali elekten numune gectigi igin Cassagrande
Plastisite Kart1 kullanilarak siniflama yapilmustir.

Zemine atik madde olarak insaatlarin yikimi sonrasi atil hale gelen kiremitlerin tozlart kullanilmistir.
Kullanilan kiremit tozunun ham maddesi kilden olusmaktadir. Kiremit iiretiminde kullanilan killer genel
olarak montmorillonit ve kaolin cinsi killerdir. Istya dayanikli bu killer 900-920°C sicaklikta pisirilerek
kullanmima hazir hale gelmektedir. Isil iglemle birlikte kil mineralleri arasi baglar giiclenmekte ve
dayanimini artirmaktadir. Bu ¢aligmada kullanim amaci da dayanimi artirtlmis bir karigim kil olan kiremit
tozunun dogal kil zeminin miithendislik 6zelliklerine etkisini gdzlemlemektir. Sekil 3’te kiremit tozunun
oglitme sonrasi hali verilmistir.

E

Kullanilan diger bir madde ise polimerlerin alt dali olarak bilinen biyopolimerlerden Akasya zamki
kullanilmistir. Akasya zamki ayni zamanda Senegal zamki veya Arabic Gum olarakta bilinmektedir.
Senegal zamki olarak bilinmesinin sebebi ise Senegal’de yetisen Acacia agacindan elde edilen maddenin
kurutularak toz hale getirildikten sonra elde edilmesinden kaynaklidir. Bir¢cok biyopolimerin oldugu gibi
Akasya zamkida bir¢ok alanda kullanilmaktadir. Bunlardan bazilar1 su sekildedir: Boya, tutkal ve
miirekkep liretimi. Hap ve pastil liretimi, kozmetik tirlinlerde ise viskoziteyi saglamak amaci ile kullanilir.
Su ile aktiflesen biyopolimer hidrojel haline gelmektedir. Hidrojel zemin igerisinde bulunan bosluklar
kapatarak dayanimda artisa neden olabilecegi diisiiniilmiistiir. Bu nedenle kiremit tozu ve biyopolimer
hem ayr1 hem de birlikte kil zeminin dayanim parametresine etkisi incelenmistir. Sekil 4’te Akasya
zamkinin toz hali verilmistir.

Sekil 3. Kiremit tozu
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2.2. Metot

Dogal kil zemine kiremit tozu ve biyopolimer farkli oranlarda eklenmistir. Kiremit tozu %1, %2 %3, %4
ve %35 oranlarinda; biyopolimer ise ise %0,5, %0.75, %1, %2, %3, %4 ve %5 oranlarinda dogal kil zemin
icerisine eklenmistir. Hazirlanmis olan numuneler ile yapilan deney sonucu seri deneylerde kullanilacak
optimum kiremit tozu ve biyopolimer yiizdesi belirlenmistir. Optimum madde miktarlar1 belirlendikten
sonra her iki malzemenin karisimindan elde edilen numune {izerinde serbest basing deneyi yapilmistir.
Sonrasinda ise optimum miktarda madde igeren numuneye en uygun kiir siiresinin belirlemek icin SBD
numuneleri hazirlanip 1, 5, 15, 25 giinliik kiir siiresi verilmistir. Dogal kil zemin numunesinin optimum
su muhtevasinda hazirlanan numuneler, 50 mm ¢apinda, boyu ¢apinin iki kat1 ve yiizeyleri piiriizsiiz
olacak sekilde TS 1900 standartlarina uygun olarak hazirlanmistir. Zemin numunesi SBD i¢in 6zel olarak
olusturulmus mold, yaka ve tokmaktan olusan diizenek ile numuneler hazirlanmistir. Bu SBD diizenegi
Sekil 5’de sunulmustur.

Sekil 5. Serbest basing aleti ve kil numunesi

Bu diizenek ile hazirlanan deney numuneleri 5 giinliik kiir siiresi ile desikatdrde bekletilmesi sonrasinda
serbest basing deneyine tabi tutularak dayanimlar belirlenmistir. Deneylerde, zemin numunesi, SBD
aletinin alt plakasinin orta noktasina yerlestirildikten sonra iist baglik numunenin {ist yiizeyine degecek
sekilde fakat yiik verilmeden yerlestirilmistir. Bu islemler ilgili standartta belirtildigi sekilde
gerceklestirilmistir. Sonug olarak, optimum madde miktarlar1 elde edilmis ve bu orana bagli numuneler
iistlinde SBD yapilarak optimum kiir siiresi belirlenmistir. Optimum miktar iceren numuneye ve dogal
kil zemine ayrica donma-¢6ziilme davranigini incelemek i¢in donma-¢6ziilme dongiileri uygulandiktan
sonra serbest basing deneyleri yapilmistir.

2.2.1. Islak Karisim Yontemi ile Biyopolimerin Aktif Hale Getirilmesi

Biyopolimerlerin zemin iyilestirme alaninda kullanilmaya baglanmasi ile farkli uygulama yontemleri
gelistirilmistir. Islak karisim yontemi, kuru karisim ve termal karigim yontemleri yaygin olarak kullanilan
yontemlerdir. Bu ¢alismada kullanilan Akasya Zamki 1slak karisim yontemi ile hazirlanmistir. Islak
karigim yontemi biyopolimerin optimum su igerigi ile yiiksek devirli karistirict yardimu ile jelimsi hale
gelene kadar karistirllmasi sonucu elde edilmektedir.

2.2.2. Donma-Coziilme Numunelerinin Hazirlanmasi
TS-1900 standartlar ile hazirlanan serbest basing numuneleri streg film yardimi ile hacimleri sabit kalacak

sekilde donma-¢6ziilme kabinine yerlestirilmistir. Numuneler stre¢ filme sarilarak donma olay1 esnasinda
numunede meydana gelecek fiziki degisimler ile dagilmamasi amaglanmustir.

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Itkim OZBAHCECI GOKDENIZ, Baki BAGRIACIK

3. ARASTIRMA BULGULARI

3.1. Optimum Su I¢eriginin Belirlenmesi

Standart kompaksiyon deneyi TS1900-2 standartlarina uygun olarak gerceklestirilmigtir. Dogal kil zemin
numunesinin optimum su miktar1 belirlenmis ve bu degere bagl kalinarak zeminin kendi su igeriginde
deneyler gerceklestirilmistir. Gergeklestirilen deney ile kil zeminin optimum su muhtevasi %21 olarak
saptanmistir. Tim deneylerde dogal kil zemine ait optimum su muhtevasi degeri ile numuneler
hazirlanmistir. Bulunan optimum su muhtevasi emsal teskil eden kil zemin su muhtevalari ile benzerlik
gosterdigi goriilmektedir. Optimum su muhtevasi grafigi Sekil 6’da verilmistir.

1,70
E 1,68
)
= 1,66
5 1,64
<
E L62
[}
<
= 1,60
£
£ 1,58
=5
2 1,56
2 0 10 20 30

Su icerigi , %
Sekil 6. Kompaksiyon egrisi
3.2. Kiremit Tozu ve Biyopolimerin Optimum Oranlarinin Belirlenmesi

Dogal kil zemine ve KT, AZ katkil1 kil zemine 5 giinliik referans kiir siiresi sonrasi serbest basing deneyleri
yapilmistir. KT; %1, %2, %3, %4 ve %5 oranlarinda, AZ; %0.5, %0.75, %1, %2, %3, %4 ve %5 oranlarinda
dogal kil zeminin 1slak karisimina eklenmistir. Sonucunda %3 oraninda KT ve %1 oraninda AZ optimum
madde miktar1 olarak belirlenmistir. Secilen degerler her maddenin maksimum dayanim degeri olarak
secilmistir. %3 KT 32.5 kPa, %1 AZ 26.2 kPa dayanima sahiptir. Dogal kil zemine (KZ) ve kiremit tozu
katkili zemin numunelerine ait dayanim degerleri Sekil 7°de verilmistir.

35,0

q, kPa
[9%)
S
o

)
-
=

Serbest Basing Dayanimi,
7
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0.00 100 200 300 400 5,00
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—0— %1 KT —0—%2KT —A—%3 KT

—X— %4 KT —%—%5 KT —O—KZ

Sekil 7. KZ ve farkli KT oranlar1 i¢in serbest basing mukavemetleri
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Sekil 7, incelendiginde dogal kil zemine ait serbest basing dayanimi 12.2 kPa olarak bulunmustur. KT
iceren dogal kil zemin numunelere ait dayanimlarin dogal kil zemine oranla %166’ya kadar dayanimda
artis meydana gelmistir. Kiremit tozunun ana maddesi olan kil minerallerinin pisirim esnasinda kil
mineralleri arasinda bulunan zayif Van Der Waals baglarmin giiglenerek mukavemetinin arttig1
sOylenebilir. Mukavemeti artan bu madde dogal kil zeminle hazirlanan karisiminda mukavemetinin sonug
olarak artig gosterdigi diisiinilmektedir. Sekil 8’de ise KT ye ait siitun grafigi verilmistir. Siitun grafikte
goriildiigii tizere %3 oraninda KT igeren kil zemin numunesi maksimum dayanim degerine sahiptir. 32.5
kPa degeri ile optimum oran olarak se¢ilmistir.

25
2 630
27,2
I I |
KZ

m%1 KT ®=%2KT
%3 KT ®%4KT =:%5KT

Serbest Basin¢ Dayamimi, qu, kPa

Sekil 8. KT ye ait dayanim degerleri

Yapilan bir diger serbest basin¢ deneyi ise AZ’ye ait optimum oranlarin belirlenmesidir. Deney
baslangicinda %1, %2, %3, %4 ve %5 oranlarinda numuneler deneye tabi tutulmus fakat deney sonucunda
maksimum dayanima sahip oran %1 ¢iktig1 i¢in %0.5 ve %0.75 oranlarinda eklenerek optimum oran tam
olarak belirlenmistir. Sekil 9°da AZ’ye ait serbest basing deney egrisi verilmistir.

Biyopolimer eklenmis dogal kil zemin numunesine yapilan serbest basing deneyinde 7 farkli yiizde i¢in
dayanim degerleri elde edilmistir. Elde edilen degerlerden %1 oraninda AZ igeren numune 26,2 kPa degeri
ile en biiyiik dayanima sahiptir. Bu nedenle optimum oran olarak segilmistir. %5 oraninda biyopolimer
iceren numunenin dayanimi diger oranlara gore olduk¢a diigmiistiir. Diisiisiin sebebi jel kivaminda olan
biyopolimerin kil zeminin fiziksel yapisini bozarak ¢camurumsu bir hale gelmesiyle birlikte dayanimini da
oldukea diigiirmiistiir.

Serebst Basing Dayanimi, q,, kPa
[
S

0.,0'0 2,00 4,00 6,00 8,00
Birim Deformasyon, &, %

——%0,5 AZ —0—%0.75 AZ
—X—%1 AZ —_1+%2 AZ
——%3 AZ —+—%4 AZ

Sekil 9. KZ ve farkli AZ oranlart i¢in serbest basing mukavemetleri
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Biyopolimerin kil zeminin dayanimin1 artirma sebebi jelimsi yapisindan dolay1 dogal kil zeminde bulunan
bosluklart doldurmasidir. Sekil 10°da AZ’ye ait maksimum dayanim degerleri siitun grafigi halinde
verilmistir.

)5 257 26,2258

23,4 22,9
] I I I ]

Serbest Basin¢ Dayanimi, qu, kPa

KZ % 0,5 AZ 19%0,75 AZ
%1 AZ 1%2 AZ %3 AZ
%4 AZ m9%5 AZ

Sekil 10. AZ’ye ait serbest basing dayanim degerleri

Optimum oranlart bulunan KT ve AZ maddelerinin karigimlarindan elde edilen numuneye serbest basing
deneyi yapilarak iki maddenin birlikte ¢aligip ¢aligmadigi kontrol edilmistir. Bu amagla 5 giinliik referans
kiir siiresi ile serbest basing deneyi yapilmis ve maksimum dayanim degerinin dogal kil zemine, KT ye ve
AZ’ye oranlari karsilagtirilmistir. Sekil 11°de KZ, KT, AZ ve karisima ait dayanim degerleri verilmistir.
KZ, KT, AZ ve karigima ait maksimum dayanim degerlerine bakildiginda karisima ait dayanim degeri diger
numunelere oranla yiiksektir. Bu sonugta kiremit tozu ve akasya zamkinin bir arada kullanildiginda zeminin
mukavemet parametresine olumlu yonde katki sagladigi soylenebilir. Optimum oranlarla hazirlanmis
karigimin dayanim degeri 33.9 kPa’dir.

35 33,9
26,2
12,2 I

KZ %1 AZ m%3 KT m%]1 AZ + %3 KT

Serebst Basi¢ Dayanimu, q,,, kPa

Sekil 11. KZ, KT, AZ ve karisimin maksimum dayanim degerleri
3.3. %3 KT + %1 AZ Karisiminin Kiir Siiresinin Belirlenmesi
Optimum oranlar kullanilarak hazirlanan karigimin kiir stiresinin belirlemek amaci ile farkli kiir siireleri

verilerek desikatorde bekletilmis ve serbest basing deneyine tabii tutulmustur. Sekil 12’°de karigima ait kiir
stirelerine bagli dayanim degerleri verilmistir.
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Sekil 12. Karigimin kiir siiresine bagli dayanim degerleri

Belirlenen oranlarda maddelerin karistirilmasi ile elde edilen numunenin optimum kiir siiresini belirlemek
amaci ile yapilan serbest basing deneyi sonucunda numuneler dogal kil zeminin dayanimina gore
dayanimda artig gdstermistir. Fakat 5 gilinliik kiir siiresi sonrasi en yiiksek dayanim degeri elde edilmistir.
5. giinden sonra dayanimda ani bir diisiis yasanmustir. Bu ani diisiis arastirilmaya agik bir konudur.

3.4. Dogal Kil Zemin ve Karisimin Donma-Coziilme Sonra Dayanim Degerlerinin Degisimi

Kil zeminin iklim kosullarina bagl olarak donma-¢6ziilme olayr karsisinda mukavemetinde nasil bir
degisim meydana gelecegini gormek amaciyla donma-¢6ziilmeye bagli serbest basing deneyleri yapilmustir.
Donma-¢oziilme olay: ile birlikte kil zeminin fiziksel ve kimyasal anlamda meydana gelebilecek
degisimlerden dolay1 dayanim degerlerinde de azalma meydana gelebilecegi bilinmektedir. Dogal kil
zemine uygulanan donma-¢oziilme c¢evrimleri sayesinde segilen kil zeminde meydana gelen dayanim
degisimleri incelenmistir. 1, 3, 5 ve 10 ¢evrim sayist ile her dongii 6 saat siirecek sekilde 3 saat -5°C’de, 3
saat +25°C’de donma-¢dziilme kabininde bekletilmistir. Dongiiyli tamamlayan numuneye serbest basing
deneyi uygulanmistir. Sekil 13 ve Sekil 14’te KZ’ye ait donma-¢dziilme sonrast dayanim degerleri, Sekil
15 ve Sekil 16’da ise %3 KT + %1 AZ katkili numuneye ait dayanim degerleri verilmistir.
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Sekil 13. KZ’ye ait donma-¢oziilme SBD egrileri
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Dogal kil zemin donma-¢6ziilme sonrasinda 1. ¢evrimden itibaren dayanimda biiyiik oranda diigiis meydana
gelmistir. Dogal kil zemin ile 10. ¢evrim arasinda ise yaklasik %75-%80 oraninda dayanimda kayip
yagsanmistir. Dayanimda yasanan diisiislerin sebebi donma esnasinda numunede bosluk oraninin artmasi ile
hacimde olan degisiklerden kaynakli olabilir.

12,2
11,4
8,9
3,9
3

KZ m 1. Cevrim m 3. Cevrim
5. Cevrim B 10. Cevrim

Serebst Basin¢ Dayanimi, q,,kPa

Sekil 14. KZ ve KZ donma-¢6ziilme karsilastirma grafigi

Sekil 15°de ise %3 KT + %1 AZ katkili zeminin donma-¢ziilme sonrast dayanim degerleri verilmistir.
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Sekil 15. %3 KT + %1 AZ karisiminin donma-¢dziilme sonrasi dayanim degerleri
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Sekil 16. %3KT+ %1 AZ numune ve KZ (dogal hal) donma-¢dziilme degerleri

Sekil 15 ve Sekil 16°da verilen degerlere bakildiginda karisimin dogal kil zemine kiyasla serbest basing
dayanimi %46 oraninda azalmistir.

Sekil 17°de dogal kil zemin ve karigimin dayanim degerleri siitun grafik halinde verilmistir.
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Sekil 17. Dogal kil zemin ve karisimin donma-¢6ziilme sonrasi dayanim degerleri

Hem dogal kil zeminde hem de karisim igeren numunenin dayaniminda donma-¢oziilme sonrasi diisiis
meydana gelmistir. Bunun iki sebebi olabilecegi diisiiniilmektedir. Ilki donma-¢oziilme esnasinda
bosluklarda bulunan suyun donmasiyla numunede yatay ve diisey kilcal g¢atlaklar meydana gelerek
hacminde artig yasanmis ve bu sebeple dayanimda diisiis yasanmis olabilir. Bir diger neden ise killerin iyon
degistirme 6zelligi sayesinde numune hazirlama asamasinda kil mineralleri arasinda bulunan baglarla su
molekiilleri yer degistirmis ve donma-¢6ziilme olayr sirasinda kil mineralleri arasinda bulunan su
molekiilleri par¢alanarak numunenin kimyasal yapisinda bozulmaya neden olarak dayanimi diisiirmiis
olabilir. Kil zeminler donma-¢6ziilme esnasinda plastiklik 6zelliklerini kaybederler. Dayanimlarinda buna
bagli olarak diisiis gosterir.

Tiim deneyler ele alindiginda dogal kil zeminin Akasya Zamki ve biyopolimerle birlikte dayaniminda
yiiksek oranda artig meydana geldigi goriilmiistiir.

Ok ve arkadaglar1 [11], ¢alismalarinda Guar Gum kullanarak kohezyonlu bir zemini iyilestirmeye
calismislardir. Zemine belli oranlarda (%1, %2 ve %3) guar gum eklenerek karisimlar hazirlamiglardir.
Calismada Guar Gum’un karigim orant ile kiir siiresi ve donma ¢6ziilmenin serbest basing dayanimi ve
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sigsme basinci tizerindeki etkisini incelemislerdir. Sonug olarak, biyopolimer malzemesinin kohezyonlu bir
zeminin serbest basing mukavemetinde 5.7, 4.6 ve 3.9 kata varan artiglar meydana geldigi goriilmiistiir.

Kahiyah [12], biyopolimer katkisinin kil zeminin miihendislik &zelliklerine etkisini incelemistir. Calisma
kapsaminda dort farkli biyopolimer malzeme kullanilmistir. Deneylerde kilin agirlikca % 1, % 2, % 3’1
oranlarinda biyopolimer malzemeler kullanilmistir. Hazirlanan numuneler 1, 7, 14 ve 28 giin kiire
birakilmistir. Kiir sonrasi numuneler {izerinde serbest basing deneyleri gerceklestirilmistir. Yapilan bu tez
¢aligmasi sonucunda kil zeminlerde biyopolimer kullaniminin zemin mukavemet 6zelliklerinde iyilestirme
meydana getirdigi gdzlemlenmistir.

Bu calismada ise %3 KT ve %1 AZ en yiiksek dayanim degerini vermistir. KZ’nin dayanim degeri 12.2
kPa, karigimin ise 33.9 kPa’dir. Sonuglara gére KZ’ ye oranla karisimin dayanimi 2.77 kat artmigtir. Donma
¢ozlilme sonrasinda ise dayanim karisim agisindan KZ’ye oranla azalma olmamistir. Aksine KZ’ye oranla
donma-¢6ziilme sonrast da daha yiiksek dayanima sahiptir. Fakat donma-¢6ziilme sonrast belli ¢cevrim
sayisindan sonra dayanim 1, 3 ¢evrimleri i¢in kil zemine oranla 1.4, 1.18 kat artmus, 5, 10 ¢evrim sayilar
icin 1.07, 1.87 kat dayanim degeri diismiistiir.

4. SONUCLAR

Bu calismada, kiremit tozu ve Akasya Zamkinin killi zeminlerin mukavemet degerlerine etkileri
arastirilmistir. Yapilan deneysel ¢aligma sonucu elde edilen bilgiler asagida verilmistir.

e Dogal kil zeminin zemin sinifi CH yani yiiksek plastisiteli kil olarak belirlenmistir.

o Kompaksiyon deneyi sonucunda optimum su muhtevasi %21, maksimum kuru birim hacim agirligt
1.69 g/cm?® olarak bulunmustur.

e Kivam deneyleri ile likit limit degeri %51, plastik limit degeri ise %27 olarak bulunmustur.

e Dogal kil zeminin dayanimi 12.2 kPa’dir.

e Kiremit tozu katkili numunelerin %1, %2, %3, %4 ve %5 katki degerleri ile sirasi ile dayanim
degerleri 27.2, 29, 32.5, 30.6 ve 30 kPa’dir. Kiremit tozu i¢eren numuneler dogal kil zemine oranla
%166 oraninda dayanimda artis meydana gelmistir. Kiremit tozu dogal kil zeminin dayanimini
artirmada tek bagina kullanilabilecegi goriilmiistiir.

e Akasya Zamki iceren numeneler ise %0.5, %0.75, %1, %2, %3, %4 ve %5 oranlarinda eklenmistir.
Dayanim degerleri ise 25, 25.7, 26.2, 25.8, 23.4, 22.9 ve 12.5 kPa’dir. Dogal kil zemine oranla
dayanim yaklagik %115 civarinda artmistir. Biyopolimer eklenen kil zeminin dayaniminda
gerceklesen artis Akasya Zamka ile kil zeminin dayaniminin arttigini gostermektedir.

e Optimum oranlari belirlenen numunelerden karisim hazirlanmis dayanim degeri 33.9 kPa olarak
bulunmustur. Karisimin kiir siiresi ise referans kiir siiresi segilen 5 giin ile ayni deger elde edilmistir.

e Donma-¢dziilme sonrast dayanim degerleri dogal kil zeminde 1, 3, 5 ve 10 ¢evrim sayilar1 i¢in sirast
ile 11.4, 8.9, 3.9 ve 3 kPa olarak bulunmustur.

o Kiremit tozu katkili zemin i¢in ise 1, 3, 5 ve 10 gevrim sayist i¢in sirasi ile 17.1, 14.4, 11.3 ve 6.5
kPa dayanim degerleri bulunmustur.

Sonug olarak kiremit tozunun hem tek basma hem de Akasya Zamki ile birlikte zeminin mukavemet
parametresine donma-¢dziilme dncesi ve sonrasinda olumlu yonde etki ettigi sonucuna varilmistir.
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Diinya genelinde artan tasit sayist ile ulagim kaynakli hava
kirlilikleri ¢ok ciddi seviyelere gelmistir. Bu durumu dnlemek i¢in
geligmis ve gelismekte olan bir¢ok iilkede ulagim sistemlerinin daha
verimli kullanildig1 siirdiirtilebilir ulagim tiirlerine yo6nelimler
baslamistir. Siirdiiriilebilir ulagim sistemlerinde, otomobile dayali
ulagim sistemleri yerine ¢ok modlu ulagim sistemleri esas alinarak
daha c¢evreci, gilivenilir ve verimli ulasim olanaklar
saglanabilmektedir. Yapilan bu caligmada da Erzurum ilinde yer
alan ve Tortum Yolu olarak ifade edilen yol kesiminde ¢ok modlu
bir ulasim altyapisinin olusturulmasi gerektigi ve bu dogrultuda
hava kirliliginin 6nemli Sl¢iide azaltilabilecegi belirlenmistir. Bu
dogrultuda da yapilan saha ¢alismalari, incelemeler ve SketchUp ve
Lumion Pro 12.5 programlariyla yapilan modellemeler sonucunda
mevecut yol agi igin alternatif bir yol ag1 tasarimi yapilmistir.
Modellenen yol ag1 i¢in de hava kirlilik degerleri hesaplandiginda
mevcut duruma gore yaklasik %24 azalma olacagi dngdriilmiistiir.
Bu sonuglar Ulkemizin temiz hava eylem plam hedeflerine
ulagilmasi i¢in dnemli rol oynayacaktir.
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With the increasing number of vehicles worldwide, air pollution
from transportation has reached very serious levels. To prevent this
situation, many developed and developing countries have started to
turn towards sustainable transportation modes where transportation
systems are used more efficiently. In sustainable transportation
systems, more environmentally friendly, reliable and efficient
transportation opportunities can be provided based on multimodal
transportation systems instead of automobile-based transportation
systems. In this study, it has been determined that a multimodal
transportation infrastructure should be established on the road
section called Tortum Road in Erzurum Province and that air
pollution can be significantly reduced in this direction. In this
direction, an alternative road network design was made for the
existing road network as a result of field studies, investigations and
modeling with SketchUp ve Lumion Pro 12.5programs. When air
pollution values are calculated for the modeled road network, it is
predicted that there will be a decrease of approximately 24%
compared to the current situation. These results will play an
important role in achieving the Clean Air Action Plan targets of our
country.
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1. GIRIS

Hava kirliligi, ilk baglarda bolgesel bir sorun olarak baslamig olsa da zamanla uluslararasi diizeyde etkili
en biiyiik biiyiik bir ¢evre sorunlarindan birisi olmustur. Hava kirliliginin canlilarin sagligt agisindan ciddi
seviyede olumsuz etkilere sebep oldugu bilinmektedir. Saglik problemlerinin yani sira toplumsal ve
ekonomik problemlere de neden olurken, kiiresel dlgekte ise ekolojik etkileri de goriilmeye baglanmustir.

Giiniimiizde iklim degisikliginin etkileri hayatin her alaninda hissedilmektedir. Iklim degisikligi, kiiresel
1sinma, kuraklik, dogal afetler, ozon tabakasimnin delinmesi, su kirliligi, toprak kirliligi, biyolojik ¢esitlilik
kaybr gibi temel sorunlar hava kirliligine sebep olan kirleticilerin etkileridir [1].

Canlilarin hayatta kalabilmesi agisindan en birinci faktor olan hava; atmosferi olusturan gazlarin karisimi
olarak tanimlanmaktadir [2]. Kentsel hava kalitesi, dogal ve antropojenik g¢evre kosullari arasindaki
karmasik etkilesimin sonucu olarak ifade edilmektedir [3]. Hava kirliligi ise atmosferdeki kirleticilerin
bilesiminde ve varliginda insan sagligini ve ¢evre dengesini bozacak degisiklikleri ifade etmektedir [4].

Gecmisten giiniimiize kadar stirekli olarak niifus, motorlu tasit kullanimi, sanayilesme ve enerji kullanim
oraninin arttg gostermektedir. Bu durum sehirlerdeki hava kirliligini daha fazla artirarak, hava kalitesinin
azalmasina ve birgok problemlere neden olmaktadir [5,6].

Ulagim sektori, kentsel ve sosyo-ekonomik gelismelerle beraber hizla gelismekte ve ciddi hava kirliligine
sebep olmaktadir. Ornegin Ulkemizde Cevre, Sehircilik ve iklim Degisikligi Bakanhigmin hazirlamis
oldugu raporlarda orta biiyilikliikkte bir kent i¢in hava kirliliginin sektorel dagilimi yapildiginda ulagim
sektoriiniin paymin yaklasik %70’lerde oldugu goriilmektedir [7]. Benzer sekilde gegmisten giiniimiize
kadar antropojenik yonden en etkili faktor ulasimdaki motorlu tasitlardan kaynaklanan emisyonlardir. Daha
sonrasinda endiistriyel tesisler ve konut 1sitma sistemleri seklinde siralanabilir. Hizli niifus artigiyla birlikte
araglarin sayilari da hizla artmaktadir. Araglar, atmosfere yaydiklar1 egzoz gazlari nedeniyle en dnemli
kirlilik kaynaklarindan biri olarak degerlendirilmektedir. Motorlu tasitlarin kullandig1 yakitlardan kaynakli
olarak egzozlardan salinan ¢esitli gaz ve tozlar hava kalitesini 6nemli 6l¢iide diistirmektedir [8].

Tasitlarin trafikte harcadiklari zaman ile saldiklar zararli gazlar dogru orantilidir. Trafikte harcanan zamani
artiran unsurlardan en temeli ise trafik sikisikligidir. Trafik sikisikligi azaltildigr takdirde bahsedilen
problemlerin azaltilabilmesi miimkiin hale gelmektedir. Bu sebeple trafik sikisikligini azaltabilmek ve
trafik akigini iyilestirebilmek igin literatiirde bir¢ok ¢alisma yer almaktadir [9-12].

Hava kirliligini azaltma ¢abalar1 ayn1 zamanda sera gazi1 emisyonlarinin azaltilmasina ve kiiresel 1sinmanin
etkisinin en aza indirilmesine de yardimct olmaktadir [13]. Bu baglamda, birgok gelismis iilke, motorlu
tagitlardan kaynakli hava kirliligini azaltmak ve hava kalitesini iyilestirmek i¢in kati yasalar ¢ikarmistir
[14]. Ancak az gelismis iilkelerde ise bu tiir yasalarin olusturulmasinin daha arka planda kaldig:
onceliklerin genellikle kalkinma igerikli ¢alismalar iizerinde oldugu goriilmektedir [15].

2. KAYNAK TARAMASI

Literatiirde motorlu tasitlardan kaynakli hava kirliligi lizerine yapilmis ¢ok sayida caligma vardir. Bu
¢alismalardan bazilari mevcut durumu ele alarak giiniimiizdeki kosullar altinda hava kirliligini ele almis
olup bazi ¢aligmalar ise gelecege doniik birtakim tahminler neticesinde olusabilecek hava kosullarini ele
almistir.

Oztiirk [16] tagitlardan kaynaklanan CO, HC ve NOy gazlarinin hava kirliligine etkilerini otoyol ve D-100
Devlet Karayolu icin karsilagtirmasinin yaptigi calismasinda; otoyolda tiim kirletici gazlarin daha az
salinim yaptig1 ve kirletici gazlarin sirasiyla CO, NOy ve HC’nin daha fazla etkiye sahip oldugunu ortaya
koymustur.

Ozen [17], motorlu tasitlardan kaynaklanan hava kirliligini incelemek amaciyla motorlu tasit sayisi ve
niifustaki artiglarin ulasimdan kaynaklanan hava kirliligi ile iligkisini arastirmistir. Caligmada transit gecis
yapacak araglarin sehir icerisinden gegislerinin engellenmesini, bireysel ara¢ yerine servis araglariyla is
yerine gidilmesini, 6zel ulasimdan toplu tasimaya gegis yapilmasini, toplu tasima araglarinin dumansiz
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enerji kaynaklariyla calismasini ve merkez bolgede toplu tasima ile rayl sistemlere dncelik verilmesini
Onermistir.

Coskun [18], arag istatistikleri ¢ikararak trafik yogunlugunu belirlemis ve kentsel atmosferde gézlemlenen
kirlilik diizeylerini hesaplamistir. CO emisyonunun diisiik hizlarda ve rdlantideki siiriislerde ytiksek
degerlere ulastigini, hava kirliliginin ara¢ hiz ile negatif bir korelasyon gdsterdigini belirtmistir.

Polat [19], kent merkezlerinde meydana gelen trafik kaynakli emisyonlari tespit etmis ve bu emisyonlari
(NOy, PM 9, SO3) igeren kirlilik haritalarin1 olusturmus, trafikten kaynaklanan toplam kirletici miktarinin
sirastyla en fazla NOX, PM,y ve SO,’den kaynaklandigini ve kavsaklardaki arag sayisi arttik¢a kirliligin de
dogru orantili gekilde arttigini gézlemlemistir.

Cetin ve Ergiider [20], yaptiklari anket ¢alismasinda motosiklet, benzinli, dizel ve LPG'li araglarin yil
bazinda kat ettigi mesafeyi elde etmis, tasit tiirline gore yillik ortalama hiz ve yakit tiikketimini tespit ederek
her tasit tipi i¢in CO, HC, NOy ve PM emisyonlarimi hesaplamiglardir. CO ile HC emisyonlarinin daha ¢ok
binek otomobillerde ve LPG’li tagitlarda goriildiigiinii tespit etmislerdir.

Filiz [21], C0,, CH4, N>O, NOy, CO, NMVOC kirleticilerini anlik yakit miktari, ara¢ hizi, arag tipi, arag
sayis1 ve yapilan kilometre verilerine gore hesaplamis, ara¢ yakitinin yanma verimi diisiik oldugu i¢in hiz
degerinin 60 km/saate ulasana kadar emisyon degerlerinin diistiigiinii, ara¢ hiz1 60-70 km/saat araliginda
iken emisyonlarin en az oranda seyrettigini ve 70 km/saatten sonra emisyonlarin da dogru orantili olarak
arttigini tespit etmis, NOx emisyonunun en fazla dizel araglardan, karbon monoksit (CO) saliniminin ise en
fazla benzinli araglardan kaynaklandigini belirtmistir.

Kuskapan [22], otomobil odakli sokak tasarimlarinda olusan kisir dongiiden bahsederek tasarimlarin ¢ok
modlu olarak saglanmasinin avantajlarindan bahsetmis, bu avantajlar arasinda 6zellikle yayalar igin
elverisli ulasim olanaklarinin olusmasi sayesinde kentlerdeki hareketliligin artacagini, cok modlu ulasim
sisteminde motorlu tasitlara yonelimin azalacagi ve dolayisiyla emisyon kaynakli hava kirliliginin de
6nemli seviyede diisecegini belirtmistir.

Bir bagka ¢alismada ise McCaffery ve arkadaslari [23] tasinabilir emisyon 6l¢iim sistemleri kullanilarak,
farkli gorevlerdeki ve motor teknolojilerine sahip 50 agir vasitadan azot oksit (NOx) emisyonlar
degerlendirilmistir. Elde edilen sonuglarda ileri teknoloji ve alternatif yakitl araglarin NOx emisyonlarini
onemli Olclide azaltabilecegini ve hava kalitesi hedeflerine ulagsmak icin etkili bir yol sundugunu
gostermektedir.

Shafie ve arkadaglarinin [24] Kuala Lumpur'da gergeklestirdigi ¢alisma, farkli arag tiirlerinden kaynaklanan
egzoz ve egzoz dist partikiil madde (PMjo) ile karbon monoksit (CO) ve azot oksit (NOy) gibi gaz
kirleticilerin emisyonlarini incelemistir. Malezya'da PM10 ve NOx emisyonlart diger OECD iilkelerine
kiyasla daha diisiik, ancak CO emisyonlar1 Japonya, Kore ve bazi Avrupa iilkelerinden daha yiiksektir. Bu
nedenle, kentsel cevreyi, insan sagligin1 ve toplum refahmi iyilestirmek amaciyla ulagim kaynakli
emisyonlar1 azaltmak i¢in stratejiler gelistirilmesi gerektigi vurgulanmistir.

Trafik kaynakli hava kirliligine neden olan kirleticiler ve bu kirleticilerin ortaya ¢ikmasinda etkili olan
durumlara iligkin bazi bilgiler yukarida verilmistir. Bu hususta motorlu tasit kullanimimin birgok kentteki
hava kirliligi igerisindeki payinin 1sinma ve endiistri sektorlerine gore daha yiiksek oldugu goriilmektedir.
Motorlu tagit kullanimindan kaynakli hava kirliligini azaltmak i¢in ise basta yerel yonetimler olmak iizere
cesitli kamu kurum ve kuruluglar birtakim politikalar yiirtitmektedir.

Literatiirde var olan caligmalar incelendiginde ¢ok biiyiikk bir kismi mevcut ulasim sektoriiniin hava
kirliligine etkisini ortaya koymustur. Yapilan bu ¢alismada ise ¢caligma alani olarak belirlenen yol kesiminde
trafik kaynakli hava kirliligi ortaya koyulduktan sonra ¢alisma alani igin alternatif bir ulasgim sistemi
Onerilerek bu oOnerilen sistem ile mevcut sistem arasinda hem trafik kaynakli emisyon hem de trafik
kaynakl1 olusabilecek diger farkliliklar ortaya konmustur.
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3. CALISMA ALANI

Caligma alan1 olan ve Erzurum ilinde yer alan Tortum Yolu, Erzurum Kentinin iller arast baglanti yolu olan
D950 karayolu iizerinde yer almaktadir. Kentin kuzey kesiminde yer alan bu yol kesiminin etrafinda sanayi
ve ticaret isletmeleri yer almakta olup tasit hareketliligi fazladir. inceleme alani ve gevresi detayli olarak
analiz edildiginde 1/1000 dl¢ekli uygulama imar plant dogrultusunda bu yol kesiminin konut bolgelerine
gore arag hareketliliginin de giderek arttig1 ortaya koyulmaktadir. Calisma alaninin imar plani lizerinde
gosterimi Sekil 1°de yer almaktadir.

| ¥ P AD
* i . .,
Sekil 1. Calisma alanmin 1/1000 6lgekli

Sekilde de goriildiigii iizere imar planinda ¢alisma alaninin yol genisligi 35 metre ve bu yol kesimindeki
ayrilma, katilma yollar1 ve kavsak baglantilarinin sayilari ise 6’dir. Fakat uygulamada bu durumlar farklilik
gostermektedir. Calisma alaninda karsilikli olarak kadastral parsel analizi gergeklestirilmis ve gidis gelis
toplamda 387 adet kadastro parseli oldugu tespit edilmistir. Bu durum vatandaslarin ticari faaliyet gosteren
alanlarina yol gegis izni, kavsak talebi gibi talepleri ile ulagim ana planinda ve uygulama imar planlarinin
yapim asamasinda projelendirilmemis gegis glizergahlarinin ortaya ¢ikmasina sebep olmustur. Bu iki
durum arasindaki farklilik agagida Sekil 2 ve 3’te belirtilmistir.
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4. YONTEM

Calisma alaninda yapilan incelemelerde bazi ayrilma ve katilma yollarinin neredeyse hi¢ kullanilmadig:
tespit edilmistir. Buna ragmen bu kesimlerin bazilarinda trafik sinyalizasyon sistemlerinin bulunmasi trafik
akigim ciddi oranda aksatmaktadir. Ote yandan yine saha ¢alismalarinda yaya yollarinda deformasyonlar
oldugu bu durumun siiriiciiler tarafindan tespit edilemedigi i¢in trafik kazalarina sebebiyet verebilecegi
tespit edilmistir. Bu durumla birlikte ¢aligma alaninda yer alan isyerlerinde bisiklet gibi mikro mobilite
tasitlarinin siklikla kullanildigr gézlemlenmistir. Fakat bu tasitlar icin de herhangi bir ulagim altyapisi yer
almamaktadir. Tiim bunlara ilaveten yol kenari parklanma ve otobiis duraklar i¢in ceplerin olmamasi da
trafik akisini etkileyen dolayli olarak da hava kirliligini artiran etmenler olarak gézlemlenmistir.

Bahsedilen tiim bu sorunlarin istesinden gelebilmek i¢in mevcut yol kesiminin yeniden tasarlanmasi
gerekliligi ortaya ¢ikmigtir. Mevcut yol kesimi tamamen otomobil odakli olup alternatif ulasim kaynaklari
icin elverigli degildir. Calismada ydntem olarak mevcut yol kesiminin ¢ok modlu sekilde tasarlanmasi ile
de yukarida bahsedilen birgok problemin iistesinden gelinmis olacaktir. Asagida Sekil 4’te ayni 6zellikle
iki farkli yol kesiminin otomobil odakli veya ¢ok modlu olarak kullanilmasi durumunda kapasitesinde
olusabilecek degisiklikler gosterilmektedir.

Otomobil Ddakl Sokak Gok Modlu Sokak
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Sekil 4. Ayn1 6zellikteki iki sokagin otomobil odakli veya ¢ok modlu olarak tasarlanmasi durumunda
olusan kapasite farklar1 [25]

Calisma alaninda yer alan yol giizergahi toplam 4.15 kilometre uzunlugunda olup bu yol kesiminde hiz
sinirt 50 km/sa’tir. S6z konusu kesimde yesil dalga uygulamasi yapilmaktadir. Ancak tasit yogunlugu her
iki yonde trafik igiklari arasinda olustugundan giizergdh boyunca bir aracin tek seferde yesil dalgay:
yakalayabilmesi miimkiin degildir. Ote yandan saha calismalarinda giizergahin baslangic ve bitis noktalar
arasinda ortalama harcanan siire 7 dakika 16 saniye olarak belirlenmistir. Caligma alaninda farkli giin ve
saat dilimlerinde tasit sayimlar1 geleneksel bir yontem olan manuel arag¢ sayim yontemiyle yapilmustir.
Bununla birlikte Erzurum Biiyiiksehir Belediyesinin de bolgede yapmis oldugu trafik sayimlart da
mevcuttur. Calisma iceriginde her iki sayim bilgilerinden de yararlanilmistir. Asagida Sekil 5’te mevcut
yol kesimi Sekil 6’da ise bu yol kesimindeki tasit sayimlart gosterilmistir.
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Sabah Zirve Saat (08:00 - 09:00)
Ogle Zirve Saat (13:00 - 14:00)
Aksam Zirve Saat (17:30 - 18:30)

Sekil 5. Calismada 6l¢iim yapilan noktalardan bir tanesinin uydu goriintiisii ve kavsak kollari

1 2 3 4 Genel Toplam

SABAH 1080 934 240 255 2509
1 11 803 112 78 1004

2 801 18 79 49 947

3 142 37 0 128 307

4 126 76 49 0 251
OGLE 1002 889 268 297 2456

1 8 699 104 134 945

2 724 58 70 74 926

3 89 57 0 89 235

4 181 75 94 0 350
AKSAM 980 1065 356 288 2689
1 10 837 155 112 1114

2 687 48 70 65 870

3 156 70 0 106 332

4 127 110 131 5 373

Sekil 6. Calisma alanindaki trafik sayim matrisi

Yapilan trafik 6l¢iimlerinde sayinin birim otomobil cinsinden ifade edilebilmesi i¢in arag tiirline gore birim
otomobil doniisiimii yapilmigtir. Bu doniisiim isleminde asagida verilen Cizelgeden yararlanilmistir.

Cizelge 1. Tasut tiirlerinin birim otomobil cinsinden doniistiiriilmesi [26]

Tagsit Tipi Sehir I¢i Yolda K:I)\?sl;ilta Isikh Kavsakta

Ozel Otomobil, Taksi, Sepetli Motosiklet, Triportér 1.00 1.00 1.00
Yiiksiiz 1500kg’a Kadar Olan Pikap ’ ’ ’
Minibiis, Dolmus, Taksi 1,15 1,30 1,27
Yiiksiiz 1500 kg’dan Agir Ticari Kamyon, At arabasi 2,00 2,80 1,75
Kent"I(;.T ve dist )iolcu otobiisti (kortiklii dahil) Servis 3.00 2.80 225
Otobiisii, Troleybiis, Tramvay

Motosiklet, Mopet 0,75 0,75 0,33
Bisiklet 0,33 0,50 0,20

Tasit tiirleri birim otomobil cinsinden ifade edildikten sonra yakit tiirlerine gére NOx, PMjo ve SO,
kirleticilerine ait emisyon faktorleri belirtilmistir. Bu emisyon faktorleri her bir tagitin yakit tiirline gére
Cevre, Sehircilik ve Iklim Degisikligi Bakanlig1 tarafindan belirlenmistir. Ayrica kentte trafige kayitl
otomobil sayilarinin yakit tiirlerine gore dagilimlar da istatistiksel olarak belirlenmistir [7]. Bahsedilen bu
detaylar asagida Cizelge 2’de yer almaktadir.
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Cizelge 2. Otomobillerin yakit tiirlerine gére emisyon faktorii dagilimlari

Emisyon Faktorii

Arag simifi Yakit tipi Bulunma orani (%) NOx PMio SO2
Benzin 26 14,5 0,03 0,02
Otomobil Dizel 36 11 1,1 0,02
LPG 38 15,5 0 0,1
5. ARASTIRMA BULGULARI

Mevcut giizergah itizerinde olusan yillik emisyon miktarlarinin hesaplanabilmesi i¢in tasitlarin emisyon
faktorleri ve yakit tiirlerinin dagilimlarinin yani sira yillik ortalama giinliik trafik degerleri ve tasitlarin
kilometre basina ortalama tiikettikleri yakit miktarlar1 degerlerine ihtiya¢ duyulmustur. Bu degerler
icerisinde yillik ortalama giinliik trafik (YOGT) degerleri hesaplanirken giizergahtaki giinliik trafik
degerleri ve zirve saatlerindeki tagit trafigi arasindaki iliski ortaya konmustur.

Yapilan saha ¢aligmalarinda bu yol kesiminde aksam zirve saatteki tasit sayisinin, giinlilk toplam tasit
degerinin yaklasik %6’sina tekabiil ettigi tespit edilmistir. Bu degerlerden yararlanilarak yaklasik olarak
yillik ortalama giinliik trafik degeri 1 numarali denklem yardimiyla belirlenmistir.

YOGT = Zirve saatteki tasit degeri x % @)

Ayrica yine Cevre, Sehircilik ve iklim Degisikligi Bakanligmin hazirlamis oldugu raporda kentte ortalama
yakit tiiketiminin 100 kilometrede 7 litre olarak belirlendigi sekilde dikkate alinmistir. Bu bilgiler
dogrultusunda ilgili Bakanlik tarafindan yapilan yillik emisyon miktar: 2 numarali denklem yardimm ile
hesaplanmaktadir.

TYEM = EF X YOT X YTBO 2

* TYEM: Tiirline gore yillik emisyon miktart, EF: Emisyon faktorti, YOT: Yillik ortalama trafik, YTBO:
Yakait tiiriine gore bulunma orant

Saha calismasinda; giizergah tlizerindeki kavsak noktalart ¢ok sik araliklarla yerlestirilmistir. Bu durum
kavsaklarm ve sinyalizasyon sistemlerinin verimli sekilde kullanilmamasinin bir sonucudur. Tortum yolu
diye adlandirilan ana yola, katilim ve bu yoldan ayrilmalarin baglanti yollari ile saglanmasinin trafik akigimi
daha verimli sekilde saglayacag: tespit edilmistir. Ote yandan sik yerlestirilmis kavsak noktalarmin
bazilarimin kaldirilmasi ve art arda gelen kavsak noktalar1 arasinda en az 1500 metre mesafe bulunmasi
gerektigi de tespit edilmistir. Yine yol kesiminde yaya yollarina ait isaretlemelerin yetersiz oldugu, ticari
faaliyette bulunan isletmelerin bir kisminin mikro mobilite tasitlarini kullandigi tespit edilmistir. Fakat bu
tagit tiirleri icin de ayrilmig bir yol kesimi bulunmamaktadir. Calisma alanindaki bir diger problem ise
giizergahim sag ve sol kesimlerinin sanayi isletmesi olmasi sebebiyle yiiksek giiriiltii seviyelerine sahip
olmasidir. Mevcut yol kesiminin 30 metre genisligine kadar biiyiitiilebilecegi bolgenin imar durumundan
tespit edilmistir.

Tim bu durumlar birlikte degerlendirildiginde 6nce mevcut sisteme ait daha sonra ise bu caligma
kapsaminda onerilen gilizergah ¢alismasina ait tahmini olarak olusabilecek hava kirliligi hesaplanmustir.
Asagida Sekil 7°de bu ¢alisma kapsaminda SketchUp ve Lumion Pro 12.5 kullanarak tasarlanan giizergdh
icin olusturulan modellere ait gorseller sunulmaktadir [27-28]. Bu gorsellerde ana yol kesiminin sagina ve
soluna baglant1 yollar1 yerlestirilmis, kavsak sayisi ana arterlere baglanacak sekilde tice diisiiriilmiis, yaya
yollar1 isaretlenmis, mikro mobilite tasitlar1 i¢in yol diizenlemesi yapilmis, giiriiltii ve hava kirliligini
onlemek i¢in ise orta refiijlerde agaglandirma ¢alismasi yapilmustir.
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Sekil 7. Caligma alani i¢in olusturulan tasarima ait bazi gorseller

Caligma alan1 i¢in olusturulan tasarimda ana yola katilma ve ana yoldan ayrilmalarin biiyiik bir kismi
baglant1 yollari ile saglanmistir. Bununla birlikte kavsak sayist iige diigiiriildiigii icin mevcut yol kesiminde
trafik akigi hizlandirilmistir. Sinyalize kavsaklar arasi mesafe de artirildigi i¢in yesil 151k dalga hizi 70 km/sa
olarak belirlenmistir. Tiim bunlarin yaninda yaya ulagimi ve mikro mobilite tasitlari i¢in elverisli kosullar
olusturulmasi sebebiyle bu ulasim kaynaklarina yonlendirme saglanmig olacaktir. Saha ¢alismalarinda
yapilan gbzlem ve incelemelerde cok modlu ulagim tasarimi durumunda mevcut tasit trafiginin yaklagik
%13 linlin alternatif ulagim kaynaklari ile saglanmasi dngoriilmektedir.

Caligsma alaninda yapilan saha g¢aligmalarinda son yillarda alternatif ulasim kaynaklarina yonelimin her
gecen giin arttig1 da tespit edilmistir. Bu durumu destekler nitelikte olarak asagida yer alan Sekil 8’de
calisma alanma en yakim hava &l¢lim istasyonundan elde edilen son ii¢ yila ait hava kalite degerleri
gosterilmektedir. Cizelge 3’te ise hava kalite indekslerine gore yapilan simiflandirmalar yer almaktadir.
PM 0, NOx ve SO; hava kirleticileri agisindan her ii¢ tiirde de 2023 yilinda hava kalitesinde dnceki iki yila
gore artig oldugu gortilmektedir.

Cizelge 3. Hava kalitesi indekslerine gore siniflarin dagilimi

Hava kalite indeksi Sinifi
o —w

51-100 Orta
Hassas gruplar i¢in sagliksiz

Sagliksiz
Cok sagliksiz
Tehlikeli
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Sekil 8. Calisma alani i¢in sirasiyla PMio, NOx, SO, emisyonlarina ait son 3 yillik hava kalite
degerleri [29]

Bazi bireylerin mevcut ulasim olanaklarinin yetersizliginden kaynakli olarak bu ulasim tiiriinii tercih
etmekte bazi endiseler duydugu da belirlenmistir. Bu endiselerin 6nemli bir kisminin ise giivenli ulagim
olanaklarinin olmamasindan kaynakli oldugu belirlenmistir. Bu g¢alismada planlanan elverigli ulagim
olanaklari saglandig1 takdirde ise bahsedilen %13 liik artisla hava kirliligi daha da azalmis olacaktir.

Kisa mesafelerde alternatif ulasim kaynaklarina yonelim saglanmasi durumunda incelenen yol kesiminde
isletme hizinin artacagi 6ngoriilmektedir. Dolayisiyla bu kesimde harcanan siirenin azaltilmasi ve
sinyalizasyon sistemlerinin optimize edilmesi sonucu olugabilecek tahmini yillik emisyon degerleri ile
mevcut emisyon degerlerinin yer aldig1 veriler agsagida Cizelge 4’te yer almaktadir.

Cizelge 4. Mevcut durum ve tasarim sonrasi igin olusacak tahmini emisyon degerleri
Yillik emisyon miktarlari (kg)

NOx PMio SO2 Toplam
Mevcut durum 31118 866 108 32092
Tasarim sonrasi durum 23546 642 57 24245

Cizelgede yer alan sonuglar incelendiginde mevcut yol kesimi igin yapilan tasarimin yillik emisyon
miktarini yaklagik %24 diisiirecegi tespit edilmistir. Bu degerin giinlimiiz kosullarinda oldukga iyi bir oran
oldugu sdylenebilmektedir. Ozellikle iilkemizin 2030 yilina kadar zararli gaz emisyonunu %35 oraninda
azaltma politikalar1 adina bu ve benzeri degisimlere gitmesinin gerekliligi de disiiniildiigiinde yapilan
¢alismanin 6nemli bir politika ortaya koyacagi diisliniilmektedir [30]. Bununla birlikte iilkemizde elektrikli
tasitlara yonelimin hiz kazanmasinin yani sira alternatif ulagim kaynaklarina da yonelime 6ncelik verilmesi
hedeflere daha kisa siirede ulagilmasina olanak saglamis olacaktir. Kentlerde diizenlenen imar planlarinin
gozden gegirilerek sadece otomobil odakli tasarimlar yerine siirdiiriilebilir ulagimin temelini olugturan ¢ok
modlu tasarimlar yapilmasi da atilabilecek en 6nemli adimlar arasinda yer almaktadir.
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6. SONUCLAR VE TARTISMA

Yapilan bu ¢alismada Erzurum ilinde yer alan Tortum yolu olarak adlandirilan yol kesimi hava kirliligi
acisindan ele alimmuistir. Bu yol kesimi kentte trafik yogunlugunun en sik yasandig1 ve hava kirliliginin en
yiiksek oldugu yol kesimlerinden birisidir. Yapilan saha ¢aligmalarinda bu yol kesimine katilma ve bu yol
kesiminden ayrilma kollarinin gerektiginden ¢ok daha fazla oldugu, trafik sinyalizasyon sistemlerinin ¢ok
sik yerlestirildigi, yol genislikleri uygun olmasina ragmen alternatif ulasim kaynaklar1 i¢in olanaklarin
yetersiz oldugu ve yaya yollar1 isaretlemelerinin deforme oldugu gézlemlenmistir. Tim bu gézlemlerin
yanti sira yol kesiminde yapilan tasit sayimlari ile mevcut yillik emisyon miktarlar1 hesaplanmistir. Mevcut
yol kesimi i¢in yapilan ¢ok modlu tasarim ile daha Once tespit edilen tiim problemlere ¢oziimler
sunulmustur. Ote yandan tasarim sonucu olusabilecek yillik emisyon miktar1 yaklasik olarak
hesaplandiginda %24 civarinda bir azalma olacagi éngoriilmiistiir. Yapilan bu ¢calismanim Ulkemizin temiz
hava eylem planlar1 agisindan &nemli oldugu diisiiniilmektedir. Ote yandan Ulke politikalarinin sadece
otomobil odakli tasarimlar yerine siirdiiriilebilir gok modlu ulagim yontemlerine yonelimler sayesinde daha
yasanabilir kentler olusabilmesinin miimkiin olabilecegi belirtilmistir. Yapilan bu ¢aligmanin gelecekte
benzer amaglarla yapilacak olan ¢alismalar ve sahadaki uygulamalar i¢in dnemli bir kaynak olabilecegi
diigiiniilmektedir.
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Riizgar Enerji Santrali (RES) iiretimindeki degiskenlik, sebeke esnekligi ve
giivenligi agisindan teknik ve finansal sorunlara neden olmaktadir. Bu agidan
riizgdr enerji santrali tretim degiskenliginin bolgesel ve zamansal olarak
onceden bilinmesi veya tahmin edilmesi biiylik 6nem tasimaktadir. Bu ¢aligma,
Tiirkiye'deki RES iiretimlerinin farkli zamansal periyotlardaki rampa olaylarini
bolgesel olarak incelemeyi amaglamaktadir. Bu amagla ihtiya¢ duyulan 2019,
2020 ve 2021 yillarinda Tirkiye’deki RES gergek iretim verileri Tiirkiye
Elektrik fletim AS’den temin edilmistir. Bu ii¢ yilin RES saatlik gercek iiretim
verileri kullanilarak farkli zamansal periyotlardaki histogram grafikleri
olusturularak rampa biiyiikliikleri hesaplanmistir. Bdlgesel olarak belirlenen
rampalar; biyikligi (%5, %7,5 ve %10 kurulu giice gore), yonii (negatif,
pozitif), olusum yeri (Marmara, Ege, I¢ Anadolu, Akdeniz, Karadeniz, Dogu
Anadolu ve Giineydogu Anadolu) ve olusum donemi (bir, iki, ti¢, dort, bes ve
alt1 saat) parametreleri gz oniine almarak detayli olarak incelenmistir. Yapilan
incelemeler sonucunda, kurulu giice gore %S5 ve iizeri rampa olaylarinda
Marmara, Ege, I¢ Anadolu, Akdeniz, Karadeniz, Dogu Anadolu ve Giineydogu
Anadolu boélgelerinin 1 saatlik zamansal periyotta toplam kiimiilatif rampa
alanlar sirasiyla 1.91, 2.77, 14.39, 16.02, 35.95, 122.66, 250.85’tir ve 6 saatlik
zamansal periyotta toplam kiimiilatif rampa alanlari ise sirastyla 195.93, 190.60,
280.42,305.29,361.14,528.77, 623 tiir. Bu rampa hesaplamalari 1s181inda kurulu
giice gore %5 ve lzeri rampa olaylarinda 1 saatlik zamansal periyotta en az
rampa olayr Marmara Bolgesinde, 6 saatlik zamansal periyotta ise en az rampa
olay1 Ege Bolgesinde goriilmiistiir. 1 ve 6 saatlik zamansal periyotta en fazla
rampa olay1 Giineydogu Anadolu Bolgesinde goriilmiistiir.

Wind Power Plant Ramp Rate: The Case of Turkey

Article Info

ABSTRACT

Received : 18.03.2024

Accepted : 27.09.2024

DOI: 10.21605/cukurovaumfd. 1560205
Corresponding Author

Israfil KARADOL
israfilkaradol@kilis.edu.tr

Keywords

Renewable energy

Wind power plant

Ramp rate

Histogram field

How to cite: KARADOL, I, BALTACI,
US., KECECIOGLU, O.F., (2024).
Riizgar Enerji Santralleri Rampa Orani:
Tiirkive Ornegi. Cukurova Universitesi,
Miihendislik Fakiiltesi Dergisi, 39(3),
797-811.

Variability in Wind Power Plant (WPP) generation causes technical and financial
problems in terms of grid flexibility and security. In this respect, it is of great
importance to know or predict wind power plant generation variability regionally
and temporally in advance. This study aims to regionally examine ramp events
in different temporal periods of generated WPP in Turkey. For this purpose, the
actual generation data WPP in Turkey in 2019, 2020 and 2021 were obtained
from Turkey Electricity Transmission Inc. Using the actual WPP hourly
generation data of these three years, ramp magnitudes were calculated by
creating histogram plots at different temporal periods. Regionally determined
ramps; size (5%, 7.5% and 10% based on installed capacity), direction (negative,
positive), place of formation (Marmara, Aegean, Central Anatolia,
Mediterranean, Black Sea, Eastern Anatolia and Southeastern Anatolia) and
formation period (one, It was examined in detail considering the parameters (two,
three, four, five and six hours). As a result of the investigations, the total
cumulative ramp areas of the Marmara, Aegean, Central Anatolia,
Mediterranean, Black Sea, Eastern Anatolia and Southeastern Anatolia regions
in a 1-hour temporal period in ramp events of 5% and above compared to the
installed capacity are 1.91, 2.77, 14.39, 16.02, 35.95, 122.66, respectively., is
250.85 and the total cumulative ramp areas in the 6-hour temporal period are
195.93, 190.60, 280.42, 305.29, 361.14, 528.77, 623, respectively. In the light of
these ramp calculations, in ramp events of 5% and above according to the
installed power, the least ramp events were seen in the Marmara Region in a 1-
hour temporal period, and the least ramp events were seen in the Aegean Region
in a 6-hour temporal period. The highest ramp events in the 1 and 6 hour temporal
period were seen in the Southeastern Anatolia Region.
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1. GIRIS

Elektrik giinliik yasamin vazgegilmez bir parcasidir. Bu sebeple diinyadaki bir¢ok iilkenin hedefleri
arasinda tiiketicilere siirekli, giivenli ve kaliteli elektrik enerjisi temin etmek vardir. Bu durumun
olusabilmesi i¢in elektrik arz sisteminin dogru planlanmasi ve yonetilmesi gerekmektedir. Elektrik arz
sisteminin dogru planlanmas1 ve yonetilmesi i¢in etkin modellemeye ihtiya¢ duyulmaktadir [1]. 2022 yili
icerisinde Tirkiye’de yapilan ¢aligmalarda mevcut kaynaklara gore toplam kurulu gii¢ dagiliminda
yenilebilir enerji kaynaklar1 %53liik bir paya sahiptir. Toplam kurulu gii¢ i¢erisindeki kaynak dagilimi ise;
%30,9’u hidrolik enerji, %24,7’si dogal gaz, %20,6’s1 komiir, %10,9’u riizgar, %8,8’1 giines, %1,6’s1
jeotermal ve %2,4’1 ise diger kaynaklardir [2].

Giiniimiizde Riizgar Enerji Santrallerinin (RES) yenilebilir enerji kaynaklari i¢inde 6nemli bir yeri vardir.
Ancak RES’ler belirsiz ve degisken iiretim karakteristigine sahiptir. Bu durum elektrik sebeke sistemindeki
arz-talep dengesini olumsuz etkilemektedir. RES iiretiminde meydana gelen bu degiskenlikler rampa olay1
olarak adlandirilmaktadir. Rampa oranlarinin sebeke sisteminde olusturdugu olumsuzluklar sebebiyle RES
iiretimlerindeki rampa olaylarini incelemeye ihtiya¢ duyulmaktadir.

Santral {iretiminde meydana gelen degiskenligin rampa olabilmesi, kurulu giicteki degiskenligin %5 veya
daha fazla olmasina baglidir [3].

Bazi iilkelerde rampa tanimlamasi farklilik gosterdiginden toplam kurulu giiciin %5, %7,5 ve %10
iistiindeki degiskenlikler incelenmistir. Ornegin Puerto Rico Electric Power Authority’de kurulu giiciin
%10 ve iizerindeki degisiklikler incelenmistir [4].Toplam kurulu giiclin %5, %7,5 ve %10 iizerindeki
degiskenliklere rampa orani karakteristigi olarak adlandirilmaktadir ve rampa orani karakteristiginin gorseli
Sekil 1°de verilmistir. Bu sekilde dretimdeki diisiisler negatif yonlii rampalar olarak tanimlanirken
iretimdeki artiglar pozitif yonlii rampa olarak tanimlanmaktadir. Ayrica sekilde gosterilen koyu lacivert
bdlge negatif ve pozitif yonlii %5 ve altindaki rampalar1 tanimlamaktadir. Lacivert bolge %5 ile %7,5
arasindaki negatif ve pozitif yonlii rampalari, agik lacivert bolge ise %7,5 ile %10 arasindaki rampalari
gostermektedir. Beyaz bolge %10 ve iizerindeki rampa olaylarini gostermektedir.

Yapilan bu caligma Tiirkiye’de bulunan RES’lerin 2019, 2020 ve 2021 yillarindaki elektrik iiretiminde
meydana gelen rampa olaylarinin bir, iki, ii¢, dort, bes ve alt1 saatlik zamansal periyotlarda bolgesel olarak
incelenmesini amaglamistir. Calisma sonucunda elde edilen kiimiilatif rampa alanlar1 bdlgesel olarak
kargilastirilmistir. RES iiretiminde meydana gelen kisitlamalari ve sebekedeki problemleri ¢ézmek icin
enerji liretiminde olusan rampalarin yoniinii bilmek gerekmektedir. RES iiretiminde goriilen negatif yonlii
rampalardan kaynakli enerji ihtiyacini karsilamak i¢in; santrallerin sebekede aktif olma siiresi, meydana
gelen rampa biiylikliigline gore pasif olan santraller devreye alinmakta veya aktif olan santrallerin {iretimi
arttirtlmaktadir. Sebekede pozitif yonlii rampa olusmas: halinde bazi yontemler uygulanmaktadir. Bu
yontemler; sistemde aktif olan santrallerin {iretiminin azaltilmasi, aktif santralin sebekedeki diger aktif
santrallere yiik aktarimi yapilmasi ya da bazi santralin pasif duruma getirilmesi gerekmektedir. Bu durum
sebeke isletmecisi agisindan ek maliyetler olusturmaktadir. Sebeke isletilmesindeki ek maliyetlerin
minimize edilmesi amaciyla RES {iretimlerindeki rampa olaylarmin biiyiikliigli, olusum zaman1 ve siire
bilgilerine dnceden sahip olmak biiyiik 6nem arz etmektedir [5].

T
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-0.158P [P£0.1
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Rampa Oram

Sekil 1. Rampa orani1 karakteristigi

Bu konu kapsaminda literatiirde birgok calisma yapildigi goriilmektedir. Bu galismalardan bazilari
incelenerek 6zetlenmistir. Dhiman ve arkadaslarinin ¢aligmasinda, Destek Vektor Regresyonu (DVR) ve
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dalgacik doniistimii degiskenlerini bir araya getirerek hibrit yaprya sahip riizgar tahmin modeli onerilmistir.
Onerilen tahmin model ile riizgar giiciinde olusan rampa olaylar1 incelenmis ve performans degerlendirme
kriterleri ile karsilastirma yapilmistir [6]. Ery ve arkadaslarinin ¢alismasinda, riizgar yoniiniin dogrusal ve
capraz alan ozelliklerine sahip olan santrallerde meydana gelen rampalarin mekéana bagh degiskenlikleri
Poisson siireci ile modellemistir [7]. Ekstrom ve arkadaglarinin ¢alismasinda, bir gii¢ sistemine eklenen
yeni RES’lerin rampa 6zellikleri dikkate alarak cografi sartlarin enerji liretimindeki etkisini gostermek igin
model Onerilmistir [8]. Zucatelli ve arkadaslarinin ¢alismasinda, Brezilya ve Uruguay'da da bulunan
santrallerde, riizgar enerjisi rampa tahmini i¢in dalgacik ayrigtirmasi ve derin 6grenme teknikleri
kullanilarak tahmin modeli 6nerilmistir [9]. Martins ve arkadaglarinin ¢aligmasinda, giines enerji sisteminde
meydana gelen harmoniklerin sebep oldugu gii¢c dengesizliklerini ortadan kaldirmak i¢in rampa hizi kontrol
algoritmalart ile koordine edilen Enerji Depolama Sistemleri (EDS)’nin kullanildig1 bir model 6nerilmistir
[10]. Probst’un calismasinda, riizgar santralleri iiretimlerinde meydana gelen ani degisimleri Tahmine
Dayali Azaltma (TDA) metodu kullanilarak tahmine dayali yeni bir yaklasim 6nerilmistir. Analizler belirli
ancak degisken bir egim sinirina uygun yapilmistir. Egimin olmadig: sinirlarda ise TDA'nin maliyet-fayda
iliskileri karsilagtirilmigtir. Caligmada onerilen yaklagim ile ¢ikis giicii degisim dagilimlarinin ¢alisan bir
riizgar santralinden elde edilen gbzlemsel verilerle tutarli oldugu gosterilmistir [11]. Li ve arkadaslarinin
calismasinda, riizgar enerjisi liretiminde meydana gelen rampa olaylar1 ile atmosferik basing alanlar
arasindaki iliski analiz edilerek gelecekteki riizgar rampalarini tahmin eden model onerilmistir. Tahmin
modelinde atmosferik basing alanlarinin analizini, Gabor filtreleme adi verilen bir goriintii dokusu ¢ikarma
teknigi kullanilarak yapilmstir. Gii¢ tahmininde, Gabor filtrelemeyi kullanmayan sistem ile tahmin modeli
kargilastirildiginda 6nerilen model bu ¢aligsma igin segilen ii¢ riizgr santrallerinden ikisi i¢in daha iyi
performans gostermistir. Ayrica sayisal deneyler sonucunda onerilen modelin rampa yakalama orani ve
tahmin dogrulugu agisindan diger modelden daha iyi performansa sahip oldugu goriilmiistiir [12]. Karadol
ve arkadaglarinin ¢aligmasinda, RES iiretimlerinde iklimsel kosullara bagh olarak goriilen rampa olaylari
analiz edilmistir ve bolgesel olarak ayrilan mevcut tesislerdeki rampa olaylar1 dikkate alinarak rampa
olaylarini azaltmaya yonelik model énerilmistir. Onerilen modelde Genetik Algoritma (GA) kullanilmustir.
Yeni tesis kurulumlarinda tavsiye edilen metot ile elde edilen tesislerin bolgelere dagilimimin dikkate
almmasi1 durumunda olusacak rampa olaylarinin minimize edilebilecegi 6ngoriilmistiir [13].

Literatiirdeki ¢aligmalar degerlendirildiginde rampa olaylari iizerine yapilan ¢aligmalarin kisith sayida
oldugu goriilmiistiir. Calismalarin ¢ogunda enerji depolama sistemleri ve rampa tahmin modelleri
Onerilmistir. Rampa analizi yapilan bazi ¢aligmalarda ise 1 yillik santral iiretim degerleri ile tek bir
lokasyonda saatlik incelemeler yapilmistir. Ayrica yapilan bircok ¢alismada kullanilan veriler farkli iretim
modellemelerinden elde edilmistir.

Bu ¢alismanin literatiire iki yonlii katkis1 olmustur:

> llk kez Tiirkiye icin RES iiretim degerlerindeki rampa olaylar1 gergek veriler ile bolgesel olarak
incelenmistir.

> Ug yillik periyottaki (2019, 2020 ve 2021) RES iiretimlerindeki rampa olaylar1 bolgesel olarak farkli
zamansal periyotlarda (bir, iki, iig, dort, bes ve alti saatlik) hesaplanmistir. Rampalarin yoni,
biiylikliigii ve olusum yeri (bolgesel olarak) farkli zamansal periyotlarda detayli olarak incelenmistir.

Bu makale dort basliktan olusmaktadir. i1k kisimda Tiirkiye’nin riizgar enerji potansiyeli anlatilmis, RES
enerji Uretimlerinde meydana gelen rampa olayindan bahsedilmis, ¢aligma ile ilgili literatiir 6zeti ve
calismanin literatiire katkisina deginilmistir. ikinci kisimda verilerin elde edildigi santrallerin iiretim
bilgileri, Tiirkiye bolgesel riizgar enerjisi potansiyel atlasi, Tiirkiye’nin 2019, 2020 ve 2021 yillarim
kapsayan RES bolgesel teknik verileri 3 yillik zaman araliginda bolgesel olarak saatlik ortalama gii¢ {iretim
degerleri yer almistir ve rampa hesaplanmasinda kullanilan yamuk kurali agiklanmistir. Calisma sonunda
elde edilen bulgular {igiincii kisimda yer almistir. Bulgular dogrultusunda elde edilen sonuglar son kisimda
verilmistir.

2. MATERYAL VE METOT

2.1. Tiirkiye’de RES

Giliniimiizde fosil yakit kaynaklarmm hizla azalmasi sebebiyle yenilenebilir enerjinin ehemmiyeti
anlagilmaktadir. Genel olarak kullanilan yenilenebilir enerji kaynaklari; hidrolik, riizgar, giines, jeotermal
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ve biyokiitle enerjisidir. Yenilenebilir enerji kaynaklar1 icinde en ¢ok gelisen riizgr enerjisi, giines
radyasyonunun yer yiizeylerini farkli degerlerde 1sitmasi ile meydana gelmektedir. Yeryiiziiniin farkli
1sinmasi ile meydana gelen basing ve nem farkindan kaynakli havanin yiiksek basingtan algak basinca dogru
olan hareket etmesiyle riizgar olugsmaktadir [14]. Tiirkiye’de bolgesel riizgar enerjisi potansiyel atlasi Sekil
2’de gosterilmistir.

% 1 T RUZGAR HIZI
[mis)

Rizgar hizlar1 7 m/s’den fazla olan yerler belirlenerek Tiirkiye nin riizgar enerji kapasitesi 47,849 MW
olarak hesaplanmigtir. Atlasa bakilarak Marmara Bolgesi’nin ve Ege Bolgesi’nin kuzeyinin riizgar enerji
potansiyeli diger bolgelerden daha c¢ok oldugu anlagilmaktadir. Boylece Marmara Bdlgesi ve Ege
Bolgesi’ne kurulmasi planlanan RES’lerin iiretecegi riizgar enerjisi daha verimli olacaktir [16].

2.2. Tiirkiye’deki RES’lerin Teknik Verileri

Riizgér enerjisinin Diinya ¢apinda ve iilkemizde siiratle gelismesinde bu kaynak tiiriiniin yenilenebilir
olmasi, tagima rahatlig1 ve enerji liretiminde ¢agin teknolojisine gereksinim duyulmamasi gibi avantajlari
yer almaktadir [14]. Riizgar enerjisi kullanimindaki artislar beraberinde bazi problemlere neden olmustur.
Riizgér enerjisi iiretimi yapilirken ortaya ¢ikan rampa olaylar1 bu problemlerin basinda gelmektedir [13].
Caligmada rampa olaylarini bolgesel olarak incelemek ve azaltmak icin tiim bolgelerin birer saatlik zaman
araliklarinda 2019, 2020 ve 2021 yillarindaki ti¢ yillik RES iiretim verileri incelemeye alinmustir.
Tiirkiye’de aktif olarak faaliyet gdsteren Marmara Bolgesi’'nde 70, Ege Bélgesi’'nde 49, I¢ Anadolu
Bolgesi’nde 19, Akdeniz Bolgesi’nde 13, Karadeniz Bolgesi’'nde 10, Dogu Anadolu Bolgesi’nde 3 ve
Giineydogu Anadolu Boélgesi’'nde 1 tesis bulunmaktadir. Tesislere ait iiretim verileri TEIAS’tan elde
edilmistir. Calismada kullanilan verilerin genel 6zellikleri Cizelge 1°de verilmistir. Bu veriler 1s18inda,
Marmara Bolgesinin en ¢ok ortalama iiretim ve standart sapmaya sahip oldugu, Giineydogu Anadolu
Bolgesinin ise en az ortalama {iretim ve standart sapmaya sahip oldugu goriilmiistiir.

Marmara Bolgesi’ndeki standart sapma, diger tiim bdlgeler arasinda en yiiksek olanidir. Bu da iiretimdeki
en ylksek degiskenligin Marmara Bolgesi’nde meydana geldigini kanitlamaktadir. Bolgelerin her birinde
maksimum ve minimum degerleri arasindaki farklar dikkate alindiginda Marmara Bolgesi’nde 639,24 MW,
Ege Bolgesi’nde 1508,36 MW, I¢c Anadolu Bélgesi’nde 1014,17 MW, Akdeniz Bolgesi’nde 626,33 MW,
Karadeniz Bolgesi’nde 39,01 MW, Dogu Anadolu Bolgesi’nde 39,23 MW ve Giineydogu Anadolu
Bolgesi’nde 47,00 MW oldugu anlasilmaktadir. Meydana gelen tiim degisimler sebekede aktif olan
RES’lerin isletme kisminda giigliiklere neden olmaktadir.

Cizelge 1. Tiirkiye bolgesel RES iiretimlerinin istatiksel ve genel 6zellikleri

« % N )En =
.. = £ = s 2
Ozellikler a E 2 = 3 2=
g £ S s = © [
S & < E 5 - =
= = ey < X 8 < o<
Santral Sayis1 70 49 19 13 10 3 1
Toplam Veri Sayisi 26304 26304 26304 26304 26304 26304 26304
Veri Zaman Arah@ 01.01.2019 - 31.12.2021
Standart Sapma (MW) 621,68 307,90 262,54 127,90 101,43 35,13 14,97
Ortalama Uretim (MW) 1065,83 634,95 365,30 213,43 134,67 44,61 15,84
Maximum Uretim (MW) 663,33 1514,59 1014,27 628,32 39,01 39,23 47,00
Minimum Uretim (MW) 24,09 6,23 0,10 1,99 0 0 0
Toplam Kurulu Gii¢ (MW) 3139,27 1779,82 1077,65 664,77 348,75 138,70 43,90
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Ayrica ¢aligmada kullanilan, Marmara Bolgesi’nde 70, Ege Bolgesi’nde 49, i¢ Anadolu Bélgesinde 19,
Akdeniz Bolgesi’nde 13, Karadeniz Bélgesi’nde 10, Dogu Anadolu Bélgesi’nde 3 ve Giineydogu Anadolu
Bolgesi’nde 1 kurulu santrale iliskin saatlik toplam iiretimi Sekil 3’te verilmistir.
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Sekil 3. Tiirkiye’deki RES’lerin bolgesel olarak saatlik toplam {iretimleri

RES iiretimlerinin zaman bazinda kararsiz yapiya sahip oldugu Sekil 3’ten ¢ikarilmaktadir. Santral
iiretiminde meydana gelen degiskenligin rampa olabilmesi, kurulu giigteki degiskenligin %5 veya daha
fazla olmasina baglidir [3]. Uretimdeki rampa olaylarin1 géstermek igin toplam kurulu giiciin %5, %7,5 ve
%10 tizerindeki degiskenlikler hesaplanmistir. Cizelge 2’de bolgesel saatlik toplam tesis tiretimleri (MW)
veri seti verilmistir.

Cizelge 2. Veri seti

s g % N E = ’gﬁ =
- = = s =
- § : P T A B -
> 5 = 5 = - = p | = £ £
z = ! < g 2 5 <
1 01.01.19 01:00 20 13 21 16 15 19 35
2 01.01.19 02:00 20 14 2 18 17 19 38
3 01.01.19 03:00 22 14 23 17 19 19 41
26304 31.12.21 24:00 8 6 11 11 5 3 2
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2.3. Rampa Hesaplamalar:

Herhangi bir zamanki {iretimde meydana gelen rampanin biiyiikligiinii hesaplamak icin Esitlik 1°deki
formiiller kullanilmistir [3].

AR:p(i)fp(iH) t;EI, 2"3'"4")5 6) (1)
nenN

Denklemde verilen APi, i zamandaki rampa biiyiikligiinii, p(i) ise i saatindeki santraldeki tretimi
gostermektedir. t zamansal periyodu ve n ise santralin saatlik ¢ozliniirliikk zamanin1 gostermektedir. Esitlik
1'de verilen AP, tiim zamansal periyotlardaki {iretim miktari i¢in rampa setini ifade etmektedir.

Bu ¢aligmada, santralin iiretimindeki degiskenliklerini hesaplayabilmek igin bir, iki, {i¢, dort, bes ve alti
saatlik zamansal periyotlarindaki fonksiyonlarinin, yamuk kurali kullanilarak histogram grafik alanim
hesaplanmistir. Matematiksel bir yontem olan yamuk kurali alan hesaplamalari i¢in kullanilmaktadir. Bu
metot, ilgili fonksiyon ile x-ekseni arasinda kalan alani daha kiigiik yamuklara bdlerek gergek degere
yaklagtirmaktadir. Sekil 4’te yamuk kurali gorsel olarak verilmistir.

s Ar Ay b=x,

Sekil 4. Yamuk kurali [17]

Yamuk kuralinin formiilii Esitlik 2 ve Esitlik 3’te verilmistir [18]. Esitlik 2’de, f(x) fonksiyonun a ve b
degerleri integral alan sinirlaridir. a ve b degerleri Esitlik 4’te detayli bigimde verilmistir [18].

;jf(X)dx <28 (@) s () 3)

Esitlik 5’te verilen Axi degeri, boliinerek olusturulan her bir yamuk pargasinin taban uzunlugunu
gostermektedir. Bir yamugun alanimi hesaplayabilmek i¢in Esitlik 3’te verilen matematiksel ifade, birden
cok yamuk alani hesabr icin Esitlik 6’daki formiil kullanilmaktadir [18]. Esitlik 6’daki formiille farkli
zamansal periyotlardaki saatlik RES iiretim degisimlerinin histogram grafik alanlarmin hesabi yapilmigtir
[18].

Lb|={a=x,<x <..<x,, <x,=b}

(4)

A =X -, (5)
jf(x)dx Sl ),

" 6)

:%(f(xu)ﬂf(iq)+2f(xz)+-~+2f(xm)+f(xN))
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3. ARASTIRMA BULGULARI

ki zaman araliginda meydana gelen RES iiretimindeki gii¢ degiskenlikleri rampa olay1 olarak ifade
edilmektedir. RES iiretiminde saniyelik ve dakikalik zamansal periyotlarda meydana gelen yliksek rampa
olaylar1 sebekede Onemli bir zarar meydana getirmemektedir. Ama bir saat ve daha biiyiik zaman
dilimlerinde olusan rampa olaylarinin sebekede dengelenmesi ek maliyetler gerektirmekte ve sebekenin
giivenligini olumsuz etkilemektedir [19-21].

Yapilan ¢aligmada olusan rampalarin zamansal olarak biiyiikliigiinii belirlemek amaciyla 1, 2, 3,4, 5 ve 6
saatlik periyotlardaki rampa olaylar1 incelenmistir. Ciinkii rampa olaylar1 (iiretim degisimleri) 1 saat
siirerken bazi rampalar daha uzun periyotlarda gergeklesmektedir. Tiim rampa olaylarinin detayli olarak
belirleyebilmek amaciyla yapilan ¢alismada 1-6 saatlik zamansal periyotlar incelenmistir. Tiirkiye’deki
2019, 2020 ve 2021 yillarina ait RES iiretimindeki rampa olaylarinin farkli zamansal periyotlarda bolgesel
olarak saatlik degisimleri incelenmistir. Bu degisiklikler per unit olarak histogram grafiklerinde Sekil 5, 6,
7, 8,9 ve 10°da verilmistir.

Bir saatlik periyottaki rampa olaylarini inceledigimizde Marmara, Ege, i¢ Anadolu, Akdeniz, Karadeniz,
Dogu Anadolu ve Giineydogu Anadolu bolgelerinin toplam kiimiilatif rampa alanlar1 sirastyla 111, 116,
182, 164, 223, 365 ve 603'tiir.

8000

——MARMARA BOLGESI
—— EGE BOLGESI
——IG ANADOLU BOLGESI
—— AKDENIZ BOLGESI
—— KARADENIZ BOLGESI
DOGU ANADOLU BOLGESI
—— GUNEYDOGU ANADOLU BOLGESI

4000 -

Frekans

0 - L .
-40 -20 0 20 40
Yiizdesel Enerji Degisimi

Sekil 5. 1 saatlik periyottaki rampa olaylari

Bir saatlik periyotta en fazla rampa olaylari Giineydogu Anadolu bolgesinde goriilmiistiir. Bu bolgeyi takip
eden bolgelerimiz ise sirasiyla Dogu Anadolu, Karadeniz, i¢ Anadolu, Akdeniz, Ege ve Marmara
bolgesidir. Fakat rampa biiytikliikleri arttik¢a kurulu giice gore %5 ve {izerinde en diisiik rampa olaylar1
Marmara bélgesinde gozlemlenmistir. Ayn1 zamanda i¢ Anadolu bdlgesi i¢in toplam kiimiilatif rampa alani
Akdeniz bolgesinden daha fazla olmasina ragmen kurulu giice gore %5 ve iizerindeki rampa olaylarinda
daha az oldugu goriilmiistiir.
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Sekil 6. 2 saatlik periyottaki rampa olaylari
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Iki saatlik periyottaki rampa olaylarini inceledigimizde Marmara, Ege, I¢ Anadolu, Akdeniz, Karadeniz,
Dogu Anadolu ve Giineydogu Anadolu bdlgelerinin toplam kiimiilatif rampa alanlari sirasiyla 208, 197,
302, 263, 373, 464 ve 687'dir. iki saatlik periyotta en fazla rampa olaylar1 Giineydogu Anadolu bolgesinde
goriilmiistiir. Bu bolgeyi takip eden bolgelerimiz ise sirasiyla Dogu Anadolu, Karadeniz, i¢ Anadolu,
Akdeniz, Marmara ve Ege bolgesidir. Rampa biiyiikliikleri arttik¢a kurulu giice gore %5, %7,5 ve lizerinde
en disiik rampa olaylar1 Marmara boélgesinde gozlemlenmis, %10 ve {izerindeki en diigiik rampa olaylari
ise Ege bolgesinde goriilmiistiir.
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Sekil 7. 3 saatlik periyottaki rampa olaylar1

Ug saatlik periyottaki rampa olaylarmi inceledigimizde Marmara, Ege, I¢ Anadolu, Akdeniz, Karadeniz,
Dogu Anadolu ve Giineydogu Anadolu bolgelerinin toplam kiimiilatif rampa alanlar1 sirastyla 268, 252,
375, 338, 456, 556 ve 747'dir. Ug saatlik periyotta en fazla rampa olaylar1 Giineydogu Anadolu bolgesinde
goriilmiistiir. Bu bolgeyi takip eden bolgelerimiz ise sirastyla Dogu Anadolu, Karadeniz, I¢ Anadolu,
Akdeniz, Marmara ve Ege bolgesidir. Rampa biiyiikliikleri arttik¢a kurulu giice gore %5, %7,5 ve iizerinde
en disiik rampa olaylart Marmara bélgesinde gozlemlenmis, %10 ve {izerindeki en diigiik rampa olaylari
ise Ege bolgesinde goriilmiistiir. Ayni zamanda I¢ Anadolu bolgesi icin toplam kiimiilatif rampa alam
Akdeniz bolgesinden daha fazla olmasina ragmen kurulu giice gore %7,5 ve lizerindeki rampa olaylarinda
daha az oldugu goriilmiistiir.
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Sekil 8. 4 saatlik periyottaki rampa olaylar1

Dért saatlik periyottaki rampa olaylarmni inceledigimizde Marmara, Ege, i¢ Anadolu, Akdeniz, Karadeniz,
Dogu Anadolu ve Giineydogu Anadolu bolgelerinin toplam kiimiilatif rampa alanlar sirasiyla 311, 288,
452,394,530, 626 ve 790'dir. Dort saatlik periyotta en fazla rampa olaylar1 Glineydogu Anadolu bolgesinde
goriilmiistiir. Bu bolgeyi takip eden bolgelerimiz ise sirastyla Dogu Anadolu, Karadeniz, i¢ Anadolu,
Akdeniz, Marmara ve Ege bolgesidir. Rampa biiyiikliikleri arttikga kurulu giice gore %5, %7,5 ve %10
iizerindeki en diisiik rampa olaylar1 Marmara bolgesinde gozlemlenmistir.
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Sekil 9. 5 saatlik periyottaki rampa olaylar1

Bes saatlik periyottaki rampa olaylarini inceledigimizde Marmara, Ege, I¢ Anadolu, Akdeniz, Karadeniz,
Dogu Anadolu ve Giineydogu Anadolu bolgelerinin toplam kiimiilatif rampa alanlar1 sirastyla 345, 329,
501,442,574, 685 ve 803'tiir. Bes saatlik periyotta en fazla rampa olaylar1 Giineydogu Anadolu bdlgesinde
goriilmiistiir. Bu bolgeyi takip eden bolgelerimiz ise sirastyla Dogu Anadolu, Karadeniz, i¢ Anadolu,
Akdeniz, Marmara ve Ege bolgesidir. Rampa biiyiikliikleri arttik¢a kurulu giice gore %5, %7,5 ve %10
iizerindeki en diisiik rampa olaylari Marmara bolgesinde gozlemlenmistir.
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Sekil 10. 6 saatlik periyottaki rampa olaylar1

2000

Alt1 saatlik periyottaki rampa olaylarini inceledigimizde Marmara, Ege, I¢ Anadolu, Akdeniz, Karadeniz,
Dogu Anadolu ve Giineydogu Anadolu bdlgelerinin toplam kiimiilatif rampa alanlari sirasiyla 392, 368,
537,500, 605, 727 ve 850'dir. Alt1 saatlik periyotta en fazla rampa olaylari Giineydogu Anadolu bdlgesinde
goriilmiistiir. Bu bolgeyi takip eden bolgelerimiz ise sirastyla Dogu Anadolu, Karadeniz, I¢ Anadolu,
Akdeniz, Marmara ve Ege bolgesidir. Rampa biiytikliikleri arttik¢a kurulu giice gore %7,5 ve %10 {izerinde
en diisiik rampa olaylar1 Marmara bolgesinde gozlemlenmistir. Ayn1 zamanda I¢ Anadolu bolgesi icin
toplam kiimiilatif rampa alan1 Akdeniz bdlgesinden daha fazla olmasina ragmen kurulu giice gére %5 ve
iizerindeki rampa olaylarinda daha az oldugu goriilmiistiir.

Rampa olaylarinda hesaplanan minimum degisim negatif rampay1, maksimum degisim ise pozitif rampay1
ifade etmektedir. Tesislerde; gecmisteki iiretimlere gore gergeklesen iiretimdeki azalis negatif degisimi,
artig ise pozitif degisimi gostermektedir.

Marmara Bolgesi i¢in bir, iki, ti¢, dort, bes ve alt1 saatlik zamansal periyotlarda kurulu giice gére %5, %7,5
ve %10 iizerindeki, negatif ve pozitif yonlii kiimilatif rampa alanlari Cizelge 3'te verilmistir. Rampa
olaylar kiimiilatif rampa alanlarina gore incelendiginde en fazla rampa olaylar1 kurulu giice gore %5 ve
lizerindeki rampa olaylarinda gézlenmistir. Ayni zamansal periyotta en diisiik pozitif ve negatif kiimiilatif
rampa alan1 %10 ve {izerindeki rampa olaylarinda goriilmiistiir. Olugma sekline goére rampalari
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incelediginde, kurulu giice gore %S5 ve iizerindeki rampa olaylarinda iki saatlik zamansal periyot harig tim
zamansal periyotlarda pozitif rampa alan1 daha fazla oldugu goriilmistiir. %7,5 ve lizerindeki rampa
olaylarinda bir, ii¢ ve dort saatlik zamansal periyotlarda pozitif rampa alani iki, bes ve alt1 saatlik zamansal
periyotlarda ise negatif rampa alani daha fazla oldugu gézlenmistir. %10 ve {izerindeki rampa olaylarinda
ise tiim zamansal periyotlarda pozitif kiimiilatif rampa alan1 daha fazla oldugu goriilmiistiir. %7,5 ve %10
tizerindeki rampa olaylarinda bir saatlik zamansal periyotta toplam rampa alan1 0’a yakindir ve bu deger
Marmara Boélgesi igin %7,5 ve %10 {izeri rampa olaylarinda bir saatlik zamansal periyotta rampa olay1
gergeklesmedigini gostermektedir.

Ege Bolgesi i¢in bir, iki, lig, dort, bes ve alt1 saatlik zamansal periyotlarda kurulu giice gére %5, %7,5 ve
%10 tizerindeki, negatif ve pozitif yonli kiimiilatif rampa alanlar1 Cizelge 4'te verilmistir. Rampa olaylari
kiimiilatif rampa alanlarina gére incelendiginde en fazla rampa olaylar1 kurulu giice gore %5 ve tlizerindeki
rampa olaylarinda meydana geldigi goriilmiistiir. Ayni zamansal periyotta en diigiik pozitif ve negatif yonlii
kiimiilatif rampa alan1 %10 ve iizerindeki rampa olaylarinda gozlenmistir. Olugsma sekline gére rampalari
incelediginde, kurulu giice gére %5 ve iizerindeki rampa olaylarinda bir ve alt1 saatlik zamansal periyot
hari¢ diger zamansal periyotlarda pozitif rampa alani1 daha fazla oldugu goriilmiistiir. %7,5 ve iizerindeki
rampa olaylarinda ise tiim zamansal periyotlarda pozitif kiimiilatif rampa alam1 daha fazla oldugu
goriilmiistiir. %10 ve lizerindeki rampa olaylarinda bir, dort ve alt1 saatlik zamansal periyotlarda negatif ve
pozitif rampa alanlar1 yaklasik olarak ayni hesaplanmustir. Iki, ii¢ ve bes saatlik zamansal periyotlarda ise
pozitif rampa alan1 daha fazla oldugu gozlenmistir. %7,5 ve %10 iizerindeki rampa olaylarinda bir saatlik
zamansal periyotta toplam rampa alani 0’a yakindir ve bu deger Ege Bolgesi igin %7,5 ve %10 iizeri rampa
olaylarinda bir saatlik zamansal periyotta rampa olay1 gergeklesmedigini gostermektedir.

Cizelge 3. Marmara Bolgesi %5, %7,5 ve %10 tizeri kiimiilatif rampa alanlar1

%S + %7,5 + %10 +
Pozitif Negatif Toplam Pozitif Negatif Toplam Pozitif Negatif Toplam
1saat 1,02 0,90 1,91 0,13 0,08 0,21 0,02 0,01 0,03
2 saat 14,90 17,11 32,01 3,91 4,10 8,01 1,49 1,03 2,53
3saat 36,87 34,28 71,15 18,02 15,14 33,15 8,14 6,30 14,45

4 saat 56,55 52,83 109,37 30,81 25,61 56,42 15,54 11,51 27,06
S5saat 81,61 69,43 151,04 48,43 50,69 99,12 26,59 25,28 51,87
6 saat 104,64 91,29 195,93 63,26 66,82 130,08 47,87 33,74 81,61

Cizelge 4. Ege Bolgesi %5, %7,5 ve %10 tizeri kiimiilatif rampa alanlar1

%S + %17,5 + %10 +
Pozitif Negatif Toplam Pozitif Negatif Toplam Pozitif Negatif Toplam
1 saat 1,35 1,43 2,77 0,16 0,12 0,28 0,01 0,01 0,03
2 saat 20,00 15,53 35,53 6,35 4,12 10,46 1,72 0,76 2,48

3saat 3741 36,73 74,14 20,32 17,63 37,95 6,58 4,72 11,30
4 saat 63,38 62,30 125,69 38,81 34,44 73,25 16,54 16,83 33,37
Ssaat 86,42 80,32 166,74 55,58 45,47 101,05 33,58 22,87 56,45
6saat 88,06 102,53 190,60 71,21 59,98 131,18 44,19 43,77 87,96

I¢ Anadolu Bélgesi i¢in bir, iki, iig, dort, bes ve alt1 saatlik zamansal periyotlarda kurulu giice gore %5,
%7,5 ve %10 {iizerindeki, negatif ve pozitif yonlii kiimiilatif rampa alanlar1 Cizelge S'te verilmistir.
Kiimiilatif rampa alanlarina gére rampa olaylar1 degerlendirildiginde en fazla rampa olaylar1 kurulu giice
gore %5 ve lizerindeki rampa olaylarinda olugsmustur. Ayni zamansal periyotta en diisiik pozitif ve negatif
kiimtilatif rampa alan1 %10 ve lizerindeki rampa olaylarinda meydana gelmistir. Meydana gelis sekline gore
rampalar degerlendirildiginde kurulu giice gore %5 ve iizerindeki rampa olaylarinda bir, bes ve alt1 saatlik
zamansal periyot hari¢ diger zamansal periyotlarda pozitif rampa alan1 daha fazla oldugu goriilmiistiir. %7,5
ve tizerindeki rampa olaylarinda ise iki ve {i¢ saatlik zamansal periyot hari¢ diger zamansal periyotlarda
negatif rampa alan1 daha fazla oldugu goriilmistiir. %10 ve ilizerindeki rampa olaylarinda dort, bes ve alt1
saatlik zamansal periyot hari¢ diger zamansal periyotlarda pozitif rampa alan1 daha fazla oldugu
gOrilmiistiir.
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Akdeniz Bolgesi i¢in bir, iki, ti¢, dort, bes ve alt1 saatlik zamansal periyotlarda kurulu giice gore %5, %7,5
ve %10 tizerindeki, negatif ve pozitif kiimiilatif rampa alanlar1 Cizelge 6'da verilmistir. Kiimiilatif rampa
alanlarina gére rampa olaylar1 degerlendirildiginde en fazla rampa olaylar1 kurulu giice gére %5 ve
tizerindeki rampa olaylarinda olusmustur. Ayni zamansal periyotta en diisiik pozitif ve negatif kiimiilatif
rampa alan1 %10 ve lizerindeki rampa olaylarinda meydana gelmistir. Olusum sekline gdore rampalar
incelediginde, kurulu giice gore %5 ve lizerindeki rampa olaylarinda alti saatlik zamansal periyot harig
diger zamansal periyotlarda pozitif rampa alan1 daha fazla oldugu gériilmistiir. %7,5 ve tizerindeki rampa
olaylarinda ise iki ve bes saatlik zamansal periyot hari¢ diger zamansal periyotlarda negatif rampa alam
daha fazla oldugu goriilmistiir. %10 ve tizerindeki rampa olaylarinda dort saatlik zamansal periyot harig
diger zamansal periyotlarda negatif rampa alan1 daha fazla oldugu goézlenmistir.

Karadeniz Bolgesi i¢in bir, iki, li¢, dort, bes ve alt1 saatlik zamansal periyotlarda kurulu giice gore %5, %7,5
ve %10 tizerindeki, negatif ve pozitif kiimiilatif rampa alanlar1 Cizelge 7°de verilmistir. Kiimiilatif rampa
alanlarina gore rampa olaylar1 incelendiginde en fazla rampa olaylar1 kurulu gilice gore %5 ve lizerindeki
rampa olaylarinda meydana gelmistir. Ayni zamansal periyotta en kiiciik pozitif ve negatif kiimiilatif rampa
alan1 %10 ve lizerindeki rampa olaylarinda olugmustur. Olusma sekline gére rampalar1 degerlendirildiginde
kurulu giice gore %5 ve lizerindeki rampa olaylarinda bes ve alt1 saatlik zamansal periyot hari¢ diger
zamansal periyotlarda negatif rampa alan1 daha fazla oldugu goriilmistiir. Bes saatlik zamansal periyotta
negatif ve pozitif rampa alanlar1 birbirine ¢ok yakin degerlerdedir. %7,5 ve lizerindeki rampa olaylarinda
ise 3, 4 ve 5 saatlik zamansal periyot hari¢ diger zamansal periyotlarda pozitif rampa alan1 daha fazla oldugu
gozlenmistir. %10 ve lizerindeki rampa olaylarinda 1, 2 ve 5 saatlik zamansal periyot hari¢ diger zamansal
periyotlarda pozitif rampa alani daha fazla oldugu, 5 saatlik zamansal periyotta negatif ve pozitif rampa
alanlar birbirine yakin degerlerde oldugu goriilmiistiir.

Cizelge 5. I¢ Anadolu Bolgesi %5, %7,5 ve %10 iizeri kiimiilatif rampa alanlar1

%S5 + %7,5 + %10 +
Pozitif Negatif Toplam Pozitif Negatif Toplam Pozitif Negatif Toplam
1saat 6,67 7,72 14,39 1,78 1,89 3,67 0,53 0,44 0,97
2saat 47,72 40,66 88,38 21,01 17,07 38,08 8,45 6,94 15,38

3saat 75,33 72,28 147,61 36,68 33,08 69,77 24,49 21,85 46,34
4saat 117,47 96,78 214,25 61,11 67,54 128,65 42,31 45,97 88,28
S5saat 120,51 130,15 250,66 88,96 93,48 182,44 64,16 65,81 129,97
6saat 136,46 14396 280,42 102,80 105,64 208,44 75,72 76,53 152,25

Cizelge 6. Akdeniz Bolgesi %5, %7,5 ve %10 iizeri kiimiilatif rampa alanlar1

%S + %7,5 + %10 +
Pozitif Negatif Toplam Pozitif Negatif Toplam Pozitif Negatif Toplam
1saat 9,18 6,84 16,02 1,88 1,99 3,86 0,31 0,38 0,69
2saat 35,90 30,75 66,65 16,96 13,81 30,77 5,22 5,60 10,82
3saat 68,78 56,82 125,60 35,09 39,80 74,89 16,28 18,24 34,52
4 saat 91,98 87,08 179,06 48,69 63,36 112,05 34,16 30,61 64,77
S5saat 107,35 98,44 205,79 79,66 72,23 151,89 41,53 51,41 92,93

6saat 14824 157,05 305,29 82,96 86,37 169,34 59,82 61,33 121,15

Cizelge 7. Karadeniz Bolgesi %5, %7,5 ve %10 iizeri kiimiilatif rampa alanlar

%S + %17,5 + %10 +
Pozitif Negatif Toplam Pozitif Negatif Toplam Pozitif Negatif Toplam
1saat 16,05 19,90 35,95 7,07 5,90 12,97 1,78 2,44 4,21

2saat 57,99 66,53 124,52 38,76 30,07 68,83 16,62 20,16 36,78
3saat 93,34 108,63 201,97 65,74 76,86 142,60 45,66 36,78 82,44
4saat 136,98 152,88 289,86 98,55 110,22 208,77 70,42 56,18 126,59
S5saat 164,40 164,27 328,67 121,24 122,26 243,50 89,17 89,81 178,98
6saat 188,41 172,73 361,14 143,19 131,76 274,95 107,70 99,49 207,19
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Dogu Anadolu Bolgesi i¢in bir, iki, ii¢, dort, bes ve alt1 saatlik zamansal periyotlarda kurulu giice gore %5,
%7,5 ve %10 tzerindeki negatif ve pozitif kiimiilatif rampa alanlar1 Cizelge 8'de verilmistir. Kiimiilatif
rampa alanlaria gore rampa olaylar1 degerlendirildiginde en biiyiik rampa olaylar1 kurulu giice gore %5 ve
tizerindeki rampa olaylarinda olusmustur. Ayni zamansal periyotta en diisiik pozitif ve negatif kiimiilatif
rampa alan1 %10 ve iizerindeki rampa olaylarinda meydana gelmistir. Meydana gelis sekline gore rampalar
degerlendirdiginde kurulu giice gére %5 ve lizerindeki rampa olaylarinda iki, {i¢ ve dort saatlik zamansal
periyot hari¢ diger zamansal periyotlarda pozitif rampa alan1 daha biiyiik oldugu goriilmiistiir. %7,5 ve
iizerindeki rampa olaylarinda ise bes ve alti saatlik zamansal periyot hari¢ diger zamansal periyotlarda
negatif rampa alan1 daha biiyiik oldugu gézlemlenmistir. %10 ve iizerindeki rampa olaylarinda bir, iki ve
alt1 saatlik zamansal periyot hari¢ diger zamansal periyotlarda negatif rampa alani1 daha fazla oldugu , bes
saatlik zamansal periyotta negatif ve pozitif rampa alanlar1 birbirine yaklasik olarak esit degerlerde oldugu
gorilmiistiir.

Giineydogu Anadolu Bdlgesi igin bir, iki, li¢, dort, bes ve alti saatlik zamansal periyotlarda kurulu giice
gore %5, %7,5 ve %10 iizerindeki, negatif ve pozitif kiimiilatif rampa alanlar1 Cizelge 9'da verilmistir.
Rampa olaylar1 kiimiilatif rampa alanlarina gore analiz edildiginde en yiiksek rampa olaylart kurulu giice
gore %5 ve lizerindeki rampa olaylarinda gézlenmistir. Ayn1 zamansal periyotta en diisiik pozitif ve negatif
kiimiilatif rampa alan1 %10 ve iizerindeki rampa olaylarinda gézlenmistir. Olusum sekline gore rampalar
incelendiginde kurulu giice gore %5 ve lizerindeki rampa olaylarinda bir saatlik zamansal periyot harig
diger zamansal periyotlarda pozitif rampa alan1 daha ytiksek oldugu gézlemlenmistir. %7,5 ve iizerindeki
rampa olaylarinda ise dort ve bes saatlik zamansal periyot hari¢ diger zamansal periyotlarda pozitif rampa
alan1 daha fazla oldugu, bir saatlik zamansal periyotta negatif ve pozitif rampa alanlar1 birbirine yaklasik
olarak esit oldugu goriilmiistiir. %10 ve iizerindeki rampa olaylarinda bir ve alt1 saatlik zamansal periyot
hari¢ diger zamansal periyotlarda pozitif rampa alan1 daha bilyiik oldugu goriilmiistiir.

Cizelge 8. Dogu Anadolu Bolgesi %5, %7,5 ve %10 iizeri kiimiilatif rampa alanlar
%S + %7,5 + %10 +

Pozitif Negatif Toplam Pozitif Negatif Toplam Pozitif Negatif Toplam
1saat 66,53 56,12 122,66 31,50 38,65 70,16 21,92 18,68 40,60
2saat 112,80 118,75 231,55 84,78 89,34 174,13 62,84 49,49 112,33
3saat 145,00 148,79 293,80 111,09 114,53 225,63 84,70 87,18 171,88
4 saat 184,25 206,90 391,15 143,07 161,22 304,29 109,44 125,72 235,16
5saat 246,99 245,10 492,09 19534 192,99 38833 151,73 151,85 303,58
6 saat 270,40 258,37 528,77 214,72 205,79 420,51 168,86 162,70 331,56

Cizelge 9. Giineydogu Anadolu Boélgesi %5, %7,5 ve %10 iizeri kiimiilatif rampa alanlan
%S5 + %17,5 + %10 +

Pozitif Negatif Toplam Pozitif Negatif Toplam Pozitif Negatif Toplam
1saat 112,97 137,88 250,85 83,72 83,45 167,17 56,12 62,91 119,03
2 saat 146,99 145,53 292,52 146,99 145,53 292,52 111,67 109,80 221,47
3saat 212,63 208,80 421,43 162,16 149,56 311,71 162,16 149,56 311,71
4 saat 257,89 237,03 494,92 207,32 237,03 44435 207,32 177,29 384,61
S5saat 271,94 252,47 52441 222,83 252,47 47530 222,83 193,66 416,49
6saat 313,32 309,69 623,00 237,32 23591 473,23 186,41 187,59 374,00

Tiim bolgeler igin bir, iki, ii¢, dort, bes ve alt1 saatlik zamansal periyotlarda kurulu giice gére %S5, %7,5 ve
%10 tizerindeki negatif ve pozitif kiimiilatif rampa alani toplamlari Cizelge 10,11 ve 12'de verilmistir. Tim
bolgelerde ayni zamansal donemde toplam kiimiilatif rampa alanlarina gore rampa olaylar analiz
edildiginde en yliksek rampa olaylart kurulu giice gore %5 ve lizerindeki rampa olaylarinda gorilmiistiir.
En diisiik toplam kiimiilatif rampa alan1 ise %10 ve tlizerindeki rampa olaylarinda goézlenmistir. %5 ve
iizerindeki rampa olaylarinda alt1 saatlik zamansal periyot hari¢ diger zamansal periyotlarda en diisiik
toplam kiimiilatif rampa alan1 Marmara Bolgesi’ne, alt1 saatlik zamansal periyotta ise en az kiimiilatif rampa
alan1 Ege Bolgesi'ne aittir. Ayrica tiim zamansal periyotlarda en yiiksek toplam kiimiilatif rampa alani
Giineydogu Anadolu Bolgesi’ne aittir. %7,5 ve iizerindeki rampa olaylarinda, bir saatlik zamansal periyotta
Marmara Bolgesi ve Ege Bolgesi toplam kiimiilatif rampa alanlar1 0 oldugu goriilmiis olup bu iki bolgede
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rampa olay1 gerceklesmedigi anlasilmistir. Diger zamansal periyotlarda en diisiik kiimiilatif rampa alani
Marmara Bolgesi’ne aittir. Buna ek olarak, %7,5 ve lizerindeki rampa olaylar igin tiim zamansal
periyotlarda en yiiksek kiimilatif rampa alan1 Gilineydogu Anadolu Bolgesi’ne aittir. %10 ve lizerindeki
rampa olaylarinda, bir saatlik zamansal periyotta Marmara Bolgesi ve Ege Bolgesi toplam kiimiilatif rampa
alanlar1 0 oldugu goriilmiis olup bu iki bolgede rampa olay1 meydana gelmedigi anlagilmistir. Ayrica iki ve
lic saatlik zamansal periyot hari¢ diger zamansal periyotlarda en kiigiik toplam kiimiilatif rampa alani
Marmara Bolgesi’ne aittir. Buna ek olarak, %10 ve iizerindeki rampa olaylar1 i¢in tiim zamansal
periyotlarda en yiiksek toplam kiimiilatif rampa alan1 Giineydogu Anadolu Bdlgesi’ne aittir.

Cizelge 10. Tiim bolgelerin %5 ve iizeri toplam kiimiilatif rampa alanlar

« .—=. N = »En =
= o < r g 5 S S s
g = s 2 = 0o >
= = = o] < S = [T
= < = & Q= S =
s it < 3 < 5 <
1 saat 2 3 14 16 36 123 251
2 saat 32 36 88 67 125 232 293
3 saat 71 74 148 126 202 294 421
4 saat 109 126 214 179 290 391 495
5 saat 151 167 251 206 329 492 524
6 saat 196 191 280 305 361 529 623
Cizelge 11. Tiim bolgelerin %7,5 ve {izeri toplam kiimiilatif rampa alanlar1
s .—n: N = )ED =
: : E AR RS B &
E & z 3 2 23 33
< < =~ ] [=]- = =
= < < o < = <
1 saat 0 0 4 4 13 70 167
2 saat 8 10 38 31 69 174 293
3 saat 33 38 70 75 143 226 312
4 saat 56 73 129 112 209 304 444
5 saat 99 101 182 152 244 388 475
6 saat 130 131 208 169 275 421 473
Cizelge 12. Tiim bolgelerin %10 ve iizeri toplam kiimiilatif rampa alanlar1
= = N = & =
= o < 2 g 5 e S s
g = s ) = 0o >
= = = = < S = [T
S < < g - 3 &
= & = &
1 saat 0 0 1 1 4 41 119
2 saat 3 2 15 11 37 112 221
3 saat 14 11 46 35 82 172 312
4 saat 27 33 88 65 127 235 385
S saat 52 56 130 93 179 304 416
6 saat 82 88 152 121 207 332 374

4. SONUCLAR

Bu calismada, {i¢ yillik zaman araliginda Tiirkiye’deki riizgar enerji santral iiretimlerinde olugsan rampa
olaylarinin farkli zamansal periyotlar da ve bolgesel olarak incelemesini amaglanmistir. Riizgar enerji
tesislerinde olusan rampalarin biiyiikliigiiniin ve olugsma zamaninin bilinmesi sebeke igletmeleri i¢in biiyiik
6nem arz etmektedir. Ciinkii tiretimdeki azalmalarda sebeke isletmeleri emre amade tiretimi (anlik kullanim
i¢in hazir enerji) kullanmaktadir. Uretimlerdeki artis durumunda ise sebeke yiik atmaktadir. Bu iki
senaryoda sebeke isletmeleri i¢in biiyiik maliyetler olusturmaktadir. Bu amagla ¢alismada Tiirkiye’deki
Marmara Bolgesi’nde 70, Ege Bolgesi’'nde 49, I¢ Anadolu Bélgesi’'nde 19, Akdeniz Bolgesi’nde 13,
Karadeniz Bolgesi’nde 10, Dogu Anadolu Bélgesi’nde 3, Giineydogu Anadolu Bolgesi’'nde bir riizgar
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enerji santralinin 2019, 2020 ve 2021 yillarin1 kapsayan ii¢ yillik ortalama saatlik iiretimleri kullanilmistir.
Bu tesislerin saatlik enerji iiretimlerine gore bir, iki, li¢, dort, bes ve alt1 saatlik zamansal periyotlarda olusan
rampa biiyiikliikleri, standart sapmalar1 ve yonil hesaplanmustir. Kurulu giice gére %5, %7,5 ve %10'un
{izerindeki rampalar incelenmistir. Inceleme bir, iki, ii¢, dort, bes ve alt1 saatlik zamansal periyotlarda
bolgesel olarak degerlendirilmistir. Yapilan degerlendirmeler sonucunda;

» Kurulu giice gore %5 ve iizerindeki rampa olaylari alt1 saatlik zamansal periyot hari¢ tiim zamansal
periyotlarda en az Marmara Bolgesi’'nde goriilmiistiir. Alt1 saatlik zamansal periyotta %5 ve {izeri
i¢in toplam kiimiilatif rampa alan1 Marmara Bdlgesi i¢in 196, Ege Bolgesi i¢in ise 191°dir ve bu
zamansal periyotta en az rampa olaylar1 Ege Bolgesi’nde goriilmiistiir.

» Kurulu giice gore %7,5 ve tizerindeki rampa olaylari bir saatlik zamansal periyot hari¢ tiim zamansal
periyotlarda en az Marmara Bolgesi’nde meydana gelmistir. Bir saatlik zamansal periyotta Marmara
ve Ege Bolgesi ic¢in toplam kiimiilatif rampa alan1 0’dir ve bu zamansal periyotta en az rampa
olaylar1 Marmara ve Ege Bolgesi’nde meydana gelmistir.

» Kurulu giice gore %10 ve iizerindeki rampa olaylari bir, iki ve ii¢ saatlik zamansal periyotlar harig
en az Marmara Bolgesi’nde meydana gelmistir. Iki ve ii¢ saatlik zamansal periyotlarda toplam
kiimiilatif rampa alanlar1 Marmara Bolgesi igin sirasiyla; 3 ve 14, Ege Bolgesi i¢in ise sirasiyla; 2
ve 11°dir.

Bu sonuglara gore iki ve ii¢ saatlik zamansal periyotlarda en az rampa olaylar1 Ege Bolgesi’nde
goriilmiistiir. Kurulu giice gore %10 ve iizeri i¢in bir saatlik zamansal periyotta ise Marmara ve Ege Bolgesi
icin toplam kiimiilatif rampa alanlar1 0°dir. Ayrica kurulu giice gére %5, %7,5 ve %10 {izerindeki rampa
olaylar1 tiim zamansal periyotlarda tiim bolgeler icerisinde en fazla rampa olaylar1 Giineydogu Anadolu
Bolgesi’nde meydana gelmistir. Sonug olarak, elde edilen tiim veriler degerlendirildiginde Marmara ve Ege
Bolgesi’nde diger bolgelere gore RES iiretiminin ¢ok fazla degisken olmadigi ve bu bdlgelerde rampa
olaylarinin bozucu etkisinin ¢ok az oldugu goriilmiistiir. Aksine Giineydogu Anadolu Bolgesi’nde diger
bolgelere gore RES iiretimindeki degiskenligin ve sebekedeki bozucu etkinin ¢ok fazla oldugu sonucuna
ulagilmigtir. Tim bu sonuglar degerlendirildiginde bu ¢alisma, Tiirkiye’de kurulmasi planlanan yeni
tesislere bulundugu bélge agisindan 11k tutacak niteliktedir. Ayni zamanda, mevcut kurulu tesisler igin ise
gerceklesecek olan rampa olaylari igin dnlem almalarina fayda saglayabilecek ve Tiirkiye 6lgeginde rampa
olaylarinin tahmini lizerine yapilan ¢aligmalara girdi niteligi tasiyabilecektir.

Bu makale calismas1 Kahramanmaras Siitcii imam Universitesi Fen Bilimleri Enstitiisii biinyesinde Elektrik
Elektronik Miihendisligi Ana Bilim Dalinda 2022 yilinda Yiiksek Lisans Tezi olarak kabul edilen
“Tiirkiye'de RES iiretimi rampa olaylarinin farkli zamansal periyotlarda bolgesel olarak incelenmesi” adli
yiiksek lisans tezinden tiiretilmistir (Danigman: Dog. Dr. O. Fatih KECECIOGLU, Dr. Ogr. Uyesi Israfil
KARADOL).
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Granitler fiziko-mekanik, kimyasal ve mineralojik yapisindan
dolay1 demiryollarinda balast malzemesi olarak yaygin bir
sekilde kullanilmaktadir. Bu ¢alismada, Malatya Ili Dogansehir
bolgesinde bulunan granitlerin demiryolu balasti olarak
kullamimi degerlendirilmistir. Kaya¢ numunelerinin Balast
Teknik Sartnamesinde belirtilen temel 6zellikleri belirlenmistir.
Ayrica, granit numunesinin mineralojik 6zellikleri ve kimyasal
icerikleri incelenmistir. Deney numunesinin; Los Angeles
parcalanma direnci %13,20; Mikro-Deval asinma direnci
%10,36; Su emme oran1 %0,105; Tane yogunlugu 2,681 g/cm?;
MgSO4 dona dayanim %0,98; Tek eksenli basing dayanimi
104,68 MPa; Nokta yiik dayanimi 6,89 MPa olarak elde
edilmistir. Deney sonuclar1 Malatya {li Dogansehir bolgesinde
bulunan granitlerin konvansiyonel, hizli tren ve yiiksek hizli tren
hatlarinda  balast malzemesi olarak kullanilabilecegini
gostermistir. Bu granit, proje etiidii devam eden Malatya-Elazig-
Diyarbakir hizli tren hattinda ve mevcut durumdaki demiryolu
balast yenilemelerinde kullanilabilecek alternatif bir malzeme
olacaktir.
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Granites are widely used as ballast material in railways due to
their physico-mechanical, chemical, and mineralogical
properties. This study evaluated the use of granites in the
Dogansehir region of Malatya as railway ballast. The basic
properties of the rock samples specified in the Ballast Technical
Specifications were determined. Additionally, the granite
samples' mineralogical characteristics and chemical content
were examined. The test sample; Los Angeles abrasion
resistance was 13.20%; Micro-Deval abrasion resistance was
10.36%; magnesium sulfate freeze-thaw durability was 0.98%;
Water absorption rate was 0.105%; density was 2.681 g/cm’.
Uniaxial compressive strength was 104.68 MPa; Point load
strength was 6.89 MPa. The experimental results indicate that
granites from the Dogansehir region in Malatya can be
effectively used as ballast material in conventional, high-speed,
and high-speed railway lines. This granite will be an alternative
material that can be used in the Malatya-Elazig-Diyarbakir high-
speed train line, whose project studies are ongoing, and in
existing railway ballast renewals.
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1. GIRIS

Demiryolu hattin1 olusturan temel bilesenler arasinda bulunan balast hem dikey, yanal ve boylamsal
gerilimlere direnmekte hem de iyi bir drenaj yolu saglayan énemli bir bilesendir [1,2]. Balast malzemeleri
genellikle madencilik sirasinda patlatilan ve istenilen balast pargaciklarini elde etmek i¢in -22.4 mm +63
mm elek araliginda siniflandirilan saglam ve sert magmatik veya metamorfik kayalardir [3,4].

Balast numunesi agagidaki islevleri yerine getirmektedir [5-7]

e Traverslerin diisey, boylamsal ve yanal yer degistirmelere karst direnci sayesinde trenlerin gidisi
icin stabil bir destek saglamaktadir.

e Tren kuvvetlerini alt zemine aktararak gerilimleri azaltmakta ve bdylece alt zemindeki gerilimlerin
tagima kapasitesini asmasini onlemeye yardimcidir.

e Ray geometrisinin dikey ve yanal yonlerde korunmasini saglamaktadir.

e Tiim ray yapisinin esnekliginin ve sertliginin ayarlanmasina yardimci olmaktadir.

e Yalitim saglayarak hattin giic kaynagina miidahalesini dnlemektedir.

o Drenaj1 saglamakta, giiriiltli ve titresimi azaltmaktadir.

e Hat boyunca bitki ortiisii biiylimesini baskilamaktadir.

Tiim bu islevlerinden dolay: balast malzemesi hat giivenligi agisindan olduk¢a 6nem arz etmektedir. Bu
nedenle balast malzemesi segilirken dayaniklilik, drenaj ozelligi, asinma direnci ve petrografik ve
mineralojik 6zellikleri dikkate alinmalidir.

Ulkemizde kullanilan balast malzemelerinin dzellikleri pek ¢ok arastirmaci tarafindan irdelenmistir. Kozak
[8] Kiitahya-Yenikaracadren bazaltlarinin demiryolu balasti olarak kullanilabilirligini aragtirmis ve yaptigi
deneysel caligmalarin sonucunda bolgedeki bazaltlarin yiiksek hizli, hizli ve konvansiyonel demiryolu
hatlarinda kullanilabilecegine isaret etmistir. Yazar diger bir caligmasinda da Kiitahya-Isikkara
bazaltlarinin balast olarak kullanilabilir oldugunu belirtmistir [9]. Kahraman ve Yapici [10] Ceyhan-
Kurtpmar bazaltlarinin demiryolu balasti olarak kullanimi degerlendirmisler ve konvansiyonel hatlarda
demiryolu balast1 olarak kullanilabilecegini belirtmislerdir.

Ulkemizde demiryolu tasimacilifina olan talebin hizla artmasiyla birlikte yeni demiryolu hatlarinin ingasi
ve mevcut hatlarin uygun sekilde bakiminin yapilmasi gerekmektedir. Balast ihtiyaci nakliye kaynakl
zaman ve maliyeti azaltmak amaciyla genellikle yerel tas ocaklarindan talep edilmektedir.

Bu caligma kapsaminda; Malatya Dogansehir granitlerinin fiziksel, kimyasal ve petrografik 6zellikleri
belirlenerek deney sonuglarinin “TCDD Balast Teknik Sartnamesi’nde belirtilen kriterler ile
kargilastirilacaktir [11]. Bolge Malatya-Elazig-Diyarbakir arasinda etiit caligmalar1 devam den hizli tren
hattina yakin olmasi sebebiyle ¢aligma sahasindan balast malzemesi teminine olanak saglanmis olacaktir.
Hali hazirda bolgede bulunan konvensiyonel hatlarinda gergeklesecek bakim ve balast degisim
calismalarinda da bolgeden elde edilen granit numuneleri kullanilabilecektir.

2. CALISMA SAHASI HAKKINDA BIiLGILER

2.1. Calisma Sahasinin Konumu

Bu ¢alisma kapsaminda, Malatya ili, Dogansehir Ilgesi sinirlari icerisinde Cavuslu Mahallesi Mevkii'nden
bulunan granit ocagindan elde edilen numuneler {izerinde analizler gergeklestirilmistir (Sekil 1).

Caligma alan1 Malatya’ya 51 km, Dogansehir ilgesine 10 km, Polat Mahallesine 4,5 km, Findik Mahallesine
3 km ve Cavuslu Mahallesine 900 m ve uzakliktadir.
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Sekil 1. Calisma sahasma ait yer bulduru haritasi
2.2. Calisma Sahasi Jeolojisi

Granit isletmesinin bulundugu etiit alan1 ve yakin ¢evresinde jeolojik birimler tabanda Permo-Triyas yash
Malatya Metamorfitleri ile baglamaktadir. Calisma sahasinin genellestirilmis stratigrafi kesiti Sekil 2°de
verilmistir. Malatya metamorfikleri allokton kiitle konumundadir. Bolgede, kronostratigrafik olarak en
yasli birim Metamorfikler olmasina ragmen calisma alaninda en st seviyelerde yer almaktadir [12,13].
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Sekil 2. Calisma sahasina ait genellestirilmis stratigrafi kesiti [14]

Metamorfikler inceleme alaninda kristalize kirectaslar ile karakterize olup alt dokunaginda Ust Kretase
yasl Polat Granotoyidi yer alir. Polat Granotoyidi ile Malatya Metamorfikleri’nin kontag1 yer yer tektonik
yer yerde sokulum seklindedir. Tektonik dokanak yaklasik KD-GB dogrultuludur. ki birim arasindaki
tektonik dokanaklarda deformasyon gelisirken sokulum seklindeki dokanaklarda skarn zonlar1 meydana
gelmistir. Granit ocaginda isletilen cevher Malatya Metamorfikleri altinda yer alan Polat Granotoyidi’ne
ait granitlerdir. Polat Granotoyidi inceleme alaninda agirlikli granit, granodiyoritler ile bunlar1 kesen
lamprofir, aplit dayklar1 ile karakteristiktir. Tiim bu birimler iizerine uyumsuz olarak Kuvaterner yash
cokeller uyumsuz ortii birim olarak gelir. Kuvaterner yasgh ¢okeller yamaglarda yamag molozu seklinde,
vadi ve dere iclerinde ise aliivyal ¢okeller ile temsil olunup genel olarak tutturulmamis-gevsek tutturulmus
kum-cgakil-kil depolanmalar1 seklinde olusum gostermistir [12,13].

2.2.1. Bolgesel Jeoloji

Malatya ili ve g¢evresinde goriilen birimler, yaslidan gence dogru; Paleozoyik yashi cesitli sist ve
granitlerden olusan Bitlis-Piitiirge metamorfitleri, Karbonifer-Triyas yash sist ve granitlerden olusan
Malatya metamorfitleri, Koniasiyen-Santoniyen yagli gabro, granit, granodiyorit, diyorit, monzonit ve
tonaliten olusan Baskil magmatitleri, Senoniyen yagli tabanda cakiltasi ve {izerine uyumlu olarak gelen killi
kiregtasi- marn ardalanmasindan olusan Giindiizbey formasyonu, Paleosen yasli ¢akiltasi, yamrulu kiregtasi
ve camurtaglarindan olusan Bent formasyonu, Eosen yasli tabanda ¢akiltasi ve iizerine uyumlu olarak gelen
kumtagi- marn- killi kiregtagi ardalanmasindan olusan Yesilyurt formasyonu, Orta Eosen yaslh kalksist,
camurtasi, spilit ve diyabazlardan olusan Maden karmasigi, Alt Miyosen yasli Akyar kiregtasi, Orta
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Miyosen-Pliyosen yash kiltasi, silttagi, marn, ¢amurtagi, kumtasi ve cakiltasindan olugsan Sultansuyu
formasyonu, kaba taneli cakiltasi ve camurtagi ardalanmasindan olusan Beylerderesi formasyonu,
Kuvaterner yasl yamag molozu ve aliivyon yer alir [12,13].

3. YONTEM

Balast olarak kullanilacak malzemelerde istenen 6zellikler "TCDD Yeni Balast Teknik Sartnamesi"nde
belirtilmistir [11]. Fiziksel 6zellikler i¢in yapilan testler arasinda Los Angeles parcalanma direnci, Mikro-
Deval aginma direnci, su emme orani, tane yogunlugu ve MgSO4 dona dayaniklilik direnci bulunmaktadir.
Mekanik o6zellikler ise tek eksenli basing dayanimi ve nokta yiik dayanimidir. Fiziko-mekanik deneylerin
uygulanmasinda kullanilan standartlar Cizelge 1'de belirtilmistir.

Cizelge 1. Balast numunelerine uygulanan fiziko-mekanik deneyler ve kullanilan standartlar

Deney Standart
Mikro-Deval aginma direnci TS EN 1097-1 [15]
Los Angeles pargalanma direnci TS EN 1097-2 [16]
Su emme orani TS EN 1097-6 [17]
Tane yogunlugu TS EN 1097-6 [17]
MgSO, dona dayanim TS EN 1367-2 [18]
Tek eksenli basing dayanimi TS EN 1926 [19]
Nokta yiik dayanimi TS 699 [20]

Kaya¢ numunesinin petrografik analizleri TS EN 12407 [21], TS EN 12440 [22] ve TS EN 12670 [23]
standartlarina gére degerlendirilmistir. Bu caligmada gerceklestirilen uygulamalarin akis semast Sekil 3’te
verilmistir.

Sekil 3. Caligmanin genel akis semast

Calisma sahasimi temsil etmesi agisindan sahanin farkli bolgelerinden kaya¢ numuneleri alinmistir. Bu
numuneler laboratuvar ortamina getirilmis ve deney standartlarinda belirtilen 6zelliklere gdre numune
hazirlama islemi uygulanmigtir. Deney numuneleri kiip seklinde boyutlandirilmig ve kirma eleme islemi
yapilarak siniflandirilmigtir (Sekil 4). Bu sekilde numuneler fiziko-mekanik deneylerin uygulanmasi igin
hazir hale getirilmistir.
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4. ARASTIRMA BULGULARI

Cavuslu (Malatya) granitlerinden elde edilmis olan numuneler tizerinde uygulanan deneylerin sonuglari
Cizelge 2’de verilmistir. Tiim deneyler Cukurova Universitesi, Miihendislik Fakiiltesi, Maden
Miihendisligi Boliimii laboratuvarlarinda gerceklestirilmistir. Bu sonuglar hesaplanirken deneyler 5 tekrarli
uygulanmis olup elde edilen sonuglarm ortalamasi alinmistir.

Cizelge 2. Deneylerden elde edilen sonuglar

Deney Sonu¢

Los Angeles parcalanma direnci %13,20 + 0,42
Mikro-Deval aginma direnci %10,36 = 0,21

Su emme orant %0,105 £ 0,08

Tane yogunlugu 2,681+ 0,012 g/cm®
MgSO, dona dayanim %0,98 £ 0,15

Tek eksenli basing dayanimi 104,68 + 1,605 MPa
Nokta yiik dayanimi 6,89 + 1,342 MPa

Deneylerden elde edilen sonuglarin degerlendirilmesi “TCDD Balast Teknik Sartnamesi”nde belirtilen sinir
degerlere gore yapilmustir [11]. Bu sartnamede hizli (HT)-yiiksek hizli tren hatlari (YHT) ve Konvansiyonel
hatlar (KT) igin belirtilen sinir degerler Cizelge 3’de goriilmektedir.

Cizelge 3. Hizli (HT)-yiiksek hizli tren hatlar1 (YHT) ve Konvansiyonel hatlar (KT) igin belirtilen sinir

degerler
Sinir Deger
Deney
HT-YHT KT
Los Angeles parcalanma direnci <%14 < %20
Mikro-Deval aginma direnci <%I12 <%l14
Su emme orani <%I,5 <%?2
Tane yogunlugu >2,60 g/cm® >2,50 g/cm’
MgSOj4 dona dayanim <%3 < %5
Tek eksenli basing dayanimi > 100 MPa > 50 MPa
Nokta yiik dayanimi >5 MPa >2.5 MPa

Petrografik tanimlama, TS EN 12407 [21], TS EN 12440 [22] ve TS EN 12670 [23] standartlarina gore
alinan &rnekler iizerinde gérsel, lup, zoomlu steoro mikroskop ile incelemeler yapilmistir. Orneklerden
hazirlanan ince kesitler polarizan mikroskop kullanilarak incelenmistir. Bu incelemeler sonucunda, kayact
olusturan mineraller, kayacin yapisal ve dokusal 6zellikleri, alterasyonun varlig1 ve ¢atlak kirik sistemleri
incelenerek kayac isimlendirilmistir.

Makroskopik inceleme ¢iplak goz, lup ve zoomlu steoro mikroskop ile yapilmistir. inceleme neticesinde,
kayacin metamorfik olusumlu oldugu gozlenmistir. Seyreltilmis hidroklorik asit ile muamele edildiginde
kopiirmemektedir. incelenen 6rnek gri, siyah ve beyaz renk dagilimina sahip olup, bosluk oram diisiik ve
asitlere kars1 dayaniklidir.

Mikroskobik inceleme hazirlanan ince kesitler tizerinde polarizan mikroskop (Olympus BH-2) kullanilarak
yapilmistir. Incelemelerde ana kayag mineralinin feldspat oldugu ve kesitte gozlenen feldspatlarm iri
fenokristalen yapida sekilli ve yar1 6zsekilli oldugu goriilmiistiir (Sekil 5).
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Sekil 5. Numunenin ince kesitlerine ait mikroskop goruntulen (gift nikol)

Kesit biinyesinde feldspatlarin bir kismi zonlu yapida polisentetik ikizlenme gostermektedir. Kesit
icerisinde ferromagnezyen mineraller 6zsekilsiz olarak gozlenmistir. Kesitte bosluk miktari oldukga azdir.
Incelenen ornek; granit ailesinde granitoid bilesimli bir derinlik kayacidir.

Ayrica, deney numunesinin kimyasal analizi gerceklestirilmistir. Bu deney sirasinda numunenin kimyasal
icerigi X-Ray Fluoresence (XRF) yontemi ile belirlenmistir. Deney numunesinin kimyasal igerigi ve

kizdirma kayb1 (K.K.) Cizelge 4’te verilmistir.

Cizelge 4. Numunenin kimyasal igerigi (XRF)

Oksit %
SiO2 68,12
CaO 6,13
ALOs 8,21
Fe:0; 8,62
MgO 3,54
 [€10] 3,20
TiO: 1,26
K.K. 0,92

5. SONUCLAR

Bu calismada, Cavuslu (Malatya) granitlerinin fiziko-mekanik 6zellikleri incelenmistir. Ayrica, ¢aligma
sahasindaki kayaclarin balast malzemesi olarak kullanilabilirligi arastirilmigtir. Bu kapsamda; calisma
sahasindan elde edilen numunelere Los Angeles parcalanma direnci, mikro-deval aginma direnci, su emme
orani, tane yogunlugu, MgSO4 dona dayaniklilik, tek eksenli basing dayanimi ve nokta yiik dayanimi
deneyleri uygulanmistir. Ayrica, ayni numunelerin petrografik ve kimyasal analizleri gergeklestirilmistir.
Deneylerden elde edilen sonuglar TCDD Balast Teknik Sartnamesi’nde hem hizli-yiiksek hizli tren hatlar
hem de konvansiyonel hatlar igin belirtilen sinir degerler ile kargilagtirilmistir.

Cizelge 3’de belirtilen sinir degerler referans olarak alindiginda; deney numunelerinden elde edilen
sonuglarm tamaminin ilgili standartta belirtilen sinir degerleri karsiladigi anlagilmaktadir. Sadece, hizli —
yiiksek hizli tren hatlar igin Los Angeles asginma kaybi ve tek eksenli basing dayanimi degerlerinin sinir
degerlere yakin oldugu tespit edilmistir. Sonug olarak; Cavuslu (Malatya) granitlerinin hem hizli-yiliksek
hizli tren hem de konvansiyonel tren hatlari i¢in balast malzemesi olarak kullanilabilecegi tespit edilmistir.
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obtained from waste through mechanical recycling (pre-
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were compared.  Within the scope of the study, the
environmental impact of the use of recycled raw materials was
evaluated with LCA. According to the Life Cycle Analysis
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Bu c¢alismada geri doniistiiriilmiis pamuk igeren siiprem &rme
kumaglarin yasam dongiisii degerlendirmesi yapilmis ve bazi
performans 6zellikleri arastirilmistir. Iplik {iretim asamasinda
mekanik geri doniisiim (tiiketici 6ncesi geri doniisiim) yoluyla
atiktan elde edilen lifler %10, %15 ve %20 oranlarinda karigim
halinde kullanilarak 6rme kumaslar iiretilmistir. Siiprem 6rme
kumaglarin kullanim 6zelliklerinde dnemli olan kumas sertligi,
hava gegirgenligi ve boyut degisimi gibi bazi performans
Ozellikleri  karsilagtirilmigtir.  Calisma  kapsaminda  geri
doniistiirilmiis hammadde kullaniminin gevresel etkisi LCA ile
degerlendirilmistir. Yasam Ddngiisii Analizi (LCA) sonuglarina
gore %100 orijinal pamuk yerine %10 ile %20 arasinda degisen
katki oranlarma sahip geri doniistiirilmiis pamuk kullanimi
kaynak tiikenmesi (fosil yakitlar), kiiresel 1smnma, ozon
tabakasimin incelmesi, insan yagamui tizerindeki toksik etki, tatlt
su yagsami tizerindeki toksik etki, karasal yasam {tizerindeki
toksik etki ve toplam su kullaniminda 6nemli iyilestirmeler
gostermistir.
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1. INTRODUCTION

The textile industry is one of the sectors with great economic value in the world, but it also has a high
environmental impact. Unconscious behaviors in resource use around the world significantly affect
economic sectors, especially textiles and clothing. Steps such as choosing reusable products, repairing and
reusing products, recyclable product design, using recycled materials, repairing and reusing, and renting
can be listed as options to be preferred for resource efficiency in the textile and apparel sector.

In this context, recycling, especially in cotton materials as raw materials in textiles and apparel, has recently
gained an important place in the sector with different application stages. If the aim is to add value to the
product through high-level recycling, using cotton obtained from pre-consumer/post-consumer waste
sources instead of producing cotton from scratch not only ensures the sustainable use of natural resources,
but also significantly reduces environmental damage by saving energy and water. When it comes to textile
fibers such as cotton, recycling becomes increasingly important when the value of such a valuable material
is considered, and obtaining products from 100% recycled fibers becomes important over time.

In this study, in a facility where production wastes generated during yarn production stages are recycled by
mechanical methods, knitted fabric yarns were obtained by mixing original cotton fiber with recycled fiber
at different rates. With the recycled knitting yarns obtained here, single jersey knitted fabrics were produced
at different recycling rates and some performance properties in the use of the fabrics were compared with
each other.

In addition, the effect of the use of recycled raw materials was evaluated with life cycle analysis (LCA)
within the scope of the study. The improvement values (%) obtained with LCA for the use of recycled fiber
instead of 100% cotton were determined. Life Cycle Assessment is a scientific analysis method used to use
resources more efficiently and reduce the consumption of natural resources in a sector where inputs such
as energy, raw materials, chemicals, water, etc. are intensive, such as the textile and apparel sectors. Life
Cycle Assessment - LCA (Life Cycle Assessment) Life cycle assessment is a scientific analysis method
used worldwide, defined and standardized in detail in the ISO 14040 series. It is a tool used to calculate the
environmental impacts of a product during the stages of obtaining, producing, transporting, using and
disposing of its raw materials (throughout its entire life cycle), to identify problematic points in production
and to get to the source of problems. Many environmental impacts can be presented with numerical data
using computer software specifically prepared for the subject.

2. LITERATURE

Glin et al. [1] examined the dimensional and physical properties of socks produced from recycled fibers.
While the effect of fiber type on air permeability was found to be significant, no significant difference was
observed in burst strength between recycled fabrics and original fabrics. Recycled fabrics were found to
have lower air permeability and higher pilling tendency. In terms of abrasion resistance, recycled fabrics
showed lower mass loss in the evaluation through mass loss, and in terms of color resistance, higher color
fastness was observed. Although the quality characteristics of yarns obtained from recycled fibers differ
from those of original (virgin) yarns, it has been generally concluded that recycled fabrics can be used
comfortably without significant loss of quality.

Doba Kadem [2], in an experimental study on the recycling of cotton waste in the denim sector, compared
the strength properties of weft and warp of denim fabric produced by blending recycled cotton in the blend
with non-recycled denim fabric. As a result of the study, it was stated that denim fabrics with recycled
cotton can be used similarly to non-recycled fabrics.

Wanassi et al. [3], obtained mixed yarns by using fibers obtained after the waste yarn recycling process and
mixing these fibers with other fibers. Cotton from Mali, Greece, and Brazil, known for its good length
properties, was selected to be mixed with recycled fibers. Mixing ratios were prepared in the form of an
experimental plan in different proportions up to 100%. Fiber tests were conducted, and fiber properties
were determined, including the flexibility index. When the results were examined, it was seen that the blend
made with Mali cotton had the most suitable fiber properties for practical use. Additionally, it was found
that these blends could be obtained at a lower cost. It was concluded that the increased proportion of
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recycled fibers in the yarn led to an increase in thin places, thick places, neps, and roughness of the blended
yarn.

Doba Kadem and Ozdemir [4] compared some comfort features of denim fabric produced using recycled
cotton fibers after consumer use with the original cotton denim fabric of the same construction. Cotton
yarns from the same blend were used in the fabric production. The fibers obtained from the post-consumer
recycling process were mixed into the warp yarn blend at a rate of 20%, and 79% cotton fibers were selected
as the reference denim blend. Both fabrics underwent the same finishing processes. The air permeability,
bending strength, and dimensional change after washing of the denim fabrics were determined according
to standards. According to the results, it was found that the recycling process in question could be
effectively used in denim production.

Kertmen et al. [5], evaluated the selected properties of supreme fabrics woven with various blends of cotton
and waste cotton, interpreting the impact of recycling on performance characteristics. In this study, Ne 20/1
open-end yarns were produced using 100% original cotton, 95% original + 5% recycled cotton, and 90%
original cotton + 10% recycled cotton blends. Performance tests such as burst strength and pilling were
applied to the fabrics produced using the yarns, along with some comfort tests. It was found that the burst
strength of the fabric woven from 100% original cotton was higher than that of the knitted fabric with
recycled fiber content. The tests indicated that the yarn structure had little effect on thermal comfort.

Jamshad et al. [6], conducted a study to evaluate spinning wastes and transform them into value-added
products using different fiber blends recovered from different yarn wastes and fabric cutting machines. The
goal was to produce open-end yarns from 100% recycled materials. Cost calculations showed that the yarn
cost obtained from recycled fibers was cheaper than the reference yarns. HVI tests revealed that yarn waste
had better fiber length and uniformity compared to fabric waste. Yarns produced from blended yarn waste
were found to have less yarn irregularity and better tensile strength compared to fabric waste blends.

Fidan’s study investigates the contribution of the use of organic cotton fiber to the environmental impact
of denim fabric, instead of conventional cotton fiber. As a result of this LCA study, all environmental
impacts of denim fabric decreased with the use of organic cotton. The LCA application was implemented
using Simapro 8.5.2 software. A significant reduction in fresh aquatic ecotoxicity of 96% was achieved
compared to the use of conventional cotton. Moreover, in terrestrial ecotoxicity and photochemical
oxidation potentials, quite remarkable improvements were gathered with 90% and 57%, respectively. [7]

Doba Kadem and Sevgi [8] conducted a study in which waste material generated during the yarn production
stages (such as combing waste, carding waste, and other production waste referred to as pre-consumer
waste) was mechanically recycled and blended with original cotton fibers in different proportions to obtain
recycled fiber. Knitted yarns with recycled content were produced from these recycled blend yarns, and
supreme knitted fabrics were manufactured. Although there was an increase in yarn irregularity, especially
as the recycling ratio increased, generally, for all the tested properties, supreme knitted fabrics with 10%,
15%, and 20% recycling ratios showed similar values in terms of air permeability, burst strength, and fabric
stiffness. Similar studies conducted previously have also observed that the use of recycled fibers in fabric
production is acceptable in terms of performance characteristics. It is suggested that increasing the usage
ratio of recycled cotton fiber can contribute significantly to raw material resource conservation without
compromising product performance.

In the Doba Kadem study, changes in selected performance properties of fabrics woven in plain weave with
different weft densities and different raw materials (cotton, linen and cotton/linen blended) weft yarns were
examined and the positive contribution of linen fiber to the fabric was revealed in the study. When evaluated
in terms of life cycle analysis, fabrics using 5% linen have 2% better resource depletion, 3% better toxic
effect on human life and 1% better effect on freshwater life. When 20% linen is used, resource depletion is
9% better, 10% better effect on terrestrial life, 10% better toxic effect on human life and 9% better effect
on freshwater life [9].

Zervent Unal and Baylak [10] conducted a study on pre-consumer yarn production using fibers obtained
through the recycling of indigo-dyed waste yarns used as the weft yarn in denim fabric production. In the
study, fibers obtained from recycled indigo-dyed yarns were blended with the blend at a ratio of 30%, and
yarn production was carried out. The physical properties of the produced yarns were compared with yarns
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produced using original cotton fibers of the same number. It was found that the U% and CVm values of the
yarns containing pre-consumer fibers were, on average, 1% higher for all yarn numbers, and the increase
in irregularity due to the use of recycled fibers was quite low. As a result of the study, it was determined
that fibers obtained through the recycling of indigo-dyed yarns, despite a slight increase in irregularity and
a loss in strength, could be reused in denim fabric production, which is an essential part of denim fabric
manufacturing.

In another paper, within the framework of increasing contributions to sustainable development goals and
reducing the water footprint, the sustainable production potential of a factory producing denim fabrics was
studied in association with the sustainable development goals. As a result of the evaluations, it emerged as
a more dominant view that the factory’s contribution to sustainable development goals should be evaluated
according to the total production capacity. The sustainability evaluation made according to the total
production capacity determined that the factory contributed approximately 12% to Sustainable
Development Goal 12 in the period examined, according to both the life cycle assessment and material
input per service method. Although there is inconsistency in the life cycle assessment and material input
per service method results, it was predicted that there are economic and environmental gain potentials
related to Sustainable Development Goals 13, 14, and 15, and the sustainable production potential of the
factory can be increased [11].

In Sabir et al.’s study, the life cycle analysis (LCA) of finished fabrics produced as denim and sportswear
products from soy protein fiber, an innovative natural fiber, was examined. In the study, 8 different blends
consisting of cotton, soy fiber and cotton/soy blend yarns were used in the weft of woven fabrics selected
from the denim and sportswear product groups. The soy fiber ratio in the blend was selected as 10%, 30%
and 50%, and the other blend material was cotton. Weft yarns were produced in two different yarn counts,
Nel0 and Nel6. The warp yarn is the same in all fabrics and is 100% cotton material. Fabrics produced
using these yarns were woven as 8 different fabrics, four of which were denim and four were sportswear.
Anti-bacterial activity, color fastness and some fabric performance tests were applied to the sample fabrics.
It was observed that the soy fiber content did not negatively affect the fastness and performance of the
woven fabrics. All fabric samples in the study were analyzed separately for denim and sportswear lines
with the Life Cycle Analysis (LCA) study. The best result in the life cycle analysis study of soybean fiber
was obtained in fabrics using 90% cotton-10% soybean fiber yarn in the weft for denim fabric and 50%
cotton-50% soybean fiber yarn in sportswear fabric production [12].

Karagdl et al.’s study conducted on denim fabrics were produced using weft yarns obtained from
mechanically recycled fibers after consumer use, and the breaking strength, tearing strength, thermal
resistance, water vapor permeability, air permeability, and fabric stiffness of these fabrics were determined
according to the standards and the results were interpreted. With this study, it was aimed to reveal the
importance of more environmentally friendly denim fabric production by increasing the recycled fiber ratio,
and the impact of denim fabrics on the life cycle in terms of sustainability was evaluated. A life cycle
analysis of the recycled denim fabrics was made using the SimaPro software program, and the
environmental effects of the production were also revealed. Within the scope of the study, it was observed
that the structural properties of the fabrics produced and the composition of recycled cotton used affect the
performance and comfort properties of the fabric. The effect of the cotton recycling rate on the recycled
denim fabrics was evaluated by LCA (life cycle analysis). As a result of the LCA evaluation, with the use
of cotton with a high percentage of recycling additives instead of conventional cotton, as in the reference
fabric, resource depletion (fossil fuels), global warming, depletion of the ozone layer, the toxic effect on
human, freshwater and terrestrial life, the total water use, and other categories were observed to undergo a
significant improvement [13].

In this study, production wastes called pre-consumer in yarn production stages were recycled by mechanical
method and recycled fiber was obtained by mixing with original cotton fiber in different ratios. Single
jersey knitted fabrics were produced with the recycled knitting yarns obtained from here at different
recycling ratios and some performance properties were compared in the use of fabrics. In addition, the
effect of using recycled raw materials was evaluated with LCA within the scope of the study. The
improvement values (%) obtained with LCA for the use of recycled fiber instead of 100% cotton were
determined.
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3. MATERIAL AND METHOD

In the study, single jersey knitted fabrics were produced with Ne 20/1 open-end yarns, which are obtained
by mixing recycled cotton fiber with original cotton fiber. Knitted fabrics were obtained by mixing the
cotton fiber obtained from the recycling process into the pure cotton mixture at the rates of 10% (90% virgin
cotton), 15% (85% virgin cotton) and 20% (80% virgin cotton). The properties of the recycled blended
yarns used in the study are given in Table 1.

When Table 1 is evaluated in general, it can be said that as the recycling rate increases, yarn evenness and
some yarn defects (thin place, thick place, neps) increase, but yarn strength (Rkm) value is not adversely
affected.

Table 1. The properties of the recycled blended yarns

Samples
Properties of yarns 100 % virgin 10% recycl.ed‘ 15% recyclgd. 20% recycl.ed‘
cotton cotton 90% virgin  cotton 85% virgin  cotton 80% virgin

(reference) cotton cotton cotton
Rkm 10,74 10,65 10,57 10,04
%U 10,45 10,49 10,88 11,12
% CVm 13.17 13,21 13,7 14,01
Breaking elongation (%) 3,56 3,59 3,79 343
Thin places (-50) 3,2 3,5 6 8
Thick places (+50) 12,5 12 31,5 29
Neps (+280) (sayr/km) 0,46 0,5 6 8
Hairiness (H) 4,75 5 5,31 5,15

Single jersey fabrics were produced on a Pilotelli circular knitting machine (Pus/Fein 32/22 inch). Since
the fabrics are knitted fabrics, they were kept in laboratory conditions (at 20° C and 65% relative humidity)
for at least 48 hours since there would be a size change after leaving the knitting machine. The tests were
carried out in a conditioned laboratory environment in accordance with the standards. In this way, before
starting the test measurements, the treatment was done with a rested fabric.

Table 2. Structural properties of knitted fabrics

Knitted fabric cotton blend ratio

Structural properties Reference 10% 15% 20%
RS) recycled recycled recycled
Course/cm 17,00 16,40 16,80 16,40
Wale/cm 12,00 11,40 11,00 10,80
Stitch density (wpc*cpc) 204 186,96 184,8 177,12
Loop shape factor (cpc/wpc) 1,41 1,43 1,52 1,51

The structural properties of the knitted fabrics obtained from the yarns were measured in accordance with
the standards. The results with the structural properties are given in Table 2. The fabrics were tested before
and after home washing.

Loop line and bar count were determined according to TS EN 14971 standard [14], weight (mass per unit
area) was determined according to TS 251 [15], fabric thickness was carried out according to TS 7128 EN
ISO 5084 [16], air permeability was determined according to TS 391 EN ISO 9237 standard [17], fabric
hardness was carried out according to ASTM D 4032-94 standard [18], and dimensional change after
washing was performed according to TS EN ISO 5077 standard [19] respectively.

4. RESULTS AND DISCUSSION

The fabric weight values of the reference and recycled cotton-added fabrics before and after washing are
given in Figure 1, and the fabric thickness results are given in Figure 2. The loop structures of the fabrics
approaching each other after washing (gathering of the fabric) caused an increase in grammage and fabric
thickness.
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Figure 1. Fabric weight of reference fabric and recycled cotton fabrics

Spirality, which is determined as the deviation value of the angle between the loop row and the loop column
from 90 degrees, is an undesirable situation in the fabric and the maximum acceptable value in knitted
fabrics is 5 [8]. Figure 3 shows that the spirality before and after washing is within the acceptable limit.
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Figure 2. Fabric thickness of reference fabric and recycled cotton fabrics
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Figure 3. Fabric spirality of reference fabric and recycled cotton fabrics

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Fiisun DOBA KADEM, Raziye OZAN

In addition to the difference in the recycling rates of knitted fabrics, it was observed that the spirality results
were close to each other due to the similarity of features such as knitting structure (serial jersey knitting),
yarn twist (the twist of the fabrics is 680 t/m), loop density and rod density effective in warp rotation. In
order for this value not to be high, knitting in balanced knitting structures (e.g. 1x1 rib) is generally
preferred.

Figure 4 shows the dimensional changes in the transverse and longitudinal directions of knitted fabrics after
washing.
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Figure 4. Fabric shrinkage of reference fabric and recycled cotton fabrics

When the test results were evaluated as fabric stiffness (Figure 5), when three fabrics with recycled cotton
additives were evaluated together, the handle of the knitted fabric with 10% recycled cotton additive was
determined to be harder than the others. As the recycling rate increased, it was observed that the handle of
the fabric was softer both before and after washing. The fact that the frequency of the 10% recycled knitted
fabric was higher than the others and that it was thicker caused the stiffness value of this fabric, which has
a higher grammage, to be higher. This is an expected situation.
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Figure 5. Fabric stiffness of reference fabric and recycled cotton fabrics

It is seen in Figure 6 that air permeability in knitted fabrics is higher in 100% cotton fabric (R.S.).
Considering the fact that the effect of fiber type on air permeability is important, since the fabrics tested in
the study were cotton and recycled cotton additives, since the fiber type was the same, no negative
difference was observed between the fabrics in terms of the effect of recycled cotton additive on air
permeability.

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Life Cycle Assessment (LCA) of Single Jersey Knitted Fabrics Containing Recycled Cotton Fiber and Fabric Performance

However, it is thought that recycled fabrics have a more porous structure than the original fabric and this
situation has a slightly increasing effect on air permeability, especially after washing.
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Figure 6. Fabric air permeability of reference fabric and recycled cotton fabrics
LCA Evaluation Results:

Simapro software is used when performing LCA to determine, report and control the environmental impacts
of a product or service at each stage of its life cycle, from raw materials to the disposal of waste generated
as a result of production. All production inventories were collected in order to enter data in the life cycle
analysis. As a result of inventory analysis, a list was categorized based on environment (air, water, soil) or
process emerges. Accordingly, the environmental impacts calculated in the life cycle assessment were
determined and interpreted for the reference suprem fabric and recycled cottonadded suprem fabric. Life
cycle analysis (LCA) of the suprem fabrics obtained was made with SimaPro software (2018, vers. 8.5.2.2.),
and as a result of the LCA evaluation, the effect of the use of cotton with a high percentage of recycling
additives instead of the original cotton, as in the reference fabric, on resource depletion (fossil fuels), global
warming, depletion of the ozone layer, the toxic effect on human, freshwater, and terrestrial life, total water
use and other categories was revealed (Table 3).

Table 3. Comparison of LCA Results for single jersey fabrics [20]
Improvement (%) of LCA results

cIa':‘epi‘frt 80% cotton +20% %85 cotton +%15 %90 cotton +%10
sory recycled cotton recycled cotton recycled cotton

Abiotic depletion
(ke Sb eq) 14,92 11,19 7,46
Abiotic depletion (fossil fuels)
(M) 1,10 0,83 0,55
Global warming (GWP100a)
(kg CO2 eq) 2,56 1,92 1,28
Ozone layer depletion (ODP)
(ke CFC-11 eq) 6,93 5,19 3,46
Human toxicity
(kg 1,4-DB eq) 4,18 3,13 2,09
Freshwater toxicity
(kg 1.4-DB eq) 17,6 13,2 8,8
Terrestrial ecotoxicity
(kg 1.4-DB eq) 19,8 14,85 9,90
Total Water Use 13,85 10,39 6,92
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According to the Life Cycle Analysis (LCA) results, the use of recycled cotton with contributions ranging
from 10% to 20% instead of 100% original cotton demonstrated significant improvements in resource
depletion (fossil fuels), global warming, ozone layer depletion, toxic impact on human life, toxic impact on
freshwater life, toxic impact on terrestrial life, and total water usage, as shown in Table 3. In the life cycle
analysis, it was observed that the use of pre-consumer recycled yarn in fabrics produced with 20% recycled
fiber resulted in a 14.92% improvement in resource depletion, 2.56% in global warming, 6.93% in ozone
layer depletion, 17.6% in toxic impact on freshwater life, 19.8% in toxic impact on terrestrial life, and
13.85% in total water usage.

5. CONCLUSION

As is known, the recycling process of cotton begins with appropriate classification. At this stage, pre-
consumption wastes within the enterprise and post-consumption wastes outside the enterprise can be used.
Pre-consumption wastes are formed during yarn production, weaving, knitting, finishing, sewing or quality
control stages. A classification is made according to the quality and color of the incoming wastes. In this
classification, different criteria such as the structure of the waste (yarn count, production method, fabric
weight, etc.), raw material, size and color are used. The quality of the fibers obtained as a result of the
recycling process is closely related to the properties of the waste material [21]. There are different results

in the literature on how the type and ratio of raw material for recycled cotton fiber is reflected in the recycled
fiber-added fabric.

In this study, it was planned to evaluate the usability of single jersey knitted fabrics produced from
mechanically recycled raw materials in apparel production in terms of fabric performance properties. In the
study, the knit structure widely preferred in apparel fabrics was selected. These fabrics were produced under
controlled operating conditions and subjected to certain tests according to standards and the results (fabric
shrinkage, spirallity, fabric stiffness and air permeability) were evaluated. When the obtained test results
were compared with the reference fabrics, it was seen that increasing the recycling rate did not significantly
reduce the fabric quality in terms of performance properties. In addition, LCA evaluation was made and
the obtained results showed that the use of recycled cotton containing additives provided significant
improvements compared to the use of 100% original cotton in terms of resource depletion (fossil fuels),
global warming, ozone layer depletion, toxic effects on human life, toxic effects on freshwater life, toxic
effects on terrestrial life and total water use.
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Bu makalede, tasocag: faaliyetlerinde gergeklestirilen patlatma
islemleri sonucu olusan toplam askida partikiil madde miktar1
(TAPM) ile hava soku arasindaki iligki incelenmistir. Arastirma
kapsaminda, patlatma etkisiyle olusan partikiil madde miktar1 ve
hava goku 6l¢iimleri ayni anda ayn1 6l¢iim noktasinda yapilmis,
elde edilen veriler arasindaki iliski arastirilmistir. Sonug olarak,
patlatma kaynakli g¢evresel etkilerden hava soku ile TAPM
arasinda yiiksek korelasyonlu (R=0,9) ve anlaml bir iliski tespit
edilmistir. Calisma, hem patlatma operasyonlarinin hava kalitesi
iizerindeki etkilerini belirlemekte, hem patlatma ile olusan toz
bulutunun yayilim mesafesini analiz etmekte, hem de 6l¢iimii
zahmetli ve maliyetli olan toz miktarinin amaciyla hava soku ve
partikiil madde miktar1 arasindaki iligkiyi detayli olarak ortaya
koymaktadir.
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This article examines the relationship between the total
suspended particulate matter (TSPM) generated by blasting
operations in quarry activities and air shock. In the research,
measurements of particulate matter and air shock caused by
blasting were taken simultaneously at the same measurement
point, and the relationship between the obtained data was
analyzed. As aresult, a high correlation (R=0,9) and a significant
relationship were found between air shock and TSPM, one of the
environmental impacts caused by blasting. The study not only
determines the effects of blasting operations on air quality but
also analyzes the dispersion distance of the dust cloud generated
by blasting and provides detailed insights into the relationship
between air shock and particulate matter, which are challenging
and costly to measure.
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1. GIRIS

Ulkemizde ve diinyada sehirlesmeyle birlikte maden ve tas ocaklarinda patlatma islemleri biiyiik bir hizla
devam etmektedir. Yeralti ve agik ocak kazilarinda patlayict madde kullanimi, hem teknik hem de
ekonomik nedenlerle kacinilmaz hale gelmistir. Kaya formasyonunda agilan bir delige patlayici
yerlestirildiginde, cok kisa siirede yiiksek miktarda gaz agiga cikar ve bu gaz, delik ¢evresine yogun bir
basing uygular. Patlatma islemi sonucunda, deligin ¢evresindeki kaya piilverize olurken, piilverize olmus
zonun diginda kaya pargalanir. Ayrica, patlatmanin neden oldugu hava soku (AOP), yiizlerce metre uzaktan
6l¢iilebilen bir basing degisimine yol agar [1-3].

Patlatmanin baslica ¢evresel olumsuzluklarindan biri toz olusumu ve yayilimidir. Patlatma sirasinda olusan
toz, ¢ok kiiciik par¢a boyutlarinda olup atmosferik kosullara bagli olarak yiizlerce metre uzaga tasinabilir.
Havadaki partikiil madde, insan sagligin1 etkileyen 6nemli kirleticilerdendir. Patlatma sonucu olusan toz,
havada bulunmamasi gereken maddelerin atmosfere karigmasina yol agar. Tozun 10 mikrondan biiyiik
kismi dig solunum yollarinda kalirken, 10 mikrondan kiiciik kismi bronslarda, 1-2 mikron c¢apindaki
partikiiller alveollerde tutulur. 0,1 mikron ¢apindaki partikiiller ise alveoller araciligiyla kana karisabilir
[4-6]. Literatiirde partikiil madde (PM) 6l¢iim ve analizinin biiylik 6nemi bilinmekle birlikte, tagsocagi
faaliyetlerinde toz dl¢timii ile ilgili calisma oldukga smirlidir [3].

Patlatma ile atmosfere yayilan bir diger cevresel etki hava sokudur. Havadaki gaz molekiilleri oldukga
diizenli bir sekilde dagilmakta ve rastgele hareket halinde bulunmaktadirlar. Ses dalgalarinin yayilim
mekanizmasi, bir molekiilden diger bir molekiile molekiiler yer degistirme sirasinda momentum transferi
seklinde agiklanmaktadir. Degisik hava kosullari altinda ve kotii patlatma uygulamalarinda hava soklari
oldukca yiiksek mesafelere ulasabilmektedir.

Ses, basing ya da desibel (dB) olmak iizere iki farkli birim ile ifade edilebilmektedir. Hava soku, basing ya
da ses olgerler kullanilarak dlgiilebilmektedir. Insan kulagiyla duyulabilen yaygin aralikli genlikler ve
frekanslardan dolay1 akustik miithendisleri sesi desibel terimi ile ifade etmektedir [7,8].

Partikiil maddenin mesafeye bagli soniimlenmenin yani sira, atmosferik kosullardan etkilendigi bilindigi
gibi [9,10]; hava sokunun da 6zellikle sicaklik, hava basinci ve riizgar gibi hava kosullarindan etkilendigi
bilinmektedir [11]. Bu ¢alismada, 6nce partikiil madde yayilimi karakteristigi, sonrasinda da hava soku ile
iliskisi ortaya konmustur.

Patlatmanin ¢evresel etkileri irdelenirken, toz olusumu goz ardi edilen bir husustur. Bu ¢aligma ile, hem
ocak i¢i cevresel kosullarla ilgili farkindaligin hem de literatiirdeki bilgi birikiminin artirilmasi
hedeflenmekte, ayrica patlatma ile olusan toz bulutunun yayilim mesafesini analiz etmek, hem de 6l¢limii
zahmetli ve maliyetli olan toz miktar1 ile hava soku arasindaki iligkiyi detayl olarak ortaya koymaktir.
Literatiirde patlatma operasyonlarina yakin mesafede toz 6rneklemesi yapan bir ¢alisma bulunmamakla
birlikte, hava soku ile toz dl¢iimiinii bir arada yaparak iliskilendiren bir ¢aligma da mevcut degildir.

2. YONTEM

Calisma kapsaminda, sahada titregim, hava soku ve toz Ol¢iimleri gergeklestirilmis, ayrica laboratuvar
ortaminda toz 6l¢limii yapilan filtrelerin analiziyle PM miktar1 belirlenmistir. Toplanan veriler, istatistiksel
analizlere tabi tutulmus ve sonuglarin gecerliligi R katsayisi (korelasyon katsayisi) ile dogrulanmuis; veri
sayisina bagl istatistiksel iligkinin anlamliligini1 degerlendirmek igin ise t-testi (Esitlik 1) uygulanmigtir
[12].

t=—= )

(%)

Burada, R korelasyon katsayisi, n ise veri sayisidir.

Ayrica, titresim ve hava sokunun tahmin edilebilirligini ortaya koyan, literatiirde yerlesmis 6l¢ekli mesafe
(SD) iliskisi (Esitlik 2) kullanilmistir.

SD= R/W?®S )
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Burada R: mesafe, W: gecikme basina sarj miktaridir. Caligma siirecine dair detayl bilgiler, takip eden
boliimlerde sunulmustur.

2.1. Calisma Sahasi

Istanbul'da, yerlesim yerlerine yakin bir tas ocaginda yerinde inceleme ve gozlemler gerceklestirilmistir.
Bu siirecte, kaya kiitle durumu ve kazi ¢aligmalari yerinde gozlemlenmis, patlatma tasarim parametreleri
kaydedilmistir. Atim dncesi ve sirasinda atmosferik parametreler izlenmis, havadaki partikiil madde parca
boyut dagilimi Cascade Impactor cihazi kullanilarak belirlenmistir. Ayrica, izlenen atimlar sirasinda
titresim ve hava soku degerleri de kayit altina alinmigtir [3].

2.2. Calisma Sahasinin Jeolojisi

Inceleme alaninda altta yatan birim sistlerdir. Kirklareli formasyonuna kadar uzanan kirectasi ve marn
seviyeleri sistler iizerinde yer alir. Inceleme alaninda kil, kumlu kil ve gok zayif dayanimli kumtast
ardalanmasi vardir ve bu ardalanmanin tizerinde kazilan birim Kirklareli Kiregtasi'dir. Kirklareli Kiregtasi
resif ortaminin ¢esitli fasiyeslerini temsil eden karbonatlardan olusmaktadir. Kiregtasi, kirli beyaz, agik
krem, gri, orta-kalin, ¢ok kalin tabakali, bol makrofosiller ve bentonik foraminifer igeren kiregtaslarindan
olusur. I¢ci bos ve gozenekli bir dokuya sahiptir ve yer yer dolomitlesme gosterir. Biiyiik ve kiiciik
paleokarstik eriyik bosluklar1 yaygindir. Bol alg igeren kirectasi, mercan igerigi ve tanetasi tipi hakimdir.
Calisma sahasinda yer alan kaya birimleri kalsitik yapida, beyaz ve gri renkli olup, homojen ve altere
olmamus bir durumdadir. Uretilen kaya birimleri kalsitik yapidaki kirectaslaridir [13-15].

2.3. Saha Calismalar

Saha caligmalari sirasinda, yagissiz giinlerde, operasyonu aksatmayacak sekilde uygulanagelen patlatmalar
izlenmistir. izlenen atimlarin patlatma paternleri kayit altina alinmis, atimlar sirasinda titresim ve hava soku
olgiimleri Instantel marka titresim ve hava soku 6lger cihazla gergeklestirilmis, PM &l¢iimleri Cascade
Impactor cihazi ile alinmistir. Orneklemeler, 0,45 mikron gozenek boyutuna sahip 82 mm kuvars fiber
QMAA filtreler kullanilarak yapilmis, filtreler 6l¢lim 6ncesi ve sonrast desikatorde 48 saat sartlandirilmistir.
Filtreler hassas terazilerle agirliklandirilmigtir. Atimlar esnasinda olusan toz bulutuna ait PM 6rneklemesi
yapildiktan sonra, filtreler laboratuvar ortaminda tartilarak, ilk agirlik ve son agirlik farki yontemiyle toz
miktarlari tespit edilmistir.

Yapilan titresim, hava soku ve toz dl¢iimleri her bir atim i¢in ayni1 istasyonda (ayni konumda) yapilmustir.
Olgiim istasyonlar1 her bir atim igin tozun ve hava sokunun riizgar etkisiyle hareket edecegi diisiincesinden
hareketle, ayn1 atimdan istasyon notasina dogru riizgar yoniinde secilmistir. Belirlenen yontemlerle yapilan
orneklemelere ait sonuglar bulgular béliimiinde detaylariyla sunulmaktadir.

3. ARASTIRMA BULGULARI

Saha g¢alismalart boliimiinde detaylari belirtilen arazi ve laboratuvar calismalart sonucunda, sahada
gerceklesen patlatma paternleri, hava soku oOlgiimleri ve partikiil madde Orneklemesi sonuglar
simiflandirilmigtir. Atimlarin anlasilmasinda kolaylik saglamak iizere atimlar yakin mesafeden uzak
mesafeye gore olacak sekilde 1°den 5’e kadar siralanmustir. Sahada gergeklestirilen atimlara ait paternler
Cizelge 1’de sunulmaktadir.

Cizelge 1. Sahada 6l¢iimleri izlenen atimlara ait paternler [3]
Delik boyu  Sikilama  Dilim kalinligt ~ Delikler arasi Delik  Gecikme bagina

Atim no (m) (m) (m) mesafe (m) say1s1 sarj (kg)
1 12 3 2,5 3-3,5 63 51
2 12 3 2,5 3-3,5 63 51
3 14 3 2,5 3 50 64
4 12 3 3 3 70 51
5 12 3 3 3 70 51

PM olgiimleri, 110-496 m mesafeler arasinda, her patlama i¢in farkli mesafelerde alinmistir. Riizgar yonii
dogrultusunda mesafeye gore soniimlenme orani tespit edilmistir. Cascade Impactor cihazi ile toplanan ve
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boyutlandirilan partikiill maddeler, ultra hassas terazilerle tartilarak siniflandirilmis ve her boyut
araligindaki partikiil madde miktar1 kaydedilmistir. Yapilan bu degerlendirmelerin sonuglari Cizelge 2°de
sunulmaktadir.

Cizelge 2. Sahada gergeklestirilen TAPM 6l¢iim sonuglari [10]

Olgiim no Mesafe (m) TAPM konsantrasyonu (mg/m?)
1 110 17,29
2 232 11,14
3 303 8,98
4 364 6,09
5 496 2,17

Atim paternleri ve PM sonuglar1 beraber degerlendirildiginde, ortalama 3.2 ton patlayici kullanildiginda,
toplam askida partikiil madde (TAPM) konsantrasyonlari sirastyla 110 m i¢in 17,29 mg/m?, 232 m igin
11,14 mg/m3, 303 m icin 8,98 mg/m?, 364 m i¢in 6,09 mg/m* ve 496 m mesafe i¢in 2,17 mg/m? olarak elde
edilmistir [3].

Calisma kapsaminda yapilan hava soku ve titresim Olgiimlerine dair elde edilen bulgular Cizelge 3’te
sunulmaktadir.

Cizelge 3. Calisma kapsaminda yapilan hava soku ve titresim Sl¢limleri [3]

Enine Eni Boyuna B Diisey Dii Max. H

Atim  Titresim 6lger  pargacik f MNe s arcactk oyuna - arcacik USSY  parcacik ava

p rekans frekans frekans soku

no modeli hiz1 Hz) hiz1 (Hz) hiz1 (Hz) hiz1 (dB)

mmsn) M omysn) (mm/sn) (PPY)

Instantel

! BE10708 0.9 320 1.7 25,6 L1 284 17 1234
Instantel

2 BE10704 LI 731 10 466 25 64 25 1205
Instantel

3 BE10704 3 27 13 73,1 220 100 22 1269
Instantel

4 BE10704 13 183 09 17,7 1,5 19 15 1109
Instantel

> BE10704 83 233 98 73,1 10 731 100 1288

Cizelge 2 ve Cizelge 3°de sunulan veriler, ayni anda ayni1 6l¢iim noktasinda yapilmis ve ¢alisma kapsaminda
birlikte degerlendirilmistir. Elde edilen veriler arasindaki iligki arastirilmistir. Hava soku ve toz yayiliminin
ayni ortamda (hava) yayildig1, dolayisiyla benzer kosullardan etkilenecegi diisiincesinden hareketle, toplam
askida partikiil madde ile hava soku arasinda Sekil 1°de gosterilen sekilde iliski bulunmustur.

- 30 y = 1E-26x!2:813
2; R2=0,8216
£ 20
)
é L g
Z 10 1
<
H

0

100 120 140
Hava Soku (dB)

Sekil 1. TAPM ile AOP arasindaki istatistiki iligki
Toplam askida partikiil madde ile hava soku arasindaki istatistiki iliski Esitlik 3 ile ifade edilebilir.

TAPM = 1E?6 x AOP'2813 (R =0,91) &)
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Patlatmanin toz digindaki diger olumsuz cevresel etkileri olan hava soku ve titresimlerin, pratik olarak
Olgekli mesafeden etkilendigi bilinmektedir [16]. Bu nedenle, ¢alisma kapsaminda SD ile hava soku
arasinda ve 6l¢ekli mesafe ile parcacik hizi (PPV) arasindaki iligki irdelenmis ve sirasiyla Sekil 2 ve Sekil
3’te sunulmustur.

140
2 y = 167,56x70.088
T 130 A R2=0,7079
= A
< 120 A
753
<
Z 110 A
=

100

0 20 40 60 80
SD (R/W70.5)

Sekil 2. AOP ile SD arasindaki iligki

12
_ ]
Z 8
=
g y=171,03x115
> 4 R2=0,716
=™
A L

]
0
0 20 40 60 80
SD (R/'W"0.5)

Sekil 3. PPV ile SD arasindaki iliski

Sekil 2 ve 3’te sunulan regresyon analizlerine gore, 6l¢ekli mesafe ile hava soku arasindaki istatistiki iligki
Esitlik 4’te, 6lgekli mesafe ile maksimum pargacik hizi arasindaki istatistiki iliski Esitlik 5’teki formiiller
ile ifade edilebilir.

AOP = 167.56 x SD'0,088 (R>=0,71) 4)
PPV =171.03 x SD'1,15 (R* = 0,72) (5)

Elde edilen Esitlik 3, 4 ve 5 i¢in veri setlerinin %98, %95 ve %90 giiven seviyelerinde anlamliliklarini test
etmek amaciyla, t-testi yapilmistir (Esitlik 1). Yapilan t-testi sonuglari, Esitlik 3,4 ve 5 icin sirastyla agagida
sunulmaktadir.

t=5,98 > to.900,n=5= 1,64 (Esitlik 3 igin)
t=9,1> to.950,n=5= 1,96 (Esitlik 4 i¢in)
t=11,79 > to.980, n=5= 2,92 (E$1ﬂlk 5 i(;il’l)

Yukarida goriildiigii gibi, veriler %90, %95 ve %98 anlamlilik seviyelerine gore anlamli bulunmustur.
Dolayisiyla partikiil maddenin mesafeye bagli séniimlenmenin yani sira, atmosferik kosullardan etkilendigi
bilindigi gibi [10] hava sokunun da 6zellikle sicaklik, hava basinci ve riizgar gibi hava kosullarindan
etkilendigi bilinmektedir [11]. Bu ¢alismada, farkli mesafelerde PM 6l¢iimleri yapilmis, sonrasinda da hava
soku ile yiiksek korelasyonu ve anlamli iliskisi ortaya konmustur.

Ayrica, farkli PM fraksiyonlarinin da benzer mesafeye gore soniimlenme davranisi goézlemlenmistir.
Dolayisiyla, farkli PM fraksiyonlarinin da benzer davranisi gosterecegi sonucuna ulagilabilir. Calismada
kaydedilen titresim olgtimleri ile partikiil madde yayilimi arasinda anlaml bir iliskiye ulagilamamustir.

Bunun nedeni yayilim ortaminin farklili1 ve siirekliligi oldugu diisiiniilmektedir.
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4. SONUCLAR

Bu ¢alisma kapsaminda kentsel sit ocaginda patlatma noktasindan 110-496 m mesafede PM drneklemeleri
yapilmistir. Arastirma, hava kirliliginin kontrol altina alinmasi konusundaki bilgi birikimini artirmak igin
acik ocak madencili§i operasyonlarinin temel g¢evresel etkilerinden biri olan PM'nin soniimlenme
ozelliklerini ortaya koymaktadir. Yapilan ¢alismaya gore elde edilen sonuglar agagidaki gibi siralanabilir.

Elde edilen toz, hava soku ve titresim degerleri karsilastirildiginda, hava soku ile partikiil madde
soniimlenmesinin benzer nitelikte oldugu, titresimlerin ise yayilim ortamlarinin farkli olmasindan dolayi,
farkli yayilim karakteristigine sahip oldugu belirlenmistir.

Literatiirde patlatma operasyonlarina yakin mesafede toz 6rneklemesi yapan bir ¢caligma bulunmamakla
birlikte, bu arastirmadan elde edilen sonug¢lar TAPM miktarinin insaat isleri gibi benzer faaliyetler
araliginda oldugunu gostermektedir.

Bu ¢aligmada, ilk olarak partikiil madde yayiliminin karakteristikleri incelenmis ve ardindan bu yayilimin
hava soku ile iligkisi analiz edilmistir. Arazi kosullarinda partikiil madde 6l¢iimii genellikle zahmetli ve
zaman alic1 bir siirectir. Bu nedenle, rutin olarak gerceklestirilen ve daha uygun maliyetli olan hava soku
Olciimleri kullanilarak partikiil madde miktarmin tahmin edilmesi, mithendislik uygulamalarinda 6nemli
bir kolaylik saglayacaktir.

Gelecek aragtirmalar igin, bu ¢aligmanin bulgularinin farkli sahalarda, farkli atmosferik kosullarda edilmesi
tavsiye edilmektedir. Farkli ¢evresel ve operasyonel faktorlerin etkisini degerlendirmek amaciyla daha
genis bir veri seti kullanilmasi, elde edilen sonuglarin genellestirilebilirligini artiracaktir. Ayrica, daha uzun
izleme siireleri ve daha gesitli patlatma parametreleri ile gergeklestirilecek ¢aligmalar, hava soku ve partikiil
madde yayilimi arasindaki iliskinin daha derinlemesine anlagilmasini saglayabilir.
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fizik ve malzeme bilimi gibi ¢esitli disiplinleri bir araya getiren ¢ok disiplinli
aragtirma yoniiyle ve hizla gelisen teknolojilerle birlikte elektromanyetik
kalkanlama, elektronik cihazlarin ve sistemlerin giivenligi igin kritik bir 6neme
sahip olmaya devam etmektedir. Bu makale kapsaminda, ¢ok genis bir kullanim
sahasina sahip olan diisiik karbonlu ST52 ¢eliginin elektromanyetik kalkanlama
potansiyeli 4900-6000 MHz frekans araliginda degerlendirmektedir. ST52
celiginin kolay erisilebilir ve birgok emsaline gore fiyat/performans avantajlari
sebebiyle, elektromanyetik kalkanlama agisindan kullanilabilecegi sorusuyla
baslayan bu galisma sonucunda, ST52 g¢eliginin 4900-6000 MHz frekans
araliginda 40-60 dB arasinda etkili bir elektromanyetik kalkanlama
performansina sahip oldugu goriilmiistiir. Bu degerler, ASTM diizenlemeleri
tarafindan belirlenen 40 dB'lik elektromanyetik kalkanlama kriterini basariyla
karsilamaktadir. Elde edilen bulgular, literatiirdeki benzer ¢alismalardan farkli
olarak ST52 ¢eliginin genis bir frekans aralifinda giiclii bir performans
sergiledigini gostermektedir. ST52 ¢eliginin elektromanyetik kalkanlama
potansiyeli, ozellikle 4900-6000 MHz frekans araliginda diger malzemelerden
ayrismaktadir. Bu ¢alismadan elde edilen bilgiler, telekomiinikasyon, savunma
sanayi ve elektronik iretimi gibi sektorlerde giivenilir elektromanyetik
kalkanlama ¢oziimleri arayan profesyoneller i¢in dnemlidir.

Low Carbon St52 Steel Electromagnetic Shielding Potential: 4900-6000 MHz Frequency
Range Performance Analysis
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With the widespread use of electromagnetic fields in all areas of life,
electromagnetic shielding has become an increasingly important discipline. With
the multidisciplinary research direction that brings together various disciplines
such as engineering, physics and materials science, and rapidly developing
technologies, electromagnetic shielding continues to be of critical importance for
the safety of electronic devices and systems. This paper evaluates the
electromagnetic shielding potential of low carbon ST52 steel in the frequency
range of 4900-6000 MHz. ST52 steel is widely used in various applications. The
study aimed to investigate whether ST52 steel is a viable option for
electromagnetic shielding, given its accessibility and cost-effectiveness
compared to other materials. Results showed that ST52 steel is effective in
shielding electromagnetic waves, with a range of 40-60 dB in the 4900-6000
MHz frequency range, meeting the 40 dB criterion set by ASTM regulations.
Results showed that ST52 steel is effective in shielding electromagnetic waves,
with a range of 40-60 dB in the 4900-6000 MHz frequency range, meeting the
40 dB criterion set by ASTM regulations. Results showed that ST52 steel is
effective in shielding electromagnetic waves, with a range of 40-60 dB in the
4900-6000 MHz frequency range, meeting the 40 dB criterion set by ASTM
regulations. The study demonstrates that ST52 steel performs exceptionally well
across a broad frequency range, which distinguishes it from other materials. This
is particularly evident in the 4900-6000 MHz frequency range, where ST52 steel
exhibits superior electromagnetic shielding potential compared to other
materials. The study's insights are valuable for professionals seeking dependable
electromagnetic shielding solutions in sectors such as telecommunications,
defense, and electronics manufacturing.
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1. GIRIS

Son donemde gelisen elektronik ekipman ve cihazlar, gesitli frekans araliklarinda elektromanyetik enerji
yaymaktadir. Bu nedenle dijital cihazlari, veri sizintisi, yanlis iglemler veya tamamen basarisizlik gibi
etkilere kars1 korumak son derece 6nemli bir hale gelmistir [1]. Bununla birlikte elektromanyetik (EM)
radyasyonunun &zellikle 5. nesil (5G) iletisim sistemlerinden kaynaklanan insan sagligina olan zararh
etkileri konusunda artan bir endise de bulunmaktadir [2,3]. Elektromanyetik radyasyonun insan saglig
iizerinde etkisi olduguna dair ciddi bir literatiir birikimi vardir ve EMI (Elektromanyetik interferans)
Onleyici malzemelerin kullanimi, bu sorunlari etkili bir sekilde azaltmanin giiglii yontemlerinden bir tanesi
olmaktadir [4-6].

Iyi kalkan malzemesinin elektriksel iletkenlik, iyi termal 6zellikler ve yiiksek EMI kalkanlama verimliligi
gibi 6zelliklere sahip olmasi beklenmektedir [7]. Son zamanlarda, EMI kalkanlama malzemeleriyle ilgili
bu tiir 6zelliklere yonelik caligmalar devam etmektedir [8,9]. EM radyasyonunun emilimi ve yansimasi,
EMI kalkanlamanin ana mekanizmalaridir ve mobil yiik tasiyicilart ile manyetik/elektrik dipollerin
dogrudan etkilesiminden kaynaklanmaktadir [10]. Malzemelerin elektriksel iletkenligi, EMI kalkanlama
ozelliklerini kontrol etmek i¢in temel bir parametre olarak bilinmektedir.

EMI kalkanlama i¢in, metal pullar, metal teller, partikiiller ve karbon fiber gibi kesikli iletken dolgular
iceren kompozit malzemeler yaygin olarak kullamlmaktadir [11]. Ozellikle metal bazli kompozitler,
miikemmel elektriksel iletkenlikleri nedeniyle son yillarda biiyiik ilgi gormiistiir [12,13]. Ayrica, gigahertz
frekans bolgesinde EMI kalkanlama malzemeleri olarak potansiyel olarak kullanilmistir [14]. Yiiksek
iletkenlik ve ayarlanabilir EMI kalkanlama performans: gibi 6zel 6zelliklere sahip iletken polimer
kompozitleri de, EMI kalkanlama igin siklikla kullanilmaktadir [15]. Polimer tabanli elektrik iletken
kompozitler, geleneksel metalik kompozit malzemelere gore hafif, maliyet etkili ve korozyona dayanikli
avantajlar sunmaktadir [16].

Ozellikle son yillarda, EMI kalkanlama performansini optimize etmeye yonelik nanoyapili malzemeler ve
hibrit yapilar iizerine 6nemli arastirmalar yapilmaktadir. Bu baglamda, ¢ok katmanli yapilarin (6rnegin,
metal-polimer-metal kompozitleri) ve nano-dolgu katkili polimer kompozitlerin kullanimi, kalkanlama
etkinligini artirmak igin popiiler yaklagimlar arasinda yer almaktadir [17,18]. Bununla birlikte, farkl
uygulamalarda kullanilan bu malzemelerin kalkanlama performansini anlamak ve optimize etmek i¢in,
malzemelerin elektromanyetik alanlarla olan etkilesimlerinin detayl bir sekilde incelenmesi gerekmektedir
[19].

Gorildigi gibi elektromanyetik kalkanlama i¢in bir¢ok malzeme farkli formlarda ve farkli uygulamalarda
kullanilmaktadir. Farkli uygulama alanlarinda kullanilan bu malzemelerin performansini anlamak ve
optimize etmek i¢in, malzemelerin elektromanyetik alanlarla etkilesimlerinin ayrintili bir sekilde
incelenmesi gerekmektedir [20]. Malzemelerin elektriksel, manyetik ve dielektrik dzellikleri, EMI
kalkanlama mekanizmalarini (sogurma, yansima, ¢oklu yansima) belirlemektedir. Boylece, hedeflenen
uygulamalar i¢in en uygun malzeme ve tasarim secenekleri belirlenebilir.

1.1. Elektromanyetik Alan — Malzeme Etkilesimi

Elektromanyetik alanlarin malzemelerle etkilesimi, bilimsel ve teknolojik bir¢ok sorunun ¢dziimiinde kritik
bir 6neme sahiptir. Bu etkilesim, malzemelerin elektromanyetik dalgalari emmesi (absorption), yansitmasi
(reflection), iletmesi (transmission) veya kirmasi (refraction) gibi gesitli sekillerde gergeklesebilmektedir
(Sekil 1) [21]. Elektromanyetik alanlarin malzemelerle olan bu kompleks etkilesimi, endiistriyel
uygulamalarda, telekomiinikasyon sistemlerinde ve daha bir¢ok alanda kritik 6nemle dikkate alinarak
degerlendirilmektedir. Bu etkilesimde etkili iki unsur vardir, birinci elektromanyetik dalganin karakteri,
ikincisi ise malzemenin karakteri. Elektromanyetik dalgay1 degerlendirirken, frekansi ve giicii en belirli
etkenler iken, elektromanyetik dalga ile etkilesim i¢inde olan malzemenin en onemli 6zelligi yiizey
iletkenligi ve dielektrik katsayisi olmaktadir.
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Sekil 1. Elektromanyetik dalga - malzeme etkilesimi [21]

YANSIMA

Elektromanyetik dalga ile herhangi bir malzeme karsilastiginda, Sekil 1’ de gosterildigi gibi, ti¢ durum séz
konusu olabilmektedir. Malzeme gelen dalgay1 absorbe edebilir, gelen dalga malzemeden yansiyayabilir
ya da malzeme i¢inde ¢oklu yansimalara maruz kalabilir [22]. Bu etkilesim olurken, malzeme kadar gelen
dalganin frekansi da 6nemlidir. Elektromanyetik dalgalar, frekansin artmasiyla, genellikle malzemede en
az kayipla gecerek ilerlemektedir [23]. Bu sebeple gelen elektromanyetik dalganin elektromanyetik
spektrumun neresinde olduguna dikkat edilmelidir. Nitekim Nobel 6diillii Fransiz fizik¢i De Broglie
tarafindan kesfedilen frekans ile dalgaboyu arasindaki matematiksel iligski (c=A*f) de bu durumun énemini
vurgulamaktadir [24]. Ornek bir elektromanyetik spektrum Sekil 2° de sunulmustur.

Literatiirdeki ¢aligmalar incelendiginde yiiksek frekansli bilesenleri kalkanlamak igin yiiksek iletken
0zellikli malzemelerin segilmesi gerektigi, diisiik frekans bilesenli dalgalar1 kalkanlamak igin ise yiiksek
dielektrik Ozellige sahip malzemelerin segilmesi gerektgi goriilmektedir [25]. En sik kullanilan
malzemelerden biri olan metalik malzemeler, genellikle yiiksek iletkenlikleri nedeniyle elektromanyetik
kalkanlamada tercih edilmektedir. Ozellikle bakir ve aliiminyum, elektromanyetik alanlar1 yiiksek oranda
absorbe edebilme ve yansitabilme yetenekleri ile bilinmektedir [26]. Elektromanyetik kalkanlamada
kullanilan bir diger malzeme grubu ferromanyetik malzemelerdir [27]. Demir, nikel ve kobalt gibi
ferromanyetik malzemeler, manyetik alanlara karsi giiglii bir tepki gostermektedir. Bu ozellikleri,
elektromanyetisk alanlarin absorbe edilmesine katki saglamaktadir. Gelisen teknoloji ile birlikte iletken
polimer kompozitler de elektromanyetik kalkanlama igin kullanilmaya baglamistir. Polimer matrisine
iletken dolgu maddeleri eklenerek olusturulan bu malzemeler, karbon nanotiipler, grafen veya iletken
polimerler igerebilirler. Bu kompozitler, hafif, esnek ve maliyet etkili kalkanlama ¢6ziimleri sunmaktadir
[28, 29]. Metalik Folyo ve Seritler fibi 6zel amagli malzemeler de elektromanyetik kalkanlama igin
kullanilmaktadir. Esnek yapilari sayesinde kablo baglantilarini sarmakta veya elektronik cihazlarin i¢
kisimlaria entegre edilerek etkili bir kalkanlama saglanmasinda kullanilmaktadir [30].

Elektromanyetik kalkanlama problemlerinde, Ozellikle diisiik frekans bolgesinde ferit malzemeler
kullanilmaktadir: Ferritler, genellikle demir oksit bazli malzemelerdir ve ozellikle diisiik frekansta
elektromanyetik kalkanlamada etkilidirler. Ferrit malzemeler, magnetik alanlar1 absorbe ederek etki
gostermektedir [31]. En sik kullanilan malzemelerden biri de seramiklerdir. Seramikler 6zellikle radyo
frekanslar1 ve mikrodalga frekans bolgesinde elektromanyetik kalkanlamada kullanilmaktadir. Seramikler,
ferroelektrik 6zelliklere sahip olmasi sebebiyle genis bir kullanim sahasina sahiptirler [32,33].

Enarjl antar
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Sekil 2. Elektromanyetik spektrum [24]
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2. MALZEME VE YONTEM

Literatiir gostermistir ki, elektromanyetik alanlar ¢ok genis bir frekans spektrumunda etkili olmaya devam
etmektedir. Bu sebeple hem ¢alisan sistemlerin birbirini etkilememesi hem de insan sagligina olabilecek
muhtemel zararlarin 6niine gecebilmek i¢in, elektromanyetik kalkanlama konusu ciddiyetle irdelenmelidir.
Yiriitiilen bu c¢alisma kapsaminda, literatiirde elektromanyetik kalkanlama konusunda siklikla
degerlendirilmeyen ancak fiyat/performans acisindan birgok sektorde siklikla kullanilan ST52 diistik
karbonlu ¢eligi degerlendirilmistir. Frekans bolgesi olarak ise 4900 — 6000 MHz bolgesi ele alinmustir.
Calisma kapsaminda kullanilan ST52 metali 3 mm kalinligindadir. Kumpas ile yapilan kalinlik l¢iimii
Sekil 3 ile sunulmustur. Kullanilan malzemenin kalinlig1 kalkanlama {izerinde dogrudan etkili bir parametre
olmaktadir. Bu sebeple hassas bir sekilde belirlenmesi gerekmektedir.

Bu ¢alismada degerlendirilen ST52, diigiik karbonlu bir gelik tiiriidiir ve genellikle yapisal uygulamalarda
kullanilmaktadir. Bu ¢elik, dayaniklilik, mukavemet ve islenebilirlik gibi avantajlartyla bilinmektedir.
Islenmesi kolaydir ve cesitli metalurjik islemlere uygun bir malzemedir. ST52 celigi, cesitli endiistrilerde
kullanilan yapisal boru, boru hatlari, silindirler, makine parcalart ve diger ¢esitli insaat bilesenleri igin
yaygin olarak tercih edilmektedir. Diisiik karbon igerigi, kaynaklanabilirli§i artirmakta ve kolay
sekillendirilebilmesini saglamaktadir. Bu c¢elik tiirii, 6zellikle mukavemet ve dayaniklilik gerektiren
uygulamalarda kullanilmaktadir. Ayrica, yliksek sicaklik ve basinca maruz kaldiginda stabil bir performans
sergilemesi bir diger 6nemli avantaji olarak sunulabilir [34,35]. Anlatilan avantajlar1 sebebiyle ingaat ve
makine miihendisligi gibi endiistrilerde yaygin olarak kullanilan ST52 celigi, askeri ve medikal
uygulamalarda da elektromanyetik kalkanlama amaciyla kullanilabilecegi bu galisma ile gosterilmistir.

-.‘T-
Sekil 3. ST52 ¢eligi - kumpas 6l¢timii

Yiiriitiilen ¢caligma 4.9-6GHzfrekans bolgesinde yiiriitiilmiistiir. Ciinkii bu frekans bolgesinde, Wi-Fi 5 ve
Wi-Fi 6 Aglar1, 5G Mobil Iletisim, Yiiksek Hizli Kablosuz Baglantilar (Point-to-Point Baglantilar), Radyo
Frekanst Tanimli Radyo (SDR) Uygulamalar1 ve Yiiksek Performansli Endistriyel Kablosuz Kontrol
Sistemleri gibi Onemli islemler yiiriitilmektedir. Yapilan ¢alismaya iliskin detaylar Cizelge 1 ile
sunulmustur.

Cizelge 1. Deneysel Calismaya iliskin Detaylar

Parametre Deger
Malzeme Diisiik Karbonlu ST52
Frekans Araligi 4900-6000MHz
Olgiim cihaz1 Libre VNA
Numune Kalinlig1 3 mm
Numune Boyutlari 10mm* 10mm

3. TARTISMA

Elektromanyetik kalkanlama, modern teknolojinin hizla ilerledigi gliniimiizde, malzemelerin
elektromanyetik alanlara kars1 direng gdsterme kabiliyetini anlamak ve optimize etmek i¢in kritik bir 5neme
sahiptir. Bu baglamda, bu ¢alisma kapsaminda, ST52 metalinin elektromanyetik kalkanlama 6zellikleri
derinlemesine incelenmis ve elektromanyetik kalkanlama noktasindaki potansiyeli ortaya konulmustur.
Ozellikle, vektor network analizér kullanilarak gerceklestirilen dlgiimler, ASTM standartlarina uygun bir
sekilde tasarlanmig deneyler ve belirli bir frekans bandinda yapilan o&lgiimlerle malzemenin
elektromanyetik kalkanlama etkinligi analiz edilmistir [36]. Hazirlanan O6l¢iim diizenegi Sekil 4’te
sunulmustur.

C.U. Miih. Fak. Dergisi, 39(3), Eyliil 2024




Ugur SORGUCU

Sekil 4. Kalkanlama 6lgiim sistemi

Elektromanyetik kalkanlama olgiimleri, tasmabilir vektdr network analizor (VNA), bilgisayar, dalga
kilavuzlart ve koaksiyel kablolarla ile gerceklestirilmistir. Vektdr network analizor, genis bir frekans
araliginda yiiksek hassasiyetli Olglimler yapabilme kabiliyetiyle bu tiir ¢alismalarda sikga tercih
edilmektedir. Laboratuvar imkanlar1 kapsaminda bulunan dalga kilavuzlar: da 4.9-6GHz frekans bandinda
6l¢timler almak i¢in kullanilmistir. Bu sistem, elektromanyetik alanin frekansa bagli olarak nasil degistigini
incelemek ve malzemenin elektromanyetik 6zelliklerini gesitli frekanslarda analiz etmek igin etkili bir
¢Oziim sunmustur. Bu 0Olciim sistemi yazarlarin bir 6nceki makalelerinde kullanilan 6l¢im sisteminin
benzeridir [33].

Sekil 5. Ornek 6lciim sistemi [37]

Sekil Ste gosterilen 6l¢iim sistemi dort ana bilesenden olugmaktadir. 1 numara ile gosterilen eleman masa
tipi bir network analizorii gostermektedir ve bu eleman ile kalkanlama etkinligi dlglimleri bilgisayara
aktarilmaktadir. 2 numara ile gosterilen bilgisayarin burada kullanim amaci, network analizérden almis
oldugu S parametre bilgilerini gorsellestirmek ve anlasilir bir halde sunulmasini saglamak i¢indir. 3 ve 5
numaralarla gosterilen dalga kilavuzlar1 ve koaksiyel kablolar ise ¢alisilmak istenilen frekansa gore 6zel
olarak tiretilmis elemanlardir. Nitekim kalkanlama etkinligi 6l¢iilecek olan ST52 bu dalga kilavuzlarinin
arasina yerlestirilmektedir. 4 numara ile 6l¢iimii yapilacak elemanin levha seklinde olmasi gerektigi
gosterilmistir. Kalkanlama etkinligi Olciilecek eleman, levha formunda olmazsa dalga klavuzlarindan
kagaklar olusabilecek bu da 6l¢lim giivenirligini saptiracaktir.

Olgiimlerin dogru sonuglanabilmesi igin tasmmilabilir VNA ve kalkanlama &l¢iimlerinde kullanilan dalga
kilavuzlarmin dogru segilmesi son derece onemlidir. Nitekim bu ¢aligma kapsaminda kullanilan Libre
firmasina ait cihaz 100kHz-6GHz bandinda 6l¢iimler alabilmektedir. Ayrica bu cihazla beraber kullanilan
dalga kilavuzlar1 da bu frekans bandinda dogru sonuglar tiretebilmelidir. Bu baglamda A-info firmasina ait
159WCAS model dalga kilavuzlari kullanilmistir. Yakindan goriilmesi adina Sekil 6 da VNA ve dalga
kilavuzlar eklenmistir. Kullanilan dalga kilavuzuna ait detaylar [38]” den elde edilebilir.
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Sekil 6. Dalga kilavuzlar1 ve mobil VNA

Deneyler, ASTM standartlarina uygun olarak tasarlanmis ve gergeklestirilmistir. ASTM standartlari, 6l¢iim
stireclerinin standartlastiriimasini saglayarak, elde edilen verilerin giivenilirligini ve karsilastirila bilirligini
artirmaktadir. Bu standartlar ¢ergevesinde dalga kilavuzlari kullanilarak dl¢timler gergeklestirilmistir.
Dalga kilavuzlar, 6zellikle yiiksek frekanslarda daha kesin dl¢timler yapabilme kabiliyetiyle bilinmektedir.
Bu ¢alisma, 4.9 - 6 GHz frekans bandinda gergeklestirilen 6l¢timleri icermektedir. Bu frekans bandi birgok
uygulamada siklikla tercih edilmektedir. ilgili frekans bandinin kullanildig1 baz1 uygulamalar ve nedenleri
Cizelge 2 ile sunulmustur.

Yapilan lgiimler sonucunda, ST52 metalinin elektromanyetik kalkanlama etkinliginin 45-60 dB arasinda
oldugu belirlenmistir. Bu degerler, malzemenin elektromanyetik alanlara kars1 yiiksek direng gosterdigini
ve etkili bir kalkanlama sagladigini gostermektedir. Bu, O6zellikle elektronik cihazlarin ve iletisim
sistemlerinin gelismis giivenilirlik ve performansini saglamak adina 6nemli bir 6zelliktir. Elektromanyetik
kalkanlama 6zellikleri izerine yapilan bu ¢alisma, sadece ST52 metalinin belirli bir frekans bandinda degil,
ayn1 zamanda malzemenin genel kullanilabilirligi ve ¢esitli uygulama alanlar iizerine de 151k tutmaktadir.
Yiiksek elektromanyetik kalkanlama etkinligi, endiistriyel ve askeri uygulamalardan medikal cihazlara
kadar bir dizi farkli sektorde potansiyel kullanimlarini agiga ¢ikarmaktadir. Sekil 7°de ST52 ¢eliginin 4.9-
6 GHz frekans bandindaki elektromanyetik kalkanlama performansi sunulmustur.

Cizelge 2. 4.9-6 GHz bandindaki bazi1 uygulamalar

Hem sivil hem de askeri radar sistemleri, nesne tespiti ve izleme
gibi gorevler i¢in bu frekans bandimi kullanilmaktadir.

Ozellikle 5 GHz bands, yiiksek bant genisligi ve daha diisiik girisim
nedeniyle Wi-Fi iletisiminde tercih edilen bir frekans bandidir.

Radar Sistemleri

Wi-fi (Kablosuz internet)

Uzun mesafe iletisim baglantilari i¢in  yaygin olarak
kullaniimaktadir.

Yiksek hizli veri iletimi i¢in bu frekans bandi kullanilmaktadir.
Mobil letisim (5G) 5G, daha genis bant genisligi ve daha diisiik gecikme siireleri
sunarak daha hizli ve giivenilir kablosuz baglantilar saglar.
Endiistriyel otomasyon ve Internet of Things (IoT)

Mikrodalga Baglantilar

Kablosuz Sensor Aglar: uygulamalarinda kullanilan kablosuz sensor aglari, bu frekans
bandini kullanabilmektedir.

Ag Ekipmanlar1 ve Radyo Kablosuz ag ekipmanlari ve baglantilar, bu frekans bandini

Baglantilar kullanarak veri iletimi saglamaktadir.

Sekil 7°de dikey siitiin kalkanlama performans: (shielding effectiveness — SE), yatay siitun ise frekans
(frequency — GHz) olarak sunulmustur. Kirmizigizgi ile yansima (reflection), mavi ¢izgi ile emilim
(absorption), sar1 ile ise toptam etki (total) sunulmustur. ST52 nin 4.9 — 6 GHz frekans bandindaki
elektromanyetik kalkanlama karakteristigi birkag agidan farkli bir karakteristik sunmaktadir. Soyle ki;

e ST 52 geliginin yansitma 6zelligi, artan frekansla birlikte artmaktadir. Nitekim 4.9-5GHz bandinda
14-15dB civarindayken, 6 GHz bdlgesinde yansima etkinligi 20 dB ye yaklagmistir.
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e ST 52 celiginin sogurma (emilim) o6zelligi ise artan frekans ile birlikte azalan bir egilim
gostermektedir.

e Bazi 6zel frekanslarda (5.1, 5.3 ve 5.6 GHz) alt ve st frekans komsuluklarina gore daha belirgin bir
kalkanlama ozelligi gostermektedir. Nitekim en yiiksek kalkanlamayi da 5.1 GHz bolgesinde
gostermektedir.

Toplam elektromanyetik alan kalkanlama o6zelligi ise, artan frekansla birlikte azalmaktadir. Yani,
emilimdeki diisiis, yansitmadaki artistan ¢ok daha fazla olmaktadir.
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Sekil 7. ST52 geliginin elektromanyetik kalkanlama performansi

Olgiim yapilan frekans bolgesinde oldukca basarili sonuglar elde edilmistir. Nitekim bazi 6zel frekanslar
i¢in elde edilen yiiksek kalkanlama performanslarinin hangi uygulamalarda kullanildigina iligkin hazirlanan
Cizelge 3 asagida sunulmustur. Cizelge 3 incelendiginde, sabit kablosuz erisim, lisanssiz spektrum
uygulamalari, 5G NR, Wi-Fi 6E gibi bir¢ok uygulamanin ¢aligma sahasinda oldukg¢a basarili kalkanlama
etkinligi saglandig1 goriilecektir. Elektromanyetik kalkanlama malzemeleri iizerine yapilan caligmalar,
giiniimiizde hizla gelisen elektronik cihazlarin yaydigi elektromanyetik radyasyonun kontrol altina alinmasi
gerekliligiyle ortaya ¢iktigi onceki boliimlerde belirtilmistir. Son yillarda, 6zellikle diisiik karbonlu gelikler
gibi maliyet agisindan avantajli ve yiliksek performans gosteren malzemelerin elektromanyetik kalkanlama
potansiyeli {izerine yapilan aragtirmalar artis gostermistir [39-41]. ST52 ¢eligi, diisiikk karbon igerigi ve
yapisal mukavemeti ile bilinen bir malzeme olup, son ¢alismalarda bu malzemenin elektromanyetik
kalkanlama performansi incelenmistir [42].

Cizelge 3. Bazi1 6zel kalkanlama gereksinimleri

Frekans SE(dB) Kullanilan uygulama
5.1 GHz 58 Wi-Fi 6 (802.11ax), 5G NR (New Radio)
53 GHz 52 Wi-Fi 5 (802.11ac), U-NII (Unlicensed National Information

Infrastructure), Sabit kablosuz erisim
Wi-Fi 6E, Fixed Wireless Access (FWA), Lisanssiz spektrum

6 GHz 44
uygulamalari

Giincel caligmalar, 6zellikle 5G gibi yiiksek frekansli uygulamalarda ST52 gibi metal bazli malzemelerin
yiiksek kalkanlama performansi sergiledigini gostermektedir [43]. Ornegin, Mostafavi ve arkadaslarmin
caligmasinda polimerlerin yiizeylerini ¢inko ve aliminyum kaplamislardir. Bu islem sonucunda
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polimerlerin kalkanlama performansi artmistir. Ayrica, metal bazli malzemelerin, 6zellikle maliyet
avantajlar1 ve yiiksek yansitma oranlar1 nedeniyle, gigahertz frekans araliginda tercih edildigi belirtilmistir
[44]. Aym sekilde, Jiao ve ekibinin 2021 tarihli aragtirmast da ST52 gibi diisiik karbonlu ¢eliklerin 6zellikle
telekomiinikasyon ve savunma sanayisinde giderek daha fazla kullanim alani buldugunu vurgulamaktadir
[45]. Bu arastirmalar, disiik karbonlu celiklerin elektriksel iletkenliklerinin yani sira mekanik
dayanimlarmin da yiiksek frekansli uygulamalarda 6nemli bir avantaj sundugunu ortaya koymustur.
Nitekim 40 dB {iizerindeki kalkanlama performanslarinin telekomiinikasyon uygulamalari igin yeterli
oldugu bu konudaki énemli literatiir kaynaklarinda belirtilmistir [46].

Bu makale kapsaminda yapilan deneysel ¢calismalar, 4900-6000 MHz frekans araliginda ST52 ¢eliginin 40-
60 dB arasinda degisen bir kalkanlama etkinligi sundugunu gostermistir. Bu kalkanlama performansi da
ASTM ve MIL-STD ‘de belirtilen minimum kalkanlama etkinligini karsilamakta ve ST52'nin, maliyet
performansi agisindan uygun bir elektromanyetik kalkanlama malzemesi oldugunu ortaya koymaktadir.
Literatiirdeki diger aragtirmalarla karsilastirildiginda, elde edilen sonuglar ST52 celiginin &zellikle
gigahertz frekans bandinda yiiksek bir kalkanlama performansi sundugunu ve bu &zelligiyle alternatif
malzemelerden biri oldugunu da dogrulamaktadir [47,48].

Sonug olarak, bu c¢alisma, literatiirde yer alan mevcut bulgular1 destekleyerek ST52 c¢eliginin yiiksek
frekansli uygulamalar i¢in uygun bir elektromanyetik kalkanlama malzemesi oldugunu ortaya koymaktadir.
Bu dogrultuda, ST52 ¢eliginin genis bir uygulama alanina sahip oldugu ve telekomiinikasyon, savunma
sanayi gibi sektorlerde kullanimi agisindan 6nemli bir potansiyele sahip oldugu sdylenebilmektedir.

4. SONUCLAR

Sonug olarak, bu c¢aligma, ST52 metalinin elektromanyetik kalkanlama 6zelliklerini detayl bir sekilde
inceleyerek, malzemenin yiiksek etkinlik gosterdigi bir frekans bandinda 6nemli bir direng sagladigim
gostermistir. Bu bulgular, malzemenin gelecekteki elektromanyetik kalkanlama uygulamalarinda giivenle
kullanilabilecegini ve endiistrinin ihtiyaglarina uygun ¢oziimler sunabilecegini gdstermektedir. Ayrica,
ST52 ¢eliginin diisiik karbonlu olup islemeye elverisli olmasi kullanim sahasinin genis bir yelpazede
olmasma imkan tanimistir. Bununla birlikte baska malzemelerle nano diizeyde etkilesime gegebilecek
yiizey ozellikleri sebebiyle, gelecek ¢aligmalarda bu yoniiyle arastirmalar devam edecektir.
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stage of the application, Entropy method was used to determine
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elektrik enerji
performanslarint  6lgmek i¢in Entropi agirlikli WASPAS
yontemi uygulanmigtir. 2022 yilina ait 7 finansal oran kriter
kabul edilerek 11 elektrik enerji isletmesinin finansal basari
siralamast yapilmistir. Calismada kullanilan finansal oranlar
isletmelerin likidite durumu ve karlilik durumu hakkinda bilgi
verebilecek  nitelikteki ~ oranlar  arasindan  segilmistir.
Uygulamanin ilk asamasinda kriter agirliklarinin belirlenmesi
icin Entropi yontemi kullanilmstir. Belirlenen kriter agirliklar
onceliklendirilerek WASPAS yontemi icerisinde kullanilmistir.
Daha sonra WASPAS yontemiyle bir degerlendirme yapilarak
elektrik enerji isletmelerinin finansal performansi siralanmistir.
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1. INTRODUCTION

With the advancement of technology and the increase in population, the dependence of society and
businesses on energy to sustain their daily activities is constantly increasing. Increasing energy demand has
also increased the importance of businesses operating in this sector. At this point, it is important to meet
these needs by utilizing different energy sources. Electric energy is the most widespread and important
among these sources today [1].

Electricity consumption in Turkey increased rapidly until the end of 2018. In 2019 and 2020, electricity
consumption is almost unchanged. After a high increase in 2021 due to the post-Covid-19 recovery effect,
the distribution of economic activity started to change in 2022 as the share of the service sector in the
economy increased, which had an impact on electricity consumption. Studies have estimated that the
industrial and service sectors will account for more than 50% of Turkey's annual electricity consumption
in 2035 [2].

The sector-based data of the electricity demanded in Turkey in 2019, 2021 and 2022 are shown in Figure

Ty
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Figure 1. Electricity demand by sector [2]

The fact that electric power enterprises are important and strategic for the Turkish economy has been an
encouraging factor in the realization of the study. As a result of the decrease in the share of the public sector
and the increase in the share of the private sector in electricity energy enterprises over the years, the
importance of the efficiency and financial strength of energy companies increases even more. For this
reason, businesses in the energy sector have to carry out their activities effectively and efficiently [3]. The
financial performance of a company is an indicator of how efficiently that company performs its activities
[4]. If the financial performance of electric energy companies is low, it is not possible for them to
successfully carry out their production and distribution activities, which may cause problems in meeting
the demand.

Financial performance has a critical role in the strategic decisions of businesses. Financial performance is
used in the process of evaluating the financial activity results of enterprises [5]. As in all sectors, it is
important to analyze financial data to determine the role and financial status of the electricity energy sector
in the national economy [6]. These analyses play a critical role in shaping the future decisions of businesses.
Because a solid financial foundation helps businesses to determine their future strategic plans and achieve
their goals.

Decision making is an important part of life. Entropy and WASPAS method, which is one of the multi-
criteria decision-making methods used in the decision-making process, is a technique that allows the most
appropriate one to be selected among the alternatives [7]. Although the Entropy and WASPAS method is
used in the literature to determine the financial performance ranking of enterprises operating in different
sectors such as automotive, transportation, food, technology, etc., it has shown that this method can also be
applied to an important sector such as electric energy enterprises.

The study aims to evaluate the financial performance of 11 electric power enterprises operating in Borsa
Istanbul (BIST), which are included in the "BIST 100" and "BIST ELECTRIC" indices. These enterprises
operate at various points of the Turkish electricity market value chain. While evaluating the performance
of the enterprises, financial ratios that can provide information about the liquidity and profitability status
of the enterprises were utilized.
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1.1. Financial Ratios (Performance Indicators)

Financial ratios used in performance analysis are grouped as liquidity ratios, financial ratios, operating
ratios and profitability ratios according to the way they are used [8]. In this study, among the financial
ratios, ratios showing the liquidity, financial structure and profitability of companies were used. The ratios
determined as decision criteria were determined by analyzing similar studies in the literature.

The explanations and formulas of the financial performance indicators used in the research are given below.

Liquidity Ratio (Acid-Test Ratio): It is the ratio obtained by subtracting the inventories from the current
assets of the enterprises and then dividing them by short-term liabilities. It measures the capacity of
enterprises to meet their short-term debts. The Acid-Test Ratio is a ratio that complements the current ratio.
A ratio of 1 is generally considered sufficient. In case the liquidity ratio is less than 1, it depends on the
stocks of the enterprise in the payment of short-term debts. (Current Assets-Stocks)/Short-Term Liabilities
is calculated [9].

Cash Ratio: It shows the ability of the company to meet its short-term debts in the event that its sales stop
and it cannot collect its receivables. It is calculated by dividing (Cash and Cash Equivalents / Short Term
Liabilities) [9].

Current Ratio: It is a ratio that shows the extent to which the company can meet its short-term debts and
is the most widely used ratio in financial performance analysis in order to determine the capital adequacy
of the business. It is calculated by dividing (Current Assets / Short-Term Debts) [9].

Operating Profitability: It shows the operating profitability of the business over sales. If the ratio is high,
it indicates that the main activity of the business is profitable and efficient, while the downward trend of
the ratio indicates that profitability and efficiency are decreasing. (Operating Profit / Net Sales) is calculated

[9].

Net Profitability: It reflects the overall efficiency and profitability of the business's activities. It is the
profit obtained as a result of subtracting the total expenses spent for the realization of these activities from
the total income obtained from all activities of the enterprise in a certain period. (Net Profit / Net Sales) is
calculated [9].

Return on Equity: It is a financial performance measure that shows how much profit a business makes
with its equity. It is calculated as (Net Profit / Equity) [9].

Financial Leverage: It shows what percentage of the assets owned by the business is financed by debts. A
higher leverage ratio indicates that the company has higher financial risk. (Total Debt / Total Assets) is
calculated [9].

The study consists of six chapters. In the second section, previous studies are included. Entropy and
WASPAS methods are discussed in the third chapter. In the fourth section, the decision criteria to be used
in the study are explained. In the fifth section, Entropy and WASPAS models are used to evaluate the
financial performance of 11 electric power enterprises considering 7 different criteria. In the conclusion
section, the findings are explained in detail and suggestions for future studies are presented.

1.2. Literature Review

Within the scope of the research, a selection was made from the studies conducted in the past years in order
to reach the most up-to-date information. These studies, which include applications, are detailed below.

There are different studies in the literature that measure the performance of electricity and energy sectors.
In these studies, different techniques from multi-criteria decision making methods were used in
performance measurements. Some studies used TOPSIS method, while others used Entropy, VIKOR,
EDAS, COCOSO and WASPAS methods. In general, TOPSIS method is more predominant. The majority
of the studies in which financial performance criteria were weighted by the Entropy method and decision
alternatives were ranked by the WASPAS method were conducted in the banking sector.
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There are examples of studies on financial performance measurement in the energy sector. Akgiin [3], in
his study, evaluated the enterprises operating in the energy sector registered in Borsa Istanbul with CRITIC
and CODAS approach, one of the multi-criteria decision making methods. In the study, 13 financial ratios
were used as decision criteria. These financial ratios are the data for the 2020 and 2021 periods on the
Public Disclosure Platform (KAP). CRITIC method was used for weighting the criteria. CODAS method
was used for prioritization among alternatives. Metin et al. examined the relationship between stock market
returns and financial performance of three energy companies listed in Borsa Istanbul. It is concluded that
the company with the highest performance is Ayen Energy. Sakarya et al. [10] used the TOPSIS method,
one of the multi-criteria decision-making methods, to measure the financial performance of 14 energy
companies traded in Borsa Istanbul. Studies on Entropy and WASPAS methods available in the literature
are also summarized. Baykal et al. [11] evaluated the financial performance rankings of life and pension
insurance companies operating in Turkey using Entropy-based WASPAS method. Kangal [12] evaluated
the financial performance of energy enterprises operating in Turkey in the electricity, steam and gas sector
registered in Borsa Istanbul in 2020. In the study, the weights of the criteria needed were determined by the
Entropy method. Then, financial performance measurement was made with the WASPAS method, one of
the multi-criteria decision-making methods. Cilek et al. [13] determined the priorities of the criteria using
the Entropy method to determine the banking performance of the cities in the Black Sea Region. After
determining the priorities of the criteria, the banking performance rankings of the cities in the Black Sea
Region in Turkey were made with the WASPAS technique. As a result of the analysis, the best performing
city for 2014-2019 was Samsun, while the worst performing cities were Kastamonu and Tokat. Es et al.
[14] evaluated the asset size performance of banks by applying Entropy and WASPAS methods in their
study. A data set covering the years 2015-2019 was utilized. In the analysis, the importance levels of the
criteria were calculated with the Entropy method. The WASPAS method was applied with the calculated
importance levels and the performance ranking was made. As a result of the analysis, it was determined
that Garanti Bank had the best performance in 2015, Ziraat Bank in 2016-2017 and Yap1 ve Kredi Bank in
2018-2019. Orgun [15] applied the WASPAS method in the energy sector to evaluate the financial
performance of companies. Karaca et al. [16] used Entropy and WASPAS methods to select the appropriate
renewable energy source for Turkey. With the Entropy method, the criteria of renewable energy sources
were ranked according to their importance. In the second stage, the WASPAS method was used to suggest
which renewable energy source would be the most suitable renewable energy source in Turkey. Ural et al.
[17], the performances of 3 state-owned banks operating in Turkey were analyzed using Entropy and
WASPAS methods by utilizing financial statements for the period 2012-2016. According to the results
obtained from the study, it was determined that the best performing bank in 2012 and 2013 was Tiirkiye
Vakiflar Bankasi, and the best performing public capital bank in 2014, 2015 and 2016 was Tiirkiye
Cumhuriyeti Ziraat Bankast A.S. Akcakanat et al. [18] grouped the banks operating in Turkey as small,
medium and large scale according to their asset sizes. They evaluated the performance analysis of banks
with the Entropy-based WASPAS method. In the study, the first 9 months of 2016 data from the Forbes
Magazine Banks Report were utilized. The 6 criteria determined for the performance analysis measurement
of the banks were weighted by the Entropy method. Then, the banks were grouped according to their scales
using the WASPAS method and ranked according to their performance. As a result, it was observed that
Ziraat Bank was the best performing bank among large-scale banks, Finansbank among medium-scale
banks and Anadolubank among small-scale banks.

Orcun [15], Topal [4] and Omiirbek [8] can be cited in the literature review conducted during our research.
Most of the studies on the WASPAS method have focused on the banking sector. In Turkey, there are no
studies in which Entropy and WASPAS methods are applied together to the financial performance of
electric energy enterprises operating in Borsa Istanbul, included in the BIST 100 and also included in the
BIST Electricity index. Therefore, it is thought to contribute to the literature.

2. MATERIAL AND METHODS

The problems that the decision maker may face when starting a solution are usually the determination of
which method is the appropriate method. When determining the appropriate method, the structure of the
problem and the characteristics of the process should be considered [19]. In order to reach the best result in
multi-criteria decision-making problems, different multi-criteria decision-making techniques can be used
[20]. Multi-criteria decision making (MCDM) is a method that allows the selection of the best alternative
among multiple criteria. The application process of all MCDM techniques consists of three stages. In the
first stage, criteria and alternatives are identified. In the second stage, weights indicating the importance of
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the criteria are determined and alternatives are evaluated according to these criteria. In the third stage, each
alternative is ranked according to the method whose numerical values are determined [21]. In this study,
the Entropy method, which is an objective evaluation method, was used for weighting the decision criteria,
and the WASPAS method was used for ranking the alternatives.

2.1. Entropy Method

The concept of entropy was defined in the literature by Rudolph Clausius (1865) as a measure of uncertainty
in the system. It was later developed by Shannon's work and adapted to information theory [22]. Entropy
method is used to calculate the weights of the criteria in the decision problem [1].

Entropy method consists of 5 steps [25].

Step 1: Decision matrix is created.

a;; Q2 Qip
az1 Gz Ay

A= T 1
Am1 Am2 Amn
i=1,2.....,m (alternatives) and j=1,2.....,n (criteria)

Step 2: The decision matrix is normalized.

Criteria are normalized without distinguishing between benefit and cost functions. The values in the
decision matrix are normalized by dividing by the column sums.

The value of p;; is calculated by normalization.

ajj
Dij= = 2

m
YiZ1 aij

p;j : Normalized values
a;; : Given benefit values

Step 3: Entropy values are calculated.

The entropy value for the criteria is found with the help of the equations given below.

E=-k. X% pij- In(py;) (3)
k= (In(m)) ! (4)

k: Entropy value coefficient
E;: Entropy value
pij : Refers to normalized values

Step 4: Deviation values for each criterion are found with the help of the equation given below.

Step 5: To determine the importance level of criterion j, weight values wj are calculated for each criterion.

d;

- (6)

g,
j=1 4j

Wj:
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2.2. WASPAS Method

WASPAS method is a multi-criteria decision-making method based on weighted sum model and weighted
product model methods. This method, developed by Zavadskas et al. in 2012, reveals the performance
values of the selected alternatives using criterion weights. As a result of the solution, the alternatives are
evaluated and ranked from best to worst. The main purpose of the method is to maximize the ranking
accuracy [23]. There is no technique for determining the criteria weights in the WASPAS method.
Therefore, Entropy method was used to determine the criteria weights in this study.

The WASPAS method consists of 6 steps [23].

Step 1: Decision matrix is created.

= .. )

Xm1 Xmz2 Xmn

Step 2: The decision matrix is normalized. Normalization is carried out using the formula in equation (8)
for benefit-side criteria and equation (9) for cost-side criteria.

xij = x;;/max; (x;;) i=12,...,m;j=12,...n (8)
xij =min; (x;;) x;; i=12,...,m;j=12,...n )

Step 3: Calculate the total relative importance of alternative i. in terms of the Weighted Sum Model (WSM).
The total relative importance is calculated by multiplying the it alternative value by the weight value of
each criterion and then summing each alternative value respectively as in equation (10) [24].

Qi(l) =Y Xij.w; (10)

Step 4: Calculate the total relative importance of alternative i in terms of the Weighted Multiplicative
Model (WPM). The power of the relevant criterion weight is taken for the value of each i. alternative
criterion over the normalized decision matrix and the values found are multiplied for each alternative

respectively and the QL.(Z) value is calculated as in equation (11) [24].

o[ @) an
J=

Step 5: Calculate the weighted common overall criterion value for the Weighted Sum (WSM) and
Weighted Product Models (WPM). The relative importance of decision alternatives is calculated as in
equation (12).

Q; = AQM +(1-2.0? (12)

Step 6: After the alternatives are identified, they are ranked according to the Q value. The highest value
of Q is selected as the best alternative.

3. DATA SET OF THE STUDY

Within the scope of the study, 11 electric energy enterprises operating in Borsa Istanbul (BIST) are
included. The data set of the study consists of financial data obtained from the financial statements and
annual reports of all 11 companies for the year 2022. In this section, 7 financial ratios are accepted as
criteria and the success ranking of 11 electric power companies is tried to be made. The criteria used in the
study were weighted with the Entropy method, and then the performance ranking was carried out with the
WASPAS method. The data of the study were analyzed with MS. Office Excel Program.
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The financial ratios used in the study were selected among the ratios that can provide information about the
liquidity and profitability status of the enterprises. It is included in Table 1 [8].

Table 1. Decision criteria used in the study [8]

Financial performance indicators Codes Direction
Operating profitability FAKA Maximum (Benefit)
Net profitability NK Maximum (Benefit)
Current ratio CcO Maximum (Benefit)
Liquidity ratio LO Maximum (Benefit)
Financial leverage FICA Minimum (Cost)
Cash rate NO Maximum (Benefit)
Return on equity OK Maximum (Benefit)

The year 2023 is not included in the assessment since the annual balance sheet period for 2023 is still in
progress. The data used in the study were obtained from the Public Disclosure Platform (KAP) and
https://fintables.com/ websites. For 2022, the decision matrix was formed according to the values obtained
from the financial statements and annual reports. While considering the alternatives used in the study,
electric energy enterprises in the "BIST 100" and "BIST ELECTRIC" indices were taken into consideration.

The companies included in the scope of the research are given in Table 2.

Table 2. Enterprises in the scope of the research

Enterprise code Enterprise name
ENJSA Enerjisa energy
IZENR Izdemir energy
ZOREN Zorlu energy
ODAS Odas electric
TATEN Sweetpinar energy
AKFYE Akfen renewable energy
AKSEN Aksa energy
ALFAS Alfa solar energy
CWENE CW energy
GWIND Galata wind energy
SMRTG Smart solar energy

Table 3 presents a decision matrix representing the calculated ratios of the enterprises for 2022.

Table 3. Decision matrix

Alternative/criteria FAKA NK CcO LO FICA NO OK
ENJSA 0.11 0.13 0.71 0.65 0.70 0.27 0.35
IZENR 0.27 0.17 1.03 0.18 0.29 0.02 0.54
ZOREN 0.18 0.001 0.60 0.58 0.74 0.13 0.006
ODAS 0.40 0.37 1.43 1.22 0.44 0.50 0.36
TATEN 0.40 0.47 0.95 0.95 0.60 0.91 0.33
AKFYE 0.63 0.28 0.60 0.60 0.61 0.38 0.10
AKSEN 0.12 0.11 1.43 1.40 0.43 0.16 0.24
ALFAS 0.17 0.24 1.67 1.20 0.51 0.84 0.57
CWENE 0.19 0.19 1.14 0.78 0.69 0.21 0.65
GWIND 0.83 0.64 8.52 8.49 0.21 6.85 0.21
SMRTG 0.135 0.11 1.34 1.07 0.70 0.17 0.32
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4. RESULTS AND EVALUATION

Entropy and WASPAS were applied respectively. The results obtained were evaluated.

After the decision matrix was created, the Entropy method was applied to determine the criteria weights to
be used in the WASPAS method. Since there were no negative values in the decision matrix, the values
were normalized as shown in Table 4 without the need for correction in the data set.

Table 4. Decision matrix normalized by entropy method
Normalized decision matrix

Alternative/criteria FAKA NK Cco LO FICA NO OK

ENJSA 0.032 0.048 0.037 0.038 0.118 0.026 0.095
IZENR 0.079 0.063 0.053 0.011 0.049 0.002 0.147
ZOREN 0.052 0.000 0.031 0.034 0.125 0.012 0.002
ODAS 0.116 0.136 0.074 0.071 0.074 0.048 0.098
TATEN 0.116 0.173 0.049 0.055 0.101 0.087 0.090
AKFYE 0.183 0.103 0.031 0.035 0.103 0.036 0.027
AKSEN 0.035 0.041 0.074 0.082 0.073 0.015 0.065
ALFAS 0.049 0.089 0.086 0.070 0.086 0.080 0.155
CWENE 0.055 0.070 0.059 0.046 0.117 0.020 0.177
GWIND 0.242 0.236 0.439 0.496 0.035 0.656 0.057
SMRTG 0.039 0.041 0.069 0.063 0.118 0.016 0.087

The natural logarithm of each criterion was taken and the logarithm value was multiplied by its own value.
After normalization, the Entropy value for each criterion is shown in Table 5.

Table 5. Entropy values for criteria

Alternative/criteria FAKA NK CcO LO FICA NO OK

ENJSA -0.110 -0.146 -0.121  -0.124 -0.252 -0.095 -0.224
IZENR -0.200 -0.174 -0.156  -0.048 -0.148 -0.012  -0.282
ZOREN -0.155 -0.003 -0.107  -0.115 -0.260 -0.055  -0.010
ODAS -0.250 -0.272 -0.192  -0.188 -0.193 -0.146  -0.228
TATEN -0.250 -0.304 -0.148  -0.160 -0.232 -0.213  -0.216
AKFYE -0.311 -0.234 -0.107  -0.117 -0.234 -0.121  -0.098
AKSEN -0.117 -0.130 -0.192  -0.205 -0.190 -0.064 -0.178
ALFAS -0.149 -0.215 -0.211  -0.186 -0.211 -0.203  -0.289
CWENE -0.160 -0.186 -0.166  -0.141 -0.251 -0.079  -0.306
GWIND -0.343 -0.341 -0.361  -0.348 -0.118 -0.276  -0.164
SMRTG -0.127 -0.130 -0.184  -0.173 -0.252 -0.067 -0.213

Using the formula k=1/In(m), the entropy coefficient was found to be k=0.417. Here, m is the number of
decision alternatives and k is a fixed number. E; values are calculated using equation (3) and results are
given in Table 5. Then, dj deviation values were obtained for each criterion by subtracting 1 from the E;
value. In the last stage, wj weight values were obtained as shown in Table 6 to determine the importance
level of the criteria.

Table 6. Criteria weights

Criteria FAKA NK CcoO LO FICA NO OK
E; 0.906 0.890 0.812 0.753 0.977 0.554 0.921
d; 0.094 0.110 0.188 0.247 0.023 0.446 0.079
Wi 0.079 0.093 0.158 0.208 0.019 0.376 0.067
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The ranking of the importance of the criteria according to the weights (w;) obtained as a result of the
application of the entropy method is as follows: NO>LO>CO>NK>FAKA>OK>FICA.

In Figure 2, the criteria and criteria weights with the largest share are expressed as percentages.

L0; 0,208; 21%

Figure 2. Pie chart showing criteria weights

In short, according to the results of the entropy method, the most important financial performance criterion
is Cash Ratio and the second most important performance criterion is Liquidity Ratio. Financial Leverage,
which has the lowest weight, is determined as a low impact criterion.

The criteria whose weights are calculated in Table 6 are used in the WASPAS method. WASPAS method
will be used to evaluate the financial performance of electric energy enterprises.

In the first stage of the WASPAS method, the decision matrices need to be normalized as in the Entropy
method. The decision matrices are normalized with the help of Equation (8) for the benefit criteria and
Equation (9) for the cost criteria. In this context, Operating Profitability, Net Profitability, Current Ratio,
Liquidity Ratio, Cash Ratio and Return on Equity are considered to benefit the business, while Financial
Leverage is considered as a cost. Using the decision matrix, the decision matrix normalized according to
the benefit and cost criteria is given in Table 7.

Table 7. Decision matrix normalized by waspas method
Normalized decision matrix

Alternative/Criteria FAKA NK CcO LO FICA NO OK
ENJSA 0.133 0.203  0.083 0.077 0.300 0.039 0.538
IZENR 0.325 0.266  0.121 0.021 0.724 0.003 0.831
ZOREN 0.217 0.002  0.070 0.068 0.284 0.019 0.009
ODAS 0.482 0.578  0.168 0.144 0.477 0.073 0.554
TATEN 0.482 0.734  0.112 0.112 0.350 0.133 0.508
AKFYE 0.759 0.438  0.070 0.071 0.344 0.055 0.154
AKSEN 0.145 0.172  0.168 0.165 0.488 0.023 0.369
ALFAS 0.205 0.375  0.196 0.141 0.412 0.123 0.877
CWENE 0.229 0.297 0.134 0.092 0.304 0.031 1.000
GWIND 1.000 1.000 1.000 1.000 1.000 1.000 0.323
SMRTG 0.163 0.172  0.157 0.126 0.300 0.025 0.492

For the Weighted Sum Model (WSM), each alternative value was multiplied by the criterion weight values
calculated in the Entropy method over the normalized decision matrix and the sum of each electric power
enterprises was taken and the le) value in Table 8 was obtained. In the next stage, the power of the criterion
weight was taken for each alternative value over the normalized decision matrix for the Weighted
Multiplication Model (WPM) and the values obtained were multiplied with each alternative respectively

and the ng) value in Table 8 was obtained.
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After obtaining Qi(l) and ng) values within the scope of the Weight Sum and Multiplication model, the
Weighted Common Overall Criteria value Q; was calculated by taking (A=0.5) with the help of equation
(12). According to the value of Q;, a ranking is presented in Table 8. The value with the highest Q; was
selected as the best alternative.

Table 8. Weighted common general criteria values and prioritization

Electric energy companies Qi(l) Qi(z) Q; Sorting Best performance
ENJSA 0.1150 0.0808 0.0979 9

IZENR 0.1444 0.0284 0.0864 10

ZOREN 0.0558 0.0294 0.0426 11

ODAS 0.2219 0.1601 0.1910 4

TATEN 0.2379 0.1803 0.2091 2 .
AKFYE 0162 01001 01321 5 oD Caaind
AKSEN 0.1310 0.0849 0.1080 7

ALFAS 0.2241 0.1835 0.2038 3

CWENE 0.1703 0.0929 0.1316 6

GWIND 0.9546 0.9271 0.9409 1

SMRTG 0.1279 0.0829 0.1054 8

Looking at the priority ranking in Table 8§, it is seen that Galata Wind Energy is the company with the best
financial performance in 2022. Sweetpinar Energy, Alfa Solar Energy and Odas Electric follow,
respectively. Zorlu Energy ranked last in 2022 with a lower performance compared to other electricity
energy enterprises, and Izdemir Energy ranked second to last. To summarize briefly, the financial
performance ranking of energy enterprises in 2022 is as follows: Galata Wind Energy> Sweetpinar Energy>
Alfa Solar Energy>0Odas Electric> Akfen Renewable Energy> CW Enerji> Aksa Energy> Smart Solar
Energy> Enerjisa Energy> Izdemir Energy> Zorlu Energy.

In Figure 3, the performances of enterprises are ranked from largest to smallest.

ZOREN W 0,0426
IZENR [N 0,0264
ENJSA I 0,0979
SMRTG S 0,1054
AKSEN S 0,100
CWENE I 0,1316
AKFYE [ 0,1321
ODAS [ 0,1910
ALFAS [ 0,7038
TATEN [ 0,2091
G N 09409
0 01 02 03 04 0,5 06 07 08 0.9 1
Qi
Figure 3. Financial performance ranking

In the application of the WASPAS method, the effect of different values of A is examined in order to
increase the accuracy in the decision-making process. Looking at the different values of (A) in Table 9, it is
observed that the degree of importance in the ranking does not change. For all (1) values, Galata Wind
Energy has the best financial performance.
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Table 9. Overall total relative importance values of alternatives in 2022
2022 A=0 2=0.1 »=0.2 »=0.3 2=04 =05 2=0.6 2=0.7 2=0.8 2=0.9 =1
ENJSA 0.081 0.084 0.088 0.091 0.095 0.098 0.101 0.105 0.108 0.112 0.115
IZENR 0.028 0.040 0.052 0.063 0.075 0.086 0.098 0.110 0.121 0.133 0.144
ZOREN 0.029 0.032 0.035 0.037 0.040 0.043 0.045 0.048 0.050 0.053 0.056
ODAS 0.160 0.166 0.172 0.179 0.185 0.191 0.197 0.203 0.210 0.216 0.222
TATEN 0.180 0.186 0.192 0.198 0.203 0.209 0.215 0.221 0.226 0.232 0.238
AKFYE 0.100 0.106 0.113 0.119 0.126 0.132 0.139 0.145 0.151 0.158 0.164
AKSEN 0.085 0.090 0.094 0.099 0.103 0.108 0.113 0.117 0.122 0.126 0.131
ALFAS 0.183 0.188 0.192 0.196 0.200 0.204 0.208 0.212 0.216 0.220 0.224
CWENE  0.093 0.101 0.108 0.116 0.124 0.132 0.139 0.147 0.155 0.163 0.170
GWIND 0927 0930 0.933 0.935 0.938 0941 0.944 0946 0.949 0.952 0.955
SMRTG  0.083 0.087 0.092 0.096 0.101 0.105 0.110 0.114 0.119 0.123 0.128

5. CONCLUSIONS

Performance evaluation is very important for electric energy enterprises. In order to increase their
competitiveness and ensure their continuity, enterprises should regularly conduct performance evaluations.
Financial performance is one of the leading factors to be taken into account in this evaluation process.
Financial indicators such as revenues, expenses and profitability ratios of enterprises should be regularly
monitored and analyzed. Analyzing the performance of enterprises in the energy sector within certain
criteria and making the necessary improvements allows the current situation to be determined and thus
more effective and efficient decision-making processes to be carried out.

Within the scope of the study, the performances of 11 electric power enterprises operating in Borsa Istanbul
(BIST) were analyzed using their financial ratios for 2022. The 7 financial indicators determined to measure
the performance of electric power enterprises are as follows: Operating Profitability, Net Profitability,
Current Ratio, Liquidity Ratio, Financial Leverage, Cash Ratio, Return on Equity. In the analysis, the
criteria were weighted using the Entropy method, one of the multi-criteria decision-making techniques, and
then the financial performance of the enterprises was ranked using the WASPAS method. When the weights
of the criteria selected according to the results of the Entropy method are analyzed, it is determined that the
cash ratio is the most important criterion with a weight value of 0.376 and the financial leverage ratio is the
lowest criterion with a weight value of 0.019. As a result of the weights obtained, it was determined that
Galata Wind Energy had the highest performance with the application of the WASPAS method. In the same
period, it was observed that Zorlu Energy had the lowest financial performance.

Based on the results of the analysis, it is very important for enterprises with low or medium financial
performance to review their sales policies while making strategic decisions. In this process, it is important
to gain competitive advantage by taking into account the performances of rival enterprises. In addition,
electric power enterprises with low financial performance should strengthen their cash management by
focusing more on the cash ratio criterion, which has the highest criterion weight. On the other hand, they
should consider the financial leverage ratio criterion with the lowest criterion weight as a lower priority.
Therefore, it is important for electric power enterprises with low financial performance to strengthen cash
management and reduce debt burden as a priority. These strategies can be important steps towards
improving their financial performance. Therefore, a comprehensive analysis and careful planning are
necessary when making strategic decisions.
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Cukurova Universitesi Mithendislik Fakiiltesi Dergisi mithendislik bilimlerindeki giincel bilimsel ve teknik gelismeleri
arastirmacilara ve mithendislere ulastirmay1 hedeflemektedir. Tim mithendislik alanlari ile ilgili teorik/deneysel ve
uygulamaya yonelik calismalar Dergi’nin ilgi alanindadir. Cukurova Universitesi Miihendislik Fakiiltesi Dergisi daha
once baska higbir yerde yayimlanmamis, 6zgiin ve giincel bilimsel arastirma ve uygulamalari iceren makale ve kisa
bildirileri ile Dergi’de daha 6nce yayimlanmis makalelerle ilgili tartismalar1 kabul etmektedir. Ceviri ve derleme
makaleler kabul edilmemektedir. Makaleler Tiirkce veya Ingilizce olabilir. Dergi’ye génderilen yazilar yaymlansin
veya yayinlanmasin iade edilmez. Makaleleri yaymlama yetkisi dergi yaymn kuruluna aittir.

Makalenin tamamu bilgisayar ortaminda hazirlanmali baskiya hazir bicimde iki adet (birisinde yazar adlar1 ve adresleri
olmamak iizere) Dergi web sayfasinda verilen érnek sablona uygun hazirlanmis olarak elektronik ortamda veya
e-posta ekinde gonderilmelidir.

Makale, A4 (210x297 mm) boyutlu kagida, Windows uyumlu Word ortaminda, Times New Roman font kullanilarak,
birer aralikla yazilmali, ana basliklar 12 Punto (koyu), yazar adlar1 12 Punto (koyu), alt basliklar ve metin 10 punto
olmalidir.

Cizimler ve ¢izelgelerle birlikte, makaleler 15 sayfadan, kisa bildiriler 4 sayfadan daha uzun olmamahdir. Makale
Tiirkce ise: Tiirk¢e Baghk, ingilizce Bashk, Oz, Anahtar Kelimeler, Abstract (ingilizce 6z), Keywords, Metin,
Semboller (gerekliyse), Tesekkiir (gerekliyse) ve Kaynaklar,

Makale Ingilizce ise: ingilizce Bashk, Tiirkce Bashk, Abstract, Keywords, Oz (Tiirk¢e 6z), Anahtar Kelimeler,
Text, Notations (gerekliyse), Acknowledgments (gerekliyse) ve References sirasi iginde diizenlenmelidir.

Bashk kisa ve acik olmali, ierigi yansitabilmelidir. Oz (ve Abstract) ¢alismanm amacini, kapsamini, yontemini ve
ulasilan sonuglart kisaca tanimlamali ve 150 kelimeyi asmamalidir. En az ii¢, en fazla bes tane anahtar kelime
verilmelidir. Bashk, Oz ve Ingilizce baslikli Abstract birinci sayfaya sigdirilmali ve ana metin ikinci sayfadan
baslatilmalidir. Metin yalm bir dil ve anlatimla yazilmali, makale Tiirkce ise Tiirkce, makale Ingilizce ise Ingilizce
yazim kurallarina uygun olmalidir.

Boliim ve alt boliim basliklart numaralanmalidir. Esitlikler (denklemler) numaralanmali ve bu numaralar satir sonunda
parantez iginde gosterilmelidir. Yazilarda yalnizca SI birimleri kullanilmalidir. Semboller uluslararas: kullanima uygun
secilmeli; her bir sembol ilk kullanildig: yerde tanimlanmalidir. Tesekkiir olabildigince kisa olmali, caligmaya katkisi
ve destegi bulunan kisi ve kuruluslar belirtilmelidir. Cizelgeler, ¢izimler ve fotograflar metin icine yerlestirilmeli, her
birine numara ve baslik verilmeli ve bagliklar ¢izim ve fotograflarmn altina, gizelgelerin iistiine yazilmalidir.

Kaynaklar metinde koseli parantez i¢inde numaralanmali ve kaynaklar listesinde metin i¢inde verilis sirasina uygun
bigimde belirtilmelidir. Etik kurallar1 geregince, alintilar tirnak iginde verilmeli ve bir referans numarasi ile kaynak
belirtilmelidir. Kaynaklarda su bilgiler verilmelidir:

Makale ise: Yazar(lar)in soyadi, adinin bas harfi., y1l. makalenin tam baslig1. derginin adi, cilt, say1, baglama ve bitis
sayfalart.

Kitap ise: Yazar(lar)in soyadi, adinin bas harfi., y1l. kitabin tam adu. cilt numarasi, varsa editorii, yaymlandig: yer, son
sayfa no.

Bildiri ise: Yazar(lar)in soyadi, adinin bas harfi., yil. bildirinin tam baslig1. konferansin adi, yapildig: yer.

Elektronik ortamdan alinmis ise: Bildiri sadece CD/DVD’de yayinlanis ise: Yazar(lar)in soyadi, adinin bag harfi.,
diger yazarlar, yil, bildirinin adi. konferansin adi (CD/DVD), yapildig1 yer, yil. “Konferansin adindan hemen sonra
parantez i¢erisinde CD/DVD oldugu belirtilecektir.”

Tez ise: Yazarin soyadi, adinin bas harfi., yil. tezin adi. derecesi, sunuldugu kurum, son sayfa no.

Rapor ise: Yazarin soyadi, adinin bag harfi., diger yazarlar, yil. raporun adu. tiirli, numarasi, kurulusun adi, yayinlandigi
yer.

Web Sitesi ise: Yazar(lar) belli ise; yazarin soyadi, adinin bas harfi., diger yazarlar, varsa yaymlandig: yil. yazinin
basligi, web adresi (http:/www.xxxxx.xxxx.xxx), Erisim Tarihi: giin.ay.yil.

Kurum/Kuruluslara ait ise; Kurum adi, varsa yaymlandigt yil. yazmin bashg, web adresi
(http://Www.XXXXX.XXXX.XXX), Erisim Tarihi: giin.ay.y1l.

Elektronik kitap/rapor ise: Yazar(lar)in soyadi, adinin bag harfi veya kitap/raporu yayimlayan kurum veya kurulusun
ad1, varsa yaymlandig1 y1l, konunun tam adi, Erisim Tarihi: giin.ay.yil.
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