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This study contributes to our understanding of the Metaverse by presenting a case study of the
implementation of brain-computer interface supported game-based engagement in a Virtual Environment
(VE). In VE, individuals can communicate with anyone, anywhere, anytime, without any limits. This
situation will increase the barrier-free living standards of disabled people in a more accessible
environment. A virtual world of well-being awaits these individuals, primarily through gamified
applications thanks to Brain-Computer Interfaces. Virtual environments in the Metaverse can be infinitely
large, but the user's movement in a virtual reality (VR) environment is constrained by the natural
environment. Locomotion has become a popular motion interface as it allows for full exploration of VE.
In this study, the teleport method from locomotion methods was used. To teleport, the user selects the
intended location using brain signals before being instantly transported to that location. Brain signals were
decomposed into alpha, beta, and gamma bands. The features of each band signal in Time, frequency, and
time-frequency domains were extracted. In this proposed method, the highest performance of binary
classification was obtained in the frequency domain and the Alpha band. Signals in the alpha band were
tested in the Time, Frequency, and Time-Frequency domains. Teleport operations are faster in the time
domain and more stable in the frequency domain. However, the Hilbert-Huang Transform (HHT) method
using in the Time-Frequency domain could not respond adequately to real-time applications. All these
analyses were experienced in the Erzurum Virtual Tour case study, which was prepared to promote cultural
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heritage for the gamification method.

Introduction

Metaverse provides a virtual environment to experiment,
practice, and learn without the costly consequences of doing
them in the real world. The Virtual Reality (VR) industry,
which will enable us to enter this virtual world, is
overgrowing as more powerful and versatile Head-Mounted
Displays (HMD) and VR peripherals are developed. That's
why technology-based companies are turning their attention
to immersive VR as a strategic opportunity. So recognizing
in the rapid growth and interest in the Metaverse, this study
presented an exemplary study by analyzing VR research in
BCl and related fields. Thus, the pros and cons of
technologies such as Metaverse, Virtual Reality,
Gamification, and Brain-Computer Interfaces in human life
were investigated and the place of BCI in Metaverse was
mentioned.

The Metaverse is a virtual world that users can experience
from a first-person perspective. It can also be considered a
navigable internet or social media platform. The Metaverse
gained immense popularity after Facebook changed its
name to Meta. Especially after the statement made by Mark
Zuckerberg in 2021, everyone started to wonder what this
technology is when it would come and what it includes.

The challenges of the Metaverse include sustainability,
hardware and software constraints, difficulty in developing
and preparing content, and cyber nuisances. The
sustainability of Metaverse is essential. Because if the world
population is kept at a certain level, it can grow and solve
problems, but the world cannot be sustained when the
number of users accessing the Metaverse decreases. Using
episodic memory that effectively manages people's daily
activities allows the user to feel the comfort and advantage
of accessing the Metaverse for a long time. Storing all
experiences in memory has usage and capacity limitations.
Therefore, memory research is needed to find and reuse
important parts effectively.

While the Metaverse is very similar to the real world in
terms of sensors in hardware, some sensations are better felt
in real life (e.g., daylight, smell, sticky, slippery, wind).
However, as the program becomes more complex, it faces
the limit of sophistication in a complex application. For
example, if modals such as scent [1] are added to BCI
applications, the immersive of the systems will increase
even more.

Another challenge is the development phase. From a
metaverse development perspective, there are very few
online resources, especially for beginner developers. There
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is not enough information with practical details to make
complex and realistic applications (e.g., object selection,
conditional actions, user storyboards with scene flow,
teleport-teleport between scenes, motion, and dialogue).
Therefore, an individual developer must develop a standard
system (i.e., a platform and a community of developers)
together without designing the entire system. As for the
framework, consider a commercial platform with proper
maintenance (e.g., Roblox) and an open source-based
platform with various possibilities (e.g., Unity3D).

Langbehn et al. [2] analyzed different methods of
locomotion: Joystick, Teleport, and Redirected Walking.
They conclude that Redirected Walking provides better
spatial recognition compared to the other two. They also
indicate that the Joystick is the locomotion method that
produces more cybersickness. In this study, the participants
did not observe cybersickness (such as dizziness and
nausea) since locomotion was performed with direct brain
signals. The negativities brought about by locomotion
movements are somewhat eliminated by BCI applications.

A. Metaverse tools (AR, VR, MR, XR)

Virtual Reality (VR) and Augmented Reality (AR) were
among the top ten emerging technologies in 2020. It is
expected to be among the best developing technologies of
2021 in the field of information technologies. These
systems, which have been widely used in education,
training, entertainment, and marketing, and even in post-
injury rehabilitation centers, have attracted the attention of
the game industry.

With the growing popularity in VR and the introduction of
new devices at relatively lower costs, more video games
have been developed in this area recently. Most of these
games provide a more natural and immersive environment
with an HMD while also using more first-person interaction
techniques.

It is essential to understand better the factors that promote
learning through games. Therefore, VR offers new
possibilities in education and vocational training. VR excels
when real education is too expensive, and some lab
applications are too dangerous.

In the VR environment, players often experience the feeling
of "being there". This feeling is sometimes expressed with
the concepts of "presence™ and "immersive" for VR, which
are used interchangeably.

In Figure 1, Milgram [3] presents descriptive terminology.
Researches in different disciplines such as AR, Mixed
Reality (MR), and Augmented Virtuality (AV) are
classified.

lil\ﬂixed Reality {MR)—‘

L [ ]
| ppp— — 1
Real Augmented Augmented Virtual
Environment Reality (AR) Virtuality (AV) Environment

Reality - Virtuality (RV) Continuum

Figure 1. Augmented Reality in the Reality-Virtuality
continuum (adapted from [3])

Burdea and Coiffet [4] define virtual reality with the
“Virtual Reality Triangle (I®)”: Immersion, Interaction, and
Imagination (Figure 2).

I3

Figure 2. Virtual Reality Triangle

Immersion: This concept defines the immersive, inclusive,
and inclusive effects of the virtually created world
environment. This definition is divided into two subclasses:
Mental and Physical Immersive. These two concepts are
essential for the player to have a successful personal
experience in the VR environment. Mental immersion
shows the emotional state of the player and shows that he
has deep anxiety and tension in the game. With its
physically immersive feature, the actor shapes his physical
behavior with visual, auditory, or tactile devices.

Interaction: This feature of the VR system provides real-
time detection of the user's responses (user movements) to
the activities in the game with the help of many sensors
(visual, tactile, etc.).

Imagination: This feature, specified as imagination,
expresses the capacity of the player's mind to perceive
things that do not exist. VR supports the user to elaborate
thoughts and engage in meaningful learning.

Itis possible to classify VR Types as follows:
1. Textual VR (interaction, no inclusive)
2. Desktop VR (interaction, inclusive)
3. Immersive VR (interaction, high inclusive)
4. Augmented VR (interaction, no inclusive)
B. Locomotion

One of the most used interaction techniques in the VR
environment is motion, which moves the user's perspective
in virtual environments. Locomotion is an essential
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component of VR as it can substantially impact the user
experience. Teleporting has become a popular locomotion
interface as it allows VE to be fully explored. To teleport,
the user selects the intended location using brain signals
before being instantly transported to that location.

In recent years, many variable motion approaches have
been used in research [5], [6] and in the game industry [7].
In particular, besides the techniques developed around the
idea of natural walking in VR, there are also motion
approaches that do not involve a physical movement of the
player.

Virtual worlds are hardly ever built in a linear way and
players need the ability to change the walking direction.
Hence, VR games require Omnidirectional treadmills [8].
Treadmills allow the players to move in a physical way.
Combined with an HMD, players usually cannot distinguish
such installations from real walking experiences (Figure 3).

Figure 3. The treadmill for real walking

C. Serious Game and Gamification

AR and VR play an important role in today's world, where
we have started doing all our work online due to COVID-
19. With these systems, new BCI designs are also reflected
in the game world by adding brain signals to applications
such as disabled people and distance education/therapy.
With BCI, the information read from the brain is analyzed
in response to the stimuli given in the immersive and
inclusive environment of technologies such as virtual
reality. It aims to develop a more immersive and instructive
user experience by obtaining information about the player's
physiological state during the game.

Digital games are generally perceived as a leisure activities.
However, as a result of various studies, it has been observed
that digital games positively affect cognitive activity. Some
of these non-invasive studies have shown that games
change brain dynamics, strengthen information processing
and motor skills, and potentially reduce the time required
for information processing. These studies show the mixture
of different game-playing aspects that affect many factors

such as attention, cognitive control, visuospatial skills, and
cognitive workload arising from the mechanical nature of
games [9]. For example, unlike strategy games, shooting
games (like FPS) require different cognitive demands and
different strategies. Different studies have shown that
virtual reality design an interactive environment, increasing
the participation and motivation of students and providing
deeper learning [10].

Gamification and Serious Game are two e-learning
strategies with similar aims. However, although they have
similar purposes, they also have significant differences. The
serious game is used to denote video games used in fields
such as education, defense, health, simulation, and
engineering instead of entertainment. Gamification, on the
other hand, is the application of game-like elements to
different fields (marketing, education, etc.) to change
attitudes and behaviors and increase participation and
effectiveness [11]. The main difference between serious
gaming and gamification is that serious games involve
structures that offer not only entertainment but also some
form of educational value. Gamification, on the other hand,
incorporates game elements into traditional e-learning
programs to increase engagement. Gamification adds game-
like elements to your education, while serious games add
educational value to games.

D. Brain-Computer Interfaces

Brain-Computer Interface (BCI) is a system that provides a
direct connection between the brain and the computer to
control an external device. These systems are also called
Brain-Machine Interface (BMI) systems. EEG-based BCl is
characterized by using non-invasive EEG electrodes to
measure brain activity and convert the recorded brain
signals into commands.

In the literature, BCI is defined as a system that measures
the brain's central nervous system activity and converts it
into an artificial output, thus ensuring the interaction
between the central nervous system and its internal and
external environment [12]. A modern BCI system is a brain
activity analyzer that takes complex brain signals, analyzes
them, and translates them into a command for a machine
(usually a computer, a robotic arm, game controllers,
prosthesis, wheelchair, etc.) [13], [14].

There are basically three different types of BCI:

Active BCI: BCl is used to complete mental tasks. For this,
motor signals or imagery completes these tasks. For
example, a person raises one's leg to step on a stair step. It
is independent of external events. The person provides
direct cognitive control.

Reactive BCI: This BCI works based on a stimulus (like
SSVEP). The P300 (event-related potential) signal further
explains the basis of Reactive BCI. The P300 includes
cognitive learning and decision-making  processes
dependent on a visual stimulus. Here, a stimulus is given to
the person externally.

Passive BCI: BCI works without visual stimuli. The BCI
mechanism only acts as an on/off switch. Passive BCI
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works willingly without the purpose of controlling, that is,
with the outputs of spontaneous brain activity.

Brain Signal Acquisition Technologies
Advances in functional neuroimaging and inter-cranial
spatial imagery have opened new doors in the fields of
Cognitive Learning and Associated Neural Networks. BCI
systems consist of a mixture of signals from the brain and
nervous system. These signals are:

1. Electrical and magnetic signals

2. Intracortical electrode array-invasive method

3. Electrocorticography (Electrocorticography, ECoG

or intracranial EEG, IEEEG)-invasive method
4. Electroencephalography (Electroencephalography)

BCI systems measure the electrical activity of the brain and
evaluate it with different techniques. EEG method is widely
used among non-invasive methods for measuring brain
activity. EEG and BCI are currently the focus of research in
this area.

Electroencephalography (EEG)

EEG is a non-invasive method that allows electrical
recording activity from the scalp surface [15], [16]. The
recording process is made by measuring the voltage
fluctuations coming from the brain with various numbers of
electrodes placed on the scalp surface. Hans Berger first
made this measurement from the scalp surface in 1929 [17].
The electrical activity recorded from the brain is measured

5. Magneto-encephalography in microVolts (uV). The rhythmic activity recorded from

(Magnetoencephalography) the brain is classified into five frequency bands (Table 1):
6. Metabolic signals Delta (0.5-4 Hz), Theta (4-8 Hz), Alpha (8-13 Hz), Beta
7. Functional magnetic resonance imaging (fMRI) (13-25 Hz), Gamma ( 25-100Hz). These frequency band
8. Functional near-infrared spectroscopy (fNIRS) ranges are used in various studies with slight differences in
Signals that are not brain signals: different fields [18].
1. Electromyography (Electromyography, EMG)
2. Electrocardiography (Electrocardiography, ECG)
3. Electrooculography (Electrooculography, EOG)

Table 1. Frequency band ranges

Bands  Range(Hz) Location Activity

Delta 1.3-35 Frontal Deep sleep.

Theta 4-75 Various Theta activity is a slow-wave activity seen in drowsiness and
often during meditation. Increased theta frequencies are
associated with relaxed and creative states, as well as
memory recall and ‘flow’ states.

Alpha 8-13 Back of the head Alpha waves are the default ‘relaxed and alert’ mode of your
brain. Alpha activity is often observed when the eyes are
closed, indicating that the visual system is ready and
awaiting input. Decreases in alpha activity can also be seen
in other parts of the brain when that part of the brain is
activated.

Beta 125-30 Symmetrically distributed in Beta frequencies are associated with active, task-oriented,

the left and right hemispheres, busy, or anxious thinking and active concentration.
mostly anterior
Gamma 30-40 Somatosensory cortex Gamma activity is the high-frequency activity that occurs

during demanding mental or motor functions. Gamma waves
can be observed, especially in the frontal lobes, when you
switch activities during multi-tasking.

Material and Method

BCI software can translate mental commands from EEG
data into commands in a video game. In BCI-based games,
subjects wear an EEG headset while playing VR games
designed to control virtual objects. Instead of using a
traditional game controller, the subject uses mental
commands to activate motion-based actions such as "push",
"pull” or "jump™ in the game. In this study, navigation was
made between teleport points with the "push" command,
and the "pull" command action was used to open the door
of the historic building. BCI processed these mental
commands from the EEG and triggered the corresponding
movement in the VR game. As gamification, interaction
with  teleport and Non-Player Character (NPC)

corresponding to navigation from game mechanics were
used in the study.

A total of 11 subjects (right-handed) without prior
experience in the BCI and not diagnosed with any
neurological or psychiatric disorder were recruited for the
study. Participants ages ranging from 18 to 29 (M = 20.25
years, SD = 2.43). The sample was selected from the
university student population. Participants of the study hold
a Bachelor of Science degree in different disciplines related
to computer engineering, electrical-electronics, computer
science, and others without BCI experience.

All tasks were performed with the same group of
participants and devices. The experiment was performed in
a quiet room, with a 3mx=2.5m space to set up two HTC-
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Vive Lighthouses. The VR device was connected to a
desktop computer with 64 GB RAM and an Intel Core i7-
9700K processor running at 3.60 GHz. The Emotiv Epoc
Flex device was wirelessly connected to a laptop with 32
GB RAM and an Intel Core i7-11800H processor running
at 2.30 GHz. The desktop computer had Nvidia GeForce
RTX 2080 Super GPU (8 GB), while the laptop had Nvidia
GeForce RTX 3070 GPU (8 GB) graphics card. It has been
used HTC Vive Pro Eye’s HMD to display the pre-built
virtual scene by Erzurum Virtual City project.

Emotiv Epoc Flex with 32 channels was used as an EEG
acquisition device (Figure 4-a). Channels:

Cz, Fz, Fpl, F7, F3, FC1, C3, FC5, FT9, T7, TP9, CP5,
CP1, P3, P7, 01, Pz, Oz, O2, P8, P4, CP2, CP6, TP10, T8,
FT10, FC6, C4, FC2, F4, F8, Fp2.

Sensor cables are color-coded. Blue is used for the left, red
for the right, and black for the references. In addition, each
sensor is individually labeled with the channel name to
which it is connected to the EPOC Flex. With this color
coding, the channel name can be defined quickly in the
software, and the appropriate electrode location can be
found quickly. For example, if the contact quality is poor in
the LA (Left-A) channel, it corresponds to the blue A wire.

Data were obtained from all channels (32 channels), but
only the channels in Figure 4-b were used in the BCI
software. The channels used in the study are: FC3-FC4 [19],
C3, C4, P3, P4 [20], FC5, FC6, P7, P8 [21], Fz, Cz, Pz, Oz.

Figure 4. a) EEG electrode placement b) selected
electrodes

The flow chart of the study is presented in Figure 5. The
signals obtained with the EEG device are transferred to the
developed machine learning module (Control Module) with
Cortex-V2 (C# programming). Brain signals are converted
into commands by the module, and these commands are
classified. Among the classification algorithms, two
different algorithms were used: Random Forest (RF) and
Naive Bayes (NB). The output of the RF classifier was sent
to the Unity3D game engine because it gave better accuracy
values (Figure 6).

Gommands Trigger
(Push, Pull)

#
Centrol Module EECG :oftzgre '\ 2
Epochs + Baseline (Cortex-V2) EEG Raw Dat
(85 + 38) aw Data
SteamVR
h 4
Render Pipeline Graphic Qutput
Unity3D
(Game Engine)

_________________J

Figure 5. The flowchart of the study

The experimental protocol was determined as follows:

1. Preliminary information was given to the participant.
EEG and VR devices were then mounted to the user
(Figure 7).

2. Three seconds baseline signal received.

3. Eight seconds teleport signal received.

4. Steps 2 and 3 were repeated five times for training.

The same steps were repeated for the door opening task. A
total of 10 training signals were obtained from one subject.

- P

Experimental Pardigm

V’-’:M'WMM'P !

TR
Nyt hofagdit

AT Feature Extraction
T P SV

b A
RN A dloan ot et
R e

[ Time (Statistics, Hiorth) |

[ Frequency (SE, FFT) ]

alpha | | beta | gamma [ Time-Frequency (HHT) ]
(8-12) | |(12-30)| [(30-45)
Filter; Epochs + Baseline

{8s::39) NB RF

Figure 6. Control module

Erzurum Virtual City, which was prepared with another
project as VE, was used on the game engine side. Erzurum
Virtual City (Figure 8) virtual elements were modeled with
Autodesk Maya, and the characters were rigged. The
materials of the virtual items were obtained with Substance
Painter. SteamVVR v2 framework was used for the VR
environment. Gamification was developed in the Unity 3D
game engine with the C# programming language. Brain
signals obtained with Emotiv Epoc Flex were processed and
translated into commands in Unity3D, depending on two
mental tasks.
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Figure 7. A subject preparing to participate in the
experiment (left: EEG device deployment, right: VR
device deployment)

Figure 8. Ottoman Era Erzurum Virtual City

Two mental tasks were tested in each historical building in
the Erzurum Virtual City tour, both to teleport to specific
locations and to open the door of the historic building.
Navigation between Teleport Points was performed with
the "Push"” command. Only the "Pull" command has been
applied from the Teleport Point position in front of the door
(Figure 9).

"= TeleportPoint

Figure 9. Teleport locations used in BCI

Time features

Both statistical and Hjorth parameters are used in the time
domain. Statistical estimates of the temporal signals, such
as mean, variance, standard deviation, and first/second
differences, are usually taken to reduce the effect of
temporal variations on signals. Statistics of the signals are
given in Table 2. Hjorth, on the other hand, provides a set
of three parameters (Table 2) to analyze the EEG signal in

the time domain [22]. The Hjorth algorithm, which has the
advantage of low computational cost, is based on variance
calculation.

Table 2. Time features (1..5:statistical, 6..8:Hjorth
parameters)

No Measures Formula

1
1 Power P =252 x(®)
1
2 Mean o= D)
3  Standard 1
deviation o= |5 Zen (x(©) — p?

4 Normalized ﬁygg [x(t+ 1) — x(0)|

first diy = -
difference ¥
5 Normalized ﬁzltvz—f lx(t +2) — x(t)|
second dyp = p
difference )
6  Activity 4o 2 O -
N
7 Mobility dx(t)
()
~ | var (x(t))
i dx(t)
8  Complexity i M( at )
M(x(1))
Frequency features

In frequency domain, we used Spectral Entropy (SE) and
Fast Fourier Transform (FFT). Spectral Entropy (SE) gives
information about the non-linearity situation of an EEG
signal (Eq. 1). FFT can be used to show various types of
frequency activity in useful ways (Eq. 2).

H(x) = YxcxX;i - log, x; 1)

. n
X, = YN, e 2™V k = 01,2, .., N — 1 &)

Time-Frequency features

Hilbert Huang Transform (HHT) presents momentary
energy and frequency values of a signal, unlike Fourier
spectral analysis which presents global energy and
frequency. Since EEG signals contain more then one
frequency content, HHT can't be directly used on EEG
signals. To solve this problem, Huang proposed Intrinsic
Mode Functions (IMF), which considers momentary EEG
signals as a sum of single frequency functions. Empirical
Mode Decomposition (EMD) is used to separate data into
IMFs (Eq. 3). After decomposition, Hilbert transform (Eq.
4) is applied and energy-frequency-time distribution is
obtained, this is also known as Hilbert spectrum.

n

x()= ) a®) +n(® ®

i=1
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() @
t—t'

y(t) = %PV f_o:o

where ¢;(t) is the nth extracted IMF and 7, (¢t) is a
residual function. HHT is represented by Eq. 4 to find the
instantaneous frequency from the IMF, where the PV
denotes the Cauchy Principal Value of the singular integral.

Discussion and results

Feature extraction from the EEG signal is one of the
basic steps of classification. The features can be obtained
from different domains. In this process, extracting the more
dominant features from the EEG signal is important. EEG
signals have a complex, nonlinear and Spatio-temporal
structure. Therefore, features in the time, frequency, and
time-frequency domains were searched to find the most
distinctive features. All of these domains were used in this
study. In addition, the features were extracted by
considering the alpha, beta, and gamma bands of the EEG
signals [23], [24].

The results obtained with RF and NB algorithms are
given in Table 3. The extracted features for Time,
Frequency and Time-Frequency are 140, 942, and 588,
respectively.

Table 3. Binary task classification results (NB:Naive
Bayes, RF:Random Forest)

Push/Pull Tasks Alpha Beta Gamma
Time NB 69.091 58.182 60.909
RF 81.818 76.364 80.000
Frequency NB 59.091 70.909 62.727
RF 82.727 80.000 65.455
Time- NB 64.546 66.364 69.091
Frequency RF 80.000 77.273 79.091

In general, the alpha channel has shown higher success. On
the domain basis, the frequency domain stands out (Figure
10).

Classification Results (Random Forest)

100 3
95 T
90 F
85 1
80 1
75
70 %
65 T
60 1
5E

% Classification Accuracy

50
Push/Pull Push/Pull

Time Frequency
81.818 82.727
Beta 76.364 80.000

Push/Pull
Time-Frequency
80.000
77.273

mAlpha

Gamma 80.000 65.455 79.091

Feature Domains

Figure 10. Binary (Push/Pull) classification results for
Random Forest

Conclusion

As a result, the Metaverse can transport you to an
entirely different imaginary world where you don't have

constraints (as mentioned in Neal Stephenson's 1992 novel
Snow Crash). With BCI, it will ensure the unlimited
participation of people with disabilities in this imaginary
world.

With the development of technology, digital gaming has
become a more holistic and realistic experience that
activates all the senses. Game-based learning and serious
games often need to be viewed in the light of technology
and E-Learning. Also, supporting such designs with BCI
will make it a more sustainable environment for Metaverse.

BCl provides the possibility of life-changing for
subjects with motor impairments. Because this system
allows them to perform physical actions that they would not
otherwise be able to do. Since BCI converts brain signals to
command results using artificial intelligence algorithms,
these commands can be encoded as commands that will
provide unlimited control in the Metaverse environment.

Cyber-discomfort in the virtual environment is a
relatively common, undesirable side effect of immersive
interfaces that causes various irritating symptoms, such as
nausea, headaches, disorientation, and fatigue. Although
less common, more severe symptoms, such as postural
instability, can also result from prolonged exposure to
virtual interfaces. Improvements in the direction of
eliminating these discomforts by making locomotion
movements more natural can be done in future studies.

Data availability

The dataset will be
https://eegdatasets.erzurum.edu.tr
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Ethics committee approval and conflict of
interest statement

This study, which included human participants, was
reviewed and approved by the Scientific Research and
Publication Ethics Committee of Erzurum Technical
University-ETU (11-2-20052021), Erzurum, TUR. The
patients/participants provided their written informed
consent to participate in this study. There is no conflict of
interest with any person / institution in the article prepared.

Funding

This study is funded by ETU Scientific Research Projects
Coordination Unit with the project numbered 2021/012
titled "Examination of VR Locomotion Techniques for
Brain-Computer Interface Designs with EEG Signals".

KUDAKA also funded it with the project *"Meeting Place of
History and Culture” (TRA1/21/REKABET?2/0009).

References

[1] M. Seker and M. S. Ozerdem, “Iyi — kotii koku
uyartilarinin EEG aktivitesine etkisinin Welch
metodu ile incelenmesi,” Dicle Universitesi
Miihendislik Fakiiltesi Miihendislik Derg., vol. 8,
no. 3, pp. 547-553, 2017.

[2] E. Langbehn, P. Lubos, and F. Steinicke,
“Evaluation of locomotion techniques for room-

651



DUJE (Dicle University Journal of Engineering) 13:4 (2022) Page 645-652

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

scale vr: Joystick, teleportation, and redirected
walking,” in Proceedings of the Virtual Reality
International Conf.-Laval Virtual, 2018, pp. 1-9.

P. Milgram, H. Takemura, A. Utsumi, and F.
Kishino, “Augmented reality: A class of displays
on the reality-virtuality continuum,” in
Telemanipulator and telepresence technologies,
1995, vol. 2351, pp. 282-292.

G. C. Burdea and P. Coiffet, Virtual reality
technology. John Wiley & Sons, 2003.

C. Boletsis, “The new era of virtual reality
locomotion: A systematic literature review of
techniques and a proposed typology,” Multimodal
Technol. Interact., vol. 1, no. 4, pp. 1-17, 2017,
doi: 10.3390/mti1040024.

E. Bozgeyikli, A. Raij, S. Katkoori, and R.
Dubey, “Point & Teleport locomotion technique
for virtual reality,” CHI Play 2016 - Proc. 2016
Annu. Symp. Comput. Interact. Play, pp. 205—
216, 2016, doi: 10.1145/2967934.2968105.

M. J. Habgood, D. Wilson, D. Moore, and S.
Arapont, “Hci lessons from playstation VR.,” in
Extended Abstracts Publication of the Annual
Symposium on Computer-Human Interaction in
Play, 2017, pp. 125-135.

S. H. Pyo, H. S. Lee, B. M. Phu, S. J. Park, and J.
W. Yoon, “Development of an Fast-
Omnidirectional Treadmill (F-ODT) for
Immersive Locomotion Interface,” in 2018 IEEE
International Conference on Robotics and
Automation (ICRA), 2018, pp. 760-766. doi:
10.1109/ICRA.2018.8460669.

M. Palaus, E. M. Marron, R. Viejo-Sobera, and D.
Redolar-Ripoll, “Neural basis of video gaming: A
systematic review,” Front. Hum. Neurosci., vol.
11, p. 248, 2017.

S. Mystakidis et al., “Design, Development, and
Evaluation of a Virtual Reality Serious Game for
School Fire Preparedness Training,” Education
Sciences , vol. 12, no. 4. 2022. doi:
10.3390/educsci12040281.

C. Prandi, P. Salomoni, S. Mirri, “Gamification in
Crowdsourcing Applications.” 2019.

J. R. Wolpaw and E. W. Wolpaw, “Brain-
computer interfaces: something new under the
sun,” Brain-computer interfaces Princ. Pract.,
vol. 14, 2012.

S. Ghosh, “Brain Computer Interface: Definition,
Tools and Applications,” 2020.
https://aithority.com/machine-learning/neural-
networks/brain-computer-interface-definition-
tools-and-applications/

652

[14]

(18]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

A. Ozbeyaz, “EEG-Based classification of
branded and unbranded stimuli associating with
smartphone products: comparison of several
machine learning algorithms,” Neural Comput
Applic, no. 33, pp. 4579-4593, 2021.

E. Niedermeyer and F. H. L. da Silva,
Electroencephalography: basic principles,
clinical applications, and related fields.
Lippincott Williams & Wilkins, 2005.

M. Teplan and others, “Fundamentals of EEG
measurement,” Meas. Sci. Rev., vol. 2, no. 2, pp.
1-11, 2002.

B. He and L. Ding, “Electrophysiological
mapping and neuroimaging,” in Neural
engineering, Springer, 2013, pp. 499-543.

J. J. Newson and T. C. Thiagarajan, “EEG
frequency bands in psychiatric disorders: a review
of resting state studies,” Front. Hum. Neurosci.,
vol. 12, p. 521, 20109.

M. S. Ozerdem and O. Emhan, “Yukari-Asag1
imleg hareketlerine iliskin EEG kayitlarinda en
etkin kanalm belirlenmesi,” Dicle Universitesi
Miihendislik Fakiiltesi Miihendislik Derg., vol. 8,
no. 3, pp. 587-597, 2017.

S. Baceviciute, T. Terkildsen, and G. Makransky,
“Remediating learning from non-immersive to
immersive media: Using EEG to investigate the
effects of environmental embeddedness on
reading in Virtual Reality,” Comput. \& Educ.,
vol. 164, p. 104122, 2021.

P. Batres-Mendoza et al., “Quaternion-Based
Signal Analysis for Motor Imagery Classification
from Electroencephalographic Signals,” Sensors
(Basel)., vol. 16, no. 3, p. 336, Mar. 2016, doi:
10.3390/s16030336.

B. Hjorth, “EEG analysis based on time domain
properties,” Electroencephalogr. Clin.
Neurophysiol., vol. 29, no. 3, pp. 306-310, 1970,
doi: https://doi.org/10.1016/0013-4694(70)90143-
4,

M. Ahn, H. Cho, S. Ahn, and S. C. Jun, “High
Theta and Low Alpha Powers May Be Indicative
of BClI-Illiteracy in Motor Imagery,” PL0S One,
vol. 8, no. 11, p. e80886, Nov. 2013, [Online].

J. Gruenwald, C. Kapeller, C. Guger, H. Ogawa,
K. Kamada, and J. Scharinger, “Comparison of
Alpha/Beta and high-gamma band for motor-
imagery based BCI control: A qualitative study,”
in 2017 IEEE International Conference on
Systems, Man, and Cybernetics (SMC), 2017, pp.
2308-2311. doi: 10.1109/SMC.2017.8122965.



DUJE (Dicle University Journal of Engineering) 13:4 (2022) Page 653-660

Dicle University
Journal of Engineering

https://dergipark.org.tr/tr/pub/dumf
duje.dicle.edu.tr

Research Article

Data division effect on machine learning performance for prediction of streamflow

Okan Mert KATIPOGLU*

! Erzincan Binali Yildirim University, Civil Engineering Department, okatipoglu@erzincan.edu.tr, Orcid No: 0000-0001-6421-6087

ARTICLE INFO

ABSTRACT

Article history:

Received 7 August 2022

Received in revised form 13 October 2022
Accepted 25 November 2022

Auvailable online 31 December 2022

Keywords:

Stream flows, XGBoost, K-Nearest
Neighbours, Data division,
Euphrates basin

Accurate estimation of streamflow has an important role in water resources management, disaster
preparedness and early warning, reservoir operation, and sizing of water structures. In this study, Extreme
gradient boosting (XGBoost) and K-Nearest Neighbours (KNN) algorithms are used for the estimation of
streamflow. In order to reveal the appropriate model, the raw model and models with optimized parameters
were evaluated while the models were being built. In the setup of the models, various training test rates
were also tried, and it was investigated which data division showed more effective results. For this purpose,
the data were divided into ratios such as 60-40, 70-30, 80-20, and 90-10, respectively, and the model
results were compared. Various statistical indicators such as Root Mean Square Error (RMSE), Mean
Absolute Error (MAE), and Coefficient of Determination (R?) were used when comparing the models. As
a result of the analysis, it was determined that the most suitable model for monthly streamflow estimation
was obtained by using the optimized Xgboost algorithm and 60-40% data division. The obtained outputs
constitute a vital resource for decision-makers regarding water resources planning and flood and drought

management.
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Introduction

Increasing water requirements, climate change and
extreme weather events have increased the importance of
effective planning and management of water resources [1].
The effective management of water resources depends on
the prediction of possible future flows. Accurate and
reliable streamflow estimation is crucial regarding
irrigation planning, water and electricity supply, flood and
drought risks, and reservoir operation. [2]. In particular,
estimating maximum and minimum flow values is critical
for their use in flood and drought management. The
physical formation process of streamflow in a basin is
complicated because it depends on several factors such as
precipitation, evapotranspiration, infiltration, ground
moisture, soil permeability, terrain conditions and
vegetation. For this reason, many researchers have
modeled past precipitation and streamflow values with
various black box models that require less data and can
accurately model non-linear relationships [3].

Artificial  intelligence  (Al) technologies predict
streamflows accurately and reliably with the development
of Al technologies. However, it has attracted the attention
of many researchers about which algorithm can predict

streamflows with higher accuracy. In addition, the most
important parameter affecting the success of the Al model
is the correct selection of the training and test rate. The
determination of this ratio is one of the topics that attracts
the attention of many researchers. For this reason, the
streamflow estimation performances of various Al
techniques and data division ratios have been investigated
with different statistical and graphical indicators.
Humphrey, et al. [4] employed the bayesian artificial
neural network approach and successful estimation results
were obtained in the monthly streamflow estimation model
by separating 80% of the data for training. Tosunoglu, et
al. [5] used Support Vector Machines (SVM), Adaptive
Boosting (AdaBoost), K-Nearest Neighbors (KNN) and
Random Forest (RF) methods to estimate monthly flows at
station 2305, located in the Euphrates basin. As a result, it
has been determined that the RF algorithm is the best.
Parisouj, et al. [2] estimated daily flows of Support Vector
Regression (SVR), backpropagation Artificial Neural
Network (ANN) and Extreme Learning Machine (ELM) in
4 rivers in the United States. Adnan, et al. [6] employed an
ANN and genetic algorithm (ANN-GA) and ANFIS-
genetic algorithm (ANFIS-GA) and M5 Regression Tree to
predict the monthly flow data of Pakistan's Neelum and
Kunhar Rivers. It has been determined that the model of
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ANN-GA and ANFIS-GA is superior to the Regression
Tree. Yu, et al. [1] estimated the inputs that were separated
into various components with Fourier transform and 10-
day streamflow values using SVR and extreme gradient
boosting (XGBoost) algorithms. Ni, et al. [7] used
XGBoost and the Gaussian mixture model (GMM) to
forecast streamflow data. The GMM-XGBoost model
showed the best performance. Tao, et al. [8] were evaluated
the effects of various machine learning algorithms and
three data divisions, (train-test: 70%-30%, 80-20%, and
90%-10%), to predict streamflows in the semi-arid region
of Irag. As a result of the study, the genetic algorithm and
support vector regression hybrid model established using
90% training-10% testing rates showed the best monthly
river flow estimation performance. Al-Juboori [9]
combined KNN and RF algorithms to generate monthly
flow data for a river from annual flow data. Dornpunya, et
al. [10] used the XGBoost algorithm and three different
data divisions to estimate the daily and monthly reservoir
inflow values of Sirikit Dam in Thailand. As a result of the
study, the results of the appropriate estimation were
obtained in the case of the training and testing ratio of
80:20. Tyralis, et al. [11] estimated daily stream flows with
various models such as extremely randomized trees,
XGBoost, random forests, MARS, lasso, support vector
regression, ARIMA. Adnan, et al. [12] used bio-inspired
algorithms and various machine learning models for flow
prediction in Pakistan. Meshram, et al. [13] applied
ANFIS, GP and ANN to predict streamflow in the Shakkar
watershed, India. Katipoglu [14] modeled the monthly
average stream flows of the Karasu river, 2154 no, with
ANN. In the model setup, the data were separated as 70%
train, 15% test, and 15% validation. As a result, successful
predictions were obtained.

The main objectives of this study are:

» Comparison of the performances of XGBoost and K-NN
algorithms from the estimation of monthly flows

* Evaluation of the effect of data division ratios on the
performance of machine learning models.

Extreme gradient boosting (XGBoost)

XGBoost is a widely applied machine learning algorithm
for tree boosting proposed by Chen and Guestrin [15].
XGBoost is a faster and better-performing variant of
gradient-assisted decision trees. Gradient boosting
establishes new models to predict previous model errors.
The latest model combines all installed models. In this
algorithm, the tree ensemble model has trained additively
until the stopping criteria are met. Xgboost is based on the
Classification and Regression Tree (CART) and uses the
minimization of the loss function to reveal partition
attributes. XGBoost minimizes the loss function via
Equation (1) to detect the most suitable feature.

Obj (6) =Xy Ly, 9:) + Xk=1 Q(fi) (1)

Where L(y;, ;) shows the training error [16].

K-Nearest Neighbours (KNN)

It is an algorithm that makes classification based on the
distance between the data of a problem. The logic of this
classification is expressed by the distance between the
samples from the same class or from different classes
according to their similarities. In the variable estimation of
the KNN algorithm, it applies an input from the training
data by comparing it with the value of the nearest
neighbors. First, classification is done by the proximity of
a selected feature to its closest feature. Then, the distances
between the objects are calculated using Equation (2) [17].

4G = |5, (e~ )’ @

Material and Methods
Study area and data

The mean annual flow of the Euphrates is roughly 32 000
m?* and 80% of this amount is located in the upper basin to
the north of the Keban Dam. The maximum flow in April
and May corresponds to 42% of the total annual flow. Flow
values in the Euphrates River basin vary between 200 and
2000 m¥s. The lowest flows are observed in the winter,
while the highest flows occur in the spring [18].
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Figure 1. Digital elevation model of Euphrates basin.

The data used in the study were taken from the streamflow
observation yearbooks organized by the general directorate
of electric power resources survey and development
administration (EIEI). These data cover the years 1970 to
2009 (40 years). The location map of the streamflow
observation station used in the study is presented in Fig. 1.
In Table Al, some statistical properties of the stream flows
of the Goksu river numbered 2115 are given. The stream
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flow station is located at 38° 9> 26’ East - 37° 29° 36
North coordinates and 397 m altitude. In addition, the
precipitation area of the basin is 185,000 km?2,

Performance criteria

Root mean square error (RMSE) gives the standard
deviation of the best fit, which shows the closeness of the
data to the best fit line. The mean of the absolute errors in
a set of predictions is expressed as the mean absolute error
(MAE). Having RMSE and MAE values close to zero will
show the model's success. The coefficient of determination
(R? expresses how well the estimated and actual data
represent the regression line. R? value close to 1 indicates
the model's success [19]. The R? value measures the linear
relationship between actual and predicted values. Henseler,
et al. [20] stated that 0.75, 0.50 and 0.25 values for R?,
respectively, indicate significant, moderate and poor fit.
The statistical indicators are calculated with Equations (3,
4,5).

N
1 ~
RMSE = NZ (@i - Qi)2 3)
N A. — .
MAE = # 4
(Q: - Oi)z
REP=1- " >~ 5
Q-0 )

where N, Q;, 0; , and Q show the sample's length, real
value, predicted value, and the mean of the real values,
respectively.

Results and Discussion

This study used KNN and Xgboost algorithms to estimate
monthly flows. In addition, the effects of data division
ratios on model success were investigated in flow
estimation. For machine learning models' setup,
autocorrelation (ACF) and partial autocorrelation (PACF)
graphs of flow data were obtained. Lagged streamflow
values with an autocorrelation above 95% limits in the
graphs were chosen as inputs to the ML models (Fig. 2).
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Figure 2. a) ACF, b) PACF graphs.

Fig. 2 shows the ACF and PACF graphs of the 2115 flow
observation station. According to the ACF and PACF
graphs, the flow values showing the highest intrinsic
dependency were used as inputs to the machine learning
models for flow estimation. According to the graphs, it was
decided to estimate the flow values using the data of the
past eight months.

Established model: f(Q(t-1), Q(t-2), Q(t-3), Q(t-4), Q(t-5),
Q(t-6), Q(t-7), Q(t-8)) = Q(Y)

The data division rates tried are shown in Table 2. Here,
the most commonly used data rates for establishing ML
models in the literature are tested and how the performance
of ML models changes is analyzed.

Table 2. Data division combinations

Model Train Test
M1 %60 %40
M2 %70 %30
M3 %80 %20
M4 %90 %10
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Figure 3 Selection of the optimum k parameter of the KNN model.
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In Fig. 3, the change of k parameters of the KNN model is shown. To optimize the KNN model, the model with the lowest
error rate was selected as the best model by being tested between k = 1:20. Accordingly, a regression model was
established with 10, 16, 20 and 15 nearest neighbor values in M1, M2, M3 and M4 models, respectively.

Table 3. Test results of KNN and Xgboost models in various data divisions

KNN Xgboost
RMSE R? mae o pvse R? mag o@
Rank Rank
M1 28.240 055 18738 | 25602 0639 16060
Rank 3 3 3 3 4 3
M2 33.374 0582 10276 . 3029 0627 16754
Rank 2 4 2 2 3 2
M3 34.348 0517 20141, 32743 0539 18618
Rank 1 2 1 1 1 1
M4 24.584 0482 16158 23.049 0571 132%2
Rank 4 1 4 4 2 4

Note: Bold characters indicate best model and data division

656



DUJE (Dicle University Journal of Engineering) 13:4 (2022) Page 653-660

Optimised XGBoost

200

150
©
48]
2 100

50

0B

0 50 100 150 200 250

Prediction
Optimised XGBoost
150
o]

100 o
— o ©
]
48]
r

50

0

0 50 100 150 200 250

Prediction

Optimised XGBoost

200
150
o oQ
8 100 o
o o
50
0 *
0 50 100 150 200 250
Prediction

Optimised XGBoost
150

100

Real

50

0 50 100
Prediction

150

Figure 4. Scatter diagrams of test data of Xgboost models.

Table 3 shows the performances of Xgboost and KNN
algorithms in estimating monthly flows using various data
division ratios. According to the total rank values, the most
successful data divisions are 60-40% and 90-10%.
However, when the estimation results obtained with the 90-
10% data rates of the KNN model are examined, it has been
determined that the rate of 60-40% is better in the flow
estimation since the R? value is below the acceptable value
of 0.5. In addition, it has been determined that the most
successful algorithm in monthly flow estimation is
Xgboost. In the established XGBoost model, parameters
nrounds = 1000, max_depth = 6, eta = 0.01, gamma = 0,
colsample_bytree = 1, min_child_weight = 1, subsample =
0.5 are used.

Fig. 4 shows the scatter diagrams obtained for various data
rates of the Xgboost models. Scattering diagrams show the
relationship between actual and predicted current values. It
has been determined that the Xgboost model, established
using the M1 data division ratio (60-40%), performs the
best because the actual and predicted data are distributed
around a 45° line.

Optimised XGBoost

250

—Real
——Predicted

200

150
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100

"I

0 20 40 60 80 100
Prediction

120 140 160 180

Figure 5. Scatter diagrams of test data of best model.

The flow line of the XGBoost model installed with the M1
combination is shown in Figure 5. The fact that the actual
and estimated current values are compatible with each
other confirms the high performance of the established
model. Furthermore, when the figure is examined, the
established model predicts the monthly average
streamflow data satisfactorily, except for some maximum
values.
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Tao, et al. [8] investigated the effect of data division in
estimating stream flows, and as a result, the most
successful results were obtained using 90% training-10%
testing rates. Katipoglu [14] estimated monthly flows with
the ANN model. In designing the model, the data was
divided into 70% train, 15% test, and 15% validation. As a
result of the research, realistic estimation results were
produced. When the literature is evaluated, the data rates
used in different locations can produce successful output in
streamflow estimation. For this reason, it is necessary to
choose the appropriate model by trying various data
division ratios.

Ghorbani, et al. [21] revealed that the cascade correlation
neural network and the random forest algorithm indicated
high streamflow prediction achievement. Ni, et al. [7]
determined that XGBoost is better than SVM in streamflow
prediction. Elkurdy, et al. [22] combine the prediction
Variational Mode Decomposition (VMD) and XGBoost
models in daily streamflow in the Bow River (Alberta,
Canada). As a result, it has been determined that the hybrid
VMD-XGBoost model exhibits very high prediction
success. The outputs of the study are largely in line with
previous studies. In this direction, it can be deduced that
the XGBoost algorithm has significantly superior features
in estimating monthly flow data. In addition, it is thought
that it can be used in other basins and stations.

Conclusion

This study used machine learning models such as KNN and
Xgboost to predict monthly flows at the streamflow
observation station 2115 in the Euphrates basin. In
addition, the effect of data division ratios on model
performance in flow estimation was investigated. The main
outputs of the study are listed as follows:

» Xgboost algorithm presented the most successful
result in estimating monthly flows.

* It has been determined that flows can be predicted
effectively using data from the past eight months. R%
0.639 value indicates that currents can be modeled
satisfactorily.

» The best data division is obtained by using training:
60% and testing 40%.

« It has been understood that ACF and PACF graphics
have a remarkable place in the selection of the input
combination.

* As a result of the study, streamflow data can be
predicted effectively with Al methods. When Figure 5
is examined, while the minimum streamflows can be
estimated effectively, the maximum streamflows
deviate significantly from the actual values. This

proves that the XGBoost algorithm can effectively
predict low flows and droughts.

* The study's main limitation is the analysis in a single
station. Therefore, to develop the results, it is necessary
to test the models in different climatic regions and
streams with varying flow regimes.

* To increase the performance of the flow estimation
model, it is recommended to try hybrid ML models
with various preprocessing methods such as empirical
mode decomposition and Wavelet transform in future
studies.
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Appendix

Table Al. Summary statistics of stream flows at station 2115

Statistic October November December January February March  April  May June July August September
Max. 51.10 89.00 106.00 125.00 148.00 247.00 279.00 163.00 67.80 42.00 28.80 25.60
Min. 7.81 2.70 17.10 16.60 18.60 3170 2580 1560 7.83 3.65 3.60 6.18
Mean 20.89 28.18 44.80 54.40 67.35 101.37 112.78 71.67 38.40 2415 17.64 16.03
Total 818 1091 1758 2143 2662 3978 4432 2831 1537 968 708 641
Skewness 1.56 2.21 0.84 0.74 0.33 1.77 0.90 0.67 011 0.06 -0.08 -0.09
Kurtosis 3.49 6.85 -0.54 -0.31 -0.01 3.47 037 -015 -0.92 -0.68 -0.70 -0.76
Median 19.15 24.95 34.35 51.10 68.00 87.85 92.05 6345 3745 2430 17.20 15.55
Standart deviation ~ 8.41 15.15 26.29 30.78 29.31 49.26 6043 3494 1525 9.58 6.91 5.59
Variance 70.65 229.59 691.26 94742 859.06 2427 3651 1220 232 91.84 47.80 31.22
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CEC2020 test functions were investigated together with the LSMA and ESMA methods proposed in recent
years. The results obtained are statistically analyzed and given in detail in the study.

Introduction

Metaheuristic algorithms have gained unexpectedly
widespread popularity in recent years. Their proficiency in
tackling several optimization challenges has resulted in this
development [1]. Among the popular metaheuristic
optimization algorithms in the literature are particle swarm
optimization, genetic algorithms, differential evolution
algorithms, and ant colony algorithms, as well as algorithms
such as Grey Wolf Optimizer [2], Equilibrium Optimizer
[3], Archimedes Optimization Algorithm [4], Spotted
Hyena Optimizer [5], Aquila Optimizer [6], and Slime
Mold Optimization Algorithm (SMA) [7], which were
proposed in recent years. While each metaheuristic
algorithm has distinct benefits, no method, according to the
no-free lunch theorem, can handle all optimization
problems. The performance of a metaheuristic algorithm is
largely determined by its capacity for exploration and
exploitation [8]. As a result, numerous scholars are
continually proposing new algorithms and improving upon
the original method. However, while having various
appealing properties, it has been noted that these algorithms
do not always perform as expected. The effectiveness of
most metaheuristic optimization algorithms is dependent on
the balance of two opposing aims, exploration and

exploitation [9]. It is also called exploration and
exploitation, diversification and intensification. Exploration
guarantees that all areas of the solution domain are
sufficiently investigated to provide an approximation of the
global optimal solution. Exploitation directs the search
effort toward the most effective solutions that have been
found up to this point by exploring the environment for
further options that are more effective. These two objectives
are addressed by search algorithms that use local search
techniques, global search approaches, or a combination of
both local and global searches: these algorithms are
frequently referred to as hybridization [10].

Hybridization may take place in a variety of ways, including
the following:

. Starting the algorithm with one method and then
applying the second technique to the final population
generated with the first technique,

. Merging the approach’s distinctive operators into
the other technique,

. Using local search to enhance the answer
identified by global search, and so on.

The main motivation for the paper is to examine the
performance of SMA and different hybrid SMAs in global
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optimization problems. For this purpose, the leader SMA
(LSMA) [11] and equilibrium SMA (ESMA) [12] methods
suggested by Naik et al. were chosen. The performance of
these three different methods has been examined in the
current and widely used CEC2020 test suite. The CEC2020
benchmark problems consist of 10 different optimization
problems. These are unimodal functions, multimodal
functions, hybrid functions, and composition functions.
Furthermore, the performance of these methods was
examined using different dimension values, and detailed
analyses were carried out. Thus, the different capabilities of
the methods obtained as a result of hybridization of a
current optimization algorithm were compared with each
other and with the original method in different types of
problems, and a detailed examination was provided.

The remainder of the paper is organized as follows: To
begin with, Section 2 provides an overview of SMA,
LSMA, and ESMA. Section 3 describes ten distinct
functions drawn from the CEC2020 test functions. Section
4 contains the experimental findings for the test functions.
Finally, in Section 5, conclusions are stated and
recommendations for further study are made.

Slime Mould Algorithm

In this section, SMA, and hybrid versions of SMA, LSMA,
and ESMA, are explained and their mathematical
expressions are given.

Original Slime Mould Algorithm

The mathematical notation of SMA consists of three steps.
These are approach food, wrap food, and grabble food. In
this section, the mathematical structure of SMA is briefly
explained [13].

Approach Food: To describe slime mould's approaching
behavior as a mathematical equation, the following
contraction rule is proposed:

X, + vb - (W X, —XB(t)),r <p

Xt+1)=
ve-X(t),r=p

)

where vb isa [—a, a] parameter, ¢ decreases linearly from
1 to 0. tindicates the current iteration,Yb’ denotes the
region with the highest concentration of odor, X denotes
slime mould position, )T/{ and E represent two randomly

chosen swarm members, and W represents slime mould
weight.

The following is the formula for the variable p:
p = tanh|S(i) — DF| (2

where i € 1,2, ..., n, S(i) is the X’s fitness, and DF is the
best fitness in all iterations.

vb is given below:

vb = [—a,d] ©)

t

max _t

a = arctanh (— ( ) +1) 4)

W formula is given below:

W (Smellindex(1)) =
1+7-log (ZZ_SMELF) + 1) ,condition
P ()
1—r-log (l;i"ji;) + 1), others
Smelllndex = sort(S) (6)

where S(i) ranks in the top fifty percent of the population,
r represents a random value in [0,1], bF denotes the best
fitness in the current iteration phase, wF means the worst
fitness value, Smellindex specifies the series of sorted
fitness values.

Wrap Food: The following equation may be used to update
the position of slime mold:

rand - (UB — LB) + LB,rand < z
X =A% +vb (W KO -%0)r<p @)
ve-X(@t),r=p

where rand and r stand for the random value in [0,1], and
LB and UB stand for the lower and upper search range
limits.

Grabble Food: As the number of iterations rises, the value
of vb varies at random between [—a,a] and eventually
approaches zero. The value of v¢ varies between [-1,1] and
finally goes to zero.

Leader Slime Mould Algorithm

SMA's primary reliance on the population's two slime
molds and best leader leads to poor exploitation when more
convergence iterations are performed. To eliminate this
situation, LSMA has been proposed [1].

According to [2], the updating rule of the SMA
concentration for the i-th slime mould X;(=
{x},xZ, ..., xk}) for a k dimensional issue from N slime
mould is as follows:

X+ =
rand - (UB — LB) + LB,
Xciobatpest (t) + Voo (W. Xpq — Xgy),

n<z
n=zandr, <p

Vy Xi(t), m=zand r,=p
®)
and
X;(1) =7,.(UB — LB) + LB ©)

The r; and r, are random values in the range of 0 and 1; ¢t
is the current iteration, UB and LB upper and lower
boundary of the search space, respectively, X¢iopaigest 1S
the global best concentration current iteration t, V,
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represents the velocity that is spread evenly throughout the
interval, V,, represents the velocity that goes from 1 to 0 in
a linear fashion, W represents the weight of the slime
mould, Xz, and X, are the two types of slime mould that
were chosen at random from the population of N, p is the
probability to determine the slime mould trajectory, z is the
elimination-and-dispersal rate which is fixed at 0:03 and i €
12,..,N.

The performance of the i-th slime mould is determined by
its current fitness f (X;) and by the fitness of the world's
best concentration f(X,,), which is formulated as:

p = tanh|f (X)) — f (X, (10)

Both the velocity V, and the velocity V, are equally
distributed in the [—a, a] and [—b, b] ranges, respectively.
The values of a and b are as follows:

t

a = arctanh (— (tmax) +1) (11)
and
h=1-— (12)

tmax

The W is calculated using the slime mould's local fitness
value. Let's rank the N slime mould's fitness value for the
minimization issue in ascending order in iteration t.

[sortedﬁtness, sort,ndex] = sort(f) (13)

Wheref = (le):f(XZ)' 'f(XN))
The W is then calculated as follows:

W (sortimgex(D) =
1+71y: log ( fLocalBest—sortf (1)

1—r3-l0g(

<1<
2

+1),1
fLocalBest—fLocalWorst (14)
fLocalBest=soTtf (1) + 1)’ g <I<N

fLocaiBest=fLocalWorst

(15)

fLocalBest:sortedFitness (1)

(16)

fLocalWorst=sortedFitness (N)

The best concentration globally is designated as leaderl
(L1), while Leader2 (L2) and Leader3 (L3) stand for the
second and third greatest concentrations, respectively. The
model for the new updating rule of ith slime mould at

iteration (t + 1) in LSMA is:
X,(t+1)=r.(UB—-LB)+LB,whenr, <z (17.a)

Xi(t+ 1D =X1(0) + Vo (W. X5 — Xp) + (W. Xy 3 —
Xg2), m=zandr, <p (17.b)

X;(t+1) =V, X;(t), whenr, = zand r, = p (17.c)

Equilibrium Optimizer Slime Mould Algorithm

The search pattern of the SMA requires differential
information between two random slime molds and the best
slime mold, which may cause results to deviate from the
optimum value. The equilibrium pools of the top potential
solutions determine how EQ searches.

In order to increase integrate the equilibrium pool and
augment the SMA's properties, Naik et al. suggested the
ESMA.

The air smell is how the slime mold finds the food. Assume
there are N slime molds, each of whose location is given by
the vector X = [)?1,)?2, ,)?N]’. The ith slime mold's
starting location vector is generated at random as Eq. (18):

X(t=1)=7.UB—LB)+LB,i=12,..,N. (18)

where t denotes the current iteration number, UB upper
bound and LB lower bound. The new iteration in t + 1 is
modeled as in Eq. (19).

X(t+1) =
7,.(UB —LB) + LB
Xopese + stepq. (W. X, — Xg)
stepb.)?i(t)
(19)

n <z
r, <pt)andr =z

n2p®)andr =z

Here chest is the global best value in the number of

iterations. X, and X, are two randomly selected individuals
in t iterations. The r; and r, values are random variables
that take values between 0 and 1. The z value is 0.03, which
is a constant. This number represents the likelihood that is
used in the process of eradicating and dispersing the slime
mold.

The weighting factor for the slime mold at iteration t is
known as the W value, and it is determined using the local
fitness value. The order of the fitness values in ascending
order is done with [sortf,sortindex] =
sort (f),where f = {fi, f>, ..., fu}. Thus, the value of w
is calculated as in Eq. (20).

W(sortlndex(j)) =
1+ 3. log (beest_SOth ()

fLbest—fLworst

1—r3.10g(M+ 1) Y<j<nN

fLbest—fLworst

(20)

The r5 value is random variables that take values between 0
and 1. fiuorse and fi,es: are the local worst (fiuorse =
sortf(N)) and best fitness (fipest = sortf (1) values,
respectively, in the current iteration. The p; value is
calculated as in Eq. (21). p; value with the help of other
slime molds i. shows the decision probability of the
trajectory of the slime mold.

pi = tanh|f(X;) = fopest 1)
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Here, the i value ranges from 1 to N, and X; shows the
position of the slime molds in the i'th iteration. f;,es:, ON
the other hand, holds the best global best fitness value up to
the current iteration.

The step, and step, represent a step size relative to the
uniform distribution in the  [—a, a] and [—b, b] ranges,
respectively. a and b are calculated according to Eq. (22
and 23). And the T value indicates the maximum iteration.

a = arctanh (— (%) +1)

(22)

b=1- (23)

t
T
X, and X, consist of two randomly selected individuals in
the N slime mold. This can create the problem of falling to
the local minimum. Here, the ESMA method, which

replaces )?A with a position vector from the balance pool
consisting of the best four position vectors and takes into
account the average position, has been developed. The
individual elements of the equilibrium pool are defined as
in Eq. (24).

Xeqy = X(sortindex(1))

)_feq(z) = X(sortindex(2))
Xoq(3) = X(sortindex(3)) (24)
)_feq(@ = X(sortindex(4))
% = Xeqy+Xeqy+Xeq +Xeqw)
4
Equilibrium pool Xeqpool =

{Xeq1) Xeq(2y Xeq(y Xeq(ay Xeq(avey} 18 Created using 5
different vectors in Eq. (24). In ESMA, the position vector
of the next X;(j = 1,2,3, ..., N is modelled as in Eq. (25).
X,(t+1) =7.(UB—LB) + LB,whenr, <z (25)
fi(t +1) = )?Gbest + stepa(W. )?eq + )?B), whenr, <
pi®andr >z

X;(t + 1) = step,. X;(t),when 1, = p;(t) and 1, > z

Results and Discussion

In the study, IEEE Congress on Evolutionary Computation
(CEC) 2020 test functions were selected to analyze the
performance of SMA, LSMA, and ESMA methods [14].
The CEC2020 test functions consist of 10 different test
functions. The first is the unimodal Shifted and Rotated
Bent Cigar function. The second, third, and fourth functions
are the multimodal functions Shifted and Rotated
Schwefel's, Shifted and Rotated Lunacek bi-Rastrigin, and
Expanded Rosenbrock's plus Griewangk's function,
respectively [15]. In addition, there are 3 different hybrids
and 3 different composition functions with N values of 3, 4,

and 5, respectively. The names and equations of these
functions are listed in Table 1. Unimodal functions play a
decisive role in the convergence performance of algorithms.
Multimodal functions are used to see if there are problems
with early convergence and local optimization in an
algorithm.

On the other hand, hybrid and composition functions, are
used to determine the performance of algorithms' ability to
avoid local optima and their balance between discovery and
exploitation, as they have many local optima. Experiments
in the study were carried out on a computer with the
Windows 10 operating system, 32 GB RAM, and a CPU of
Intel (R) core i19-10900k (3.7 GHz). In the study, the special
parameters of the SMA, LSMA, and ESMA algorithms
were taken exactly the same as in the original articles. In
order to make a fair evaluation under equal conditions, the
number of iterations was 1000 and all experiments were run
20 times. In addition, the performances of the algorithms in
3 different dimension values were compared by taking the
dimension as 5, 10 and 20.

Hybrid Functions

F(x) = g1(M121) + g,(My25) + -+ gy(Myzy) + F*(x)
F (x):Hybrid function

gi(x):i*" basic function used to construct the hybrid
function

N: Number of basic functions

Z = (24,25, -, Zy]

zy =

y =x—0;,S =randperm(1: D)

p; =Used to control the percentage of g;(x)

N
n; = Dimension for each basic function Z n;=D
i=1

ny = [p1D],n, = [p,D], ..., ny—1 = [pn-1D],

Composition Functions
N

F(x) = ) {w/[4g:(x) + bias;]} + F*

i=1

F (x): Composition function

g;(x): it" basic function used to construct the composition

function

N: Number of basic functions

o0;: New shifted optimum position for each g;(x), define
the global and local optima' s position

bias;: defines which optimum is global optimum o;: used
to control each g;(x)’ s coverage range, a small g; gives a
narrow range for that g;(x)
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A;: used to control each g;(x)" s height

Then normalize the weight w; = w;/ Y=, w;

w;: weight value for g;(x), calculat low: 1, j=i .
. weight value for g;(x), calculated as belo So  when x=o, wf:oj'qti for j=
1 szl(x' - 0.)2 — i * '
W, = ————————exp _% 1,2,...,N,f(X)—blaSi+f
D 2 ZDO'I
j=1(xj - Oj)
Table 1. CEC’2020 test functions and equations
No  Function Name Equation Fi*
D
i F1=x}+10° Z 2
F1 Sr_ufted and .Rotated Bent xi ' X 100
Cigar Function i=2
F1(M(x — 0,)) + F1*
D
F(x) = 418.9829 X D — Z 9(z)
i=1
z; = x; + 4.209687462275036¢ + 002
9(z)
1
, z.sm(|z.|i), if |z] < 500
2 Shifted and Rotatfad i i i 1100
Schwefel’s Function ) (z; —500)% |
= 500 — mod(z;,500))sin (JISOO —mod(z;,500)| = ———— if z; > 500
10000d
z; + 500)?
L(mod(lziI,SOO) —500)sin (y/|mod|z, 500) — 500] —W if z;, < =500
1000(x — o, ;
D D D
f(x) = min (ZG‘ —Uo)%,dD + SZ(J& - u0)2> +10 <D - Z cos (an))
i=1 i=1 i=1
2
Ho—d 1
=25y = |——s=1—-————,d=1
, Ho H s 2VD 12082
F3 Shifted and Rotated Lunacek 10(x — 0) x; 700
bi-Rastrigin Function y = Tx—l = 2sign(x})y; + po, fori =1,2,...,D
‘ 100
z= (& — o)
600(x — 04 .
D-1
F100) = Z(looocz — )2+ (= 1))
) i=1
Fa Expanded Rosenbr(_)ck s plus D 2 D N 1900
Griewangk’s Function f2(x) = Z i HCOS (_‘) +1
& 4000 1 ! Vi
i= i=
f4= fz(fl(xyxz)) + f2(f1(x2,x3)) +ot fz(fl(xn—pxo)) + fz(fl(xn;x1)) + f4
. . N =3,p=1[0.3,03,04]
F5 I-(lly\/lb_rlt?i))Functlon ! gl: Modified Schwefel's Function, g2: Rastrigin's Function 1700
g3:High Conditioned Elliptic Function f3
. . N =4,p=10.2,02,03,0.3]
F6 ?l\i/ti”:) Function 2 gl: Expanded Schaf fer Function, g2: HGBat Function 1600
g3: Rosenbrock's Function, g4: Modified Schwefel sFunction
N =5,p =[0.1,0.2,0.2,0.2,0.3]
7 Hybrid Function 3 gl: Expanded Schaf fer Function, g2: HGBat Function 2100
(N=5) g3: Rosenbrock's Function, g4: Modified Schwefel's Function
g5: High Conditioned Elliptic Function
F8 Composition Function 1 N = 3,0 =[10,20,30],4 = [1,10, 1], bias = [0, 100, 200] 2200
(N=3) gl: Rastrigin's Function , g2: Griewank's Function, g3: Modified Schwefel's Function
Composition Function 2 N = 4,0 =[10,20,30,40],2 = [10,1e — 6,10, 1], bias = [0,100, 200, 300]
F9 N _p4) g1l: Ackley's Function, g2: High Conditioned Elliptic Function 2400
- g3: Griewank's Function, g4: Rastrigin's Function
o . N =5,0 =[10,20,30,40,50],1 = [10,1, 10, 1e — 6,1], bias = [0, 100,200, 300, 400]
Composition Function 3 Ly . . ' .
F10 gl:Rastrigin's Function, g2: Happycat Function, g3: Ackley's Function 2500

(N=5)

g4: Discus Function, g5: Rosenbrock's Function
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Table 2, Table 3 and Table 4 show the results according to Metrics

dimensions 5, 10, and 20, respectively. Average (Avg.),
standard deviation (Std.) and minimum (Min.) values are

Functions
Alg. Avg. Std. Min.

LSMA 1.60E+03 2.99E-01 1.60E+03

given in the tables. In addition, for ease of reading, the best ESMA 1.60E+03 2.43E-01 1.60E+03
values found in each test function are made in bold.

SMA 1.01E+04 8.46E+03 2.28E+03
F7 LSMA 5.93E+03 4.41E+03 2.65E+03

Table 2. dim 5 ESMA 535E+03 4.81E+03 2.17E+03
R SMA  2.39E+03 3.13E+02 2.20E+03
Functions  Ajq. - . F8 LSMA 2.38E+03 2.46E+02 2.24E+03
— 5A1\|lzg'03 - 32:5 — 2'!"'5”-02 ESMA 2.38E+03 2.48E+02 2.30E+03
olE+ SS9+ 2oE+ + + +
Pl LSVA GOIEWS SSOEW3 ISEW® g SWA 2756400 GAOEA0 27403
ESMA 520E+03 5.80E+03 1.04E+02 ESMA 275E+03 5.82E+01 2.50E+03
SMA ~ 1.22E+03 1.02E+02  1.13E+03 SMA  2.94E+03 3.16E+01 290E+03
F2 LSMA ~ 1.21E+03  8.38E+01  1.11E+03 F10 LSMA 293E+03 262E+01 2.90E+03
ESMA 124E+03 101E+02 1.13E+03 ESMA 293E+03 2.67E+01 2.90E+03
SMA  7.08E+02 1.79E+00 7.05E+02
F3 LSMA 7.09E+02 2.16E+00 7.03E+02 ,
ESMA 7.07E+02 2.42E+00 7.02E+02 Table 4. dim 20
SMA  1.90E+03 131E-01 1.90E+03 _ Metrics
F4 LSMA 1.90E+03 1.38E-01  1.90E+03 Functions  plg. VG Sid v
E;“QA 1325182 13;;%11 1';’85:82 SMA  6.31E+03 4.10E+03 1.46E+02
F5 LSMA 183E+03 6.83E+01 1.71E+03 F1 LSMA ~ S.07E+03  4.12E+03  1.49E+02
EOMA  171E+038 959400 170E+03 ESMA 7.85E+03 3.81E+03 2.91E+02
VA LE0ET03 2.3E.0l  L60EI03 SMA  194E+03 2.74E+02 1.54E+03
" LSMA  160E+03 314001  160E+03 F2 LSMA 295E+03 6.14E+02 2.02E+03
EoMA  LOOE+03 227001  160E+03 ESMA 1.93E+03 3.06E+02 1.50E+03
SMA  6.55E+04 0.00E+00 6.55E+04 SMA = 7528402 1.00E+01  7.38E+02
. USMA  65E+04  0.00E400 6 55E+04 F3 LSMA 7.88E+02 1.96E+01 7.53E+02
ESMA 655E+04 0.00E+00 6.55E+04 ESMA 7.40E+02 971E+00 7.31E+02
SMA 2 31E+07 6285500 3205403 SMA  1.90E+03 1.06E+00 1.90E+03
F8 LSMA 2.20E+03 5-66E+OO 2-20E+03 F4 LSMA ~ L90E+03  142E+00  1.90E+03
ESMA 223E+03 3.87E+01 2.20E+03 ESMA 190E+03 101E+00 190E+03
A 5t 0 I TIErOl 2.t0EToa SMA  4.22E+05 3.18E+05 1.81E+04
- USMA 2560403 B4E+01  2.50E403 F5 LSMA 434E+05 2.64E+05 8.05E+04
ESMA 258E+03 A417E+01 2.50E+403 ESMA 3.38E+05 232E+05 4.29E+04
! : : . +i . + . +
F10 VNl o ESMA 2.05E+03 0.00E+00 _2.05E+03
' ' ' SMA  4.20E+05 3.66E+05 5.40E+03
F7 LSMA 200E+05 2.35E+05 1.08E+04
Table 3. dim 10 ESMA 191E+05 2.06E+05 5.41E+03
R SMA  324E+03 1.12E+03 2.30E+03
Functions  ajg. - F8 LSMA 3.30E+03 1.28E+03 2.30E+03
— 1A8‘ég-03 - ;Ed — S“S'E”-OZ ESMA 294E+03 1.16E+03 2.30E+03
. + . + . + ] + ] + ] +
F1 LSMA 703E+03 493E+03 1026402 g A 2 oErts Toaiol o eamron
ESMA 637E+03 4.72E+03 3.01E+02 ESMA 285E+03 162E+01 2.82E+03
SMA ~ 166E+03 238E+02 1.23E+03 SMA  293E+03 28lE+01 2.91E+03
F2 LSMA ~ 1.69E+03  2.12E+02  1.24E+03 F10 LSMA 293E+03 3.06E+01 2.91E+03
ESMA 164F+03 1.59E+02 1.33F+03 ESMA 2.91E+03 1.10E+00 2.91E+03
SMA  7.29E+02 8.05E+00 7.15E+02
F3 LSMA 7.30E+02 1.04E+01 7.16E+02
Ef/mA I;nggg iggggf 1519(7):(())2 When Table 2 is e_zxamined, it is seen tha_t the met_hods give
Fa LSMA 1O0E+03 725E-01 190E+03 the same average in 4 o_f the 10 test functions. While LSMA
ESMA 190E+03 514E-01  190E403 gave the_best average in 3 functions, ESMA gave the best
SMA 7 98E+03  G.ALE+03  LBGEF03 average in 2 _functlons. SMA, on the other hand, gave the
F5 LSMA 10LE+04 663E+03 2 50E+03 best average in on_ly one fur_1ct|0n. 'I_'he convergence curve
ESMA 173E+04 182E+04 1.90E403 ar_1d boxplot grgphlcs accordlng to Dimension 5 are given in
F6 SMA  L60E+03 2.70E-01 160Er03  igurelandFigure 2, respectively.
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When Table 3 is examined, it is seen that the methods give
the same average in 2 of the 10 test functions. It was seen
that LSMA and ESMA gave the best average in 3 functions.
While ESMA gave the best average in 4 functions, SMA
gave the best average in 1 of them. The convergence curve
and boxplot graphics according to Dimension 10 are given
in Figure 3 and Figure 4, respectively.

When Table 4 is examined, it is seen that the methods give
the same average in 2 of the 10 test functions. While ESMA
gave the best average in 7 functions, LSMA gave the best
result in only 1 of them. The convergence curve and boxplot
graphics according to Dimension 20 are given in Figure 5
and Figure 6, respectively.

In Table 5, the algorithm or algorithms that give the best
value for each test function in different dimensions
according to the average value are given. When Table 5 is
examined, it is seen that the performance of the methods
varies according to the dimension in unimodal functions. In
multimodal functions, it was seen that ESMA achieved a
better mean value. It has been observed that ESMA gives
relatively better results than other methods in hybrid
functions. Considering the composite functions, LSMA
gave the best average value when the dimension was taken
as 5. When the dimension is taken as 10, it is seen that the
performances of LSMA and ESMA are the same. Finally, it

is seen that ESMA gives better performance when the
dimension is taken as 20. In the light of these experimental
results, it has been seen that the ESMA method outperforms
the other methods, SMA and LSMA, in CEC2020
functions.

Table 5. Best algorithm or algorithms according to the
average value

Functions Dimension Dimension Dimension
®) (10) (20)
f1 SMA ESMA LSMA
2 LSMA ESMA ESMA
3 ESMA ESMA ESMA
f4 ALL ALL ALL
5 ESMA SMA ESMA
16 ALL ALL ALL
7 ALL ESMA ESMA
LSMA and
f8 LSMA ESMA ESMA
LSMA and
9 LSMA ESMA ESMA
LSMA and
f10 ALL ESMA ESMA

w2 — m

——SMA
LSMA
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LSMA
ESMA

SMA

ESMA
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Figure 1. Convergence curve of the compared methods when dimension 5
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Figure 3. Convergence curve of the compared methods when dimension 10
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Figure 5. Convergence curve of the compared methods when dimension 10
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Figure 6. Boxplot of the compared methods when dimension 2

Conclusions

Metaheuristic methods have been used successfully in the
literature for solving different problems. As the literature
studies show, there is no method that gives the best
performance for each problem. This increases the interest of
the researchers in this subject. For this reason, it is aimed to
find the best method by suggesting different hybrid versions
of the newly introduced methods to the literature. In this
study, performance analyses were made by running
different hybrid versions of the SMA method, which has
been proposed in recent years, in the CEC 2020 test
functions under equal conditions. The experimental results
showed that ESMA performed better than the standard
SMA and LSMA. This study is significant both for making
it easier for researchers to access one of the most recent
metaheuristic optimization algorithms, SMA, and its
variants, as well as for assisting them in selecting the best
algorithm by providing a preliminary idea about the
performance of metaheuristic algorithms that they can use
in their studies.
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Dementia is an age-related neurological disease and gives rise to profound cognitive decline in patients’
life. Alzheimer’s Disease (AD) is the progression of dementia and AD patients generally have memory
loss and behavioral disorders. It is possible to determine the stage of dementia by developing automated
systems via. signals obtained from patients. EEG is a popular brain monitoring system due to its cost
effective, non-invasive implementation, and higher time resolution. In current study, we include
participants of 24 HC (12 eyes open (EO), 12 eyes closed (EC)), and 24 AD (HC (12 eyes open (EO), 12
eyes closed (EC)). The aim of current study is to design a practical AD detection tool for AD/HC
participants with a model called DWT-CNN. We performed Discrete Wavelet Transform (DWT) to extract
EEG sub-bands. A Conv2D architecture is applied to raw samples of related EEG sub-bands. According
to obtained performance metrics calculated from confusion matrices, all AD and HC time series are
correctly classified for alpha band and full band range under both EO and EC. Classification rate of AD
vs. HC increases under EO state in all cases even if EC is commonly preferred in other studies. We will
add MCI patients with equal size and similar demographics and repeat the experimental steps to develop
early alert system in future studies. Adding more participants will also increase generalization ability of
method. It is also promising study to combine EEG with different modalities (2D TF image conversion,
or MRI) in a multimodal approach.

* Corresponding author

Introduction

Dementia is an age-related neurological disease and gives
rise to profound cognitive decline in daily routine. It
ultimately causes death owing to inadequate health care
service and symptom attenuating medications [1]. It has
been reported that 47 million patients are suffering from
dementia in worldwide and number of patients is
approximated as 131.3 million by 2050.Moreover, the
global healthcare expenses of dementia accounts for 818
billion USD per year, and this cost is continuously
increasing [2]. Early diagnosis may decrease this treatment
cost. Alzheimer’s Disease (AD) is the progression of
dementia and AD patients generally have memory loss,
behavioral disorders and even there is noticeably change in
their shape and size of brain compared to controls [3].

Neurofibrillary tangles and amyloid plaques in the cerebral
cortex are some of anatomical reasons behind AD. It is
possible to determine the stage of dementia by evaluating
biomarkers obtained from patients, but this process is
expensive, invasive and requires more expertise and
specialized centers [4]. Electroencephalography (EEG) has
gained popularity for brain monitoring system due to its cost
effective, non-invasive implementation, and higher time
resolution [5]. The distinctive effects of dementia of human

brain are assumed as follows: decreased complexity,
slowing EEG fluctuation, and reduced synchronization in
EEG dynamics [6]. In other words, dementia causes less
neurons interacting each other, lower cortical connection,
and higher linearity in EEG behaviors. In addition, EEG
shows lower amplitude in fast frequencies, and higher
amplitude in slow frequencies [7]. It can be deduced that
EEG’s amplitude itself gives clues for content of data. It is
crucial to develop an automated detection system learning
from data samples without any feature engineering, and
non-linear analysis.

We can collect feature engineering under 4 sub-sections in
terms of EEG: time domain features, frequency domain
features (obtained from Fourier and Wavelet analysis),
spatial features (2D topographical maps), and connectivity
values calculated between different electrodes. EEG serves
high time resolution, and we can directly utilize raw time
series records as input vectors of machine learning
methods. Deep architectures have become the frontiers
approach for establishing diagnostic models based on
neurological data. Data from different participant groups
feed networks as input sets to train an automated deep
architecture.
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Many studies have performed binary, and multi-way
classification to develop a diagnostic tool for dementia. Bi
and Wang (2019) extracted 2D colored spectral
topographical maps including 4 Healthy Conditions (HC),
4 Mild Cognitive Impairment (MCI), and 4 AD [8]. MCl is
conversion stage from HC to AD, and it is crucial to include
MCI patients in experiments. They proposed Spike
Convolutional Deep Boltzmann Machine as machine
learning architecture and obtained 95% acc. for 3-way
classification. Kim and Kim (2018) calculated Relative
Power features from 10 MCI patients with 10 HC and
implemented Deep Neural Network with 4 hidden layer [9].
They achieved 75% acc. for MCI vs. HC classification task.
leracitano et al.(2019) used 2D grayscale Periodogram
images as input sets for CNN with 1 hidden layer [10]. They
collected dataset from 63 AD, 63 MCI with same number
of HCs. They performed 2-way (AD vs. HC: 91% , AD vs.
MCI: 84% , MCI vs. HC : 92%), and multi-class method
(AD vs. MCI vs. HC: 80%) in acc. Morabito et al. (2016)
carried out an experiment including 23 HC, 23 MCI, and 23
AD patients and calculated 2D RGB images of Mexican Hat
Continuous Wavelet Transform (CWT). They implemented
CNN with 2 hidden layers and obtained 82% acc. for 3-way
classification. Zhao and He (2015) used raw data of 15 HC
and 15 AD participants via. Restricted Boltzmann Machine
with 3 hidden layers and achieved 92% acc. for AD vs. HC
[11]. J Huggins etal. (2021) calculated 2D RGB Scalogram
images of 52 HC, 37 MCI and 52 AD patients with Alex-
Net architecture [12]. They yielded 95.51% acc. for 3-way
classification. Alvi et al. also used raw EEG data directly to
the input of Long-Short Term Memory (LSTM), Gated
Recurrent Units (GRU), k-Nearest Neighbors (k-NN), and
Support Vector Machines (SVM) classifier, and obtained
highest acc. of 95.51% with GRU [13]. In recent study, we
include participants of 24 HC (12 eyes open (EO), 12 eyes
closed (EC)), and 24 AD (HC (12 eyes open (EQO), 12 eyes
closed (EC)). We implemented Discrete Wavelet
Transform (DWT) to extract EEG Sub-bands. A Conv2D
architecture is applied to raw samples of related EEG sub-
bands. We also consider the effects of eye states on
discrimination of AD from HC samples. The aim of current
study is to design a practical AD detection tool for AD/HC
participants with a model called DWT-CNN. We combined
both eyes’ states to consider the effects on performance
metrics within a binary classification task.

The rest of the paper is organized as follows: In material
and methods section, we describe dataset, pre-processing
protocol, and DWT-CNN architecture. We describe
parameters in proposed network. In Results and Discussion
section, all related outcomes are given based on
illustrations. Study is concluded with conclusion and future
work section.

Materials and Methods

In this section, dataset description, pre-processed steps to
construct input tensors, evaluation of method, proposed
deep learning architecture, and calculated performance
metrics are given. The overall steps followed in proposed
study is given in Fig. 1. Input tensors of time series data are
created in MATLAB R2021a and stored. The rest of
implementation is performed in Spyder (Python 3.9.) with
a workstation including 32 GB RAM and 12 GB VRAM
NVIDIA GeForce RTX 3060 GPU.

Dataset

The dataset was acquired by researcher at Florida state
University from 19 electrodes
(Fpli Fp2! FZ! F3! F4—! F7! FBJ CZ’ C3! C4: T3: T4-: Pz: P3; P4.; T5; Tﬁ:

0,, and 0,) using international 10-20 replacement.
Dataset divides into 4 sub-groups: A (HC, EO), B (HC, EC),
C (AD, EO), and D (AD, EC). Groups A, and B include 24
HC participants (average age 72, range 61-83) and groups
C and D have 24 AD patients (average age 69, range 53-
85). Each participant has 8 s length of EEG segment, band
range of record is 1-30 Hz, and sampling frequency f; =128
Hz. Detailed explanation of dataset can be found in [14].

Discrete Wavelet Transform

Wavelet Transform (WT) is widely used for time-frequency
analysis of biomedical signals and serves practical solutions
especially due to EEGs non-stationary, and non-linear
behaviors. WT used narrow window functions for high
frequencies and wider windows for lower frequencies.
Discrete Wavelet Transform uses low pass (h(n)) and high
pass (g(n)) filter pairs for down-sampling process of time
series. Approximate (A) and detail (D) are obtained after
each down-sampling to obtain low and high frequency
components respectively. Same process continues until
reaching out desired frequency level. Low pass, and high
pass filtering process is given as follows:

@), k(n) = 2//2h(2/n — k) (1)
©j, k(n) = 2//2h(2In — k) @

,inwhichn=20,1,2,..,.M—-1;j=0,1,2,..,] -1, k =
0,1,2,...,2j — 1; ] = log", and M is length of the signal.
Approximate A; and detail D; coefficients can be expressed
as follows:

Ai = 2=, x(n) X @), k(n) (3)
Di = =%, x(n) X ¥j, k(n) 4)

, in which k=0,1,2,....,2j —1 ,and M is length of
discrete EEG time series. In current study, 4" level DWT
with “db2” is used to obtain delta (< 4 Hz), theta (4-8 Hz),
alpha (8-13 Hz), and beta (13-30 Hz).
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Figure 1. Steps followed in proposed methodology
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Welch’s Method for Power Spectrum Density
Visualization

Welch’s method estimates the power spectrum density
(PSD) of a given signal using overlapped segment
averaging estimator. Every segments are windowed with
window function. PSD estimation is achieved by averaging
modified periodograms[15] . ith periodogram of a given
x(n) is express as:

Sagc) ()= I:_SM |Z%=_01 xi(n)W(n)e_jZ"fnlz (5)

, in which f is normalized frequency, w(n) is window
function, Ty is sampling coefficient. Normalization constant
K is defined as:

1 -
= YN w? () (6)
To sum up, we calculated ith PSD of a signal x(n) as:
Leor o (i
Puetcn(f) = 1 T3 SE () W)

, Where L refers to lenght of time signal.

In this study, we estimate PSD of EEG sub-bands using
‘Hann’ window with 50% overlapping. Length of window
function is selected as 512. We picked up and combined
central, temporal, parietal, and occipital electrodes from a
randomly selected participant from each class. We excluded
frontal electrodes to avoid redundant noises due to eye
movements.

Preparing Input Tensors, and train-test split

In each class of A, B, C, and D, we equally have 12
participants. Each participants have 8 s record for each of
19 channel. We totally have 12x1024x19 data samples for
each class. 1024 length of sample are converted into
squared matrices 32x32. Afterwards, each class has
12x19x32x32x1 input tensors. Z-score transform is finally
applied to combination of 2 class for data normalization (i.e.
data distribution of each column has mean 0 and standard
deviation 1). For the validation and evaluation step, we
initially divide input data as 80% training and 20% test set.
Then, 20% of remaining training set is determined as
validation set.

Conv2D as Deep Learning Architecture

CNN performs for both feature extraction and classification
task simultaneously. Features extracted from raw data
automatically using convolution stage, activation function
and pooling layers, and classification task is performed via.
a fully connected multi-layer neural network. Convolution
operation uses the kernels (i.e. filters) and expressed as:

n = zLXi*Ig + fﬁ (8)

, in which B; refers to bias and * corresponds for
convolution operation. Local region X; convolves with jth
filter and it shifts over all input tensor with stride s. We
obtain a feature map Y; with size of y; and y,,expressed as:
Viz = h_kl'zsﬁ +1 9)

, Where p is zero padding parameter. An activation function,
generally sigmoid or hyperbolic tangent preferred, is used
for nonlinear transfer function. ‘ReLu’ has gained
popularity due to its better performance for generalization
and learning time in CNN architecture. In order to reduce
the resolution of input feature vectors, pooling layers haven
been utilized. It is important to capture invariant features by
using pooling layer. Max-pooling is an effective sub-
sampling operator to increase generalization performance
and capture important features. Fully connected layer has
neurons connected to every unit of previous layers and size
of last layer is equal to number of current classes [16].

The proposed architecture of Conv2D is given in Fig. 3. In
current study, we implemented 2 convolutional layer +
‘relu” with 3x3 filters and number of 64 neurons. 2x2 max
pooling is used to capture distinct feature and reduce
dimension of feature maps. 2 dense layer (64,32) is coming
after feature extractor layer and drop out (0.3) is added after
dense layers. ‘binary crossentropy’ is selected as loss
function. We have trained the Conv2D architecture along
100 epochs for classification of AD and HC EEGs.

Evaluation of Performance Metrics

We evaluated many performance metrics estimated from
confusion matrices. Accuracy, sensitivity (recall),
specificity, precision, and fl-score are calculated for
classification purpose. In an ideal classifier, FP and FN
should be zero. Moreover, precision and recall values needs
to be one. F1-score is a metric that takes precision and recall
into account and show trustworthy results. Formulas of
performance metrics are given as given below:

Accuracy = S L L (10)
TP+FP+FN+TN
Sensitivity (Recall) = —— (11)
ensitivity (Recall) = prap—
Precision = — (12)
TP+FP
F1 — core = 2 * Precision*Recall (13)

Precision+Recall
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Figure 2. Samples of 8 s EEG records and their (0-30 Hz) PSDs belong to randomly selected participants from (a) HC with
EC (b) HC with EO (c) AD with EC and (d) AD with EO classes
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Figure 3. Architectural summary of proposed Conv2D model
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Table 1. Train/validation accuracy, loss plots along 100 epochs and related confusion matrices for EEG sub-bands and full
band range under different eyes states
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Table 2. Performance metrics for classification of AD vs. HC participants for EEG sub-bands and full band range under
different eyes states

EEG Eye Participants Accuracy Precision Recall F1-score
Sub-bands  Conditions
EC HC 0.99 0.97 1 0.99
Delta AD 0.99 1 0.97 0.99
EO HC 1 1 1 1
AD 1 1 1 1
EC HC 0.96 0.97 0.94 0.96
Theta AD 0.96 0.95 0.97 0.96
EO HC 1 1 1
AD 1
EC HC 1
Alpha AD 1
1
1

[y

EO HC
AD
EC HC 0.99
Beta AD 0.99
EO HC 1
AD 1
EC HC 0.99
Full Band AD 0.99
Range EO HC 1
AD 1

97 0.99
0.99
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Table 3. Literature studies for AD detection based on deep learning architectures

Authors Dataset Extracted Machine Learning Achieved
features Architecture Results (accuracy%o)
Bi and Wang 4 HC, 4 MClI, 2 D RGB spectral Spike AD vs. MCI vs. HC: 95%
(2019) [8] and 4 AD topographical maps  Convolutional
Deep Boltzmann
machine
Kim and Kim 10 HC, 10 MCI Features from Deep Neural MCI vs. HC: 75%
(2018) [9] Relative Power Network
With 4 hidden layer
leracitanoeta. 63 HC, 63 MCI, 2D grayscale CNN with 1 AD vs. HC: 91%
(2019) [10] And 63 AD Periodogram Hidden layer AD vs. MCI: 84%
images MCI vs. HC: 92%
AD vs. MClI vs. HC: 80%
Morabito et al. 23 HC, 23 MCl, 2D RGB images of  CNN with 2 hidden AD vs. HC: 85%
(2016) And 23 AD Mexican Hat CWT  layer AD vs. MCI: 78%
MCI vs. HC: 85%
AD vs. MCl vs. HC: 82%
Zhao and 15 HC, 15 AD Raw Data Restricted AD vs. HC: 92%
He (2015) [11] Boltzmann
Machine with 3
hidden layers
JHugginsetal. 52HC,37 MCl,and 2D RGB of AlexNet AD vs. MCl vs. HC: 98.9%
(2021) [12] 52 AD Scalogram images
Alvietal. 2022 16 HC, 11 MCI Raw EEG Data LSTM, GRU, k- MCI vs. HC: 95.51%
[13] NN
SVM
Current study 24 HC (12 EO, 12 Raw EEG Sub- 2D CNN AD vs. HC: 100% for both
EC); 24 AD (12EO,  bands EO and EC in alpha band

1EC)

Results and Discussion

In Fig. 2., amplitudes of 8s EEG samples and their PSDs
with respect to time and frequency are given. These are the
samples of randomly selected subjects from class of A (HC
with EO), B (HC with EC), C (AD with EO), and D (AD
with EC). Amplitudes of EEGs are set in range of [-50, 50]
uV and Amplitudes of PSDs are between [0-150] uV 2. Itis
very difficult to differentiate ADs and HCs by only
observing time series samples. It can be clearly seen that
there is an increased alpha band effect during EC. This
finding is compatible with previous findings [17].
Amplitude range of HC condition under EC and EO is wider
in comparison with ADs. EEG patterns are so repetitive and
changed in a narrowed in for AD patients. Amplitude of
PSDs belong to EC is higher regarding EO. It is easily
deduced that linearity is distinctively increased for AD
patients. Amplitude of EEG has potential to classify ADs
and HCs without any conversion stage and feature
engineering. We only apply DWT to EEGs to investigate
frequency specific observations.

Train/validation accuracies and train/validation losses are
given with confusion matrices in Table 1 for all EEG sub-
bands, and full band range under EC and EO conditions.
Validation losses are so stable along 100 epoch for EO
condition. Losses are suddenly increases and more

fluctuations are observed for EC. Validation accuracy is
lower in comparison with training accuracy in most cases
of EC. Discrimination rate of AD vs. HC increases under
EO state in all cases. Most of the studies based on AD
detection are included subjects with EC because EC states
prevents possible eyes blinks and ocular noises. In addition
to this advantageous case, alpha activity is increased during
EC and authors in [17] stated that epoch with less alpha
effect increases the discrimination of mild Alzheimer’s. In
current study, according to obtained performance metrics
calculated from confusion matrices, all AD and HC time
series are correctly classified for Alpha band and full band
range under both eyes’ state.

Table 3 summarizes binary and 3-way deep learning-based
studies for detection of AD via. different perspective. All
studies include equal size of participant class to balance
sample size. Some of the studies have MCI, a conversion
stage between HC and progression of dementia AD, for
early detection purpose. Most of the studies proposed a 2D
conversion method from 1D EEG time series to colored, or
grayscale spectral maps for feature extraction. Very few
studies processed with extracting direct features or using
raw EEG itself. CNN, spike convolutional networks, pre-
defined deep architectures (i.e. AlexNet) for 2D input
arrays, and CNN is considered as most popular deep
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learning-based approaches with different architectural
structures. For binary approach using AD and HC
participant, highest accuracy of 92% is obtained via.
applying Restricted Bolzman Machine to raw EEG data
[11]. We correctly discriminate all AD and HC instances
with 100% accuracy by applying raw EEG inputs to 2
layered- CNN network. 8 s records are converted 32x32x1
squared input tensors to feed deep architecture. None of the
literature studies in Table 3. reported any deduction and
results to observe effects of different eyes states on AD
detection. We put forward that EO state increases
classification rate of AD vs. HC. Miraglia et al. (2016)
suggest that eyes open state may reflect better the cortical
impairment as well as information processing rather than
eyes closed [18]. Authors in suggest eyes-closed EEG state
with epochs including less alpha activity works better for
diagnosis of AD [19].

There have been many methods for pre-processing step
such as notch filtering, band pass filter, value normalization
to [0-1], and artifact removal methods such as independent
component analysis, visual inspection , blind source
separation, baseline correction, and so on [20]. We believe
that z-normalization is also a crucial pre-processing step
before classification stage. z-normalization eliminates
outliers coming from different classes and make an
alignment in data distribution. Moreover, DWT maintains
user an effective artifact handling using its low pass, and
high pass filter pairs.

Conclusion

In current study, DWT-CNN approach is applied for
classification of AD and HC EEG records. 4" level DWT
with ‘db2’ is applied to obtain EEG sub-bands. We have
processed 8 s artifact free raw EEG segments via. 19
electrodes and constructed 12x19x32x32x1 input tensors
for each of HC with EO, HC with EC, AD with EO and AD
with EC states. Z-core normalization is applied to eliminate
outliers coming from AD and HC classes and set data
distribution with mean 0 and standard deviation 1. 2-
layered CNN is used as machine learning architecture.
According to performance metrics, all AD and HC time
series are correctly classified for alpha band and full band
range for both EO and EC state. Classification rate of AD
vs. HC increases under EO state in all cases.

Drawbacks of current study are assumed as follows:
including MCI patients may help to develop an early
detection of dementia with handling MCI vs. AD, or MCI
vs. all classification task. We will add MCI patients with
equal size and similar demographics and repeat the
experimental steps in future studies. Generalization ability
of current approach may also increase within increasing
number of participants. Combining 2D TF RGB images
with raw EEG time series tensors in a multimodal learning
approach is also potential work for further research. In a
similar point of view, it is also promising study to combine
EEG and MRI images as input sets for classifier. Moreover,
a hyperparameter optimization task can be carried out via.
alternative deep networks (transfer learning with pre-

trained networks, CNN-LSTM hybrid architectures, etc.) in
upcoming studies.
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Introduction

After Covid-19, the new disease spreads rapidly all over
the world. It is called monkeypox. Monkeypox is a disease
that given rise to by the monkeypox virus [1]. Monkeypox
can be transmitted both from animal to human and human
to human [2]. There are numerous symptoms named as
headache, fever, muscle aches, and back pain. It is crucial
to remove these symptoms for increasing the quality of life
[1]. In order to raise the life quality, it is important to detect
monkeypox disease in earlier stages before spreading it.
Therefore, in this paper, it is aimed by utilizing
convolutional neural network techniques to identify
monkeypox disease with high efficiency [3].

Monkeypox is an infectious disease caused by the Zoonotic
Orthopoxvirus which belongs to the Poxviridae family.
The virus was first specified in the body of a monkey in
1958 in a laboratory in Denmark while in humans it is first
identified in 1970 in a 9-month-old boy living in the
Democratic Republic of Congo. Between 1970 and 1986,
the disease was reported in 10 people from the West
African countries of Sierra Leone, Nigeria, Liberia, and

Ivory Coast, and in 394 people from the Congo Basin
countries of Cameroon, the Central African Republic, and
the Democratic Republic of Congo. The first monkeypox
outbreak outside of Africa in 2003 affected more than 70
people in the United States. The number of cases reported
worldwide is increasing every year, with over 6200 and
9400 confirmed and suspected cases reported by the World
Health Organization (WHO) in 2020 and 2021,
respectively. According to the WHO, from 1 January to 22
June 2022, 3413 laboratory-confirmed cases and one death
have been reported [2], [4], [5], [6], [7].[8].

Today, with developing the algorithm and increasing data
mount, it is brought a new idea. It is called deep learning.
Deep learning method is a subset of machine learning. It
has ability to solve complicated problems and it can
overcome big datas. Additionally, DL has great advantages
in many areas such as speech recognition, computer vision,
image processing, etc. Image processing has become a
remarkable research topic in the academic field [9]. Image
processing has been in the field of Artificial Intelligence
and deep learning algorithm has achieved remarkable
results in the field of image processing. Traditional image
processing models still have some problems. Based on big



DUJE (Dicle University Journal of Engineering) 13:4 (2022) Page 685-691

data processing models, deep learning algorithms have
benchmark results [10]. It is well known the importance of
detecting monkeypox by utilizing deep-learning models. In
this study, three deep-learning models are used. They are
named as EfficentNetB3, resNet50 and InceptionV3
respectively. In order to evaluate the performance of the
methods, four metrics are used. They are called as
accuracy, precision, recall, and F1-score [11].

This paper is divided as follows: section 1 demonstrates the
introduction of the study. Section 2 presents the literature
survey for analysis of monkeypox disease. Section 3
presents the utilized models. Section 4 shows the results
obtained by the classification models. Finally, section 5
concludes the study.

Literature Review

It has been suggested by some researchers that several data
collection and classification techniques can be used for
monkeypox disease however there are fewer studies in the
literature. These studies are demonstrated below.

Sitaula et all (2022) proposed to compare 13 different
deep-learning models in order to identify monkeypox
disease. Some models are called as VGG-16, Xception,
MobileNet, and ResNet. In the work, fine-tune is used for
increasing efficiency. They wused well-established
measures as they are called precision, recall, accuracy, and
F1-score. With these parameters, they aimed to evaluate
the performance of the models. The evaluation results
demonstrate that the ensemble model provides the highest
performance. One of the drawbacks of the study is the
dataset size that was comparatively smaller as they
explained [3].

Abdelhamid et all (2022) used two algorithms for
developing the accuracy of monkeypox disease in the area
of image classifications. The first algorithm is named the
PSOBER algorithm, which is a hybrid of PSO and BER
optimization algorithms and targets to choose the best
features that can improve the classification accuracy. The
second algorithm is called as SCBER; it aims to optimize
the parameters of a neural network to get the best accuracy.
A Publicly available dataset was used to assess the
proposed algorithms. The assessment of the model was
carried out by ten evaluation criteria. Moreover, these
parameters were conducted to evaluate the efficiency and
robustness of the proposed models [12].

Sahin et all (2022) proposed a new approach to detect
automatically monkeypox disease thanks to the mobile
system. The authors aimed to use Monkeypox Skin Lesion
Dataset (MSLD) which they obtained from the Kaggle
platform. For this purpose, MLSD database images were
trained by using a deep transfer learning-based system. The
authors used several deep learning models such as
ResNet18, GoogleNet, EfficientNetb0, and MobileNetv2

and the results of the models were compared. Among the
models, MobileNetv2 showed the best performance in
terms of accuracy and it was integrated into the mobile
applications. Accuracy, jaccard, precision, sensitivity, and
Fl-score was used to evaluate the performance of the
systems [8].

Material and Method
Dataset

In this study, “Monkeypox Skin Lesion Dataset” dataset
was used. Dataset composes of monkeypox images and the
size of the images is 224x224 pixels. In the data set, there
are three number parts. The number of training, the number
of validation, number of test images are 2148, 45, and 406
respectively. The type of classification is binary. The
images are divided into two parts as monkeypox and
normal. For this division, it is aimed to acquire the best
accuracy results.

Deep Learning Models

Deep Learning is a subset of the machine learning. In this
work, three deep learning algorithms were used. They were
efficientNetB3, resNet50 and InceptionV3. These methods
are very effective to classify monkeypox accurately and
they have specific characteristic and layers. The main
differences among these models are the numbers of layer
and the structure of the models.

EfficientNetB3

The efficientNetB3 model belongs to a family of models
from BO to B7. It is considered as one of the most highly
efficient deep-learning algorithms trained over ImageNet
[13]. This model has achieved much better efficiency and
accuracy according to other models. Moreover, it has high
potential to compute processes and it is faster [14].

In this paper, it is set the learning rate of 0,001 in The
efficientNetB3 algorithm. It is also shaped all data images
into (224,224,3) sizes. For optimization, it is used adam
stochastic gradient algorithm and ‘Relu and Sigmoid
Activation’ function was applied in this model. The epoch
which is used in this work is 10 and batch size is specified
as 32. In addition, there are two dropout layers that is used
in the work and the number of dropout is 0,5.

ResNet50

ResNet was proposed by Kaiming He, Xiangyu Zhang,
Shaoging Ren, and Jian Sun in their 2015 research paper
titled ‘Deep Residual Learning for Image Recognition’.
Many models are based on resNet50 because of its
simplicity and practicality. It has been applied in numerous
areas such as the detection of disease, identification, and
segmentation [15].

It is difficult to solve complex problems with deep CNN
networks however ResNet proposes a new opinion. It has
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the ability to enlighten the complicated task and increase
the model’s accuracy. ResNet50 has 50 layers of residual
networks. ResNet50 includes two structures. They are
Identity block and Convolutional block. The curve lines
represent the identity blocks and the rest one represent the
convolutional block [16].

In this work, it is set the learning rate of 0,001 in resNet50
algorithms. Moreover, it is shaped all data images into
(224,224,3) sizes. For optimization, it is used adam
stochastic gradient algorithm and ‘Relu Activation’
function was applied in this algorithm. The epoch which is
used in this study is 10 and batch size is specified as 32. In
addition, there are two dropout layers that is used in the
study and the number of dropout is 0,5.

InceptionV3

Inception is one of the CNN models based on GoogleNet
that it is managed in developing the performance of
previous algorithms and a smaller error rate. This model is
the third version of GoogleNet. The basic idea of the model
is to reduce the number of connections. Despite of less
connections, the efficiency of the model has high
performance [17].

The InceptionV3 model is one of the modified types of the
inception family which is generally used for object
detection and image processing [18]. According to this
model, every filter is added and the best filter is chosen for
the particular image instead of selecting the filter size
manually for every layer.

In our research study, we have set the learning rate of 0,001
in InceptionV3 algorithms. In addition, it is shaped all data
images into (224,224,3) sizes. For optimization, it is used
adam stochastic gradient algorithm and ‘Relu Activation’
function was applied in this work. The epoch which is used
in this study is 10 and batch size is specified as 32.
Moreover, there are two dropout layers that is used in the
work and the number of dropout is 0,5.

The Metrics for The Performance of Models

An evaluation metric is a value to assess the quality of the
models like deep learning and machine learning methods.
In the evaluation metric, there are four categories that relate
the predicted results to the actual results, called as true
positive, true negative, false positive, and false negative.
There are several evaluation metrics that have been
improved to assess the quality of the classification model.
In this study, there are four evaluation metrics which are
called accuracy, precision, recall, and F1-score to measure
the performance of the methods [17].

Accuracy is a metric that calculates total cases that have
been successfully identified with reference to the actual
value. Equation (1) is the accuracy formula which is
showed below.

True positive + True negative (1)

Accuracy - All cases

Precision is a metric that calculates the number of cases in
the positive that were estimated precisely. Equation (2) is
the precision formula which is showed below.

Precesion =

True positive
)

True positive + False positive

Recall is a metric that measures the number of actual
identified positive cases from total positive cases. Equation
(3) is the recall formula which is showed below.

True positive
Recall = =P , (©)
True positive + False negative

F1-score is a metric that presents the average value of
precision and recall. Equation (4) is the F1-score formula
which is showed below.

Precesion x Recall
F1—-Score=2x —MMM— (4)

Precesion + Recall

Experimental Results

The experiments are conducted on the deep learning
algorithms and results are seen in figures and tables.
According to this study, three convolutional neural
networks were used. They were efficientNetB3, resNet50
and InceptionV3. For the performance of the models,
several parameters were used such as accuracy, precision,
recall and F1-score. Moreover, ROC curve and confusion
matrix were used to support better results of the models.
Three models were compared according to their
performance.

Accuracy

100

0.95

090
— ftraining_accuracy

0.85 val_accuracy

0.80

0.75

o0 25 50 75 o0 125 150 175
Epochs

Figure 1. Accuracy of the efficientNetB3
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Figure 4. Confusion matrix of the efficientNetB3
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Figure 2. Loss of the efficientNetB3
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Figure 3. ROC curve of the efficientNetB3
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The accuracy, loss, ROC curve and confusion matrix of the

efficientNetB3 are

shown above

to observe

the

performance of the model. With regard to these parameters,
this model has high efficiency. The ROC curve value of the
efficentNetB3 model is 0.93 and it is considered a great

score. The confusion matrix parts can be set as below.

True Positives(TP) = 19
True Negatives(TN) = 23
False Positives(FP) = 1
False Negatives(FN) = 2
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Figure 8. Confusion matrix of the resNet50

Figure 5,6,7,8 are parameter results of the resNet50 model.
This model demonstrates that it has the best results
according to values of the models. The ROC curve value
of the resNet50 model is 0.94 and it is considered a high
score. The confusion matrix parts can be set as below.

e  True Positives(TP) = 20
e  True Negatives(TN) = 22
e False Positives(FP) =0
e False Negatives(FN) = 3
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Figure 9. Accuracy of the inceptionV3
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Figure 10. Loss of the inceptionV3
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Figure 11. ROC curve of the InceptionV3
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Figure 12. Confusion matrix of the inceptionV3

Figure 9,10,11,12 are results of the InceptionV3 algorithm.
According to these results, This model is not considered a
good score because the accuracy is set as 0.73 and it is
lowest value among the models results. However, the ROC
curve value of the InceptionvV3 model is 0.89 and it is
considered a satisfactory score. The confusion matrix parts
can be set as below.

e  True Positives(TP) = 19
e  True Negatives(TN) =21
e False Positives(FP) = 1
e False Negatives(FN) = 4

Result and Discussion

In this work, it is aimed to identify monkeypox disease
from image datasets obtained from Kaggle website by
using Convolutional Neural Network models. It was used
three different deep-learning algorithms to detect
monkeypox disease. There are a number of characteristics
and specific features associated with each model. All
models were compared according to their performance and
these performances were evaluated by some parameters
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such as accuracy, precision, recall and F1-score. Among
the models, resNet50 is the best method in terms of
performance. Three tables are demonstrated below to
compare the performances of the models.

(2) Data pre-process

e Data cleaning

® Data augmentation

® Data filtering

(3) Deep learning Algortihms

Training ‘

Validation

Testing |

Figure 13. The work flow of the proposed models

(4) Classification Disease

ﬁA

b
E‘ ‘ monkeypox
‘ |

non-monkeypox

The figure 13. demonstrates the processes of the proposed models. At the beginning, the images are acquired from Kaggle
website. Datasets can be public or original. Before using training and test processes, images must be exposed to several
steps such as data cleaning, data augmentation and data filtering. The basic target of all these steps are to have high-
efficiency results. After these processes, models are designed and training/test steps are used. Finally, it is aimed to

classify monkeypox disease [19].

Table 1. shows the evaluation metric of the methods. Using
these metrics, we can figure out how well the models are
performing. According to these parameters, it can be seen
as easily that resNet50 has the best performance.
InceptionV3 model has lower values with respect to
performance because of the structure of the algorithm.

Table 2. demonstrates the speed of the models. Depending
on the computer's performance, these values can be
changed. Among the models, inceptionV3 seems the
fastest model however resNet50 has the best parameter in
terms of training and test accuracy.

Table 3. indicates the accuracy of the training and test
processes. The results demonstrate that training and test
processes carried out with high efficient performance.
EfficientNetB3 and resNet50 are better than inceptionVV3
with regard to parameters. Therefore, both models strongly
provide training and test processes.

In general, it is seen that resNet50 and efficientNetB3
models are very close each other in regard to their
performance however resNet50 is better than other models.

Table 1. The performance of the models

Models Accuracy | Precision | Recall | F1-
score
EfficientNetB3 0,93 0,9 0,95 0,93
ResNet50 0,93 0,87 1 0,93
InceptionV3 0,73 0,67 0,8 0,8

Table 2. The time comparison of the models

Models Training | Time used loss
accuracy

EfficientNetB3 | 0.9832 11s 0.0061
153ms/step

ResNet50 0.9953 24s 0.0158
345ms/step

InceptionV3 0.8855 7s 0.2708
102ms/step
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Table 3. Training and test accuracy of the models

Experiments

Model Test

Accuracy

Traning
accuracy

1

EfficientNet
B3

0.9832 0.9933

ResNet50 0.9958 0.9933

InceptionV3 0.8855 0.7333
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orientation are close to each other, but the in-plane stress value is far lower for the fibres direction of 4
This study can give ideas about fibre orientation selection for dynamic effects during the helicopter blade
production phase. Not only simple tests but also practical ideas make this study stand out. Considering

results, 90° fibre direction in helicopter blades seems more advantageous against dynamic effects.

the dynamic behavior. The composites consist of uni-directional E-glass fibres reinforced epoxy polymer
composites used as an inner surface in modern helicopter blade application. Specimens with a cylindrical
shape are impacted at a constant strain rate under in-plane and out-of-plane, subjected to the Split
Hopkinson Pressure Bar (SHPB) and LS-DYNA® programs. The numerical results are in good agreement
The results show that the out-of-plane stress values for different fibre

500,

Introduction

Several rotor blades combination creates a helicopter
rotor system and a control system that generates the
aerodynamic lift and thrust forces in forwarding flight.
Since helicopters are capable of vertical landing and
takeoff, they are exposed to foreign matter damage in
different terrain conditions. As the blades rotate very fast
and due to the turbulence it creates, the most exposed part
to the foreign material damage is the surface of the blades.
Historically, the blade surface was made with clothes initial,
and then metallic materials were used in production.
Helicopter rotor blade surface was moved into the third
revolutionary change to the all-composite structure. There
has been growing application in composite materials for
lighter and more efficient helicopter blades instead of
metallic materials. The main characteristics of composite
structures superior to metal structures are low crack
propagation rate and the nature of failures for rotor blades
[1]. Examples of this trend are placed in recent aircraft as
Airbus company helicopter models, in which the extensive
use of composite parts. For instance, AS 532 Cougar
helicopter rotor blades have hybrid composite parts whose
outer surface is carbon fibre and the inner surface is glass

fibre epoxy plates [2]. The utilization of laminated
composite materials in many mechanical and aerospace

engineering structures has increased due to, among other
factors, their specific stiffness and strength [3]. Although
composite materials have many advantages, they have a low
resistance of high-speed impact compared to metallic
structures. Thus, it is mandatory to accurately describe
damage under dynamic loading and the effect of strain rate
on the response of these materials for safety design. The
Split Hopkinson Pressure Bar (SHPB) have widely used to
describe the dynamic properties of materials at different
strain rates [4-7]. The effect of different strain rates on
dynamic behavior in composite laminates were studied
using the Split Hopkinson Bar [8-11]. Hosur et al. [12]
investigated the dynamic behavior of uni-directional
carbon/epoxy  composite laminates under SHPB
compression tests related to various strain rates. The
dynamic results were compared with static compression
tests, and they found that the stiffness and hardness values
obtained from dynamic tests are higher than the values
obtained in static tests. The dynamic compressive action of
uni-directional glass/epoxy composite at different off-axis
angles in the transverse and longitudinal methods direction
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was studied by Kumar et al. [13]. Dynamic behavior of
glass fibre reinforced polymers obtained for in-plane and
out-of-plane compression tests were studied using SHPB
varying the fibres direction and the loading types by
Tarfaoui et al. [14,15]. For in-plane tests, they revealed that
the dynamic strength of the material is dependent on fibre
orientation and impact pressure. The material is also highly
sensitive to fibre orientation at the same impact pressure for
out-of-plane tests. The dynamic compressive behavior of
[0/90°26 glass/epoxy laminates in-plane and out-of-plane
directions was studied using (SHPB) by Arbaoui et al.
[16,17]. They emphasized that the in-plane loading
condition is weaker than the out-of plane loading condition
and the strain rate is the factor determining the dynamic
properties. As can be seen from the available literature,
there are studies in which glass fibre composites [18-22]
but, there are few studies focused on production and
practice related to the high-speed impact of modern
helicopter blades using SHPB) device and LS-DYNA®
program. This paper concerns the in-plane and out-of-plane
dynamic impact of glass fibre laminated composites.
Compression tests were performed at 10 psi impact pressure
to catch desired speed (10 m/s) following the machine
pressure-velocity chart. In-plane-loading, parallel to the
layers plane and out-of-plane loading, according to the
thickness, was selected due to the high-speed rotation
behavior of the blades. All of the tests were carried out
according to the fibres direction of 90° and 45°. Dynamic
stress and time results were presented as graphics for good
comparisons. These results will play a helpful role in
developing carbon/glass hybrid composite models for
efficient design optimization related to helicopter blades.

Experimental Procedure
Material and Specimens

Helicopter blades are sandwich structures with carbon
fibre plate outside, glass fibre plate underneath and Nomex
honeycomb core. Figure 1 represents this structure.

Figure 1. A real cross section from the helicopter
blade.(outer surface; Carbon laminate, inner surface; glass
laminate, core; Nomex honey comb)

The first part exposed to the impact is the outer carbon
and glass fibre layers. Since the impact behavior of the

glass fibre layer was discussed in this study, test samples
were obtained by preparing glass fibre layers. Panels of
500mm x 500mm were made by infusion process (see
Figure2), with 36 unidirectional layers, stacking sequence
of [0/45]36 and [0/90]ss.

Figure 2. Production of composite layers

The thickness of the samples was applied for10.0 mm.
The areal density is 600 g/m? for two type of samples. A
bicomponent Araldite LY 564 epoxy resin with an Aradur
3487 BD hardener was used as a thermoset polymeric
matrix. The mixing ratio of the epoxy to the hardener was
3:1 by weight. The resin was infused under the vacuum as
1 bar after packaging materials. Curing was applied on a
heating table at 50°C for 30 min preheating and cured at 100
OC for 2 hours. After, samples were left for cooling at room
temperature. Each layer creates orthotropic mechanical
properties in the three orthogonal directions. For dynamic
experiments, the cylindrical specimens were cut with a
diameter of 6.0 mm for out-of-plane and in-plane loading
testing (see Figure3).

Out-planc

[yane

~
~

.
In-Plane

fibre

Figure 3.
representation

layers and plane construction

The aspect ratio of the cylinder specimens was selected
to satisfy dynamic equilibrium requirements in SHPB
testing under plane loadings. The cylindrical samples were
cut slowly using vertical CNC machine without using water
(see Figure 4). The accuracy of the measurements was
checked at each stage.
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Figure 4. Cutting samples in the out-of-plane (a) and in-
plane direction (b)

Experimental Details For Tensile Tests

The glass fibre reinforced polymer layers were
produced using the vacuum infusion method. Uni-
directional E-glass fibres and Aradut epoxy resin were used
to produce the four-laminates. The composite laminates
were about 1,5 mm in thickness. They were cut into
samples having sizes of tensile test standards by using a
water jet cutting machine (see Figure 5). LS-DYNA®
parameters were determined with tensile testing of the glass
fibre reinforced polymer specimens according to ASTM
D3039 and ASTM D638 standards.

Figure 5. Sizes of tensile test specimens
Dynamic Compressions

The prepared samples were subjected to uniaxial high
strain rates in compression using the SHPB technique.
Developed according to the recommendations of Gallina
and coworkers [23], the SHPB apparatus (see Figure 6) is
suitable for tests at strain rates in the range of 102 to 10* s%.

Cylinder specimen

Gas gun _Incident bar Transmission ba

Striker bar Momentum stopper

| = 1L 1+ [ 1[ ]

Figure 6. Split Hopkinson pressure bar system
setup

To provide the hypothesis of one-dimensional wave
propagation, the length of the striker bar used in the SHPB
apparatus is 300.0 mm and transmission bars are 2.0 m with
a length/diameter ratio of 100 for both the incoming and
transmitting rods [24].

High strength steel was chosen for the bar material to
match the impedance resistance with the composite samples
[25]. To validate the results obtained from the experiment,
at least three SHPB samples were tested for each parameter
listed in Table 1.

Sample Number fibre Orientation, out-of-plane/in-plane impact
and test number (respectively)

Al0 90° fibre orientation, out-of-plane loading, LS-DYNA®
Al 90° fibre orientation, out-of-plane loading experiment
A20 90° fibre orientation, in-plane loading, Ls Dyna

A2 90° fibre orientation, in-plane loading experiment

BI10 45° fibre orientation, out-of-plane loading, Ls Dyna
Bl 45° fibre orientation, out-of-plane loading experiment
B20 45° fibre orientation, in-plane loading,LS-DYNA®

B2 45° fibre orientation, in-plane loading experiment

TABLE 1. Sample numbers, fibre Orientation, out-of-
plane/in-plane impact and test number. (Note:Since the B10
LS-DYNA® results are the same as the A10 LS-DYNA®
results, only A10 is presented in the comparison charts.)

Petroleum jelly was rubbed into the sample and bar
interior surfaces to reduce interfacial friction.19.0 mm
diameter maraging steel bars were used for all tests.
Considering the velocity effects on the sample and data
scattering, the sample strength was 6 GPa and the yield
strength in the bar was 2.4 GPa at most, which was adapted
to the experimental design.

The maximum sample diameters dsand bar diameters db
can be estimated. 2.4 GPa bar strength is an ultra high
strength steel feature. Accordingly, equation 1 gives the
sample diameter approximately 6 mm. After determining
the sample diameter, the second priority dimension is the
sample thickness. The aspect-to diameter ratio is 1.0 for the
brittle materials used in the SHPB experiments, and slight
failure strain in the specimen limit the achievable strain rate
[26]. Both end faces of the sample should be flat and
parallel. Figure 7 shows an example of a composite
cylindrical specimen.

6 mm

Figure 7. Geometry of a hard specimen prepared for SHPB
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While inspecting the damaged helicopter blades, the
impact relates to the out- of-plane and the in-plane.
Because, according to the working principle, foreign
materials moved by turbulence or blade rotating at a speed
of about 265 RPM during contact with the branches of a tree
or stone hit the composite structure just behind the leading
edge. Due to the shape of the raindrop, a parallel collision
occurs on the layers immediately after contact with the
surface (see Figure 8).

Substance

Direct

Figure 8. lllustration of impact processing to blade

In Fig 9, the Turkish Air Force Blade Repair Center
photos illustrate real foreign material damage on the blade
surface during flight.

Figure 9. Damaged main rotor blade: Turkish Airforce
Blade Repair Center

It shows that in-plane impacts are an issue to be
emphasized for both carbon and glass fibre plates in
addition to out-off plane impacts. The basis of the study was
inspired by real damages on blades.

do = /%ds = 0.346 X 19 = 6.57 mm

Numerical Model
Mat_Composite_Failure_Solid_Model

The simplified failure model of glassfibre reinforced
polymersamples was conducted to obtain an impact curve
under the impact loading. material mode MAT59
(MAT_COMPOSITE_FAILURE_SOLID_MODEL) was

selected for model the SHPB testing. In MAT59, material
parameters (Table 2) are obtained from static tests using the
same composite plate samples.

Eaq Ep Ee Gab Gbe Gha Yba Ve Vea
253GPa 253GPa 1.51GPa 47GPa  38GPa  3.8GPa 0.2 0.12 0.12
XXr YYe SBa XXc Yy Scr Sca ZZr Zic

610MPa  412MPa 100MPa  412MPa  610MPa  93MPa  93MPa 366 MPa 247 MPa

TABLE 2. Material parameters for glass fibre reinforced
polymer laminates

Impact Demage Simulation

The material type and size used in the computational
model were the same as reported in the experimental studies
without bar length. Simulations were modelled for glass
fibre reinforced polymer cubic test samples by SHPB bars.
SHPB bars have been reduce by 1:20 to get results in a
shorter time. In addition, the density of the bars has been
increased at the same rate. The results of these analysis were
substantially similar to the SHPB test results. The impact
simulation curves of out-of-plane specimens are more
convergent than the curves of in plane test results.

Results And Discussion

An engineering stress-time curve was obtained so that
the strain rate did not change. The specimen was broken into
pieces at a strain rate of about 1000 s™and a velocity of the
striker bar of about 10.0 m/s. Each type of specimen with
the same test condition has been tested more than three
times to verify the reliability of the results. The stress-time
curves at constant strain rates have been obtained for
different fibre orientations, as shown in Fig 10-13 (out-off-
plane, in-plane direction).
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Figure 10. The stress-time curves of the specimen under
in-plane loading
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Figure 11. The stress-time curves of the specimen under
out-of-plane loading
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Figure 12. The stress-time curves of the specimen
under out-of-plane loading and in-plane loading.
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Figure 13. The stress-time curves of the specimen
under out-of-plane loading and in-plane loading

All results of glass fibre samples agree well; it could be
considered correct and used to be studied. The
appropriateness of the results is seen and interpreted from
the comparative charts presented (see Figure 14).

700

Sample Number

Figure 14. A comparison of all test results with the
standard deviation.

A2 reached approximately the twice stress value
compared to B2.Considering that the materials hit the
propeller surface horizontally in general, the 90° fibre array
is considered an advantage.

For in-plane tests, impact pressure and fibre orientation
largely determine the dynamic strength of the material. Al
and B1 reached a similar stress value compared to in-plane
loading. It was observed that the fibre arrangement does not
significantly affect the impacts applied to the surface in a

vertical direction. When evaluating the effect of vertical
impacts on the blades, it is concluded that fibre orientation
may not be compared. B1 reached more than twice the
stress value compared to B2 (see Figure 12). Al reached a
more significant stress value than A2 (see Figure 13). The
difference between Al and A2 is far smaller than between
B1 and B2. The slope of the curves steepens with in-plane
loading for A. In addition, the peak stress of composites was
obtained for B with out-of-plane loading. As in this study,
Tarfaoui et al. [5] presented that the dynamic strength of
materials mostly depends on fibre orientation for in-plane
tests. It can be seen that A2 and B2 comparison in Figure
10. Arbaoui et al. [16,17] emphasized that the dynamic
properties of [0/90%s6 glass/epoxy laminates are strain-rate
sensitive, and the out-of-plane loading condition is when
the material is more resistant than the in-plane loading
condition.

Experimental Results Comparison. We obtained that
[0/45°]3s glass/epoxy laminates are more resistant in the
case of out-of-plane loading as compared to the in-plane
loading case than results of [0/90°]ss glass/epoxy laminates
comparison case. Al and B1 comparisons can be seen easily
in figure 11. Composites contain weaker epoxy resin than
fibres between fibre layers. The fibre material has minimal
time to respond when loading by the in-plane dynamic
method. However, all specimen types have already split into
pieces with 10 m/s striker velocity, as shown in figure 15.

Figure 15. Disruption of the specimen under in-lane
loading

Experimental and Numerical Results Comparison. The
compression after impact simulations is applied with the
LS-DYNA® program.
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Figure 16. Comparison of stress and time with varying
fibre orientation under in-plane loading conditions (Fibre
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Orientation:45%)

Comparisons of the stress and time values obtained
from the tests and numerical simulations performed for all
samples are presented on graphics (see Figure 17-18).
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Figure 17. Comparison of stress and time with varying
fibre orientation under in-plane loading conditions (Fibre
Orientation:90°)

Stress was obtained as 190.0 MPa for 45° fibre
Orientation specimen and 185.0 MPa for the numerical
model in LS-DYNA® under in-plane loading conditions as
shown in Figure 17. The results show the difference rate
between experimental and numerical results as 3%. Stress
were obtained as 430.0 MPa for 90° fibre Orientation
specimen and 375.0 MPa for the numerical model in LS-
DYNA® under out of-plane loading conditions as shown in
Figure 16. The results show the difference rate between
experimental and numerical results as 12%. Stress was
obtained as 520.0 MPa for the 90° fibre orientation
specimen and 470.0 MPa for the numerical model in LS-
DYNA®

under out-of-plane loading conditions, as shown in Figure
18.
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Figure 18. Comparison of stress and time with varying fibre
orientation under out of-plane loading conditions (Fibre
Orientation:90°)

The results show the difference rate between experimental
and numerical results as 9%. Also, graphic line slopes are
very close to each other for out-of-plane loading conditions
than in-plane loading.

Conclusions

The glass/epoxy laminate composites in our research are
reliable materials for the inclusive casings of the helicopter
rotor blades. For this reason, considering the working
principle of the blades, the focus is on out-of-plane and in-
plane impact using SHPB. The epoxy mainly bears the
loading when dynamic compression is applied in the in-
plane direction. For tensile strength character, in-plane
strength is much higher than out-of-plane strength contrast
the compression strength character [27]. Tarfaoui et al. [28]
highlighted that the glass/epoxy composites offer high
strength properties in out-of-plane pressure dynamic load
tests as we obtained. Details photos and research from the
helicopter blade repair centre show that the damages occur
in-plane direction due to the blades’ structure and range of
motion. Designers can increase the dynamic resistance
strength of helicopter rotor blades with 90° degrees fibre
orientation selection. Depending on the loading direction
and fibre orientation, the material behaves as follows:

1.  The composites are strain-rate sensitive materials.
The strength limit and the slope of the stress—time curves
steepen for 45° fibre orientation under in-plane dynamic
compression.

2. Regardless of the application direction of the force
and fibre orientation, all samples were split into pieces with
10 m/s striker velocity.

3. £90° and +45° fibre orientation stress value
decreasing rate was obtained as 17% and 69%, respectively,
while the stress value decreases by changing loading
direction from out-of-plane to in-plane.

4.  Out-of-plane and in-plane stress value decreasing
rate was obtained as 16% and 55% respectively in the stress
value decreases while the changing of fibre orientation from
+90° to £45°

5. Considering that the materials which hit the
propellers generally come horizontal to the surface because
of the blade shape and flight principle, the £90° fibre array
is considered to be an advantage.

6. Itwasobserved that the fibre arrangement does not
have a significant effect on the impacts applied to the
surface for out-of-plane direction.
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Yiiksek maliyetli otomatik seri iiretim makinelerinin sabit hiz gerektiren islemlerinde DC motor ile tahrik
edilen dort gubuk mekanizmalari yaygin olarak kullanilmaktadir. Yoriingesi tizerinde sabit hiz ile ilerleyen
mekanizmalarin tasarimlari zordur ve ayrica farklh hiz talepleri durumunda da mekanizmanin yeniden
boyutlandirilmasi gerekmektedir. Alternatif olarak mekanizmayi tahrik eden motor hiz1 kontrol edilerek
bu talep gergeklestirilebilmektedir. Bu calismada, dort ¢ubuk mekanizmasinda biyel iizerindeki bir
noktanim sabit bir hiz ile yoriingesi tizerinde ilerleyebilmesi problemi g6z 6niine alinmistir. Bu amagla
krank hiz1 istenilen yoriinge takip hizim saglayacak sekilde kontrol edilmistir. Matlab Simscape arayiizii
yardimu ile sistem modellenmis ve krank hizinin kontroliinde PID kontrol algoritmasi kullanilmigtir. Dort
¢ubuk mekanizmasi i¢gin simiilasyon modeli olusturulmus ve basarili sonuglar elde edilmistir.
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The four-bar mechanisms driven by DC motor are widely used in the processes of high-cost automatic
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its prescribed trajectory with constant velocity, and howevera new design is neceassary when a different
velocity is desired. Alternatively, this demand can be realized by controlling the speed of motor driving
the mechanism. In this study the problem of a coupler point on the four-bar mechanism moving on its
trajectory with a constant velocity is considered. For this purpose, the crank speed was controlled to
provide the desired trajectory tracking speed. The system were modeled with the help of Matlab Simulink
Simscape toolbox and PID control algorithm has been used to control crank angular velocity. A simulation
model was created for the four-bar mechanism and successful results were obtained.
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Giris

Seri imalat yapan makinelerde genellikle yiiksek imalat hizi,
sabit hiz, {irline has islem yoriingeleri olusturma, diisiik
maliyet gibi gereksinimler vardir. Dort gubuk mekanizmalari
endiistride yaygin olarak kullanilan mekanizmalardan biri
olup ihtiyaca gore hareket, fonksiyon ve yoriinge iireten
olarak simflandirilir [1]. Bu mekanizmalar, giris uzuvlariin
yani kranklarinin sabit hizda dondiigii kabul edilerek
tasarlanirlar. Bilindigi iizere dort ¢ubuk mekanizmasinda
giris uzvunu tahrik eden motora sabit voltaj verilse bile
mekanizmanin kendi dinamiginden dolayi, giris uzvunun
istenen hizi etrafinda dalgalanmalar olusmaktadir. Bu hiz
dalgalanmalar1 mekaniksel olarak kranka volan eklenerek
kismen giderilebilmektedir. Ancak giiniimiizde o&zellikle
yiiksek hizli, hafif ve esnek uzuvlu mekanizmalarin kullanim
gereksinimi nedeni ile bu yeterli olamamaktadir.
Gilinlimiizde o6l¢im araglar1 ve kontrol miihendisliginin
gelisimi ile birlikte bu hiz dalgalanmalari mekanizmay1
tahrik eden motorun kontrolii ile daha etkili bir sekilde
giderilebilmektedir. Bunun igin krank hizi anlik olarak
Ol¢iiliip referans deger ile karsilagtirilarak mevcut hataya
gore uygun kontrol sinyali iiretilir ve mekanizmay1 tahrik
eden motora uygulanarak hiz dalgalanmasi giderilmeye
calisilir. Tao ve Sadler [2], DC motor ile tahrik edilen dort
cubuk mekanizmasinin krank hizinda meydana gelen hiz
dalgalanmalarim1 PID kontrol algoritmasmi kullanarak
gidermeye caligmigtir. Ayni amagla bulanik mantik [3],
kayan Kipli kontrol [4], hareketli kayan kipli kontrol [5], geri
adimlama (backstepping) kontrol [6] ve bu kontrol
tekniklerinin karma bir sekilde uygulandigi [7],[8]
calismalar mevcuttur.

Yoriinge olusturan dort ¢ubuk mekanizmalar1 endiistride
yaygin olarak kullanilmaktadir. Bu tiir mekanizmalarda
¢ogunlukla biyel olarak isimlendirilen ara baglanti uzvu
iizerindeki bir noktadan faydalanilir ve bu noktanin ¢izdigi
yoriingeler biyel egrileri olarak isimlendirilir. Sekil 1 de
yoriinge treten dort cubuk mekanizmasinin kinematik
diyagrami verilmistir. Iki ve dort uzuvlarmi birbirine
baglayan {i¢ numarali uzuv yani biyel iizerindeki C noktasi
bulundugu  geometrik  yere gore farkli  egriler
olusturmaktadir. Giris uzvu sabit hizda hareket ettirildiginde
bu noktanin hizi, uzuv boylarina ve C ‘nin geometrik
konumuna bagli olarak takip ettigi yoriinge iizerinde
degiskenlik gostermektedir.

Ancak endiistride bu noktanin takip ettigi yoriingenin belirli
bir kisminda veya tamaminda sabit bir hizla hareket
etmesinin istendigi durumlarda vardir. Bolgesel bir kisimda
sabit hiz verebilen mekanizmalar tasarlamak [9],[10]
miimkiin olmakla birlikte mekanizmanin dinamiginden
dolay1 kontrol olmadan bu da tam olarak saglanamaz. Gergek
uygulamalarda krank hizin1 6lgmek kolay iken bir yoriinge
tizerinde hareket eden bir noktanin hizin1 6lgmek oldukga zor
ve maliyetlidir. Bu bakimdan biyel noktasinin yoriingeyi
sabit bir hizla takip etmesi degisken krank hiz1 ile
saglanabilir. Bu da mekanizmay1 siiren motorun kontroli ile
gergeklestirilebilir. Bunun i¢in bu biyel noktasimin hizi ile
krank hiz1 arasindaki kinematik bagintidan degisken krank
hiz1 profili elde edilir ve bu hiz profili referans alinarak krank
hiz1 kontrol edilebilir. Peon-Escalante vd. [11], dort ¢ubuk
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mekanizmasinda biyel iizerinde bir noktanin takip ettigi
yoriinge iizerindeki sabit hizla ilerlemesini saglamak icin
krankin hizini kontrol etmeye ¢aligmiglardir. Bunun i¢in DC
motor ile siirlilen dort ¢ubuk mekanizmasmin dinamigi
analitik olarak elde edilmis ve PID algoritmasi ile istenilen
degisken krank hizi saglanmaya calisilmistir. Kisa bir siire
once de Bafiuelos vd. [12], aymi problem igin yaptiklart
deneysel c¢aligmalarmi sunmuslardir. Bu ¢aligmalarinda
biyel noktasinin hizi anlik kamera goriintiileri ile belirlenmis
ve PID kontrol algoritmasi kullanilmigtir.

Mekanizmalarin  analizinde  alisilan  yol  sistemin
matematiksel modelinin elde edilmesi ve bunlarin sayisal
yontemlerle ¢o6ziilmesidir. Ancak oOzellikle serbestlik
dereceleri yiiksek karmagik dinamik sistemlerin analizleri
zordur. Dinamik problemleri ¢ozmenin diger bir yolu da
simiilasyon programlaridir. Matlab bu tiir ¢aligmalar igin
genis bir ortam saglayabilmektedir. Matlab Simulink ile hem
kontrol yapist hem de isleyen dinamik model ayni ortamda
blok yapilarla olusturulup calistirilabilmektedir. Simscape
Multibody ise kuvvet, sensor, mafsal ve uzuvlar gibi bloklar
ile sistem modellendikten sonra hareket denklemini formiile
eder ve ayni zamanda ¢ozer [13]. Boylece kullanicinin
mekanizmanin  karmasik dinamik denklemlerini elde
etmesine gerek kalmamaktadir.

Bu calisgmada, DC motor ile tahrik edilen bir dort ¢ubuk
mekanizmasinda biyel {izerindeki bir noktanin takip ettigi
yoriinge boyunca belirlenen sabit bir hizda hareketinin
saglanmas1 problemi dikkate almmustir. Oncelikle biyel
noktasinin hizi ile krank hiz1 arasindaki kinematik iligki elde
edilmistir. Buna gore belirlenen bir hiz i¢in elde edilen
degisken krank hizi profili referans alinarak PID kontrol
teknigi ile krank hizi kontrol edilmistir. Farkli olarak bu
calismada mekanizmanin karmagik dinamik denklemleri
analitik olarak elde edilmeyip analiz i¢in Matlab Simscape
Multibody arayiiziinden faydalanmilmistir. Belirli bir biyel
noktasi hizi igin sayisal benzetim ¢alismasi yapilmustir.

. C
Biyel
Noktast

Sekil 1: Dért gubuk mekanizmasinin kinematik diyagram
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Kinematik Modelleme

Bu béliimde kontrol i¢in referans olmak iizere krank hizi ile
biyel tizerindeki noktanin hizi arasindaki kinematik iliski
elde edilecektir. Bunun i¢in dnce mekanizmanin vektorel
cevrim denkleminden skaler bag denklemleri ve uzuvlarin
hizlarmi giris uzvunun hizina bagl olarak bulunmasina
yarayan hiz etki katsayilar elde edilmistir. Sekil 1’deki dort
c¢ubuk mekanizmasinin vektérel ¢evrim denklemi istel
formdaki karmagik sayilar ile agagidaki gibi yazilabilir.

A()A + AB = A()Bo + B()B (1)

el + el =1 + ryelf2 )
Bu vektorel denklemden iki adet skaler denklem elde edilir.
(3)

)

f1(q, ¢1, 2) = 10089 + 13005¢1 — 11 —T4C05P, =0
f2(q, é,, ¢,) = 1ysing + r3Sing, — nsing, =0

Burada r;, i=1,2,3,4 uzuv boylarini, q krank agisin1 ve ¢
i=1,2 sirasiyla 3 ve 4 nolu uzuvlarin agilarini géstermektedir.
Verilen bir q i¢in bilinmeyen konum parametreleri ¢, ve ¢,
bu iki denklemin ¢dziimiinden elde edilebilir. Diger taraftan
3 ve 4 numarali uzuvlarin agisal hizlar1 ¢, ve ¢, krank hiz1
q ya bagli olarak hiz etki katsayilar1 kullanilarak asagidaki
gibi yazilabilir:

d)l = 019, d’z = 929 5)
Hiz etki katsayilari ise agagidaki gibi hesap edilir:
g=-1f ©)

Burada vektor ve matrisler kalin harflerle yazilmis olup J
Jakobi matrisi, g hiz etki katsayilar1 vektorii ve f' bag
denklemlerinin girig degiskeni g ya gore tiirevini ihtiva eden
vektordir.

of1

g=1{9: 9" F = {2

2y’ ™

aq
ofi .. .
Jij = aTs,-’(l’] =12) (8)

Dort ¢ubuk mekanizmasi i¢in bu parametreler asagidaki
gibidir [5]:

_ [—rgsin(pl 1sing, ] 9
J= r3c08¢p;  —T14c08P,) ©
£ = {—rzsinq}

| rp,cosq

Denklem (6)’ nin ¢6ziilmesi ile dort-gubuk mekanizmasi i¢in
hiz katsayilar1 agagidaki gibi bulunur:

72 sin(g—¢>)

917 T sin(i-0,) (10)
_ _ T2sin(g—¢1)
92 = 7 sin(p1-¢2) (1)
Biyel tizerindeki C noktasinin konum vektorii:
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e = 1,0 + rpet®1tho (13)

Bu denklemin zamana gore tlirevi C noktasinin hizini
verecektir:

VC = irzqelq + ircélei(¢1+ﬁ) (14)

Bu denklemin gergel ve sanal kisimlari ayri ayr yazilarak
hizin bilesenleri asagidaki gibi elde edilir:

Ve, = —12gsinq — 1¢q g, sin(¢, + B¢) (15)

Ve, = 12qc0sq + 1cqg,c0s (1 + Bc) (16)

Bu denklemlerden krank hizi, C noktasinin hizina bagh
olarak agagidaki gibi elde edilebilir:

2 2
. Vex+Ve,
U= [3+r2g7+2r,rcgacos (a-91-Fo)

an

Denklem (17) verilecek bir V. (= V&, + VCZy) hizina baglh

olarak krankin her bir konumu ¢ i¢in krank hizinin almasi
gereken degeri verecektir. Bdylece C noktasimin yoriingesi
boyunca sabit bir hizla hareket edebilmesi icin degisken
krank hiz1 profili elde edilebilir. Bu degisken krank hizi
kontrol algoritmast i¢in referans olacaktir. Bir baska deyisle
krank hizi bu profili saglayacak sekilde kontrol edilirse biyel
noktasmin istenilen sabit hiz ile hareket etmesi
saglanabilecektir. Burada gerekli olan konum ve hiz bilgileri
Matlab  Simscape Multibody simiilasyon ortaminda
olusturulan mekanizma modelinden elde edilmektedir.
Asagidaki bolimde incelenen sistemin Simulink ile
modellenmesi ve kontrol edilmesi agiklanmustir.

Dinamik Modelleme Ve Kontrol

Daha 6nce de ifade edildigi gibi dinamik analiz i¢in alisilmig
olarak mekanizmanin hareket denklemleri elde edilir ve bu
denklemler sayisal olarak ¢oziiliir. Krank hizinin kontroli
icin de mekanizmay: tahrik eden motorun modeli rediiktor
ile birlikte sisteme dahil edilir. Bu ¢alismada, farkli olarak
mekanizmanin  karmasik  hareket  denklemleri elde
edilmeyecek olup bu is Matlab Simscape Multibody
Simiilasyon arayiiziine birakilacaktir. Bu ¢alismada
mekanizmanin DC motor ile tahrik edildigi ve motorun bir
rediiktor ile kranka baglandigr goz oniine alinmigtir. DC
motor, rediiktdr ve mekanizmadan olugan mekatronik sistem
sematik olarak Sekil 2’ de gosterilmistir.

DC Motor

NNNNNNN A

Dyiirt Cubuk
Disli Mekanizmast
Talomm

Sekil 2: DC motor-rediiktér-mekanizma modeli
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Bir DC motorun matematiksel modeli Kirschof’un gerilim

yasasina gore Denklem (18) ile verilir [2]-[5]:

Va = Raiq + Lo 3% + nKyq (18)

Burada V, giris gerilimi, Ra, La Ve ia sirasiyla armatiir direnci,

indiiktans1 ve akimidir. Ky motor gerilim sabiti ve n

rediiktoriin giris hizinin ¢ikis hizina ve ayni zamanda ¢ikis
torkunun giris torkuna oranidir:

T2

=

w1

o (19)
Diger taraftan DC motor ve rediiktérden olusan sistemin
¢ikis milindeki tork ifadesi Newton’un II. hareket yasasina
gore asagidaki gibi yazilabilir:

Ty = n(~1Jmij — nBG + Ty — Ty) (20)
Bu tork ayni zamanda mekanizmay1 tahrik etmek igin kranka
uygulanan torktur. Burada J,, rotorun Kkiitlesel atalet
momenti, B yataklardaki viskoz siirtinme, T; firca
sirtinmesi, dislilerdeki ~ siirtinme ve kuru yatak
stirtinmelerini ihtiva eden mekaniksel kayip torkudur.
Motor tarafindan iiretilen tork T ise motor tork sabiti Kn
olmak iizere asagidaki gibidir:

Trn = Knia 1)
DC motor-rediiktoér ve dort gubuk mekanizmasindan olusan
sistemin kontrol yapist Sekil 3” te gosterilmistir. Ve, , C
biyel noktasinin istenen yoriinge takip hizidir. Hiz yoriinge
jeneratdriiniin ¢ikist olan ¢, ise Denklem (17) ile elde
edilen referans krank hizidir. Kontroldr cikisinda, wu(t)
sinyali motor girisine uygulanan gerilimdir. Bu voltaj
sinyaline karsilik motor dinamiginden tiiretilen tork dort

Vcis[

Hiz Yorunge
Jeneratori

|

Qyor e(t)
® Kontr olm

cubuk mekanizmasi girisine yani kranka uygulanmaktadir.
Mekanizmanin ¢ikisindan alinan konum degerleri yoriinge
iireticiye geri beslenirken krank hizi referans degerle
karsilagtirilarak kontrolciiye gonderilir.

Bu ¢alismada krank hizin1 kontrol etmek i¢in PID kontrol
algoritmasi kullanilmis olup u(t) kontrol isareti asagidaki
gibi ifade edilir:

u(t) = Kye(t) + Kg—— de(t)

+ K; f e(t) dt (22)
Burada K, oransal kazang (proportional gain), K, tiirevsel
kazang (derivative gain), K; integral kazang (integral gain)
ve e(t) ise hata olup bu ¢aligmada krankin referans hizi g,
ile anlik hiz1 ¢ arasindaki fark ile ifade edilmistir:

e(t) = Qytjr —-q (23)
Sistemin Simulink Modeli
Incelenen sistemin Matlab Simulink Simscape ile

olugturulan modelinin ana blok yapist Sekil 4’ te verilmistir.
Ana model mekanizma blogu, hiz yoriinge tireteci ve kontrol
blogu ile DC motor modelinden olugmaktadir. Kontrol ve
Hiz Jeneratorii blogu Dort Cubuk Mekanizmasi Sistem
Dinamigi blogundan beslenmektedir. Gerekli olan agisal hiz
ve konum bilgileri bu bloktan alinmaktadir. Kontrol blogu
ve Hiz Yoriinge Jeneratorii cikisindaki kontrol sinyali
Motor Modeli girisine verilmektedir. Motor Modeli
¢ikigindaki tork kontrol sinyali Dért Cubuk Mekanizmasi
Sistem Dinamigi blogunu beslemektedir. Bu bloklarin
icyapist da sirastyla Sekil 5, Sekil 6 ve Sekil 7 de verilmistir.

DC Motorlu Dort Cubuk g
Mekanizmasi [4’1]

&z

u(t) ]

— q

ST

Sekil 3: DC motor-rediiktdr ve dort gubuk mekanizmasindan olusan sistemin kontrol yapisi

output F——

—| C Biyel Noktas! Istenen Hiz

»q
output1

_,—> fi1
output2 fi2

Lb qdot

sinyal Kentrol Torku | —

Kontrol Sinyali

V_ist

Tork Girisi

output3 ——

Dart Gubuk Mekanizmasi Sistem Dinamigi

Kontrol Blogu ve Hiz Yoriinge Jeneratorl

Motor Modeli

Sekil 4: DC motor kontrollii, degisken hiz yoriingesini izleyen dort cubuk mekanizmasina ait ana model yapist
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2 nolu uzuv

Tork Girigi @

[Ls
'H- +

3 nalu uzuy

fix)=0Fp

7 5 Vi)
T8N F B?>F FSB * Ry

C Biyel Noktasi Istanen Hiz

4 nolu uzuv

34

| o »—-

41 output3

F
"
1B 27 F B#

Sekil 5: Dort Cubuk Mekanizmasi Sistem Dinamigi alt sistemine ait blok diyagram.

Sekil 5° te verilen blok yapisi mekanizmanin hem
kinematigini hem de dinamigini icermektedir ve
mekanizmaya ait tim konum ve hiz bilgileri
alinabilmektedir.

Mekanizma blogu, genel olarak mekanizmay1 olusturan kati
cisimler, mafsallar ve bunlari konumlandirmak i¢in
kullanilan Rigid Transform bloklarindan olusmaktadir.
Kati cisimler, SolidWorks gibi katt modelleme programlari
ile olusturulabildigi gibi dogrudan Simulink’in hazir
kiitiphanesinden de eklenebilirler. Simscape Multibody
ortaminda bulunan bu 3B nesnelere ait bloklarda kiitle degeri
girildikten sonra, kiitle merkezi, kiitlesel atalet momenti gibi
bilgiler otomatik olarak hesaplanmaktadir. Bu bilgiler daha
kat1 cismin 3B modeli olusturulurken belirlenen noktalarina
yerlestirilen referans eksene bagli olarak tiiretilmektedir.
Yine uzuvlarm konumlari ve hizlar1 gibi kinematik bilgiler
bu referans eksenlere bagli olarak alinabilmektedir.
Mekanizmadaki mafsallar da komsu iki uzuv tizerindeki
eksenler arasina yerlestirilir. Sekil 5° te “12”, “23”, “34” ve
“41” ile gosterilen bloklar dort cubuk mekanizmasina ait
mafsal bloklarmi temsil etmektedir. Mekanizmay1 tahrik
eden tork girisi ve siirtinmeler de bu mafsal bloklarinda

tanimlanabilmektedir. ~Bdylece Simscape  Multibody
uzaymnda Dbirbirine baglanan nesneler simiilasyon
calistiginda kuvvetlerin  etkisiyle konumlari degisir.

Mafsallar yonelimleri degisen eksenlerin degisim miktarini
siirekli takip eder.

2 nolu uzvun takip etmesi gereken hiz yoriinge jeneratorii ve
kontrol algoritmasmin uygulandigi Kontrol Blogu ve Hiz
Yoriinge Jeneratorii isimli Matlab fonksiyon blogu Sekil 6’
da verilmistir. Bu fonksiyon giris uzvunun izlemesi gereken
referans hiz ydriingesini hesaplayabilmek igin gerekli
mekanizmaya ait konum bilgilerini (q, ¢4, ¢,) Sekil 5’ teki
mekanizma blogundan almaktadir. PID algoritmasi da bu
blok igerisindedir. Buradan elde edilen kontrol sinyali bu
blogun ¢ikisidir.

Matlab Simscape’ te olusturulan DC motor ve rediiktore ait
dinamik modelin blok semas1 da Sekil 7¢ de verilmistir. DC
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motor blogunda rotor ataleti, soniim, indiiktans, diren¢ gibi
motora ait parametrelerin degerleri girilmektedir. Bu blogun
girisi kontrol blogundan gelen kontrol sinyaline baghdir. Bu
blogun ¢ikist mekanizmayi siiren kontrol torkudur. Bu tork
“12” isimli doner mafsal bloguna verilmektedir.

—CD
sinyal
‘_
C sinyal * [:
— M d_eror
ermor > 1
F D ] qdot_olculen
qdot ‘
1 ) 4B fen
q qdot_yorunge
i
fi1
Wop,_ist w2 )
D e Vst
fi2

Sekil 6: Kontrol Blogu ve Hiz Yoriinge Jeneratorii alt sistemine
ait fonksiyon blogu

Pz F

<o

Kontrol Torku

Kontrol Sinyali

Sekil 7: DC Motor Modeli alt sistemine ait blok diyagrami
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Sayisal Benzetim Calismasi

Bu boliimde, DC motor-rediiktor-mekanizma dan olusan
sistemin kontrolii i¢in yukarida olusturulan Simulink modeli
kullanilarak sayisal benzetim calismasi yapilmistir.
Mekanizma ve DC motora ait parametreler Tablo 1’ de
verilmis olup bu parametreler Simulink modelinde ilgili
bloklarda tanimlanmistir. Uzuv boylart ve kiitle degerleri
[11] nolu referanstan almmugtir. Mekanizmanin 3B kati
modeli SolidWorks ile olusturulmus ve Simscape ile
Simulink ortamma aktarilmistir. Uzuvlarin kiitlesel atalet
moment degerleri dogrudan Simulink tarafindan uzvun
bicim ve kiitle bilgilerinden otomatik olarak elde edilmistir.
Mekanizma mafsallarinda siirtiinme olmadig1 ve yer¢ekimin
mekanizmanin calisma diizleminde asag1 dogru etkidigi
varsayillmigtir. Motor mili ¢ikisinda 1:50 oraninda hiz
diistimii saglayan bir rediiktér bulunmaktadir. Motor voltaji
12V oldugundan kontrol gerilimi bu voltaj ile
sinirlandirilmastir.

Benzetim ¢aligmasindaki biyel iizerindeki C noktasinin takip
ettigi yoriinge Sekil 1’ de goriilen ile ayni olup istenilen sabit
hiz Ve, ,=0.3 m/s olarak alinmistir. Bu ¢alismada tasarlanan
PID kontrolciide oransal, tiirevsel ve integral katsayilart
deneme yanilma teknigi ile sirastyla K,=0.3, K;=0.1, K;=2
olarak belirlenmistir.

Mekanizmanin giris uzvu sifir radyan konumunda durgun
halde iken simiilasyon baslatilmistir. Yani baslangic sartlar
sifir alinmigtir. Sekil 8°de sistem ¢alisirken alinan bir ekran
goriintiisii verilmistir. C biyel noktasmnin 1.5 saniye boyunca
olan hiz degisimi Sekil 9’ da verilmistir. Gortldiigii {izere,
simiilasyon boyunca C biyel noktasinin istenen hiz degeri
olan 0.3 m/s etrafinda yaklasik +0.002m/s civarinda
olduk¢a kiiciik salimmlar yapmaktadir. En biiyiik asma
degeri 0.341m/s, kontroliin kabul edilebilir tolerans
araligina yerlesme zamani 0.42 s ve yiikselme zamani ise
0.008169 s olarak gergeklesmistir. Bu sonuglara gére C
noktasinin hiz1 V¢, istenen referans hiz degeri etrafinda ihmal

edilebilecek kadar kiiciik bir hata payi ile basaril1 bir sekilde
kontrol edilmistir.

C biyel noktasmin yériingesi boyunca V¢, . =0.3 m/s sabit
hizda hareket edebilmesi igin gerekli degisken krank hizi
profili g, ile sistemin kontrol edilmesi sonucu elde edilen
krank hizi g nin karsilastirmasi da Sekil 10°da verilmistir. Bu
grafikte de her iki hizin hemen hemen Ortlistigi
goriilmektedir. Kontrol siiresince 2 numarali giris uzvuna
uygulanan T, kontrol torkunun zamanla degisim grafigi
Sekil 11’ de verilmistir. Buna gore durgun haldeki dort
¢ubuk mekanizmasini istenen hizda harekete gec¢irmek igin
en fazla 0.75 Nm tork uygulanmasi gerekmektedir. Yerlesme
zamanindan sonra gerekli tork +0.1 Nm civarinda salinim
yapmaktadir. DC motor girisine uygulanan kontrol
geriliminin zamanla degisim grafigi de Sekil 12° de
verilmistir. Sistemin ilk hareketinde 1.5 V’ luk bir gerilime
ihtiya¢ varken sonrasinda 0.18 V civarinda degisim
gostermektedir. Bu diigiik tork ve gerilim degerlerinin
secilen mekanizmanin hafifliginden ve motor devir sayisinin
yiiksek olmasindan kaynaklandigini belirtmek gerekir.

Sekil 8: Matlab Simscape Multibody’de tasarlanan Dinamik
sisteme ait ii¢ boyutlu simiilasyon modeli

Tablo 1: Dort gubuk mekanizmast ve DC motor modeline ait parametre degerleri

Mekanizma parametreleri

Uzuv no (i)

Parametre 1 3 4

r; (mm) 108.91 96.44 58.78

¢; (mm) 0.04781 29.39

m,; (kg) 0.03349 0.2586 0.00547
Ji (kg-m?) 0.00000962 0.000224 0.0000023
Bi(rad) 0.0 0.2268 0.0

DC Motor parametreleri
R L K Jm Ts B

() (H) (Nm/A) (Vs) (kgm?)  (Nm)  (Nms)
0.0379 0.0001 6.9724e-4 6.9724e-4 3.409e-7 0.00 1.132e-6
Giig Tork Hiz (rpm) Voltaj Akim

(kW) (Nm)  (rediktorlii) V) (A)

0.04 1.47 330

<6.0
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I I
e Tkip Edilen
0.35 — T C Biyel Noktasi Istenen Hiz

0.3

0.25 - T —

015 T -

01 —

C Biyel noktasi hiz takibi (m/sn})

0.05 [~ T —

Time

Sekil 9: C biyel noktasinin istenen ve kontrol sonucu elde edilen hizlarinin karsilastirilmasi.

istenilen agisal hiz
Olgillen agis! hiz

Girig uzvu acisal hiz takibi (rad/sn)

45

Time

Sekil 10: Sabit yoriinge hizi igin gerekli krank hizi ile kontrol sonucu elde edilen krank hizinin karsilagtiriimast.

07} I | i

05} I | i

04 F { 1 ul

0.3 | 1 -

0.2 T T -

Kontrol Torku (Nm)

0 0.5 1 15
Time

Sekil 11: Sabit yoriinge hiz1 i¢in kranka uygulanmasi gereken T, Kontrol torkunun zamanla degisimi.
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T
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06|
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Kontrol sinyali (Volt)
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0 0.5
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Time

Sekil 12: Mekanizmay1 tahrik eden DC motora uygulanan kontrol geriliminin zamanla degigimi.

Sonug¢

Bu c¢alisgmada bir dort ¢ubuk mekanizmasinda C biyel
noktasinin yoriingesi boyunca sabit hizla hareket etmesi igin
gerekli degisken krank hizi profili elde edilmis ve PID
yontemi ile kontrolii yapilmistir. Bu amagla Matlab
Simscape arayiizii kullanilmistir. Bdylece mekanizmanin
karmagik dinamik denklemlerinin elde edilmesine gerek
kalmadan analiz yapilabilmistir. Yapilan sayisal benzetim
caligmasinda giris uzvu krank, degisken olan agisal hiz
profilini takip etmis ve C biyel noktasi tiim yoriingesi
boyunca istenilen V=03 m/s hizindan c¢ok kiigiik
sapmalarla hareket edebilmistir. Boylece incelenen sistemin
karmasik dinamik modeli olusturulmadan basit bir sekilde
Simscape Multibody kullanilarak olusturulabilecegi ve
sonuglarm  yiksek  dogrulukla elde edilebilecegi
gosterilmistir. Bununla beraber gercek bir sistem tizerinde de
denenerek sonuglarim incelenmesi faydali olacaktir. Bu
baglamda yazarlarin gercek bir model iizerinde deneysel
calismalar1 devam etmektedir.
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1. Giris

Dokme malzemelerin  taginmasinda  kullanilan  banth
konveyorler tasarimlarnim kolay olmasi, dayanikli ve
ekonomik olmalari nedeniyle endiistride yaygin olarak
kullanilmaktadir.

Bir bantli konveyorde, Ayrik Elemanlar Metodu (Discrete
Element Method) (DEM) ile konveyor kapasitesi numerik
olarak bulunabilmektedir. Literatiirde ilk olarak Cundall
tarafindan yapilan caligmada dokme malzemeli sistemlerde
her bir tanenin birbiri ve ¢evresi ile olan etkilesimi
hesaplanarak, biitiin bir yigma malzemenin hareketinin
simiilasyonunu gerceklestirilmistir [1]. DEM yontemini esas
alan diger caligmalarda; yigma malzemenin davranisi, akis
parametreleri, bant sehimi gibi &zellikleri hesaba katilarak
elde edilen simiilasyon sonuglari, deneysel sonuglar ile
kiyaslanmig ve DEM sonuglarmin deneysel sonuglarla
bagdastig1 ifade edilmistir. [2-8]

Konveyorlerde egimli konveyor kapasitesini bulmak i¢in
egim faktorii (k) kullanilmaktadir. Teorik ve endiistriyel
hesaplamalarda kullanilan bu egim faktorii degerleri
tasarima 6zel olmayip, genel bir k degeri tablosu iizerinden
secilmektedir ve literatiirde bu konuyla ilgili bir calisma
bulunmamaktadir. letilen malzeme kapasitesinin net olarak
hesaplanabilmesi i¢in her bir egimli konveyor tasariminda
egim faktoriiniin tespit edilmesi gerekmektedir.

Bu galismada DEM analizi kullanilarak tasarimi sekil 1°de
gosterilen bir bantli konveyor igin farkli agilardaki egim
faktorii, ayrt ayri bulunmustur. Ayrica konveyoérlerin
kapasiteleri de teorik olarak hesaplanmustir.

Sekil 1. Konveyoriin tasarimi
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2. Teorik Konveyor Kapasitesi

Kapasite, birim zamana bagli olarak taginan malzeme
miktarini ifade etmektedir. Bantli konveyorlerde en nemli
tasarim parametrelerinden biri konveyor kapasitesidir ve
konveyor egimine bagli olarak degigsmektedir. Bunun
nedeni; yergekiminin malzemeleri iletim yoniine ters olacak
sekilde etkileyerek geri kaydirmasidir. Konveyor egimi
arttikca dokme malzemenin geri kaymasini artirmakta, buna
bagli olarak da iletilen malzemenin  kapasitesi
degismektedir. [9]

Bir bantlh  konveyorin  kapasitesi teorik  olarak
hesaplanabilmesi; bant {izerine gelen malzeme miktarinin
hesaplanmas1  ile  bulunabilmektedir. Konveyoriin
kapasitesinin bulunmasinda kullanilan 1 numarali esitlikte;
B, bant genisligi, v, yigma malzemenin yogunlugu ve ¢, bu
malzemenin y1gin agisidir.

Qaiz) = B*.576.y.v.tan(0,35. ¢) (D

Qegimuy = k. Q (2)

Bant {izerinde bulunan malzeme miktar1 hesaplandiktan
sonra, esitlik 2’deki gibi bir egim faktorii (k) ile ¢arpilarak
konveyor kapasitesi hesaplanmaktadir. Bunun i¢in
konveyorlerde yaygin olarak kullanilan egim faktorii (k)
degerleri kullanilmaktadir. Teorik konveydr kapasitesi
hesabinda kullanilacak egim faktorii degerleri tablo 1’de
verilmistir.

Tablo 1. Teorik egim faktorii

Konveydr Acisi Egim Faktori (K)
0° 1,00
5° 0,98
10° 0,95
15° 0,90
20° 0,81

3. Ayrik Elemanlar Metodu

Modeli

Cundall tarafindan ortaya atilan ayrik elemanlar metodu
(Discrete Elements Method) (DEM), tanecikli malzemenin
bulundugu sistemlerde, her bir tanenin birbirleriyle ve
cevresiyle olan etkilesimlerini degerlendirerek gercege
yakin malzeme davramigimin saptandigi bir nimerik model
yaklagimidir [2]. Yontem, yigma malzemeli bir sistemin
simiilasyonunu gergege oldukca yakin bir sekilde yapmakta
ve sanal bir deney diizenegi gibi ¢alisarak, yigma malzemeli
sistemlerin  davraniglarinin  incelenmesini  miimkiin
kilmaktadir.

(DEM)
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Bu calismada, DEM simiilasyonu igin Altair EDEM™
yazilimi kullanilmigtir. DEM modelleri her bir konveydr
egimi i¢in ayr1 ayri olusturulmustur. DEM modelinin
olusturulmasinda oncelikle bant geometrisinin tanimlanmasi
ile baslanilmigtir. Burada bandin dayanmim ozellikleri;
Poisson oran1 0,49, yogunlugu 1400 kg/m?® ve rijitlik modiilii
1,91.107Pa olarak tanimlanmustir [10]. Ayrica bant ile kum
arasindaki stirtiinme degeri tablo 2°deki gibi uygulanmistir.
Banda tanimlanan konvey6r hareketi igin bant hizi, tiim
konveyor egimleri igin 1m/s olarak belirlenmistir.

Tablo 2. Bant geometrisinin siirtiinme 6zellikleri

Ozellik Deger
Carpisma fade Katsayis1 0,5
Duragan Siirtiinme Katsayisi 0,45
Yuvarlanma Siirtinme Katsayist 0,15

Tasarim1 6nceden belirlenmis konveydriin iist kisimda sekil
2’deki gibi iki tambur, dort makara ve bunu karsilayacak bes
adet makara aralig1 bulunmaktadir. Simiilasyona dahil edilen
geometri, sekil 3’teki gibi yalnizca iist makaralarin tasidigi
iist bant yiizeyi olacaktir.

Makara araligi 1 Makara araligi 2 Makara araligi 3 Makara aralig 4 Makara araligi 5

Sekil 2. Konveyor tasariminda bulunan makara araliklari

Altair EDEM yaziliminda giris olugu, konveydrden
bagimsiz bir sekilde olusturulmakta, konumu ve biiyiikligi
arzu edilen sekilde belirlenebilmektedir. Tiim konveyorler
i¢in olusturulan DEM modellerinde, ayn1 biiytikliikte ancak
egime bagli olarak konumu degisecek sekilde oluklar
olusturulmustur. Her bir konveyor i¢in malzeme girisi 7,85
kg/s olarak tamimlanmistir. Bu deger teorik hesaplama
sirasinda esitlik 1 kullanilarak ton/saat olarak bulunmustur.
Farkli egimlerdeki konveydrler i¢in de ayni giris debisi
uygulanmasina ragmen, konveyorlerin ¢alisma debisi
egimleri nedeniyle farklilik gostermektedir. DEM analizinde
egim faktoriine ihtiyag duyulmadan egimli konveyoériin
caligma kapasitesi tasarima bagli olarak bulunabilmektedir.

Konveyorlerde yigma malzeme olarak kum taginmistir.
Olusturulan DEM modellerinde kum tanelerinin yarigap1 ve
birbirleri arasindaki siirtiinme katsayisin, DEM modellerinde
tanimlanan y1gma malzeme 6zellikleri ve siirtlinme katsayist
degerleri Tablo 3’te gosterilmistir. Simiilasyon boyunca
konveyorlere dokiilecek toplam kum miktar1 15 kg olarak
belirlenmistir.
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Tablo 3. DEM modeli i¢in tanimlanan y1igma malzeme

ozellikleri
Ozellik Deger
Parca Yarigapi(m) 0,003
Poisson Orani 0,3
Yogunluk(kg/m®) 1400
Rijitlik Modiilii (Pa) 7,692.10°

Oluk Bant Geometrisi

Tasinan Malzeme

Dokiilen Malzeme

Sekil 3. Olusturulan DEM modeli

DEM simiilasyonu siiresi 20° egimli konveyodr icin 4,5
saniye, diger tiim konveyorler icin 4 saniyedir. Toplam
simiilasyon siiresi, oluktan malzemenin dokiilmeye
baglamasi ile tagmman son malzeme tanesinin sistemden
ayrilmasi arasinda gegen siiredir. Bu siire malzeme girisi
debisine ve oluktan dokiilen toplam malzeme miktarina
bagli olarak degismektedir.

Sekil 4’te 15° egimli konveyorin DEM simiilasyonunun
belirli saniyelerdeki goriintiisii gosterilmektedir, bu boliimde
aciklandig1 sekliyle DEM modeli tim konveyor egimleri
icin uygulanmis ve simiilasyon verileri elde edilmistir.

T=0,50s

T=1,00s

T=1,50s

Sekil 4. 15° egimli konveydriin DEM analizi goriintiisii.
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4. DEM Sonuclarinin ve Konveyore Ozel
Egim Faktoriiniin Irdelenmesi

Simiilasyon boyunca yigma malzemenin davranis1 saniyeye
bagh olarak incelenmistir. Incelenen zaman dilimi igin
yigma malzemenin sonuglari grafik olarak alinmigtir. Elde
edilen grafikler her bir zaman adimina kargilik gelen anlik
veriyi, veri-zaman grafigi olarak sunmaktadir. Bu yoniiyle
DEM analizi sonucu elde edilen c¢iktilari, gercek bir
deneysel ¢aligmanin sonuglarina benzemektedir.

Bu calismada DEM simiilasyonundan elde edilmesi
amaglanan sonug, konveyoriin tam kapasitesinin tespitidir.
Kapasitenin bulunmasi igin kiitle verisinin tam bilinmesi
gerekmektedir. Birinci ve ikinci makara araliklar Sekil 5°te
goriildiigii tizere oluktan dokiilen malzeme ile ilk temas
halindedir. Buradaki kiitle miktar1 oluga bagh oldugundan,
bu makara araliklari dikkate alinmayacaktir. Ugiincii,
dordiincii ve besinci makara araliklar1 elde edilmesi
amaglanan kiitle verisini sunmaktadir. Dolayisiyla konveyor
izerinde bulunan malzeme miktar i¢in, Sekil 5’teki gibi,
son ii¢ makara arahigmdaki kiitle miktar1 incelenmistir.
Konveyoriin i makara araliinin toplam uzunlugu sekil
6’da gosterildigi gibi 900mm’dir, burada bulunan toplam
kiitle ve konveyor hizi verileri ile esitlik 3 kullanilarak
konveyor kapasitesi bulunabilmektedir.

Sekil 5. konveydriin yalnizca son {i¢ makara araliginin
incelenmesi

Her bir konveydr egimi igin uygulanan DEM simiilasyonu
sonucu, farkli egimlerdeki konveyorlerin kapasitelerinin
bulunmast miimkiin olmustur. Egimli konveydrlerin
kapasiteleri bant-kum ve kum-kum etkilesimlerinin bir
sonucu olarak, egim faktoriine ihtiya¢ duyulmaksizin elde
edilebilmistir. Burada bulunan egimli konveydr kapasiteleri
ve diiz konveyor kapasitesi degerleri kullanilarak, konveyor
tasarirmma Ozel e@im faktorii esitlik 4 kullamlarak
bulunabilmektedir.

\
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Sekil 6. Konveyoriin son ii¢c Makara araligindaki kiitle
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Kapasite (?) "~ Uzunluk (m)’ (?) ®
. L Egimli konveyor debisi
indirgeme faktori (k) = 4)

Dz konveyor debisi

5. Tartisma ve Sonuclar

Calismada elde edilen sonuglar degerlendirilmis olup sekil
7’de her bir konveyor egimindeki son {i¢ makara araliginda
zamana bagli olarak bulunan toplam kiitle miktar
gosterilmektedir. Sekilde goriilecegi iizere, konveyodr egimi
artttkca bantta bulunan toplam kiitle miktar1 siirekli
azalmaktadir. Burada en yiiksek kiitlenin 0° egimli
konveyorde 7,065kg ve en diisik degerin 20° egimli
konveyorde 5,003kg oldugu goriilmektedir. Teorik
hesaplamalar ve DEM analizi sonucu elde edilen konveydr
kapasiteleri karsilastirmali  olacak sekilde tablo 4’te
gosterilmistir. Burada goriilecegi tizere numerik olarak elde
edilen kapasite degerleri teorik olarak bulunan kapasite
degerlerinden daha diisiik olmustur.

8—.
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Sekil 7. yukaridan asag1 dogru sirastyla 0°, 5°, 10°, 15° ve
20° egimli konveyoriin son li¢ makara araligindaki kiitlesi

DEM sonucu elde edilen en yiiksek egim faktorii, diiz
konveyorde ve 1,000 olarak, en diisiik egim faktorii ise 20°
egimli konveyorde ve 0,705 olarak bulunmustur. Sekil 8’de
gorillecegi  lizere, teorik olarak bulunan konveyor
kapasiteleri, 6zellikle yiiksek egimlerde DEM sonuglarindan
oldukca farklidir.

iki yontem incelendiginde teorik egim  faktorii,
konveyorlerde teorik kapasite hesabinda genel olarak
kullanilan bir katsayidir. Dolayisiyla bazi konveyorlerde
teorik olarak bulunan degerin gercek degerden farkli olmasi
beklenen bir sonugtur. Buna karsin DEM sonucu elde edilen
konvey6r kapasitesi, kum-kum ve Kkum-bant arasindaki
sirtinmeye ve konveydriin c¢aligma sartlarina baglidir.
Dolayistyla egimli konveyorlerde malzeme geri kaymasi
simiilasyon sirasinda  slirtinmeye  bagli  olarak
gerceklesmistir.  Dolayisiyla DEM  sonucu elde edilen
kapasitelerin ve buna bagl olarak bulunan egim faktoriiniin,
bu konveyoriin gergek egim faktorii oldugu tespit edilmistir.
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Tablo 4. DEM sonucu elde edilen konveyor kapasiteleri ve egim faktorlerinin teorik sonuglarla kiyaslanmasi

Konveyoér  3-4-5 Bant DEM Kapasite
Egimi Toplam kismi (Kiitle/Bant Teorik K K
Kiitle  uzunlugu kismiuzunlugu) Kapasite DEM Teorik
0° 7,065 0,900 7,850 7,850 1,000 1,000
5° 6,960 0,900 7,733 7,693 0,985 0,980
10° 6,580 0,900 7,311 7,457 0,931 0,950
15° 5,687 0,900 6,319 7,065 0,805 0,900
20° 5,003 0,900 5,559 6,358 0,705 0,810
8 .
& Teork  Tegekkiirler:
m — DEM Bu ¢alismada; Altair Engineering Inc. & ST firmasinin
;&: 7- Altair EDEM yazilim kullamlmis olup, yazarlar
‘q—; destekleri icin firmaya ve calisanlarina tesekkdirlerini
:%' sunmaktadirlar.
8 6-
N
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ABSTRACT

Perpira is a registered ancient bridge, probably constructed during the Late Roman/Early Byzantine, to
span the banks of the Batman Stream. The foundations and the piers are the surviving remains of this
bridge. It is known that the bridge has not been repaired since it was discovered. Therefore, the remaining
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the construction techniques and material selection of the period in which it was constructed. During the
site investigations, it has been found that the stones used in the downstream and upstream sections seem
to be different. In order to examine this unique application, samples were collected from the piers'
downstream and upstream sections. The samples were then used to evaluate their petrographic,
geochemical and engineering properties. At the macro scale, the questioned samples' petrophysical
characteristics seem similar. The variations in the physicomechanical, petrographic, and mineralogical
characteristics of stones used in these sections, however, indicate that they have noticeably different
properties. The laboratory results demonstrate that the stone used in the downstream section is dolomite
and has a strength of 25.21 MPa and a porosity of 25.38 percent, while the one used in the upstream section
is limestone and has a strength of 59.93 MPa and a porosity of 5.80 percent. According to the experiment
results, it can be stated that Romans constructed this structure using highly competent engineering
knowledge and material optimization. The findings also highlight how even a single piece of artefacts may

provide new insights for understanding ancient material application practices.

* Corresponding author

The location is not already there before the bridge is.
Martin Heidegger

Introduction

The history of bridge construction reached its peak during
the Roman period. Since the Romans achieved a very high
degree of engineering skill, we still appreciate and utilize
the bridges they built [1]. The Early Roman bridges were
built entirely of wood. The oldest bridge of ancient Rome
is supposed to be the Pons Sublicius, built spanning the
Tiber River in Italy by Ancus Marcius, and constructed of
wood in the sixth century BC [2,3]. By the second century,
the stone was used to construct bridges [2-5]. O'Connor [5]
has catalogued some 330 Roman stone arch bridges and
mentioned that many of them are still in operation today.
Since they are water-crossing structures and subject to
different types of weathering compared to those on
terrestrial land, it is crucial to examine the impact of
material selection on the performance of the stone bridges
that have survived to this day. It is well known that
choosing the appropriate material and using it effectively
requires a great deal of knowledge and experience. On the
other hand, constructing long-lasting structures requires
not only choosing materials compatible with the local
environment and the function of the building but also the
supply of that material. Since the building material

selection of the Romans was chiefly influenced by access
to the material, the majority of the bridge was made of
locally available stone material. As a result, utilization of
locally unavailable material was somewhat limited.
However, it is also known that when a variety of local
sources are available, contractors have the option to select
different stones based on their qualities or appearance
[6,7]. The ancient bridges are significant assets of
historical-artistic heritage and unique elements of the
fluvial landscape. It is known that even the ruins of these
structures are visible evidence of ancient construction
techniques and material practices. Perpira, as the case of
the present study, is an ancient bridge (Figure 1), probably
constructed during the Late Roman/Early Byzantine period
to span the banks of the Batman Stream [8]. The bridge
collapsed due to uncertain reasons, and it is now in ruins.
The current condition of the bridge suggests that it has not
been repaired since it was discovered. Hence, it can be
inferred that the remaining parts of the structure, especially
the cut stone blocks, are original. In this respect, the bridge
symbolizes tangible evidence and contains precious
information on past construction techniques and material
selection. Therefore, the bridge is unique and worth
examining. It is also known that understanding the material
properties and structural behavior is vital for any project
related to the conservation of architectural heritage.



DUJE (Dicle University Journal of Engineering) 13:4 (2022) Page 715-722

5km

Figure 1. Location and an aerial view of the ruins of the Perpira Bridge

Therefore, this paper aims to evaluate and characterise the
materials used in the construction of the Perpira Bridge,
which could be crucial for conservation and restoration
activities.

A preliminary form of this study has been previously
published at the MERSEM-2021 Conference [9].

Historical Background and the State of
Conservation

Geographically, Perpira Bridge is located in the province
of Batman city in southeastern Turkey (Figure 2). There
are some ancient settlements on the right and left banks of

the river/stream, close to the borders of the bridge,
including Mound Gré Migro and Pileka (Figure 2).

Although some archaeological surveys were conducted on
these ancient settlements and their vicinities [8,10-13], no
study is available in the literature related to the bridge's
history. In some of these studies, the bridge has been barely
mentioned as a "ruined Roman/Byzantine bridge" [8] and
as "Harap bridge" [11]. On the other hand, these studies
did not specify the period when the bridge was constructed,
the function of its construction, or its relationship with the
nearby settlements. The bridge is a registered structure, yet
since its discovery, it has not been the subject of any

conservation projects.

[ 1
®SILVAN Mound ‘
Moun sl
Flood Plain Deposits Gre-Migrg '«
Batman ty
Stream il
_ + Batman-Bitlis
PILEKA ‘ " Road
= & { )
] S B e ae 10de 0 64 4 6068 06U ed] !
] Ruins of the Bridge ! |
~~~~~~~ ~ Mound Pileka Ll
(Serégir)
[ Scale:1/1000 |
=y
\ s \ P/ :
== - s dde Baré
L . ¢+ 09a 0¥ é ¥ 609 0aHesT

Figure 2. The location (up) and the plan view of the ruins (down) of the Perpira Bridge (the dashed red lines indicate the

possible piers covered with debris)
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Conservation campaigns have been undertaken to restore
and understand the bridge's original structural conditions
following years of neglect. The bridge was discovered in a
collapsed state. It is currently in ruins for uncertain reasons.
Additionally, the way and period of the destruction are not
mentioned in any historical or archaeological records.

The only remaining parts of this bridge are the foundation
piers, together with some flooring connecting the piers. Ten
piers/foundations and an approach wall were initially
visible. However, by the end of this year of 2022, eight
additional piers (covered by the river sediments) were
unearthed (Figure 3). Additional piers will likely be
unearthed shortly, considering the flood plain and the
bridge's connection to the right bank of the river (Figure
2,3).

The superstructure of the bridge is no longer visible due to
its collapse. On the south side of the bridge, some displaced
ashlar stone blocks were found in different places along the
riverbed. These blocks differ in size and shape from those
used for piers, foundations and flooring. These findings
suggest that the bridge's superstructure was probably made
of stone.

Material and Methods

Several site investigations were carried out to assess the
state of conservation and understand the materials used for
the construction. The bridge was constructed by employing
stone material. It is clear from the bridge's ruins that the

constructed piers were faced with opus quadratum. In order
to fill the cores, opus caementicium (a roman concrete
composed of large aggregates) was used (Figure 4). The
stones utilized in the downstream and the upstream
(cutwater) sections of the piers have different colours and
textures, which were observed during the site investigations
(Figure 4). Thus, much attention was given to the stones
used in these sections. To investigate, samples were
collected from the two sections of the P9 foundation/pier
(Figures 3, 5). Samples were collected from both the
downstream and the upstream sections of the bridge’s ruins
to assess the mineralogical, petrographic, geochemical, and
index properties of the material (The downstream section
sample and upstream section sample will henceforth both
be abbreviated as DS and US, respectively). Two thin
sections were prepared from the DS and US for examination
under an optical microscope in order to evaluate
their mineralogical and petrographic characteristics.

To examine the chemical compositions of the
collected samples, the X-Ray fluorescence (XRF) method
was used. Finally, 28 samples with 5-centimetre edge
lengths (14 from each section) were prepared to examine
physicomechanical properties (Figure 5). During the
laboratory studies, the engineering properties of the
samples, including the effective porosity, unit weight, water
absorption, sonic velocity and uniaxial compressive
strength (UCS), were measured. The samples' engineering
properties were determined per the suggestions and
recommendations of ISRM [14] and RILEM [15]

NW P9 P8 P7 P6 P5 P4 P3 P2 P1 AW SE
'/\; = 1 1 - A A A A A {
@ Wi Wi W =@ @ W O

5

Figure 3. A drawing indicating the dimensions of the approach wall (AW) and some of the piers (P) (up); an aerial view

of the ruins of the Bridge and Batman Stream (down)
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Figure 5. Samples used in the experimental studies

Results and Discussions
Petrographic and Geochemical Characteristics

Different petrographic parameters, including mineral
content, grain size, and texture, have an impact on the
mechanical behaviour and durability of the rock material.
Therefore, a petrographic description of rocks for
engineering purposes is essential for determining the

parameters that cannot be identified through a macroscopic
examination [14]. During the investigation, much attention
was devoted to the matrix, organic material content and
packing of the samples collected from different sections of
the same foundation/pier.

Petrographic investigations on the DS indicate that the
matrix is dominated by carbonate minerals (predominantly
dolomite and less calcite). Mosaic texture, in which
dolomite crystals are tightly packed and in contact with each
other by regular grain boundaries, is the typical
characteristic of the examined sample (Figure 6-a). The US,
on the other hand, is dominated by calcite minerals and
exhibits clastic texture. The calcite minerals are composed
of micro/cryptocrystalline calcite, whose texture is called
micrite. Micrite is occasionally observed at the boundaries
of the fossils. The sample is an example of reefal limestone
with dense red algae. The unit also contains fragments of
red algae and benthic foraminifers. Black and white calcite
minerals, as well as micrite, serve as the binder. It is
probably the Early Miocene in age (Figure 6-b).

Figure 6. Photomicrographs of the samples collected from
downstream (a) and upstream (b) sections of the bridge

The major oxides of the selected samples are tabulated in
Table 1. The XRF results reveal that CaO is the most
abundant component. The DS contains CaO and MgO as
the major constituents. The remaining oxides are
represented in low concentrations (less than one percent).
It is understood from the overall evaluation of the major
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oxides that the questioned sample has a CaCO3; and MgO
composition of 78.73% and of 19.7%, respectively. The
US, on the other hand, contains CaO as the major
constituent. The remaining oxides are present in minor
concentrations (less than one percent). It is understood that
CaCOs forms more than 98 % of the US.

Based on the chemical composition and petrographic
descriptions, modal analysis, a method suggested by ISRM
[14], was used to estimate the mineral composition of the
questioned samples. The results of the modal analyses
indicate that DS has a mineralogical composition of 9.2 %
calcite and 90.8 dolomite, while US has 98.2 calcite and
1.84 % dolomite. The abundance of the MgO in the DS
supports the petrographic investigations that the stone
employed in this section of the bridge is dolomite. On the
other hand, the abundance of the CaO proves that the stone
used in the upstream section of the bridge is limestone.
Since the investigated US consists of macrofossils, it is
described as fossiliferous limestone.

Physical and Mechanical Properties

Once it was determined that different stone materials were
used in the downstream and upstream sections of the
bridge’s foundation, a new question arose within the scope
of this study. What are the engineering performances of
these materials? The physicomechanical properties mainly
affect the engineering performance of the stone material. In
an attempt to evaluate the durability of the stone material, it
is crucial to test its index properties. In reference to the
experimental studies conducted within the scope of the
present study, a summary of the results for the questioned
samples is tabulated in Table 2. Effective porosity and unit
weight are two essential index properties of rock that can
affect its durability. The structure of a rock material
becomes weaker and more deformable when pores are
present [14]. Unit weight, which correlates strongly with
porosity, strength, and mineral composition, can also be
used to assess the physical properties of rock material [16].
The same test can be used to determine those index
properties. The effective porosity and dry and saturated unit
weights of the questioned samples were determined using
the saturation and buoyancy methods suggested by ISRM
[14].

Based on measurements of 28 samples from the different
sections of the bridge foundation, the DS have effective

porosities varying from 24.04% to 27.63%, with an average
of 25.3%. The DS's dry and saturated unit weights are
measured as 19.27-20.46 kN/m3 (with an average of 20.03
kN/m3) and 21.98-22.82 kN/m3 (with an average of 22.52
kN/m3), respectively. On the other hand, the US has
effective porosities ranging between 2.65% to 10.97%, with
an average of 5.80%. Here it is worth mentioning that the
majority of the effective porosity values for this section are
less than 7%. The US's measured dry and saturated unit
weights are between 17.66-25.55 kN/m® (with an average
of 24.04 kN/m?®) and 18.25-25.81 kN/m? (with an average
of 24.61 kN/m?3), respectively. According to Anon [16], the
DS have high porosity (25.3%) and a low unit weight (20.03
kN/m?3), whereas the US have a medium porosity (5.80%)
and moderate unit weight (24.04 kN/m?).

Water absorption is an important parameter that affects the
durability of rock material. It is the difference between the
weight of a sample when it is dry and when it is completely
submerged in water. This test was performed to measure the
amount of water that rock can absorb under a certain
pressure in a vacuum vessel, and the results are expressed
as percentages. The test was conducted using the
procedures suggested by RILEM [15]. During the test,
water absorptions by weight and volume were determined
for the samples collected from the downstream and
upstream sections of the bridge. The water absorptions by
weight and by volume of the DS lie between 11.53%-
14.07% and 17.34%-20.72%, respectively. The average
water absorption by weight and volume values for this
sample group are 12.44% and 19.12%, respectively. The
water absorption by weight and volume of the US are in the
range of 1.02% to 4.65% and 1.96% to 8.73%,
respectively. The average water absorption by weight and
volume results for this sample group are measured as
2.42% and 4.98%, respectively.

As a non-destructive test method, Sonic velocity is a
parameter used to evaluate rock materials in terms of their
elasticity, anisotropy, degree of fissuring, porosity and state
of deterioration. Moreover, this test can monitor rock
material's degradation mechanisms under such different
cyclic loads as wetting and drying, freezing and thawing,
and salt crystallization. The sonic velocity measurements of
the samples collected from the different sections of the
bridge were carried out according to the recommendations
of ISRM [14].

Table 1. Chemical composition (wt%) of the samples (downstream and upstream sections) determined by XRF

Oxides
AlO; CaO Fe:0:3 K:O MgO MnO NaO P20s SiO2 TiOz2 Lol
Downstream Section Sample
0.2 31.8 0.1 <01 197 <01 0.2 <01 06 <01 46.95
Upstream Section Sample
0.2 54.7 0.1 <01 04 <01 01 0.1 0.4 <0.1 43.70
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Based on the measurements, the dry sonic velocity of the
DS ranges from 2625.39 to 3182.42 m/sec., with an average
of 2914.82 m/s. In contrast, the saturated sonic velocity of
this sample group is between 2356.40 and 2946.55 m/s,
with an average of 2691 m/s. Sonic velocity measurements
of the US for the dry condition range from 4302.5 to 5060.4
m/s, with an average of 4743.61 m/s, ranging from 4454.87
and 5202 m/s, with an average of 4877.55 m/s for saturated
condition. Based on the rock classification for the sonic
velocity of the rock materials proposed by Anon [16], the
DS is classified as having "low" sonic velocity for both dry
and saturated states. On the other hand, the same
classification groups the US in the "high" sonic velocity
category. Compressive strength is another important
parameter to characterize the material. The average UCS
values of the samples collected from the downstream and
the upstream sections were measured as 25.21 and 59.93
MPa, respectively. It is inferred from the experimental
results that the UCS of the DS was approximately 60
percent lower than the US. According to the rock
classification for the strength of rocks proposed by Anon
[16] and BSI [17], the downstream and the upstream section
samples are classified as "moderately strong" and "strong",
respectively.

Experimental studies show that the physicomechanical
behaviour of these two stones is quite different. According
to the results, the porosity of DS is roughly five times higher
than that of the US, and this situation corresponds to a
similar path in hygric values. It is found that the average
water absorption values indicate that the stone employed in
the upstream section has an approximately 80 percent lower
water absorption than that employed in the downstream
section. DS's higher water absorption capacity means it can
absorb more water than the US. Since the porosity and fluid
content of porous rocks significantly impact their acoustic
velocities, rocks with lower porosities exhibit a distinct
linear relationship between the porosity and the ultrasonic
wave velocities [18]. These two stones exhibit significant
variances in dry and saturated sonic wave velocities. The
findings suggest that the material's decay can describe the
DS's "low" wave velocity.

DS are classified as having a "low" sonic velocity compared
to the US. In addition to water content and porosity, it is
thought that a weathering-related decrease in the cohesion
and elastic coupling between the dolomite calcite crystals
also impacts this situation [18]. The compressive strength
also verifies the variations of the investigated samples. It
can be followed through Table 2 that the compressive
strength of the US is more than two times higher than that
of the DS.

According to the test results outlined above, the material
used in the upstream section is considerably more durable,
especially in terms of water absorption, porosity, and
mechanical strength, than the material used in the
downstream section. Although the stones in both sections
seem relatively durable, it was observed that the crack
development and the surface abrasions were more evident
in the downstream section. The petrographic and
physicomechanical variations between the materials used in
different sections of the bridge pier indicate that this choice
of material was not decided by chance. Bridges are
susceptible hydraulic structures to flow-induced impacts. It
is known that the flow regime significantly impacts the
upstream section of the bridges and may damage the
bridge's elements [19]. Construction of cutwater structures
at the upstream section of the bridge piers is a common
practice today as a countermeasure for such impacts.
Cutwaters can be described as wedge-shaped bridge
foundations. The primary objectives of the cutwaters are to
(i) prevent the local erosion that might result in scour holes,
(ii) reduce the impact of the flow pressure, (iii) control
potential damages induced by floods and deflect tree roots
and flood debris [20-23].

To construct such a structure, choosing a material with low
water absorption and high strength is essential. The results
obtained within this study's scope revealed that the stone
material selection in the cutwater/upstream section of the
Perpira bridge resulted from an engineering experience. In
addition, it reflects the optimization; with the limited
sources, they effectively employed the locally available
material. Without knowledge of the material performance,
it cannot be applied to such a unique and critical
engineering project of that time.

Table 2. Physicomechanical properties of the samples (downstream and upstream sections) based on the experimental

Test Results (Mean+SD")
Downstream Section (DS)  Upstream Section (US)

studies
. Number of
Properties Tested Samples
Dry unit weight (kN/m?) 15/15
Saturated unit weight (KN/m?3) 15/15
Effective porosity (%) 15/15
Water absorption by weight (%) 15/15
Water absorption by volume (%) 15/15
Dry sonic velocity (m/s) 15/15
Saturated sonic velocity (m/s) 15/15
Uniaxial compressive strength (MPa) 10/10

20.03+0.30 24.04+1.89
22.52+0.22 24.61+1.81
25.38+0.89 5.80+2.50
12.4440.63 2.42+1.11
19.12+1.01 4.98+1.96
2914.82+119.91 4743.61£197.04
2691.0+130.68 4877.55+205.47
25.2149.13 59.93+22.81

+: Standard Deviation
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Conclusions

Perpira is a stone bridge recently was recently
discovered in a collapsed state. It is currently in ruins for
uncertain reasons. Except for the limited number of
archaeological and surface surveys carried out within the
study area, written sources about the Perpira bridge are
scarce; therefore, the story of its construction remains a
mystery. The foundation piers and some flooring
connecting the piers are the only remaining parts of this
bridge. This study aims to evaluate the lithological and
physical characteristics of the stones used in different
sections of the remaining parts. The site observations and
laboratory studies indicate that the stones used in the
bridge's downstream and upstream (cutwater) sections
exhibit  different  petrographic, geochemical and
physicomechanical properties. Dolomite is the stone
employed in the downstream section, and limestone is the
stone used to construct the upstream section. The
preliminary findings suggest that while the material used in
the upstream section is suitable for such structures
constantly in contact with water, the material used in the
downstream section is not suitable. It is assumed that the
lack of local availability of the upstream section stone in the
region limited its use in both sections of the bridge pier.
Engineers and architects were therefore forced to make
decisions regarding the most effective use of resources.
Additionally, the results emphasize some critical remarks
that even ruined artefacts provide valuable knowledge
regarding ancient times' material application practices.
Therefore, preserving these structures is necessary for
maintaining their stability and understanding historical
material use patterns.

Here it is important to note that these findings, obtained
within the scope of this study, were based on the
examination of samples collected from a single bridge pier.
Due to ongoing conservation works, it was unable to collect
sufficient samples to confirm whether this unique material
application is replicated at other piers. In the near future, the
continuation of this situation will be questioned through a
systematic sampling from the other piers of the bridge.
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Kil igerikli zeminler diisiik mukavemetinden dolayi, ayni
zamanda sikisa bilirliginin yiliksek olmasi nedeniyle ile fazla
oturma egilimindedir. Bu durum stabilite problemlerine
sebebiyet verir. Killi zemin igerisine yerlestirilen kum
kolonlar yumusgak killi zeminlerde oturmayi azaltmak,
tagima kapasitesini arttirmak ve killi zeminin konsolidasyon
siirecini hizlandirmak i¢in uygulanan zemin iyilestirme
yontemlerdendir. Bu c¢alisma, Killi zemin igerisine
yerlestirilen kum kaziklarm yiik altindaki oturma davranisini
ve zemin igerisine yerlestirilen kum kaziklarin davranigini
aragtirmak amaci ile yapilmistir. Yapilan galismalar sonlu
elemanlar analiz yontemi olan PLAXIS v 8-2D ile
modellenerek yapilmistir.

Literatiirde, kil igerikli zemin igerisine kum kaziklar
yerlestirip, analizler, deneysel c¢alismalar ve analitik
yontemler ile incelemeler yapilan ¢alismalar mevcuttur. Killi
zemin igerisine yerlestirilen kum kolonlar1 ile yapilan bir
caligmada; geosentetik ile gii¢clendirilmis kum kolonlarmin
yumusak zeminlerdeki performansmin incelenmesini
amaclanmistir [1]. Diger bir calismada kolonlar, insaat
kalintisi, tas ve kum olmak {izere farkli sekilde
modellenmistir. Geogrid kolon igerisine yatay olarak
yerlestirilmis ve kolonlarin dis yiizeyi ise geotekstil ile
kaplanmigtir. Kaplamada ti¢ gesit geotekstil kullanilmistir.
Modelleme i¢in sonlu elemanlar metodu, biyiik olgekli
labaratuvar testleri ve sayisal analizler kullanilmistir.
Yapilan simiilasyonlar sonucunda geosentetik ile kaplanan
kum kolonlarmin, kolonun performansini arttirdigi ve
zeminde kaplamanin roliinin biiylk ©6nem tasidigini
gostermektedir. Ayrica insaat kalintis1 ve tagin, kum kolonlar
ile kiyaslandiginda daha fazla yiik tagima kapasitesine sahip
oldugu sonucuna varilmistir. Elde edilen verilere gore
sayisal analiz sonuglar1 ve testlerden elde edilen veriler
uyum icerisindedir. Baska bir calismada, yumusak killi
zeminlerde yiik tasima kapasitesini arttirmak igin etkili bir
teknik olarak grantl kaziklar benimsenmistir. Graniil
kaziklart incelemek adina gesitli arastirma makalelerinde
yayinlanan, laboratuvar model testlerini, saha caligmalarini,
sayisal analizleri ve analitik yaklagimlari veri saglamak
amaciyla bir araya getirerek sunulmustur [2].

Yumusak kil zemin igerisine yerlestirilen tek bir kolonun
performansini incelemek adina yumusak killi zemin igerisine
yerlestirilen kum kolon laboratuvarda gerceklestirilen
deneysel testler, sayisal analiz sonuglar1 ve analitik sonuglar
ile karsilastirnlmistir [3]. Yapilan baska bir ¢alisma igin bir
dizi test uygulanmig sonuglarda ise, geosentetik kaplama
sertliginin, geosentetik kaplamali bir kum kolonunun
siskinlik mesafesini bliyiik Olciide etkiledigini gostermistir.
Bu calismada, ti¢ boyutlu ve iki boyutlu analizler yapilmustir.
Ug boyutlu analizler dolgu tabakasi altinda dikdértgen serit
modellenerek yapilmistir. Iki boyutlu analizler ise birim
hiicre modeli ve gerini yaklasimlar1 ile modellenerek
yaptlmistir. Caligmada graniil kolonlar1 modellemek igin
sertlik modiili 95 kN/m ve 1750 kN/m olan geotekstil
malzeme kullanilmistir. Yeralti su seviyesi ise dolgu
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tabakasimin altinda bulunmaktadir. Simiilasyonlar PLAXIS
3D ve PLAXIS 2D ile gergeklestirilmistir. Graniil kolonlarin
modellenmesi i¢in Mohr-Coulomb Model kullanilmustir.
Calismanin  sonucunda birim hiicre modelinin dolgu
tabakasindaki oturmay1 tahmin etmek ve ayrica gerilmeleri
belirlemek i¢in uygun olmadigina karar verilmistir [4]. Diger
bir ¢alismada, yumusak killi zeminlerde yanal gevreleme
basimncindan dolayr graniil kolonlarmm geosentetik ile
kaplanmas1 sonucu olusan performansin degerlendirilmesini
amagclamustir. incelemeleri asamasinda ABAQUS programi
kullaniimistir. ABAQUS programi kullanilarak geosentetik
kapli kolonlar1 ve kaplamasiz kolonlar1 simiile etmek igin
sonlu elemanlar analizi yapilmistir. Kolonlar Mohr-
Coulomb Model, killi zemin Modife Cam Clay, geosentetik
ise Lineer Elastik Model kullanilarak modellenmistir. Analiz
sonuglarinda kolonlar1 geosentetik ile kaplamanin biiyiik
oranda gerilme ve oturma davranismi iyilestirdigi
goriilmistir [5]. Khan vd. (2016) yaptig1 ¢alismada L/D
oranlar1 4-5,5-7 olan kum kolonlarinin yumusak killi zemin
igerisindeki performanslarini ve etkilerini degerlendirmek
amaci ile teorik ve deneysel aragtirmalar yapmistir [6].
Zemin igerisine graniil ve kire¢ kolonlar yerlestirilmistir.
Elde edilen sonuglara gore diisiik kesme dayanimima sahip
zeminler i¢in graniil kaziklarin kire¢ kaziklara gore
dayaniminin daha yiiksek olduguna fakat yiiksek kesme
dayanimina sahip zeminlerde ise kire¢ kolonlarn graniil
kaziklara gore daha fazla dayanim gosterdigi sonucuna
ulagilmigtir. FLAC 3-D yazilimi kullanilarak yapilan
yumusak zeminlerde geosentetik ile kaplamali ve
kaplamasiz kum kolonlarinin yanal yiik tagima kapasitesinin
degerlendirilmesinde 50 mm ve 100 mm ¢aplarda kolon, ii¢
farl (tek, tiggen, kare) diizenleme modeli seklinde tek ve
grup etkisini incelemek igin modellenmistir. Sayisal
analizler 15, 30, 45, 75 kPa ¢evre basinglarinda
gerceklestirilen ¢evre basinglarinda yapilmistir.  Sayisal
analiz sonuglarina gore normal basingtaki artis ile birlikte
kesme gerilmesinin de biytlikligiinde artis oldugu
goriilmektedir [7]. Kaplama malzemesi olarak geosentetik
kullanilan yumusak zeminde geosentetik kaplamali ve
kaplamasiz kum kolonlarmin yanal yik kapasitesi
iizerindeki etkisi arastirilmistir. Geosentetik kaplamali ve
kaplamasiz kum kolonlart {izerinde kesme deneyi
yaptlmigtir. Calisma 15 kPa ve 75 kPa araliginda farkli
basinglar uygulanarak yapilmigtir. Kolon ¢aplari 100 mm ve
50 mm dir. Ug farkli diizenleme modeli kullanilmustir.
Geosentetik kaplamali tek kolon, grup etkisinin arastirtlmast
icin ise i¢gen seklinde tiglii kolon ve kare seklinde dort
kolon seklinde modellenerek testler gergeklestirilmistir.
Kaplama malzemesi olarak geotekstil kullanilmistir. Deney
sonug¢larindan sonra kaplamanin etkisinin anlasilmasi igin
kesme mukavemetindeki artis acisindan tartisilmistir.
Geotekstil kaplamanin  kum kolonlarinin  yanal yiik
kapasitesini arttirdign  gorilmiistiir. Ayrica gesentetik ile
kaplt kum kolonlar1 ve kaplamasiz kolonlarda goriilen
kirilmalarda tartisilmistir [8]. Orekanti ve Dommaraju
(2019) calismasinda yumusak killi zeminlerin su ile
etkilesim halinde iken hacimsel olarak degismesine karst
¢ozlim olarak graniil kaziklarin kullanilmasinin uygun
oldugunu fakat killi zeminler igerisinde graniil kolonlarin
sisme egiliminden dolay1 geosentetik ile kaplanmasi
gerektigini soylemistir [9]. Bu ¢aligmada geotekstil kaplama
ve yanal donati kombinasyonu varliginda graniil kaziklarm
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basma testleri altindaki tepkisi arastirilmistir. Test
sonuclarina gore geotekstil ile kaplanmis kaziklarin yiik
tasima kapasitesinin, geotekstil ile kaplanmamis duruma
gore 2,44 kat kadar artis oldugu gozlemlenmistir.
Literatiirdeki baska bir ¢aligmada da yumusak killi zemine
yerlestirilen graniiler kolonlarin yiik- oturma davranisi ve
siskinlik ~ Ozelliklerini  deneysel ¢alisma  sonucunda
aragtirmaktir. Graniiler kolonlar farkli boyutlarda bes ¢esit
agrega kullanilarak modellenmistir. Yapilan test sonuglarina
gore agrega boyutlar kiigiildiikge yiik tasima kapasitesinin
arttig1 gorillmiistiir. Agrega boyutlarina gore ve sikistirilmis
veya gevsek olma durumlarina baglh olarak nihai yiik tasima
kapasitesindeki artis %106 ile %210 arasinda degistigi
gorilmiistiir. Calismasinda bir dizi test uygulayarak yiik
tasima kapasitesinde artis oldugunu gosteren c¢aligmalar
mevcuttur  [10]. Aymi  sekilde yumusak zeminleri
giiclendirmek amaci ile kullanilan kum kaziklarinin, zemin
icerisindeki etkilerine arastirmak i¢in yapilan baska bir
calismada da  kiigiik  Ol¢ekli laboratuvar testleri
gergeklestirilmigtir. Laboratuvar testleri D: 37 mm c¢aplt
kaziklar tlzerinde gergeklestirilmisti. Kum kolonlar ile
gliclendirilmis zeminin o&zellikleri, takviyesiz zemin ile
kargilagtirtlmis  olup ve kaziklar arasindaki mesafe
degistirilerek grup etkisi aragtirtlmigtir. Sonug olarak kum
kolonlarinmn  killi  zeminde, zemini iyilestirdigi
gozlemlenmistir. Ayn1 zamanda kaziklar arasi ara mesafenin
artmast halinde grup verimliliginin diistiigii gozlemlenmistir.
S/D orani 2’nin, S/D orani 3’e gore yiik tasima kapasitesinin
yiiksek oldugu goriilmiistir [11]. Bu g¢alismanin amaci,
diisik mukavemete sahip, yiiksek sikisabilirlik 6zelligi olan
ve sigsme sorunlari gorilen yumusak killi zeminlerde
oturmay1 azaltmak ve zemini iyilestirmek (giiclendirmek)
adina uygulanan geosentetik takviyeli kum kaziklarmin
(kolon) performansinin degerlendirilmesidir. Bu ¢aligmanin
sirdiiriilebilirligi  agisindan  zemin  igerisine  ¢esitli
uzunluk/cap oranlarina sahip geosentetik donati ile
giiclendirilen kum kaziklar1 takviye edilmis, farkli yiikler
altindaki, oturma (diisey yer degistirme) performanslari
incelenmistir.

II. SONLU
YONTEMIi

ELEMANLAR  ANALIiZ

A. Sonlu Elemanlar Yontemi

Miihendislik problemlerinin ¢dziimlenmesi i¢in gelistirilen
ve diferansiyel denklemlerle ifade edilen sayisal bir
yontemdir. Sonlu elemanlar yontemini avantajlari,

e  Hizlhidir.

e Bir¢ok problem i¢in uygulanabilir.

e Kompleks durumlar i¢in kullanilabilir.

e Sekil degistirme, gerilme ve konsolidasyonu
zamana bagli olarak degerlendirilmesini saglar
[12].

B. PLAXIS

Geoteknik projelerinin tasarimi sirasinda ihtiya¢ duyulan
zemin yapt etkilesimi, gerilme sekil degistirme,
konsilidasyon, tagima giicli, stabilite analizleri, zemin
dinamigi gibi konularin incelenmesini ve ¢éziimlenmesini
saglayan programdir [12].
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1. PLAXIS’te Zemin Modelleme Yontemleri
a. Mohr-Coulomb Zemin Modeli

Mohr-Coulomb zemin modeli, miikemmel bir lineer elastik-
plastik bir zemin modelidir. Bu model basitligi nedeni ile
diger modellemelere gore daha ¢ok uygulamaya sahiptir. Bes
girdi parametresi vardir. Mohr-Coulomb zemin modeli
mukavemet parametrelerine (Kohezyon, igsel siirtiinme
acis1) baghdir [13].

b. Peklesen zemin Modeli

Peklesen zemin modeli igin {i¢ ¢esit sertlik tanimlanir.
Bunlar ti¢ eksenli yiikleme rijitligi, ii¢ eksenli yiik-bosaltma
rijitli, O6dometre yiikleme riji dir.  Zeminin
sertlesmesinden dolay1 kaynaklanan yumusamayi hesaba
katmadan analiz yapar [14].

€.  Yumusak zemin Modeli

Yumusak zemin modeli yumusak zeminlerin davranigini
modelleyen bir yontemdir [14].Yumusak zemin modeli,
hacimsel gerinim ile hacimsel gerilim arasinda logaritmik bir
iliski oldugunu varsayar. Bu zemin modeli killi zeminlerde
toprak malzemenin sikisa bilirligini tahmin edebilir [15].Bu
model kil zeminlerin sikistirilmasinda kullanilan ayni
zamanda, elastik zemin davranisii 6ngiiren bir modeldir
[14].

d. Geogrid Modellemesi

Kumas veya 1zgara tabakasindan olusan ve esnek olan
elemanlardir. Veri girislerindeki en Onemli parametre
eksenel rijitlik, EA’dir. Eksenel rijitlik ise birim genisligin
eksenel kuvvetin ve eksenel gerinmenin oranini ifade eder
[14].

III. MATERYAL VE YONTEM

Zemin dolgu ve yiiksek- plastisiteli kil (CH) olan iki
tabakadan olusmustur. Bu ¢alismada kullanilan Killi zemin
parametreleri Istanbul ili, Zeytinburnu Ilcesi'nde zemin
etiidii sonuglarindan temin edilen geoteknik raporlardan
alinmistir. Ayn1 sekilde dolgu tabakasi ise Istanbul Ili,
Bagcilar Ilgesinin zemin etiit raporu sonucu geoteknik
raporlardan temin edilmistir. Zemin profilleri Sekil 1°de
gosterilmistir. Bu sekilde Yer Alt1 Su Seviyesi (YASS) her
durum i¢in gosterilmistir.

DOLGU /g

YASS: Yok

(Y Yuksek plastisitell
kil
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DOLGU

kil

YASS=1m

(CH Yuksek plastisiteli

DQucu

5

kil

YASS: Yok

(©9 Yuksek plastisiteli

Doycgu

kil

YASS!
(©9 Yuksek plastisiteli

Yok

DOLEU

kil

YASS=1m
Yuksek plastisiteli

Sekil 1: Caligmada Kullanilan Zemin Modelleri

Killi zemin i¢in modelleme parametreleri

gosterilmistir.

Tablo1’te

Tablol: Killi zemin parametreleri

Malzeme Yiiksek-Plastisiteli Kil
(CH)

Zemin Modeli Cam-Clay Model

Drenaj Durumu Drenajsiz

Kuru Birim Hacim Agirlik | 14,65

(KN/m3)

Doygun Birim Hacim 18,55

Agirhik (kN/m®)

Permabilite kx (m/giin) 19,44x10

ky (m/giin) 19,44x10°

Elastisite Modiili E -

(KN/m2)

Eso (KN/m?) 20800

Eoed (KN/m?) 20800
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Eur (KN/m?) 62400

Poisson Oram 0,30

Efektif I¢sel Siirtiinme 11,95

Acisi

Kohezyon (kN/m?) C 45

Genlesme Agis1 y 0

v/our 0,2

Ref. Gerilme kKN/m?(p'®") 100

Sikisma Indisi 0,080809

Sisme Indisi 0,01616
Zeminde dolgu kisim  igin  permabilite  degeri

102cm/sn (86,4 m/giin) olarak almmustir [15]. Bu ¢alismada
kapsaminda kullanilan dolgu katman parametreleri Tablo
2’de verilmistir.

Tablo 2: Dolgu Parametreleri

Tamm Dolgu
Zemin Modeli Peklesen zeminModel
Drenaj Durumu Drenajsiz
Kuru Birim Hacim 15,00
Agirlik(kN/m®)
Doygun Birim Hacim 15,00
Agirlik(kN/m®)
Permabilitekx(m/giin) 86,4
ky (m/giin) 86,4
Elastisite Modiilii E (kg/cm?) | 100
Eso (KN/m?) 9806,65
Eoea(KN/m?) 9806,65
Eur(kKN/m?) 29419,95
Poisson Orani 0,41
Efektif i¢sel siirtlinme agis1 20
Kohezyon (kN/m?) C 4,9
Genlesme agis1 0
V/Vur 0,2
Ref. gerilmekN/m?(p'") 100
Bu c¢alismada kullanilan kum SP smifi  (koti

derecelendirilmis) dir. Kum i¢in kuru birim hacim agirlik,
15,5 kN/m® [16], elastisite modiilii; 80000 kN/m? [17],
kohezyon; 1,96 kN/m? [18], permabilite 8,64 m/giin [19]
parametreleri kullanilmistir. Tablo 3’te kum kazik
modelleme i¢in parametreler verilmistir. Kum kaziklar
Mohr-Coulomb model ile drenajli olarak modellenmistir. Bu
calismada modellenen sistemde tek bir kazik ve (liglii) grup
kazik olusturulmus, lizerine 578 kN/m? diizgiin yayih yiik ile
yiikleme yapilmustir.

Tablo 3: Kum Kazik Parametreleri

Ozellikler Deger
Zemin Modeli Mohr - Coulomb
Drenaj Durumu Drenajli
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Kuru Birim Hacim Agirhik 15,5
(KN/m?3)

Doygun Birim Hacim 18,0
Agirlik (KN/m?®)

Kohezyon C (kN/m?) 1,96
Elastisite Modiilii (KN/m?) 80000
Poisson orani 0,3
I¢sel siirtiinme ag1s1 30
Genlesme agis1 y 1
Permabilitekx (m/giin) 8,64
Permabiliteky (m/giin) 8,64

Arastirmada kum kaziklar arasindaki mesafe “S”, ile ifade
edilirken, kum kaziginin ¢ap1 ise “D” ile ifade edilir. Ayni
sekilde L/D ise kum kazik i¢in (uzunluk/cap) oranidir ve
olugturulan modellemeler Tablo 4’te gosterilmistir.

Tablo 4: Kum Kaziklarin Modellenmesi

Model Uzunluk (L) | Cap(D) L/D | Aralik (S)
(cm) (cm) (m)
Modell | 800 80 10 | S1=2 S;=4
Model 2 | 300 35 8,57 | S1=2 S,=4
Model 3 | 400 70 571 | $1=2 S=4

Oturmanin en az oldugu durum i¢in kum kaziklar elastik
rijitligi 1200 kN/m [20] olan geotekstil donat1 ile tek sira
kaplanarak modellenmis ve PLAXIS sonlu elemanlar
yontemi ile analizleri yapilmistir.

Caligma kapsaminda PLAXIS 2-D ile yapilan analiz
calismalar1 agagida Sekil 2’de gosterilmistir.

Deformed Mesh
Extreme fotel ¢ sp acement 34,06°10 I m

Vertical displacements (Uy)
Exireme Uy 34,05°10 Im

fc sp acements scz ed up 20,00 tres)

(@) (b)
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Deformed Mesh
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Deformed Mesh
Extreme tofel c sp 2cement 20,37°10 3 m

)

Vertical displacements (Uy)
63,92%103m

Extreme Uy {c sp 2cements scz ed Lp 20,00 tres)

(e) ()
Sekil 2: En diisiik yer degistirme verileri; (a-b) L/D aralig1
8,75 olan en iyi durum igin tek kazigin diisey

yer degistirme ve deformasyon analizi, (c-d) suya doygun
zeminin kaziksiz durumda iken diisey yer degistirme analizi,
(e-f) L/D 8,75, kazik aralig1 4m olan grup kaziklarin diisey
yer degistirme ve deformasyon analizi.

IV. SONUC VE DEGERLENDIiRME

Istanbul’un farkli ilgelerinde yapilmis olan zemin etiidii
raporlart sonucu geoteknik raporlardan temin edilen
parametreler kullanilarak, zemindeki tasima kapasitesi ve
killi zemin igerisine yerlestirilen kum kaziklarim
performans degerlendirmesi sonlu elemanlar yontemi
PLAXIS 2D ile yapilmistir. Suya doygun killi zemin i¢in en
diisiik oturma degeri kaziklar aras1 mesafenin 4 m oldugu
L/D oraninin 8,57 oldugu 69,92 mm dir. Diger analiz
sonuglart Tablo 5’de verilmistir. Kuru zemin i¢in en diisiik
oturma degeri 34,05 mm’dir. Kuru zemin igin ise analiz
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sonuglart

Tablo 6’da verilmistir. Cikan sonucglar ve

degerlendirmeler asagida gosterilmistir.

Yeralt1 su seviyesi 1 m’de ve kaziksiz halde iken
zeminde oturma 105,60 mm’dir. Zemin igerisine
tek kazik yerlestirildigi durumda iken zemindeki
oturma L/D orani 10 iken 85,27 mm, L/D oram 8,57
iken 73,40 mm, L/D oram1 5,71 iken 74,05 mm’dir.
Yeralti su seviyesi 1m’de ve kaziklar arasi
mesafenin 2 m oldugu icli kazik (grup kazik)
durumda zemindeki oturma L/D orami 10 iken

91,75mm, L/D orant 8,57 iken 71,80mm ve L/D
orani 5,71 iken 72,68 mm’dir.

Yeralt1 su seviyesi 1m’de, kaziklar aras1 mesafenin
4m oldugu ticlii kazik (grup kazik) oldugu durumda
zemindeki oturma, L/D orani 10 iken 90,28 mm,
L/D oram 8,57 iken 71,51mm ve L/D oram 5,71
iken 72,10 mm’ dir.

Bu veriler neticesinde yeralti su seviyesinin 1m
oldugu durumda (doygun) halde en iyi zemin diisey
yer degistirme L/D oranmin 8,57, kaziklar arasi

mesafenin 4m oldugu durumdur.

Tablo5: Suya doygun yiiksek plastik kil igerikli zeminin 578 kPa yiik altinda analiz sonuglar1 (YASS=1 m)

Durum TEKIL KAZIK UCLU KAZIK
ARA MESAFE (S:2m) ARA MESAFE (S:4m)
UZUNLUK/CAP (L/D) UZUNLUK/CAP (L/D) UZUNLUK/CAP (L/D)
10 8,57 571 10 8,57 571 10 8,57 571
Efektif Gerilme (kN/m?) | 515,81 | 510,02 | 512,52 | 519,42 | 509,46 | 513,11 | 515,04 | 508,97 | 512,91
Diisey Yer Degistirme | 85,27 73,40 74,05 91,75 71,80 72,68 90,28 69,92 72,10
(m) x10
Kayma Deformasyonu | 3,92 4,46 2,63 3,65 4,41 2,28 2,65 4,34 19
(%)
Toplam Gerilme | 944,01 | 944,56 | 944,39 | 943,83 | 944,37 | 944,23 | 943,72 | 944,37 | 944,15
(KN/m?)
Deforme Olmus Ag (m) | 85,64 73,40 74,57 91,16 72,64 73,35 90,70 70,37 71,81
x1073
Tablo 6: Kuru yiiksek plastik kil i¢erikli zeminin 578 kPa yiik altinda analiz sonuglar
Durum TEKIL KAZIK UCLU KAZIK
ARA MESAFE (S:2m) ARA MESAFE (S:4m)
UZUNLUK/CAP (L/D) UZUNLUK/CAP (L/D) UZUNLUK/CAP (L/D)
10 8,57 571 10 8,57 571 10 8,57 571
Efektif Gerilme (kN/m?) | 510,89 | 508,99 | 509,26 | 507,27 | 509,07 | 506,8 | -507 508,65 | 507,83
Diisey Yer Degistirme | 39,78 34,03 35,99 4421 34,67 37,41 42,97 33,97 36,94
(m) x108
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Kayma Deformasyonu | 1040 749,93 | 720,77
(%)
Toplam Gerilme | 640,33 | 603,14 | 681,16
(KN/m?)
Deforme Olmus Ag (m) | 39,78 34,03 35,99
x10°3

707,03

677,94

44,21

663,30 | 597,78 | 635,89 | 698,98 | 594,74

630,25 | 675,7 662,71 | 610,56 | 674,05

34,67 37,41 42,97 33,97 36,94

e Bu sonuglar neticesinde killi zemin igerisine L/D
oran1 8,57 olan tek kazik yerlestirildiginde
kaziksiz duruma goére zemindeki diisey yer
degistirme %30,49 azalma gostermistir. Ayrica
L/D oranmi 8,57 i¢in kaziklar aras1 mesafenin 2 m
oldugu ti¢ kazik (grup kazik) halinde zemindeki
diisey yer degistirme, kaziksiz duruma gore %32
azalma gostermistir. L/D oran1 8,57 i¢in kaziklar
aras1 mesafenin 4m oldugu ii¢ kazik (grup kazik)
durumunda ise kaziksiz duruma gore zemindeki
diisey yer degistirme %33 tiir.

e Killi zeminin kuru oldugu ayni kosullar altinda
zemin igerisine tek kazik yerlestirildigi durumda
iken zemindeki diisey yer degistirme L/D oran1 10
iken 39,78 mm, L/D orami 8,57 iken 34,03 mm,
L/D oram 5,71 iken 35,99 mm’dir.

e Yeralt1 su seviyesinin olmadig1 ve kaziklar arasi
mesafenin 2 m oldugu iicli kazik (grup kazik)
durumda zemindeki oturma L/D orani 10 iken
44 21mm, L/D oram 8,57 iken 34,67 mm ve L/D
orani 5,71 iken 37,41 mm’dir.

e Yeralt1 su seviyesinin olmadigi kuru zemin igin,
kaziklar arast mesafenin 4m oldugu Ggli kazik
(grup kazik) oldugu durumda zemindeki oturma,
L/D oram 10 iken 42,97 mm, L/D oram 8,57 iken
34,28 mm ve L/D orami 5,71 iken 36,94 mm’ dir.

e Killi zeminin kuru oldugu (yeralt1 su seviyesinin
olmadig1l) durum i¢in zeminde en iyi diisey yer

TESEKKURLER

Bu ¢alisma kapsaminda yapilan analizlerde kullanilan bazi
parametreler Tiinges Mithendislik firmasindan temin edilen
geoteknik rapor sonuclarindan elde edilmistir. Ilgili firmaya
yardimlarindan dolay1 tesekkiir ederiz.

V. KAYNAKLAR

[1]1 Alkhorshid, N.R,“Analysis of Geosynthetic
Encased Columns in Very Soft Soil”. Tese de
Doutorado, Publicacdo G.TD-133/17, Departamento
de Engenharia Civil e Ambiental, Universidade de
Brasilia, Brasilia, DF,128 p., 2017

[2] Hasan, M. “Analytical methods for predicting
load-carrying capacity of granular piles-A
Review”7th Indian Young Geotechnical Engineers
Conference,2019.

[3] Hong, Y. S., Wu, C. S., Kou, C. M., & Chang, C.
H. “A numerical analysis of a fully penetrate encased

729

degistirme L/D orani 8,57 olan zemin igerisine
yerlestirilen tek kazik oldugu durumdur.

Killi zeminlerde diisey yer degistirme zemin kuru
halde iken, zeminin suya doygun haline gére daha
azdir.

Zemin kuru halde iken tekil kazik, kaziklar arasin
mesafenin 2m oldugu durum ve kaziklar arasi
mesafenin 4m oldugu durum i¢in tiim diisey yer
degistirme degerleri birbirine ¢ok yakindir.

Suyun olmadigi (kuru) killi zemindeki L/D orani
8,57 olan tek kazik durumu icin disey yer
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8,57 olan ve kaziklar arasi mesafenin 4m oldugu
en iyi durumdaki tgli (grup) kaziktaki yer
degistirmeye gore, yaklasik %51 daha iyidir.
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duruma goére daha azdir. Daha iyi sonug
gostermistir.
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Izmit Korfez Gegis Kopriisii (Osman Gazi Kopriisii) Hersek Burnu ayagi kuru
havuz insaatinda zemin ve jeoteknik tasarim parametrelerinin korelasyon
yontemleriyle belirlenmesi sonucu karsilasilan sorunlar

Problems encountered as a result of the determination of soil and geotechnical design
parameters by correlation methods in the construction of the Izmit Bay Crossing
Bridge (Osman Gazi Bridge) Hersek foot dry dock construction
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MAKALE BILGILERI Oz

Makale Gegmist: [zmit Korfez Gegis Kopriisii Projesi’nde koprii keson temellerine ait insaat islerinin % 70’lik kism1 22.820 m?
alana sahip kuru havuzda yapilmustir. - 7.50 metre derinlige sahip kuru havuzun, ¢alisma platformu imkani
saglayan cevre deniz dolgusu, susuzlastirma ve kazi sev stabilite amagl palplanslarin ¢akilmasi, havuz dis1 kaya
korumasi, havuz i¢i kazis1 asamalariyla insa edilmistir. Miihendislik jeolojisi ¢alismalar: ile belirlenen zemin
parametreleri kullanilarak hazirlanan kuru havuz tasariminda karaya paralel taraf (dogu yonii) palplanslart 12.00
m ve diger ii¢ kuzey, bat1 ve giiney taraflar1 18.00 m olarak hesaplanmustir. Ancak Ingiltere merkezli kontrol
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firmasi, tasarimda kullanilan yerel zemin parametre degerlerini ¢ok yiiksek olarak yorumlamistir. Yorumlara
paralel hazirlanan ve korelasyonlarla belirlenen jeoteknik parametrelere gore tasarim revizyonu ile palplans boylari
16.00 ile 24.00 metre olarak belirlenmistir. Bu yeni tasarima gore yapilan palplans ¢akim uygulamasi planlanan ve
karsilagilan sorunlarin ¢6ziimii igin bilinen tiim ilave uygulama yontemlerinin devreye sokulmasima karsin, proje
sonunda 24.00 metre olarak cakilmasi planlanan palplanglarmn ¢akim derinligi en fazla 20.37 metre olarak
gergeklesmistir. Zaman ve ilave yontemlerden kaynakli insaat maliyeti artarken yaklagik 1900 metre palplans
zayiat1 olmustur. Miihendislik jeolojisi modeli ve ozellikle kil tabakasmnin mekanik dayaniminin tekrar teyitti
amaciyla, 5 adet ilave zemin aragtirma sondaji yapilmistir. Sondaj verilerinin degerlendirilmesi sonucunda, ilk
tasarimin ve bu tasarimda belirlenen palplang boylarmm yeterli oldugu, 18.00 metreden daha derindeki kil
tabakasinin jeoteknik parametrelerinin palplans gakimina uygun olmadig: tespit edilmistir. Miihendislik yapilarinin
tasariminda standartlagtirllmis veya korelasyona dayali zemin parametrelerinden ziyade yerinde zemin
aragtirmalarma dayali zemin ve jeoteknik tasarim parametrelerinin belirlenmesi ve kullanilmasi yap1 giivenligi,
zaman ve mali kayiplarin yasanma olasiligini ve riskini bu mekte de oldugu gibi azaltmaktadir.

Anahtar Kelimeler:

Kil, palplans, kuru havuz, zemin
parametreleri, susuzlastirma.
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In the 1zmit Bay Crossing Bridge Project, 70% of the construction works of the bridge caissons were carried out

Article hi :
rlicle histary in a dry dock with an area of 22,820 m?. The dry dock with a depth of - 7.50 meters was built with the surrounding

Received 10 June 2022 armor rock fill, which provides a working platform, the piling of sheet piles for dewatering and excavation slope
Received in revised form 18 stability, the rock protection outside the dock, and the excavation in the dock. In the dry dock design, which was
October 2022 prepared using the soil parameters determined by engineering geology investigation, the parallel to the land (east
Accepted 22 November 2022 direction) sheet piles were calculated as 12.00 m and the other three north, west and south sides were calculated
Available online 31 December 2022  as 18.00 m. However, the UK-based control firm interpreted the local soil parameter values used in the design as
Keywords: too high. According to the geotechnical parameters prepared in parallel with the comments and determined by the

correlations, the sheet pile lengths were determined as 16.00 and 24.00 meters with the design revision. Despite
Clay, sheet piling, dry dock, soil the fact that all known additional application methods were used to solve the problems encountered and planned
parameters, dewatering. for the sheet pile driving application made according to this new design, the driving depth of the sheet piles, which

was planned to be driven at 24.00 meters at the end of the project, was 20.37 meters at the most. While the
construction cost increased due to time and additional methods, approximately 1900 meters of sheet piling were
wasted. In order to reconfirm the engineering geology model and especially the mechanical strength of the clay
layer, 5 additional soil investigation drillings were carried out. As a result of the evaluation of the drilling data, it

was determined that the initial design and the sheet pile lengths determined in this design were sufficient, and the
Doi: 10.24012/dumf.1128735  9eotechnical parameters of the clay layer deeper than 18.00 meters were not suitable for sheet piling. Determining
and using soil and geotechnical design parameters based on in situ soil investigations rather than standardized or
* Sorumlu Yazar correlation-based soil parameters in the design of engineering structures reduces the possibility and risk of
experiencing building safety, time, and financial losses, as in this example.
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Giris

Bu calisma kapsaminda, tasarim verileri ile saha uygulamasi
arasindaki olusan farklarin; maliyet, siire ve problemin
¢Oziimiine dair etkisi bir vaka analizi olarak
degerlendirilmistir. Calismada, Izmit Kérfez Gegis (IKG)
Kopriisii (Osman Gazi Kopriisii) Hersek Burnu ayagi kuru
havuz tasarimi igin gerekli zemin parametrelerinin
korelasyona dayali yontemleriyle belirlenmesi sonrasi
karsilagilan sorunlar ele alinmigtir. Kuru havuz tasarimi i¢in
gerekli palplans boylari, insaat alanindaki sondaja dayali ve
zemin arastirmasi ile belirlenmistir. Bu arastirma sonrasi,
palplans malzeme o6zellikleri, kuru havuz kullanim siiresi,
deniz dolgu malzeme o6zellikleri ve yapi kesitleri hesaba
katilarak kara (dogu) tarafinda 12.00 m ve diger ii¢ kenarda
(kuzey, bat1 ve giiney) 18.00 m olarak hesaplanmistir. Kuru
havuz taban alani ve ¢evresinden gelecek yeralt1 suyu akisini
engelleyecek ve sev stabilitesini saglayacak palplanglar
tasarim olarak sert kil tabakasmna yeterli derinlikte
soketlenecek sekilde belirlenmistir. Projenin kontrol firmasi
zemin arastirma raporlarindaki kilin mekanik ozelliklerini
yani bu rapora bagli zemin parametrelerini ¢ok yiliksek
bulmus, palplans tasariminda kullanilan yerel zemin
parametrelerin yeterli olmadigimi ve degerlerinin diistilmesini
talep etmistir. Kontrol firmanin yorumlarina bagl olarak kuru
havuz tasarimi revize edilmistir. Palplans boylar1 kara
tarafinda 16.00 m ve diger ii¢ kenarda ise 24.00 m olarak
yeniden projelendirilmistir. Bu projeye gore uygulamaya
gecilmistir. Ancak sahada palplang ¢akimi sirasinda asirt
zorlama sonucu palplanslarin buruldugu, pargalandigi ve
kizaklardan kurtuldugu goézlenmistir. Planlanmis s
makinalar1  ile revize edilen projedeki  kotlara
inilemeyeceginin anlasilmasi, daha sonra devreye sokulan
yeni tedbirlerin de yetersiz kalmas ile agagidaki uygulama
yontemleri sirasi ile devreye alinmistir. Bunlar;

1. Tirkiye’deki
kullanilmistir.

2. Palplanslara su jeti montaj1 yapilmigtir

3. Cakimi kolaylastirmak icin palplans hatti boyunca jet
grout makinasi ile 0.50 m arayla ve palplans alt kotunun
bir metre iistiine kadar ulasan delikler delinmistir

4. Hidrolik ¢eki¢ kullanilmigtir.

mevcut en yiksek titresimli ¢ekic

Bu yontemlerle, 16.00 m planlanmis palplanslar hesaplanan
kotlara kadar ¢akilabilmisken 24.00 m planlanmis palplanglar
ortalama 20.37 m olarak c¢akilabilmistir. Zemin {izerinde
+1.60 m kotu iistiinde kalan palplanglar kesilmistir. Cok fazla
miktarda palplans zayiati olmustur. {lave maliyet ve zaman
kayiplar1 yasanmistir. Palplans g¢akimlari sonrasi alanda
susuzlastirma, kazi ve yapilis amacma uygun olarak
kesonlarin ingaati tamamlanmistir. Kesonlarin havuzdan
ylzdiiriilmesi sonrasi palplanglarin ¢ekimine baglanmistir.
Kuru havuzun gorevini tamamlamasi sonrasi palplanslarin
cekiminde de zorluklar yagsanmistir. Tiirkiye sartlarinda en
yiiksek kapasiteli titresimli ¢eki¢ kullanimi ihtiyag olmustur.
Baz1 palplanslar ¢ekilememis deniz tabaninda kesilmek
zorunda kalinmigtir. Yasanan problemler is programinda
gecikme ve bununla birlikte maliyet artislarina neden
olmustur.

Zeminlerin jeolojik kokeni ve fasiyes ozellikleri, belirli bir
bdlgede mevcut olabilecek zemin tiirleri i¢in bir gosterge
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olusturmaktadir. Zemin parametrelerinin niimerik degerleri
ve davranisi, zeminin olugumu nasil olursa olsun yapisal ve
cevresel faktorlere bagli olarak degiskenlik gosterir. Bu
nedenle miihendislik uygulamalar1 ve projelendirme
acisindan  zemin jeoteknik-geoteknik  parametrelerinin
gercege en yakin temsili degerlerinin secilebilmesi i¢in
istatistiksel bir yaklasima gereksinim duyulmaktadir.
Istatistiksel yaklasimlar, genellikle ¢ok az sayidaki deneye ve
veriye dayanilarak elde edilen jeoteknik-geoteknik
parametrelere ne kadar giivenilebilecegini matematiksel bir
kesinlikle ifade edebilme olanagini vermektedir [1]. Arazi ve
laboratuvar deneyleri ile elde edilen parametrelerin en ufak
bir benzerliginin bulunmadig1 6rnekler sayilamayacak kadar
coktur [2].

Kuru havuzlarin tasarim ve ingasina genel bir bakig operasyon
alanlari, ana gereksinimler, ingaat siirecinde kullanilan yap1
malzemeleri, tasarimda etkili faktorler, her tipin avantajlari
ve dezavantajlari [3] ile verilmektedir.

Bu c¢alisma kapsamda yerinde elde edilmis miihendislik
jeolojisi verileri ile benzer zemin malzemelerinden tiiretilen
jeoteknik  parametrelerin  projeye  uygulanmasinda
karsilagilan zorluklar bir vaka analizi seklinde verilmektedir.
Proje kapsaminda Osman Gazi Kopriisii Hersek Burnu ayagi
kuru havuz tasariminda ¢akim boyu 24.00 m olarak planlanan
palplanslar hedeflenen derinliklerde ¢akilamamistir. Daha
yiiksek kapasiteli titresimli ¢ekic kullanimi, ¢akimi
kolaylastirici su jeti ve jet grout makinasi ile palplang hattinda
delikler delinmesi gibi ilave metotlar devreye alinmak
zorunda kalinmistir. 24 metrelik palplanslar en fazla 20.37 m
olarak cakilabilmistir. 1900 m palplans zayiati olmustur
Cakim zorluklarna paralel olarak proje sonunda
palplanglarin ¢cekiminde de ciddi zorluklar yaganmustir. Kuru
havuz ingaat asamalarinda planlanan  metotlardan
sapmalardan kaynakli ciddi mali ve zamansal kayiplar
yasanmistir.

Bulgular

Kuru havuz insaat alan1 Yalova Altinova Ilgesi Hersek Burnu
bat1 kesimindedir. Bu kesim Osman Gazi Kopriisii’niin (IKG)
giiney ankraj ve diger koprii yaklagim yapilarinin da yer
aldigi alandir. Kuru havuz alani ile birlikte, giiney ankraj ve
diger yaklasim yapilari deniz dolgular1 {izerine insa
edilmistir. Inceleme alanmin lokasyonu Sekil 1°de, kuru
havuz palplans ¢akim plam Sekil 2’de ve palplans deneme
cakim Sekil 3’te verilmektedir. Sekil 4’te palplans ¢akim
calismalarindan alinmig fotograflar verilmektedir.

Izmit Kérfezi'nin gelisiminde tektonik kuvvetlerin etkisi 6ne
cikmaktadir. Tektonik jeomorfolojik ozellikler, bolge
genelinde Kuzey Anadolu Fay sistemi ile iligkilidir. Proje
alanini, Hersek Yarimadasinin dogusundaki Karamiirsel
Havzasi'min bati ucu, Hersek Yarimadasi'nin ucundaki
Dedeler Tepesi, Hersek Lagiinii ve kismen tektonik kaynakl
bir yelpaze deltast olan Hersek Yarimadasi'dir [6].

Proje alam1 Hersek deltasina ait geng aliivyal c¢okeller
iizerinde yer alir. Hersek deltasi, [zmit Kérfezi giiney kiyilari
gerisindeki cok sayidaki akarsuyun getirdigi malzemenin
birikmesi sonucu olusan ve serit seklinde bir kiy1 ¢okeli
goriinlimiindedir. ~ Golciikten  batiya  dogru  Ulasly,
Karamiirsel ve Eregli dolayinda bu aliivyal serit daralmakta,
Hersek ve Catal deltalarinda tekrar genis alanlart
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doldurmaktadir. Cogunlukla taskin ovasinda ¢dokelen silt ve
kil boyutundaki malzemeden olusan bu deltalar giiniimiizde
batakliklar halindendir.

PALPLANS -
HATTI-IV

Sekil 3. Kuru havuz plani ve palplans deneme ¢akimi Sekil 4. Kuru havuz palplans ¢akimu ile ilgili saha fotolari
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Altinova’nin kuzeybatisinda Yalakdere deltasinda ise kumlu
ve siltli kirmtililar egemendir. Hersek ve Subasi kdyleri
civarinda ise gevsek kum, siltli kum ve killi silt diizeyleri
izlenir [7].

Proje kapsaminda, kuru havuz sahasinda, g¢evresinde ve
denizde toplam 9 adet sondaj, 5 adet arastirma g¢ukuru
yaptirilmistir [5]. Sondajlar ve zemin tanimlar1 TS 19001 [9],
BS 5930: 1999 [10] ve ASTM 2000 [11] sartnamelerine
uygun olarak gergeklestirilmistir. Sondajlarda 1,50 m araliklt
standart penetrasyon testleri yapilmis olup kohezyonlu
zeminlerden 6rselenmemis zemin numunesi alinmis, zeminde
ilerlemeler ¢ift tiipii karotiyerler ile yapilmis 9 sondaj
noktasindan  laboratuvar  deneyleri i¢in 208 adet
orselenmemis ve orselenmis numune alimmugtir. Kuru havuz
sahasinda ve ¢evresinde yapilan sondajlarin plani Sekil 5°de,
D-D’ jeolojik kesiti Sekil 6 ve E-E” kesiti ise Sekil 7°de
sunulmustur.

MBST\FA«DS MB_STFA05
4 :
7 D‘ L =

MB-STFALS T
& e g
MB-STFA07 /7 g =1/ /I viB-sTFA08
ME-STFA-04 7

MB: TFA-D‘\$
&

B ME-STFAD2

MB-8TFAA11

=

Sekil 5. Kuru havuz ¢aligma alan1 sondaj plani [7]

Kuru havuz sahasinin miihendislik jeolojisi modelini
gosteren farkl yonlerdeki D-D’ ve E-E’ miihendislik jeolojisi
kesitleri Sekil 6 ve Sekil 7°de verilmistir. Bu modele gore
iistte kalinligr 1.5-13 m arasinda degisen koti derecelenmis
cakilli kum, siltli kum, seviyesi vardir. Bu seviyenin altinda
SPT-N3o degerleri derinlikle artan sondajdaki kalinlig1
yaklagik 32 m olan ¢ok kati-sert, yiiksek plastisiteli kil
seviyesi bulunmaktadir.

Sondaj derinlikleri 32.45 metre ila 52.95 metre arasinda
degismektedir. Zemin kesitinde en iistte kalinligi 1.00 m ile
4.70 m olan gevsek kum tabakasi, altinda ise kati/cok kati/sert
yiiksek plastisiteli kil tabakasi tespit edilmigtir. Kum tabakasi
genelde SP-SM ve SC sinifindadir. SPT- Ngo degerleri 6 ila
14 arasinda degismektedir. Kum orani %50-60 arasindadir.
Kil tabakasi genelde CH smifindadir. SPT Nsp degerleri
ortalama 10 metre derinlige kadar 13 ila 22 arasinda, 10 metre
derinlikten itibaren ise 27 ila 77 arasindadir [7]. Laboratuvar
deney sonuglarina gore killerin likit limitleri (LL) 0.61 ile
0.67 arasinda, plastisite indisleri (IP) 0.38 ile 0.43 arasindadir.
Jeokimyasal analizlerde killerin egemen mineral tiirii kaolinit
olarak belirlenmistir. Kaolinit tiiri killerin sisme ve biiziilme
potansiyeli cok diisiiktiir. Laboratuvar deney sonuglarina gore
belirlenen drenajsiz kayma dayaniminin (Su) derinlikle
degisimi Sekil 8’de verilmektedir. 18 metre derinlik
dolayinda drenajsiz kayma dayanimi (Su) 200 kPa degerine
ulagmaktadir.
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Zeminlerin mekanik 6zellikleri Tablo 1, sondajlarda rastlanan
tabakalarin ozellikleri Tablo 2°de verilmektedir.

Tablo 1. Zeminlerin mekanik 6zellikleri [7]

sondajino | Derintik (m) s eks:glﬂ:sj;;)neney. TekDe;s:y.:](.knpf;s)me
MBSTFAO1 [6,50-7,00 C117 00
7,50-5,00 10,20- Co2 03
MBSTFA02 14 50 C:58 033
MBSTFAO3 [19,50-19,90 €160 00
MBSTFA04 [5,00-5 50 €98 00
17,20-17,50 C140 00
MBSTFADS |55 0025 50 C:120 00
750-7,80 C54 00
MBSTFAOS |16,5016,80 38 05
27,00-27,50 31,50-
MBSTFA09 (32,10 36,00-36,50 C10 @:0 3251
46.50-4700 €20 00 179,92

Tablo 2. Sondajlarda rastlanan tabakalarin dzellikleri [7]

. Kahinhk . Ortalama| Su @ |WL|wW n
Sondaj Kotlar (m) Zemin N wra)| ) | (%E (KNI/MS)
1 7,50-13,00 5.50 CH 23 104 66 | 24 19

13,00-35,75 22.75 CH 44 198 60 | 23 19
7,50-9,00 1.50 CH 15 68
2 9,00-19,00 10.00 CH 27 122 66 | 24 18
19,00-32,45 13.45 CH 54 243
7,50-10,00 2.50| k.d.kum 63 >45
10,00-15,00 5.00| k.d.kum 69 >45
3 15,00-19,00 4.00 CH 25 113
19,00-22,50 3.50 CH 51 230 61 | 24
22,50-24,00 1.50| Elastik silt 53 239 68 | 43
24,00-32,45 8.45 CH 54 242 65 | 23
7,50-15,00 7.50 CH 25 113 60 | 23 19
4 15,00-21,00 6.00 CH 37 167 66 | 24
21,00-32,45 11.45 CH 49 218
7,50-8,00 0.50| k.d.kum 72 >45
8,00-11,00 3.00 silt 59 263
11,00-12,50 1.50/ iyi d.kum 66 >45
5 12,50-14,00 1.50 kum 82 >45
14,00-16,00 2.00( iyi d.kum 77 >45
16,00-18,50 2.50 CH 36 162 56 | 22 19
18,50-20,00 1.50 CL 46 | 19
20,00-52,95 32.95 CH 54 242 64 | 24 18
7,50-8,68 1.18 CH 18 81 59 | 21 19
6 8,68-13,18 4.50 CH 17 77 64 | 22
13,18-30,63 17.45 CH 47 210 66 | 43 18
7,50-7,75 0.25| iyi d.kum 72 >45
7 7,75-24,00 16.25| k.d.kum N>50 >45
24,00-33,05 9.05 CH 67 302 69 | 23 19
7,50-8,25 0.75[ iyi d.kum 44 45
8,25-10,00 1.75| k.d.kum 72 >45
10,00-10,80 0.80 kum N>50 >45
8 10,80-20,50 9.70 kum N>50 >45
20,50-25,50 5.00 silt N>50 >200
25,50-32,00 6.50 CL 40 180 40 | 22
32,00-35,95 3.95 CH 52 234 62 | 26
7,50-8,00 0.50| k.d.kum 79 >45
8,00-9,50 1.50 kum 54 >45
11 |9,50-11,50 2.00f k.d.kum N>50 >45
11,50-14,00 2.50 CH 40 180
14,00-19,00 5.00 CH 28 126 53

Bu c¢alisma kapsaminda gerekli analizler yazilim paketi
PLAXIS 2D ile yapilmigtir. Kuru Havuzda iki farkli zemin
modeline sahip kiiresel analiz modeli, insaatin baslangicindan
yapinin beklenen 6 aylik isletme 6mriine kadar konsolidasyon
oturmalarini tahmin etmek i¢in uygulanmustir. Global Model
1 (bundan sonra GM1 olarak anilacak) s1g kil zemin profil
katmanlarini temsil ederken (Ref. Kuyular MB-STFA-04, 11,
01 ve 02), Global Model 2 (bundan sonra GM2 olarak
anilacaktir) kum/cakil katmanlar1 ile kaplanmig derin Kil
zemin profilini (Ref. Kuyular MB-STFA-03, 05 ve 06) temsil
etmektedir.

Ayrica, giivenlik faktorlerini tam olarak elde etmek i¢in hem
Deniz tarafi hem de Kara tarafi dolgulari i¢in sev glivenlik
analizleri yapilmistir ve bant dolgular asagidaki gibi
gosterilecektir.

Yerel Model 1A (LM1A) sig kil katmanlari tizerinde deniz
kenar1 dolgusunu, Yerel Model 1B (LM1B) s1§ kil katmanlari
tizerinde kara dolgusunu, Yerel Model 2A (LM2A) daha
derin kil katmanlar iizerinde sahil dolgusunu, Yerel Model
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2B (LM2B) daha derin kil katmanlari iizerinde kara tarafi
dolgusunu gostermektedir. Analiz parametreleri ve geometri
global ve yerel modeller arasinda aynidir, ancak yerel
modeller, global modellerinin daha gilivenilir analiz veren
kisaltilmis versiyonlaridir. Hesap amagli temsili zemin profili
Tablo 3’te verilmektedir.

Tablo 3. Hesap amagli temsili zemin kesitleri [12]

Kesit GM1 (m) | GM2 (m)
Biim A1 (Cakilh Kum Gevsek- |Ust Kot -1.90 =210 (-n32
0.Sik) Alt Kot 325 -3,10 (-)-3.38
Birim A2 (Caklh Kum Sik+-Cok |[Ust Kot L[ =310 (-)-3.38
Siki) « ¢ Al Kot | Meveut Degil oo ((.)).iss
Birim B (Yiiksek Plastisiteli Kil |Ust Kot 325 -15,00 (-)-3.38
Kati-Sert) Alt Kot -32.45 -3245
Deniz S eviyesi :0,00m

Sayisal modelleme, karmasik dogrusal olmayan zemin
davraniginin ve ¢esitli arayiiz kosullarinin, geometrilerin ve
zemin Ozelliklerinin modellenmesine izin verdigi i¢in sonlu
elemanlar yontemi araciligiyla gerceklestirilmistir. Zemin
Mohr-Coulomb modeli ile modellenmistir.

Kuru Havuz ’da ingaat yapim siiresi ve isletme omri, kil
tabakalarinin drenajli bir sekilde davranmasi igin yeterince
uzun degildir. Bu nedenle kil tabakalar1 analizlerde drenajsiz
olarak kabul edilmis ve tanimlanmugtir.

Model 1 ve Model 2 i¢in dikkate alinan katmanlarin MC
model parametrelerinin bir dzeti Sekil 9’da ve Tablo 4’de
verilmektedir.

T _ ———

=

g

Sekil 9. Sirastyla GM1 ve GM2’nin zemin &zelligi atamalart
(PLAXIS 2D) [12]

Tablo 4. Zemin 6zellikleri/atamalar [12]

c -

. . Cluster| =at Cu N +' _ _ ESD mv
Zemin Malzemesi No. |(k¥m3)|EPA) (_L\f ceay | 5020 | B0 | o) | m2am
Birim Al (Calulh Kum Gevsele-| 5 ) 21 o | o | 35 |o0426|0s22] 13
%}\‘(CMK i

AL um -

; 12 21 [ o | 44 |o305|0432(3570

Cok Sida)
B|..n.mB (Viiksek Plastiziteli s 15 50- 1ol 2 0577 | 1000 | 522 008
Kil. Kati-Serf) 120
Cekirdel ) 22 [ 0 40 [oa3s7|oarg| s0
Filtre 3 22 [} [} 40 | 0357 |0618| 50
Armour 2 22 [ o | s |osst|esie| se
Graniil Dolzn 10 22 [ o | s |osst|esie| se
Embankment 1 21 [ o | 32 |oa7r|om4| 10

Konsolidasyon analizleri i¢in iki farkli zemin modeli (GM1
ve GM2) ile global analiz modelleri gelistirilmistir. Modeller,
kuru caligma alanina olast sizmayr Onlemek igin yeterli
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uzunlukta cakilan palplanslarin yani sira yukarida verilen
zeminlerin mukavemetini ve rijitligini saglamaktadir. Kuzey-
Dogu kenar palplanslari, bu bolgedeki kil tabakalar1 Giiney
bolgesine gore daha derinde oldugundan -16.25 m, s1g kil
tabakalariin doldugu Dogu ve Giineydogu katraninda ise -
10.25 m ug kotlarma kadar ¢akilmasi yeterli goriilmiistiir.
Giineydogu kadranda ve tiim kara dolgularinda daha si1g
killere ulagir. Global muadillerinin tiirevi olan yerel modeller
(LM1A, LMIB, LM2A ve LM2B) de sev giivenligi
analizlerinde de bu fark dikkate almaktadir [12].

Kontrol firmasi ilk tasarim sonuglarina goére belirlenen
palplang boylarini, tasarimda kullanilan zemin parametreleri
ve giivenlik faktdrii yorumlarina gore kisa bulmustur.
Yorumlarii yazili olarak tasarimci ile paylasmis ve
tasarimda revizyon talep etmistir.

Yorumlarinda Londra kilinin davranist 6rnek gosterilmis,
proje kapsaminda sondaj ve laboratuvar verileri ile hazirlanan

zemin  kesitinin  yeterli  olmadigi  vurgulanmus,
standartlastirilmis  veya  korelasyona dayali  zemin
parametrelerinin  kullanilmas: ~ Onerilmistir. Bu  Oneri

dogrultusunda palplansg boylar1 kara tarafinda 16.00 m ve
diger ti¢ kenarda ise 24.00 m olarak projelendirmistir.
Projelendirmede 2/3 standart konsol boyu 6ngoriilmiis ancak
Ozellikle 3 kenardaki 18 metre derinlikten itibaren izlenen sert
kilde palplans ¢akimmin gerceklesip gergeklesemeyecegi
dikkate alinmamustir. Havuzun I, II ve III kenar palplanslari
uc kotlar1 -22.40 m (Palplang iist kotu +1.60 oldugundan
toplam boy 24.00 m’dir), IV (kara tarafindan)’de ise -14.40
m (Palplans iist kotu +1.60 oldugundan toplam boy 16.00
m’dir), seviyesine kadar ¢akilmasina karar verilmistir [13].

Model 1 ve Model 2 i¢in dikkate alinan katmanlarin MC
model parametrelerinin bir 6zeti Sekil 10 ve Tablo 5’de
verilmektedir [13].

Sekil 10. Sirastyla GM1 ve GM2’nin zemin 6zelligi atamalari
(PLAXIS 2D) [13]

Tablo 5. Zemin 6zellikleri/atamalar [13]

. . Cluster [ysat ' . Mat. |E50 Eur [E Davranis
Zemin Malzemesi No. | [epay|S KPA) [Kone KOS [ [(vipa) | (vpa)|vipa [Statik T sismik
Birim AT (Cakill - )
PP 1 21 s o 0426 [0522 [Hs |15 |60 Drenajli | Drenajsiz
o= (AR Rum Sy 21 |a o 0305 0432 [Hs |2 |18 Drenajli | Drenajstz
Cok Sikn) - g v N
015
Birim B (Yiiksek y " .
Phstisieli it KateSert) |© 18 [55 |(Cinc=016[0577 [1000 [HS (4 12 Drenajsiz |Drenajstz
7 kPa/m)
Cekirdek 7 2 o o 0357 0357 [Hs 12 a8 Drained | Drenajl
Filtre 5 2 0 o 0357 [0.357 [MC_|- -~ 50 |Drained |Drenailr
Armour 6 22 40 [0 0.357 |0.357 [MC |- 50 Drained _|Drenajlt
Graniil Dolgu 7 21 [ o 0412 o412 [Hs 18 |72 Drained_|Drenajsiz
Embankment B 2 |0 o 0357 [0357 [HS (18 |72 | |Drained |Drenails
— — — e L

Bilinen tiim ilave metotlarin devreye sokulmasi sonrasi dahi
palplanglar tasarimdaki ug¢ kotlarma kadar ¢akilamamuistir.
Tasarimda kullanilan zemin 6zellikle kil parametrelerinin
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diisiik kabul edilmesi ihtimaline karsi sahada 5 adet ilave
sondaj yapilmigtir. Bu sondajlar sonucunda zemin kesitinde
(+0.80)- (-1.70) arasi dolgu, (-1.70-4.70) kum ve (-4.70-
23.00) yiiksek plastisiteli gok kati-sert kil tespit edilmistir
[8].

Orijinal tasarimin makul gilivenlik ve deformasyonu
saglamak i¢in -22.40 m palplans ug seviyelerini géstermesine
ragmen, palplang Hatt1 I ve II'de ulasilabilen nihai ortalama
penetrasyonlar yaklagik -18.00 m'dir. Palplanglarin daha fazla
cakilamayacagi kesinlesmesiyle alt kotu -18.00 m olacak
sekilde tasarimin tekrar kontrol edilmesi talep edilmistir.
[lave tasarim analizine [14] gére elde edilen minimum -18.00
m penetrasyonlarinin giivenlik ve makul deplasmanlar
sunmak i¢in hala yeterli oldugu sonucuna varilmistir.
Uygulanan palplans penetrasyon seviyeleri Sekil 11°de yer
almaktadir.

Hat-Il/Hat-il Kése Yay  Palplans Hat-Il minimum cakim kotu -18 m. Hat-ll/Hat-l Kése Yayi

o )

L. EER e S
e

- e | = L
‘ e o ! plastistg
| A AR ! -

aal, ag e ——m. |

Hat-I Minimum ug kotu - 18 m.
I

i m«w T

il ||ll|||||\'|||||||||| || ||
Sekil 11. Nihai palplans penetrasyon boylari [14]

I

Sonuglar ve Tartisma

Kohezyonlu zeminlerde orselenmemis Ornekler iizerinde
yapilan  ve  dayanim/deformasyon  parametrelerinin
belirlenmesine yonelik laboratuvar deneyleri parametre
se¢imi i¢in en gegerli yontemdir. Kohezyonlu zeminler i¢in
tiretilmis  parametre—saha deneyi zemin dayanimi
korelasyonlarinin, laboratuvar deneylerinin yapilamadigi
kosullarda veya laboratuvar deneyleri sonuglarini kontrol
etmek amaciyla kullanilmasi dogru bir yaklasimdir.

Ik tasarim raporunda, yiiksek plastisiteli (B) kil igin etkin
zemin parametreleri c=5 ila 10kPa ve ¢'= 25 derece olarak
verilmistir [12]. GM1 zemin modelinde zemin tiiriiniin deniz
tabanindan s1g, bu nedenle sev giivenligi lizerinde 6nemli bir
etkisi oldugu, GM1 durumu analiz edildiginde, zemin
parametreleri i¢in mevcut varsayim altinda deniz kenari
dolgusunun stabil olmayacagi savunulmustur. Tasarim
raporundaki etkin mukavemet parametrelerinin, Plaxis
analizi i¢in uygun olmayan en kotii giivenilir parametreleri
temsil ettigi, kendi modellerinde hem ¢ hem de ¢ degerinin
artirllmasina ragmen stabiliteyi korumak igin yine de
palplanslarin 18 metreden daha uzun olmasinin gerektigi
belirtilmistir. Ayn1 zamanda ilk tasarim zemin modelinde
daha diigiik giivenlik faktorleri ve yiiksek deplasman
goriildiigi ifade edilmistir.
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Danisman firma ve tasarimcinin analiz sonuglar1 arasindaki
farkliliklar zemin davranis modeli ve ilgili parametreler
konusundaki goriis farkliliklarindan kaynaklanmaktadir.
Parametre se¢imi konusunda tasarimci firma tavsiye talep
etmigtir. Yiiksek plastisiteli kil igin ¢'=15 ila 25 kPa yiiksek
bulunmus bu yiiksek degerde baska bir projede kullanilmigsa

referans verilmesi istenmigtir. C' degerinin 10 kPa
diistirilmesi ancak katiligin deger olarak artirilmast
onerilmistir.

Yap1 tasarim ¢alismalarinda bolgesel standartlastirilmis veya
korelasyona dayali zemin parametrelerinden ziyade yerinde
zemin aragtirmalarma dayalt zemin parametrelerinin
kullanilmas1 yapt giivenligi, zaman ve mali kayiplarin
yaganma ihtimalini azaltacaktir. Palplans ¢alismasiyla ilgili
teorik ve gerceklesen ¢cakim ve zayiat miktarlarini gosterir
veriler Tablo 6’de goriilmektedir.

Tablo 6. Teorik ve gerceklesen ¢akim ve zayiat miktarlari

Palplans | Palplan Teorlk | pitan Boy| Ortalama
Bo}i (m§ Sa}mp(_&;t) ;iiu(a:;; ¢ . Qakx::n fo}'u Zaiyat Miktan (m)
24 506 12,144.00 | 10309.44 | 2037 1.834.56
16 276 241600 | 434919 1576 66.81
Toplam 82 16,560.00 | 14.658.63 1,90137

Zemin davramigini yansitan parametrelerin belirlenmesine
yonelik korelasyonlar benzer jeolojik ortamlarda olusmus
zemin kosullart i¢in gegerli olup, farkli bolgelerde yer alan
zeminler i¢in ne derece saglikli olduklar1 detayl
aragtirilmalidir. Diger taraftan korelasyonlarin tiiretildigi veri
tabanlar1 incelendiginde genel egilimden sapmalarin yiiksek
oldugu, dolayisiyla  korelasyonlardan elde  edilen
parametrelerde hata paymin yiiksek olabilecegi sik¢a
giindeme getirilen bir husustur.

Gerek teorik yaklagimlari gerekse niimerik yodntemleri
uygulayabilmek i¢in en 6nemli asama miihendislik jeolojisi
modelinin dogru tanimlanmasi, diger bir deyisle bu

modeldeki zemin tabakalarmmin davranisini  yansitacak
jeoteknik-geoteknik  parametrelerin  gergek¢i  olarak
belirlenebilmesidir. Yapisal analizlerde gercege yakin

modelleme yapabilmek, zemin yerel ozelliklerinin dogru
sekilde belirlenmesiyle miimkiindiir.

Yapi tasarim girdisi olarak yerel zemin aragtirma sonuglarina
dayali zemin parametrelerinin  kullanilmast  yerine
korelasyonlara bagli bdolgesel zemin parametrelerin
kullanilmasi sonuglari 6ngériilemeyen can ve mal kayiplarina
sebep olabilir.

Arazi c¢aligmalarinda yeterli veri elde edilememesi
durumunda kullanilacak korelasyon yontemlerinde formiil
veya grafiklerin benzer jeolojik ortamlarda olusmus zeminler
icin kullanilmasi gerektigi hesaba katilmalidir. Miihendislik
yapilarinin tasariminda standartlastirilmis veya korelasyona
dayali zemin parametrelerinden ziyade yerinde zemin
aragtirmalarina  dayali zemin ve jeoteknik tasarim
parametrelerinin belirlenmesi ve kullanilmasi yap1 giivenligi,
zaman ve mali kayiplarin yasanma olasiligini ve riskini bu
ornekte de oldugu gibi azaltmaktadir.
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Yasam dinamiklerinin farklilagsmasindan dogan gogler nedeniyle kent niifuslari beklenenin iizerinde
gergeklesmektedir. Kentsel alanlarin bu gégleri karsilayabilecek altyapiya sahip olmasi siirdiiriilebilirlik
agisindan elzem olmakla birlikte son yillarda kiiresel 1sinmaya bagli olarak yasanilan iklim degisikligi ve
bunun cevresel tahribatlari, 6zellikle kentsel alanlarda daha yogun bir sekilde hissedilmektedir. Bu
nedenle kentlerde asiri niifus yogunlugunun ihtiyaclarini karsilayabilecek siirdiiriilebilir yonetim
anlayislarma ihtiyag vardir. Bu noktada hem gevreci hem de siirdiiriilebilir 6zelliklere sahip olan,
ekonomik degerler ile gevresel degerler arasinda bir denge kurarak kent yonetimini hedefleyen yesil
altyapt anlayist son donemlerde kent tasarimlarinda ve halihazir kentlerin dogayla olan tezatliginin
engellenmesinde yerini almistir. Bu olgu ¢ercevesinde liman kenti olan Iskenderun ilgesi 6zelinde nitel
gozlemlere dayali gergeklestirilen ¢alismada yesil altyap: bilesenlerinden kurakeil peyzaj, siirdiiriilebilir
tarim, yagmursuyu yonetimi, atiksu yonetimi ve yesil liman kavramlari incelenmis, kentin mevcut ve
olas1 genisleme durumlarmin siirdiiriilebilir kent yonetimi anlayis1 ile gergeklestirilmesine 151k tutulmaya
caligilmigtir.
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* Sorumlu Yazar

It is essential for sustainability that urban areas have the infrastructure to meet these migrations. In
addition, climate change and its environmental damage due to global warming in recent years have been
felt more intensely, especially in urban areas. For this reason, there is a need for sustainable management
approaches that can meet the needs of overpopulation in cities. At this point, the understanding of green
infrastructure, which has both environmentalist and sustainable features, and aims at city management by
establishing a balance between economic values and environmental values, has recently taken its place in
urban designs and in preventing the contrast of existing cities with nature. Within the framework of this
phenomenon, in the study based on qualitative observations in the port city of Iskenderun, the concepts
of xeric landscape, sustainable agriculture, stormwater management, wastewater management and green
port, which are green infrastructure components, were examined, and it was tried to shed light on the
realization of the current and possible expansion situations of the city with the understanding of
sustainable urban management.
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Giris

Gilinlimiizde insanlarin  kendi ihtiyaglar1 ¢ergevesinde
yaptiklar1 kent tasarimlari tamamen insan merkezlidir. Bu
nedenle yapilan tasarimlarda agirlik kiiltirel ve ekonomik
acidan insan yarar1 gozetilerek yapilmaktadir. Dolayisiyla
bu islemlerin kendisi insan merkezli oldugu i¢in, insan ve
ozellikle onun ekonomik ¢ikarlari, planlama ve tasarim
¢oziimlerine hakimdir [1]. Yapilacak kent tasarimlarini
dogrudan etkileyen c¢esitli dinamikler mevcuttur. Diinyanin
her yerinde siirekli degisen yeni dinamikler sebebiyle farkli
Olgeklerdeki mekansal birimlerde kontrolsiiz — gogler
gerceklesmektedir [2]. Ekonomik ve sosyal dinamiklerin
etkisiyle gerceklesen bu gocler kirsal alanlarda biiyiik
coziilmeler olusturmaktadir. Kentlere dogru olan bu goglerin
olusturdugu kontrolsiiz niifus artis1 ekolojik denge iizerinde
ciddi baskilar meydana getirmektedir [3]. Kentsel altyapinin
ani niifus artiglarma hazirliksiz yakalandigir durumlara bagl
olarak kentlerin ekolojik dengeleri olumsuz yo6nde
etkilenmektedir. Bu sebeplerden dolayr kentlerdeki
altyapisal problemlerin ¢6ziimii siirdiiriilebilirlik anlayist
gergevesinde ele alinmaya baglanmugtir [3].

Siirdiiriilebilirlik kavrami doga ve insan arasinda bir denge
olusturarak mevcut kaynaklarin gelecek kusaklara tahrip
edilmeden aktarilmasini saglayan bir anlayistir. Gelecekte ki
diinya niifusunun dagilimimi niifus projeksiyonu iizerinden
degerlendirdigimizde hesaplamalara goére 2050 yilinda
diinya niifusunun yaklasik %68’inin kentlerde yasayacagi 6n
ongoriilmektedir [4]-[5]. Kentlerde meydana gelen diizensiz
gocler sebebiyle bolgesel bazli yigilmalar, genellikle is
imkanlarinin  ¢esitlendigi bolgelerde fazladir. Kentsel
yigilmalara bagl olarak gelisen diizensiz mekanlarin
olusmasi, arazi kullanimmin sagliksiz bigimde artmasi bu
diizensizlige  bir ¢Oziim arayis1  olarak;  kentsel
stirdiirtilebilirlik kavramini ortaya ¢ikarmustir [6]. Ekonomik
degerler ile cevresel degerleri bir denge sistemi igeriSinde
ele alan yaklagimlar siirdiiriilebilir kent yonetimi sistemleri
olarak bilinmektedir. Kentlerin siirdiiriilebilir bir sekilde
yonetilmesinde aktif olarak rol alan yaklagimlardan birisi ise
yesil altyap1 anlayisidir [7].

Yesil altyap1 kavrami ABD’de 2000°1i yillarda kullanilmaya
baglanmistir. Bu tanimlamada ekolojik ve kiiltiirel degerler
siirdiiriilebilir bir gekilde ele alinmig ve bu sistem ile hem
dogal hem de kiiltiirel kaynaklar yap1 ve islev bakimidan
birbiri ile baglant1 kurularak olusturulmaya ¢alisilmistir [8].
Yesil altyapr kavrami lizerine yapilan gesitli tanimlamalar
mevcuttur. 2013’te Avrupa’da yaymlanan raporda kaliteli
bir yasam i¢in temiz gida, temiz su ve temiz havanin
yaninda uygun iklimin oldugu, sel riskinin olmadig1 uygun
rekreasyon alanlarina ihtiya¢ oldugunun vurgusu yapilmistir.
Bu durum ekosistemin bize sundugu hizmetler olarak
kargimiza ¢ikmaktadir. Fakat ekosistemin bize sundugu bu
faydalar hem iicretsizmis gibi hem de insanlar tarafindan
sanki hi¢ bitmeyecekmis gibi kullanilmaktadir. Raporda
dogal sermayenin azaldigina, siirdiiriilebilirligin tehlikeye
girdigine ve cevresel soklar karsisinda direncin azaldigina
vurgu yapilmistir. Bu olgu c¢ergevesinde rapor, yesil
altyaptya yatinm yapmayi dogal sermayeyi korumaya
yonelik bir adim olarak tanimlamaktadir. Ayrica yesil
altyap1 stratejik olarak planlanmis dogal ve yar1 dogal
alanlardan olusan ve diger gevresel 6zelliklere sahip, genis
bir ekosistem hizmetleri yelpazesi sunmak {izere tasarlanmis
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ve yonetilen bir ag olarak tanimlanmistir. Avrupa
Komisyonu Yesil Altyapt Bildirisi'ne goére ise genel
anlamda doganin kendi ¢dziimleri ile insana yardimci olma
sanat1 olarak tarif edilebilir. Diger bir ifadeyle ekosistemin
kendine 0zgii yapisim koruyan ve ekosistemin kendi
yapilariyla insana fayda daglayan aglar olarak da ifade
edilebilir [9]-[11]. Yesil altyapi kavrami bu baglamda
aciklanacak olursa, icerisine doganin insana sunmus oldugu
tim imkanlar, genel olarak yesil peyzaj uygulamalar1 ve
yesil koridorlar olarak aciklanabilir. Daha spesifik ifade ile
gol/géletlerden nehir koridorlarina, park ve bahgelerden
doga rezervlerine, sokak agaglarindan yesil ¢ati ve yesil
duvarlara ve hatta ¢iftliklere kadar bu kavram
genisletilebilir. Ozetle yesil altyap1 bolgesel kalkinma, iklim
degisikligi, afet risk yonetimi, tarim/ormancilik ve ¢evre
alanlarinda 6nemli bir katki sagladigi bilindiginden c¢esitli
fonlarla (Ortak Tarim Politikasi, Uyum Fonu, Avrupa
Bolgesel Kalkinma Fonu, Horizon 2020, Avrupa'y1
Birlestirme Tesisi, Avrupa Denizcilik ve Balik¢ilik Fonu ve
Cevre icin Finansal Arag¢) uygun finansman mekanizmalari
aracihigryla finanse edilen projelere entegrasyonunu
kolaylastirmak hedeflenmistir. Bunun i¢in giivenli datalara
ve bilgi tabanini gelistirip ve yeniligi tesvik etmeye ihtiyag
duyularak Avrupa Birligi ¢capinda finansal destege ihtiyag
duyuldugu vurgulanmsgtir [12].

Yesil altyapi ekolojik tabanli olmasi, pratik ve uygulanabilir
olmasi, yenilik¢i olmasi, multidisipliner olmasi ve halk
sagligint korunmasi bakimindan pek cok avantaj sunar.
Diger taraftan uygulama esnasinda pek ¢ok idari yapinn ilgi
alanma girdigi icin her biri ile koordineli c¢aligmasi ve
multidisipliner bakis acisinda ¢esitli meslek gruplarinin
konuya ayni derece hassasiyet gosterememesi bakimimdan
bazi zorluklar1 da mevcuttur [13]-[14].

Yesil altyapr sisteminin bilesenleri arasinda birgok farkl
uygulamalar bulunmaktadir. Sekil 1°de gosterildigi iizere,
yesil bahgeler, yesil ¢at1 ve duvarlar, gegirgen kaplamalar ve
stirdiiriilebilir tarimsal uygulamalar, yagmursuyu yo6netimi
ve sulak alanlar bazi yesil altyapi ¢alismalarmma drnek olarak
gosterilebilir [15].

Sekil 1. Yesil Altyap1 Sistemi [15].

Genel perspektif ile yapilan degerlendirmeler neticesinde bu
calismada  siirdiirtilebilir  kent  yonetimi  anlayisini
destekleyen yesil altyapi ana bilesenlerinden kurake¢il
peyzaj, stirdiiriilebilir tarim, yagmursuyu yonetimi ve atiksu
yonetimi basliklart detayli bir sekilde incelenerek kentlere
saglayacag1 faydalar irdelenmistir.



DUJE (Dicle University Journal of Engineering) 13:4 (2022) Sayfa 739-748

Yesil altyap1 bilesenleri
Kurakgil peyzaj

Bilindigi tizere kiiresel 1sinma sonucu ortaya ¢ikan olumsuz
etkiler, canli yasaminin vazgegilmez temel unsurlarindan
biri olan su kaynaklarmin varligini riske atmaktadir. Bu
nedenle mevcut su kaynaklarmin siirdiiriilebilir ¢evre
yonetimi  anlayisi  gergevesinde akilet  bir  sekilde
yonetilmesi, kullanilmasi ve korunmasi gerekmektedir.

Ulkemizde ve diinyada degisen go¢ dinamiklerine bagh
olarak kentlesme hizinda asiri artiglar meydana gelmistir.
Ayrica bu artisa bagli olarak dogal bir gereksinim olan
rekreasyon alanlar1 dedigimiz peyzaj alanlarinin yapimi hiz
kazanmistir. Bu alanlar suyun yogun olarak kullanildig:
alanlar olarak goze carpmaktadir. Kiiresel 1sinma sebebiyle,
iklimsel  degiskenlerin  dinamik  yapisinda  olusan
diizensizlikler  yagislarin azalmasi ve  kuraklik
problemlerinin daha hissedilebilir boyutlara ulasmasina
neden olmustur. Bu sorunlar kapsaminda su sikintisiin
yogun olarak yasandigr bolgelerde peyzaj uygulamalari
opsiyonel olarak siirdiiriilebilir ve daha ¢evreci bir anlayis
olarak kurakeil peyzaj tasarimlart yoniine dogru kaymustir.

Kurakeil peyzaj, bitkilerin su gereksinimleri dikkate alinarak
ozellikle kurakliga dayanimi yiiksek tiirlerin tercih edildigi
ve tasarimin yapildigi bakim maliyetlerinin minimum
oldugu siirdiiriilebilir bir peyzaj tasarimi anlayisidir.
Kurak¢il peyzaj tasarimlarinda segilen bitki tiirleri
yagmursuyu ile yetinebilen ya da ¢ok az su isteyen tiirler
tercih edilmektedir. Bunun yaninda bdlgenin yerli tiirlerinin
tercih edilmesi hem adaptasyon siiresinin kisalmasima hem
de ekonomik olarak kazanimlarin ortaya ¢ikmasma sebep
olmaktadir [16]-[20].

Kurakeil peyzaj kavrami, tasarimlarinda su kullanimini
minimize etmeyi amag edinerek klasik tasarim anlayislardan
farkli olarak “Su Etkin Peyzaj Diizenlemeleri” altinda
toplanan, “Suyun Akiler Kullanimi”, “Az Su Kullanimi” ve
“Dogal Peyzaj Diizenleme” gibi ekolojik kaygilar1 gozeten
bir anlayis olarak ortaya ¢ikmustir [17], [21].

Kurakeil peyzaj anlayisi ile diger klasik tasarim anlayislart
kiyaslanacak olursa su kullaniminda yaklagik %20-50
arasinda tasarruf saglandig1 ve buna bagl olarak isletme ve
onarim masraflarmin ise yari yariya azaldigi bildirilmistir
[22]. Ayrica farkli bir arastirmada kurakg¢il peyzaj tasarimi
ile bitkisel tasarim c¢aligmasi gerceklestirilmis ve 1 m?

alanda yaklagik 2.271 L su tasarrufunun saglandigt
belirtilmigtir [23].
Kurake¢il peyzaj planlamalarinin  bazi temel noktalar

bulunmaktadir. Bunlar; planlama, bitki tiirii se¢imi, malg
uygulamasi, ¢im alan uygulamasi, etkili bakim, etkin
sulama, toprak hazirlama gibi agamalardan olusmaktadir. Bu
kapsamda su kullanimimin minimize edecek sekilde adimlar
atilmaktadir. Ozellikle planlama asamasinda iklim kosullari,
toprak yapisi, giineslenme durumu, hidrolojik durumlar,
hakim riizgar yoni gibi alana ait veriler degerlendirilir.
Planlama yapilacak alanin toprak analizi sonucunda topraga
verilmesi  gereken toprak iyilestiriciler/diizenleyiciler,
yetistirilecek bitkinin vejetasyon siirecleri goz Oniinde
bulundurularak uygulanir. Bitki secim asamasi da kurakeil
peyzaj uygulamalarinda son derece 6nemlidir. Ozellikle
iklimsel ve bolgesel adaptasyonun zorluklarindan dolay1
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yerel tiirlerin se¢ilmesi son derece Onemlidir. Bakim
masraflart ve su ihtiyaglart az olan tiirler bu asamada daha
fazla kullanilmahdir. Bilindigi tizere ¢im alanlar su
ihtiyacinin  maksimum oldugu alanlardir. Bu nedenle
kurakgil peyzaj anlayisinda ¢im alanlar minimum diizeyde
tutularak tasarimlar yapilmaktadir. Yine sulama planlamasi
bu anlayista cok dnemlidir. Segilen bitkisel tasarim dikkate
almarak en wuygun sulama biciminin planlanmasi
gerekmektedir. Ozellikle manuel yontemler ve uygun
olmayan saatlerde yapilan sulamalar su tasarrufu yoniinden
oldukca dezavantajhidir. Bir diger asama malg¢lamadir. Bu
uygulama ile topragmn nemi korunur ayrica bitki organik
madde bakimindan desteklenmis olur. Biitiin bu agamalarin
sirdiiriilebilir olmasi i¢in en onemli adim olan bakim
asamasimin diizenli bir sekilde gergeklestirilmesi gereklidir.
Bakim asamasinda giibreleme, budama, hastalik ve
zararlilarla miicadele gibi unsurlar bulunmaktadir [18]-[20].

Siirdiiriilebilir tarim

Diinya niifusunun artigina bagl olarak tarimsal {iriinlere olan
ihtiyag artmistir. Bu artan ihtiyaci kargilamak ve daha fazla
iiriin elde etmek amaciyla 6zellikle kimyasal giibre ve tarim
ilaglar1 kullanimi, daha kisa siirede daha fazla iiriin elde
etmek amaciyla fazlalagmigtir. Bu artisin insan sagligi ve
cevresel sistemlere olan olumsuz etkileri ortaya g¢ikmaya
baslayinca yeni tarim sistemleri arayislari ortaya ¢ikmistir
[24].

Diinyada tarimsal iretim kaynakli ¢evresel sorunlarin
¢cozlimiine yonelik arayislar, ¢cevresel sistemler, insan sagligt
ve dogal kaynaklar arasindaki dengeyi korumayi hedef alan
stirdiiriilebilir tarim sistemlerinin dogmasina sebep olmustur.
Siirdiirtilebilir tarim, toprak, su, hava ve iklim bilesenleri
gibi tarimsal ekosistemin unsurlarma zarar vermeyen veya
bu zarar1 en aza indirerek ekosistemin kendini yenilemesine
firsat tantyan tarimsal teknolojilerin kullanildigi ve bdylece
dogal kaynaklarin korunmasimi hedef alan tarimsal sistemler
ve uygulamalardan olusmaktadir [25]. Diger bir tanimla
stirdiiriilebilir tarim, dogal kaynaklari tiketmeksizin ve
cevreye zarar vermeden yapilan gida iretimidir.
Siirdiiriilebilir tarimsal tiretimde en 6nemli unsurlardan birisi
arazinin ve cografi unsurlarin ¢ok iyi bilinmesi ve analiz
edilmesidir. Iklimsel olarak bilinmesi gereken oOzellikler
sunlardir; sicaklik 6l¢iimleri, nem, riizgar hizi, riizgar siddeti
ve yonii, yagis miktar1 ve yagis sekli, hangi donemlerde ne
kadar siklikla don olaylarinin  yasandigi gibi temel
bilgilerden olusur. Ayrica iklimsel &zelliklerin yaninda
topragim yapisi ve kalitesi, hidrolojik ve hidrojeolojik durum
gibi bilesenler fizibilite g¢aligmasi sirasinda detayli bir

sekilde ele almmalidir. Tarmmsal  siirdirilebilirligi
destekleyen uygulamalar biinyesinde koruyucu toprak
isleme metotlar1, Dbitkisel atiklarindan elde edilen

kompostlarin kullanimi, hayvan giibrelerinin kullanilmasi,
zararlilarla miicadelede dogal yontemlerin kullanilmas1 gibi
birgok yontem bulunmaktadir [26]. Ornegin; toprakta azot
fiksasyonu i¢in kimyasal giibre kullanimi diginda azot fikse
eden mikroorganizmalar ve baklagil koklerindeki nodiiller
sayesinde biyolojik azot fiksasyonu yapilabilinmektedir
[27]. Ayrica tarimsal sulama yapilirken nitratla kirlenmis
yeraltisuyu kullanim ¢aligmalar1 da mevcuttur [28].
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Yagmursuyu yonetimi

Kentlesme hizindaki yogun artis sebebiyle yasamsal
faaliyetlerin siirekliliginde temel bir dogal kaynak olan
suyun korunmasi ve etkin bir sekilde kullanilmasi, sehirlerde
hayati bir konu haline doniismiistiir. Kentler, kirsal alanlara
oranla suyun infiltrasyonunu azaltan daha biiyiik miktarda
gecirimsiz yiizeylere sahiptir. Bu sebeple yeralt1 suyunun ve
topragin beslenmesi oldukca azdir [29]-[30]. Olusan yagislar
ylizeysel akisa gectiginde beraberinde c¢esitli kirleticileri
siiriikleyerek alic1 ortamlara tasimaktadir. Mevcut sehircilik
anlayisi ile yapilmis olan kentsel tasarimlar sebebiyle suyun
hidrolojik  dongiisiiniin ya tamamlanmadigi ya da
engellendigi goriilmektedir. Hidrolojik ddngii igerisinde
hareket etmesi gereken yagislar, catilardan oluklara, oradan
kanalizasyon sistemine ve beton kanallara, daha sonra ise
alici ortamin ¢esidine gore nehir, gol, deniz gibi su
havzalarina ulasmaktadir. Suyun toprak tarafindan
filtrelenerek yeralti suyunun beslenmesi ve buharlasip
atmosfere geri donmesi asamalar1 atlanarak hidrolojik
dongiide yeri olmayan sel vb. tagkinlarla artik daha ¢ok
karsilasilmaktadir [30].

Geleneksel yagmur suyu yonetim anlayisinda mazgallar,
borular, muayene bacalar1 gibi sistemler hala sechirlerde
kullanilmaktadir. Mevcut durumda hala kullanilan bu
sistemler evapotranspirasyon, infiltrasyon ya da yiizeysel
akig gibi hidrolojik siireglere dayanmamakta ya da bu dogal
siireglere benzemek gibi bir kaygi tasimamaktadirlar [30]-
[31].

Ancak son yillarda kiiresel 1sinma ile birlikte ortaya ¢ikan su
sikintist sebebiyle geleneksel yagmursuyu yonetim sekilleri
yerine alternatif su yonetim sekilleri aranmaya baglanmistir.
Bunun neticesinde, farkl: siirdiiriilebilir kentsel yagmur suyu
yonetim anlayiglar1 ortaya c¢ikmis, siirdiiriilebilir kent
yonetimi ve yesil altyapt kavramlarmim igsellestirilmesi
sonucu degisik uygulamalar denenmeye baglanmistir. Bu
anlayis ¢ercevesinde yagmur bahgeleri, yesil ¢att sistemleri,
su toplama hendekleri gibi yaklasimlar karsimiza
¢ikmaktadir.

Yagmur hendegi (bitkili su hendegi)

Bitkili su hendegi, zeminde bitki ortiisii ve kenarlarda
olusturulan egim ile suyun cazibeli bir sekilde ylizeysel
akisa gegmesini saglayan acik ve sig kanallardir (Sekil 2).
Akisa gecen su yavas bir sekilde ilerlediginden hendekteki
bitkiler sayesinde biyolojik filtrasyon ve agir metal
gideriminin de saglandigi  bilinmektedir [32]. Bu
uygulamalar genel olarak suyun yiizeysel akis hizini ve
miktarini azaltarak erozyonu 6nlemeye yardimei olur.

Sekil 2. Bitkili su hendegi [33].

Geg¢irimli kaplama

Gegirimli kaplamalar, yagislart biinyesine alarak toprak
tabakasina iletimini saglayan ve bu sayede yeralt1 suyunun
beslenmesini saglayan kaplamalardir (Sekil 3). Bunlarin
yiizeylerinde ¢im ve cakil veya gbzenekli beton ve asfalt
olan tiirleri bulunmaktadir [34]. Bu kaplamalar parklarda,
otoparklarda,  yiiriiylis  yollar1 ve  meydanlarda
kullanilmaktadir [35].

Sekil 3. Gegirimli kaplama [36].

Yagmur bahcesi

Yagmur Dbahgeleri, c¢atilardan, karayollarindan, yesil
alanlardan gelen suyun tutulmasi icin tasarlanmis, yagisla
birlikte direk olarak gelen sularin yonlendirildigi, i¢erisinde
bitkilerin bulundugu, s1g ¢ukur alanlara denilmektedir (Sekil
4). Kirsal alanlarda kendiliginden ya da yapay olarak
olusturulan sulak alanlarin bir benzeridir [37].

Yagmur sularinin kanalizasyon sistemlerine verilmemesi ile
atiksu aritma tesisine gelen su yiikii de azalmis olacagimdan
hem enerji maliyetlerinde azalmaya katki saglar hem de
atiksu aritma tesisine gelen ani debi yliikselislerinde c¢ikis
suyu kalitesinin diismesi engellenmis olur. Dahasi estetik,
biyogesitlilik ve yaban hayati agisindan pek ¢ok olumlu
fayda saglamaktadir [38].

Yesil cati

Mevcut ¢gati sistemi iizerine teskil edilen yesil ¢atilar, diiz ya
da egimli olarak insa edilen {izerinde, bitki Ortiisii, toprak,
drenaj ve su gegirmeyen bir katman bulunan sistemlerdir
[40]. Bu sistemler (Sekil 5) kentlerde 1s1 adasi etkisini
azaltict Ozellige sahiptirler. Binalarda 1s1 yalitimi etkisi
olusturarak enerji verimliligini arttirirlar. Bunun yaninda
yagis yesil catilara diistiiglinde, burada bulunan bitkiler
tarafindan kullanildig1 i¢in daha az su altyapi sistemine gider
[41].
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Atiksu yonetimi

Eski caglarda insanlar, sosyal yonden giiniimiiz insanlig1
gibi toplu ve yigin halinde yasamadigi i¢in olusturduklar
atiksular alic1 ortamda (toprak ya da su) rahatlikla bertaraf
edilebiliyordu. Topluluk halinde yasama neticesinde olusan
atiksularin saglik agisindan tehdit boyutuna yaklastiginda
kanalizasyon sistemi insanligin giindemine girmeye bagladi.
Hizli niifus artis1 ve kentlesme ile birlikte sanitasyon terimi
de kuvvetlenmeye bagladi ve 1900°li yillarin basinda
kanalizasyon sularmin bertafi giindeme geldi. Kanalizasyon
sularinin aritimi ikinci diinya savast ile birlikte zarara ugrasa
da 1950’li yillar itibariyle su kalitesi standartlari konulart
giindeme gelmeye baglandi. 1970°li  yillarda gaz
kromotografisi ve atomik absorbsiyon spektrofotometresinin
ticari olarak kullanima baglanmasi ile birlikte cevresel
kontaminasyon olgusu hayatimiza tamamen yerlesmis oldu
[43].

Olusan atiksularin insan ve g¢evre sagligi acisindan tehdit
olustugu algist sonucu bu atiksular gesitli sekilde tasfiye
(uzaklastirilma/bertaraf)  edilmeye  baslandi.  Tasfiye
tekniklerinin ge¢misine bakilacak olursa 1890’11 yillarda
septik tanklar, 1900’lerde imhoff tanklar1 ve nihayet karbon
giderimi igin Biyolojik Oksijen ihtiyaci (BOI) tabiri ile Akif
Camur terimi ortaya c¢ikarak giiniimiiz anlamiyla aritma
baslamis oldu. 1950°1i yillar itibariyle Yapay Sulak Alan ve
Déner Biyolojik Reaktorler ile aritma yapildi. 1960’11 yillar
civarinda karbonun yaninda azot ve fosfor elementlerinin de
cevresel acidan risk oldugu goriiliince Nitrifikasyon-
Denitrifikasyon Prosesleri ile Fosfor giderim prosesleri ve
Anaerobik reaktorler ile aritim yapilmaya baslandi. Yakin
gecmiste (1980’11 yillar) ¢evresel hassasiyetler arttikga ileri
arittim ihtiyac1 dogdu ve arttk membranlarin atiksu
aritiminda kullanimi bagladi ve nihayet giliniimiizde bu
durum mikrokirleticiler boyutuna tagmarak alict ortamin
korunmasi saglanmaya basland1 [43]. Insan ve cevre
sagliginin korunmasi i¢in yapilan bu tasfiye iglemleri kisaca
detaylandirilacak olursa, yercekiminin etkisiyle agir
maddelerin (katilarm) atiksudan uzaklastirilmasi islemine
Primary Treatment (Birincil Aritim), karbonlu maddelerin
mikroorganizmalar tarafindan karbondioksit, su ve yeni
hiicre olusumu icin enerji tretimine dondstirildigi
sistemlere Biyofilm ya da Askida biiyliyen (Aktif Camur)
sisteminin  kullanrmma Secondary ~Treatment (ikincil
Aritim), nihayet alict ortamdaki azot ve fosforun sebep
oldugu o6trofikasyon sorununu engellemek i¢in gelistirilen
biyolojik azot-fosfor giderim sistemlerine Advanced
Treatment (fleri Aritim) denilir [44].Teknolojik gelismeleri
takiben 1960’11 yillarin sonunda ¢okeltim havuzunun yerine
ultrafiltrasyon membranlarin kullanim1 denendi ve 1970 ve
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1980°li yillarda ful olgekli aktif g¢amur prosesinde
membranlarin kullanimi basladi. Giliniimiizde ¢ikis suyu
kalitesini artirmak igin pek tip membran atiksu aritiminda
yerini almaktadir [43].

Giintimiizde klasik ve modifiye olmakla birlikte pilot ve
gercek Olgcekte evsel ya da endiistriyel tipte atiksu aritim
calismalar1 mevcuttur [45]- [48]. Klasik atiksu aritiminin
yaninda doganm oOziimleme kapasitesinin taklit edildigi
yapay sulak alan sistemi aslinda dogal sulak alanlarin ¢esitli
islemler ile kontrollii hale getirilmis halidir. Dogal sulak
alanlara goére optimum su dagitiminin yapilabildigi,
bitkilerin diizenli araliklarla ekiminin yapildig1 ve yer alti
sizmtilarinin kontrol altinda tutulabilmesi vs. gibi birgok
etkenin kontrol altina alinmig bir sistemdir. Genel bir
tanimlama yapmak gerekirse yapay sulak alanlar, kontrollii
bir sekilde dolgunun yapildigi, mevsim sartlarina uyumlu bir
bitki grubunun bulundugu, bunun yaninda ¢ok ¢esitli
mikroorganizma ve omurgasizlarin dogal olarak yasadigt
kontrollii dogal havuzlar olarak tanimlanabilir [49].Bu
sistem ile atiksuda bulunan kirleticiler (AKM, organik
madde, azot, fosfor, toksik ve iz elementler, agir metaller ve
patojenler) ¢esitli adsorbsiyon, sedimantasyon, filtrasyon,
mineralizasyon ve fitoremediasyon gibi fiziksel, kimyasal ya
da biyolojik yontemler ile form degistirerek atiksu
biinyesinden kismen ya da tamamen ayrilmaktadir [50]-
[51]. Bu sistem kendi kendini yenileyebilen, kurulum ve
isletme maliyeti olduk¢a az olan, ekipman ve personel sayisi
az ekonomik bir prosestir. Yapay sulak alanlar klasik
sistemlerle nazaran daha ucuz sistemler olmakla birlikte
camur c¢ikarmayan sistemlerdir Mevsimin uygun oldugu
kirsal alanlarda kullanim olanaklar1 oldukga yiiksektir [52]-
[53]. Giinlimiizde uygulanan yapay sulak alan teknolojisi
genelde “Akim Diizeni” ve “Makrofit tiirli”ne gore 2 ana
baslik altina toplanir. Genellikle akim diizenine gore insa
edilen bu sistemlerde de “Serbest yiizey akisli” ya da
“Yiizey alti1 akish” olacak sekilde imal edilir. Birbirlerine
gbre avantaj ve dezavantajlarmm oldugu bu sistemlerde
genellikle mevsim sartlar1 dikkate alinarak se¢im yapilir
[54].

Diinyada bu teknoloji neredeyse 50 yildir iilkemizde ise
yaklagik 25 yildir kullanilmaktadir. Pek cok evsel ve
endiistriyel atiksularin yaninda, cam sanayi atiksulari, piring
endiistrisi, kumas boyama endiistrisi, tarimsal iriinlerin
iretimi endistrisi gibi ¢ok ¢esitli atiksularin da aritimi
miimkindiir [55]- [56]. Ulkemizde laboratuvar olgekli
calismalarin yaninda pilot ve gercek Olgekte calismalar
mevcuttur [55]. Denizli ilinde 630 kisilik bir yerlesim
yerinde uygulanan yapay sulak alan teknolojisi sayesinde
KOI, AKM, BOlIls ve pH parametrelerinde Su Kirliligi
kontrol Yonetmeligi'nde belirtilen desarj limitlerinin
rahatlikla ulagilmistir [53]. Yine Sakarya ilinde evsel
nitelikli atiksular bu teknoloji ile aritilarak AKM, KOI, BOI,
NH.-N ve NOs-N parametrelerinin gideriminde yeterli
verime ulagsmislardir [57].

Yapay sulak alan teknolojisi ana etkeni bitkisel
materyallerdir. Makrofitler olarak da adlandirilan bu bitkiler
gelisim igin fotosentez yaparlar ve bu bitkiler karbon
kaynag1 olarak CO- kullanirlar. Yaprak, kok veya toprak
canlilarmin termokimyasal konversiyonu sayesinde azotlu
bilesiklerin de tutulmasiyla sera gazi emisyonlarinin
azalmasina katki sunarlar. Ayrica vahsi yasam hayvanlari,
kuslar, omurgasizlar ve biyogesitlilige de ¢ok ciddi katki
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saglamaktadir. Bu haliyle yapay sulak alanlar siirdiiriilebilir
kent yonetimi anlayisia katki sunan yesil altyapr kavrami
icerisinde yerini almigtir [56]- [58].

Yesil limanlar

Deniz ve kara ulagtirma sistemlerinin kombinasyonu
seklinde hizmet veren limanlar hem ulusal hem de
uluslararas1  tagimacilik  ve  ticaretin  en  Onemli
bilesenlerinden biridir. Bunun yaninda yerel ve global
ekonomilerin yatirnm ve kazan¢ kapisi olarak goze
carpmaktadir. Yiiksek yogunluklu ekonomik hareketlerin
olustugu bu limanlarda zaman zaman iletisim kanallarina da
yansiyan deniz tagimaciligi kaynakli cevresel tahribat
yaratan kazalar olmustur [59]. Bu sebeple olasi ¢evre
sorunlarina karsi son yillarda siirdiirtilebilir bir sistem
yaratma endigesi tiim sektdrlerde oldugu gibi deniz
tagimaciligi  sektorinde de Onem kazanmustir [60].
Siirdiiriilebilirlik kavrami kapsaminda yonetilen limanlarda
Yesil liman ya da Ekoliman (ekolojik liman) tanimlari
karsimiza c¢ikmaktadir. Yesil liman olarak da bilinen
Ekoliman (ekolojik liman) kavrami, yalnizca c¢evresel
degerleri degil, bunun yaninda ekonomik ¢ikarlar1 da artiran,
bu iki deger arasinda denge kurarak biiylimeyi saglayan
stirdiirtilebilir gevre dostu bir liman yonetimi anlayisidir
[61]. Gerek iilkemizde gerekse yurtdisinda pek ¢ok iilkede
yesil liman uygulamalari mevcuttur. Tiirkiye’de Aksa
limani, Bodrum Kruvaziyer Limani, Petkim Limani,
Borusan Limani, Ege Port Limam ve Limak Iskenderun
Limani Yesil Liman kategorisinde faaliyet gosteren limanlar
arasindadir [62]. Bunun yaninda Avrupa Limanlari
Organizasyonu ESPO “Europian Sea Ports Organisation”
tarafindan Lloyd’s Register isbirligi ile verilen, Avrupa’nin
en prestijli Cevre Yonetim Sistemi Sertifikasi PERS “The
Port Environmental Review System (Liman Cevresel
Inceleme Sistemi)” Tiirkiye’de ilk defa Asyaport’a verildi.

Materyal ve yontem
Materyal

Iskenderun kenti (Sekil 6) yaklasik 247 km? yiizélgiimiine
sahip Tiirkiye’nin giineyinde yer alan Hatay ilinin 15 ilgesi
arasindadir. Ticaretin yogun olarak yapildigi limanlardan
birine sahip olan ilge, bulundugu cografi konum itibariyle
turizm agisindan da énemli bir konumdadir. Tlce yaklasik 30
km’lik kiy1 hattina sahiptir. Kent batida Akdeniz, doguda ise
yiiksekligi 2262 metre yiikseklie uzanan Amanos Daglari
arasinda kalan alanda gelismis, yerlesim alanlari ise liman
cevresinde yogunlasmustir. Ilgenin hakim bitki ortiisii
makiler ve ormanlardir [63].

Sekil 6. Calisma alan1 [64].
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Yontem

Calisma Iskenderun kent merkezinde yer alan yesil altyap
unsurlarint  iceren  alanlarin  incelenmesi  seklinde
gerceklestirilmistir. Yontem olarak yerinde gézlem teknigi
kullamlmistir. Incelenen alanlar fotograflanarak yesil altyapi

unsurlart cergevesinde degerlendirilmistir. Bu
degerlendirmeler neticesinde cesitli Onerilerde
bulunulmustur.

Bulgular ve tartisma

iskenderun limam

Iskenderun Limam (Sekil 7), Iskenderun kérfezi ve

Akdeniz'in kuzeydogusunda 1 km?lik bir alan iizerinde
kurulmus Ortadogu iilkelerine olan aktarma trafigine oldugu
kadar, Giiney ve Gilineydogu Anadolu Bolgelerine de hizmet
veren bir limandir. 2019 yilinda Altintel Limani, Hopaport,
Limas Mardas Limani ile birlikte Limak Iskenderun Limani
Ulagtirma ve Altyapt Bakanhigi Yesil-Eko Liman
gerekliliklerini tamamlamis ve sertifikalandirilmigtir [65].
Bu kapsamda Iskenderun Limaninda atik yonetim sistemleri,
yenilenebilir enerji kullanimi, giiriiltii denetimi, atiksu ve
deniz kirliligi yonetimi, hava kirliligi 6nleme ve toz azaltim
lizerine ¢alismalar yapilmaktadir. Ornegin fosil yakith
vinglerden vazgegilip, elektrikli vingler kullanilarak emisyon
degerleri oldukca azaltilmistir. Sirketin siirdiiriilebilirlik
hedefleri arasinda 2031 yilina kadar dizel motorlu
araclarinin ~ hepsini  elektrikli  araclara  ¢evirmek

bulunmaktadir. Bununla beraber dis aydinlatmada tamamen
led tipi enerji tasarruflu sistemler kullanilmaya baglanmistir

Sekil 7. Limak iskenderun Limani [67].
Su ve Atiksu Tesisleri

Su ve atiksu tesisleri kentlerde yesil altyapt unsurlarimi
olusturan en &nemli bilesenlerdendir. 2019 yili verilerine
gore Iskenderun ilgesi su temini bakimindan incelendiginde
emniyetli yeralt: suyu rezervi 19,70 hm®yil’dir. Iskenderun
ve Iskenderun-Payas bolgesinden yillik cekilen su miktart
ise 67.468.341 m%yil ve kullanma belgeli kuyu adedi ise
957dir. ilge igme ve kullanma suyu ihtiyacini kuyular ve
yiizeysel sulardan karsilamaktadir. igme ve kullanma suyu
amagh olarak yiizey suyu kaynagi Agpinar (Korpinar)
koyiinden 3,110 hm%yil, Akgay’dan 7,776 hm%yil,
endiistriyel proses suyu kullanimi olarak Mersin ¢ay1 ve
Derebani deresinden Iskenderun kenti ve sanayi tesisleri icin
cekilen su miktar1 77,57 hm%yil’dir. Ayrica icme suyu
olarak yeralti kuyularmdan (iskenderun, Kaledibi,
Degirmendere ve Sugikagi kuyulari) temin edilen su miktari
ise 4.717.220 m3/y1l’dir [68].
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Atiksu aritma tesisleri incelendiginde ilgede mevcut
kapasitesi 86.400 m%/giin olan ve yaklagik 438.000 kisilik
niifusa hizmet eden biyolojik atiksu aritma tesisi, ayrica
debisi 4.354 m¥giin olan ve yaklasik 33.000 kisilik niifusa
hizmet eden 2 ayr1 biyolojik atiksu aritma tesisi mevcuttur.
Bunun yaninda sanayi bazli atiksu aritma tesislerine
bakildiginda 10.000 m%giin kapasiteli kimyasal olarak
calisan endiistriyel bir atiksu aritma tesisi mevcuttur [69].

iskenderun Millet Parki ve iskenderun Sahili

Iskenderun Millet Parki yaklasik 50 doniimlik bir alan
iizerine insa edilmistir. Iskenderun Belediyesi tarafindan
2019 yilinda tamamlanmis olan projenin igerisinde yliriiyiis
parkuru, kosu yolu, bisiklet yolu, amfi tiyatro, yazlik
sinema, kermes alani, 750 araglik otopark, basketbol,
voleybol sahast ve biyolojik bir gélet bulunmaktadir.

Kentin dinamiklerinden olan sahil seridi lizerinde spor
tesisleri, ¢ocuk oyun alanlari, ¢im alanlar gibi yesil altyap1
bilesenleri kullanilmistir. Sahil seridinde bulunan agik yesil
alan koridoru, ilgede yasayanlar icin dnemli bir rekreasyon
alanidir [70].

Kentin yesil altyapt bakimindan lokomatifi olan sahil ve
millet parki (Sekil 8) kent de planlanan diger projelere
onciiliik etmektedir.

Sekil 8. iskenderun Sahili ve Millet Parki [70].

Sonuc¢

Calisma kapsaminda yesil altyapit unsurlarini igeren
Iskenderun Limani, su ve atiksu tesisleri, Iskenderun Millet
Park1 ve Iskenderun Sahili incelenmistir. Genel perspektifte
yapilan degerlendirmede su temininin yiizeysel sulardan ve
kuyulardan yapildigi goriilmektedir. Bazi bdolgelerde su
temini kuyulardan saglandigi i¢in bolgede yeni kuyu
acimlarinin kontrollii bir sekilde yapilamasi gerekmektedir.
Ayrica ilge gog¢ alan bir yaprya sahip oldugu i¢in niifus
artisina bagl olarak su yonetimi stratejik planinin revize
edilmesi gerekmektedir.

Iskenderun Millet Parki ve iskenderun Sahili yapisal ve
bitkisel tasarim acgisindan degerlendirildiginde bdlgede
yapilan bitkisel tasarimlarda yogun su istemeyen ¢im ve
bitkilerinin daha fazla kullanilmasina agirlik verilmelidir.

Sonug olarak, diinya iizerinde farkli dinamiklere (gida
krizi, kiiresel 1simnma, afetler, uluslararasi gelismeler vs.)
bagh olarak yasanilan kontrolsiiz gocler gerceklesmeye
devam etmektedir ve edecektir. Bu sebeple 6zellikle yerel
yonetimlerin, kentlerin altyapilarin1 bu gogleri karsilayacak

sekilde giiclendirmeleri gerekmektedir. Bu noktada
oncelikle planlama agamasinda gerceklestirilmesi diisiiniilen
projelerin  siirdiiriilebilir  olmasma  dikkat edilmesi

gerekmektedir. Planlanan tasarimlarda gevresel degerler ile
ekonomik degerler arasinda bir denge olusturulursa sehrin
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dinamizmine katki sunacak projeler ortaya ¢ikabilir. Kiiresel
1snmanin etkilerini daha yakindan hissettigimiz bu giinlerde
tasarimcilarin tasarim yaparken iklimsel unsurlara kars1 daha
hassas  davranmalar1  gerekmektedir. Bu asamada
stirdiiriilebilir kent yonetimi anlayisi ¢ergevesinde yapilacak
tasarimlarda yesil altyap: anlayist bircok temel probleme
¢ozlim iiretebilecek potansiyele sahip bir anlay1s olarak goze
carpmaktadir. Ozellikle kentlerde yapilacak yesil altyap
uygulamalarinda, kurak¢il peyzaj ¢alismalari, siirdiiriilebilir
tarim anlayisi ile yapilan iiretimler, yagmursuyu yonetimi ve
strdiiriilebilir aritma yontemlerinin = siirdiiriilebilir  kent
yonetiminde aktif bir rol oynamasmin ekonomik, ekolojik,
saglikli ve siirdiiriilebilir bir ¢evre olusturulmasinda avantaj
saglayacagi ongoriilmektedir.

Etik kurul onay1 ve ¢ikar catismasi beyani

Hazirlanan makalede etik kurul izni alinmasma gerek
yoktur.

Hazirlanan makalede herhangi bir kisi/kurum ile ¢ikar
¢atismasi bulunmamaktadir.
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Baraj mithendisliginin aragtirma konularindan olan barajlarin desarj yapilarinin hidrolik karakteristikleri
ve ortaya ¢ikan enerjinin giivenli ve ekonomik olarak dagitimimnin saglanmasi hususu dikkate alindiginda
etkin bir proje tasarimi i¢in yapilacak fiziksel modelleme, prototip deneyler ve sayisal modelleme
sonuglarinin birlikte degerlendirilmesi gerekmektedir. Desarj yapilarmin performansini degerlendirmek
icin kullanilan fiziksel model yontemi ge¢miste ve giinimiizde basarili olmasma ragmen HAD
(Hesaplamali Akiskan Dinamigi) yonteminin de fiziksel modellemeye gore ¢esitli avantajlar sundugu
bilindiginden giiniimiizde yapilacak hidrolik alanindaki mithendislik tasarimlari artik deneysel ¢alismalar
ile birlikte HAD yazilimmin kullanilmasmi gerektirmektedir. Bu tiir programlarin bir¢ok hidrolik yapilarin
projelendirilmesinde kullanilmasi, planlanmada daha az hata olusmasini, daha kisa zamanda ve daha
ekonomik olarak yapilmasini saglayacaktir. Bu caligmada fiziksel model ¢aligmalariyla belirlenen Ilisu
Baraj1 dolusavak yapisindaki hidrolik karakteristikler ve enerji kirici yapilarin etkinligi Hesaplamali
Akiskanlar Dinamigi (HAD) yontemi ile sayisal olarak incelenmistir. Calismanin sayisal modellemesinde
ozellikle agik kanal akimi, sediment taginimi, oyulma gibi problemlerin ¢6ziimiinde basarili bir yazilim
olan Flow3D kullanilmig olup sayisal hesaplamalardan elde edilen su yiizii, basing degerleri ve hiz
profileri, 1/100 ve 1/30 model 6lgekleriyle yapilan fiziksel model deney dlgiimleriyle karsilastirilarak ilgili
say1sal analiz yonteminin performansi degerlendirilmistir.
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* Sorumlu Yazar

Physical modeling, prototype experiments and numerical modeling results should be evaluated together
for effective design, considering the hydraulic properties of the discharge structures of dams, which are
research subjects of dam engineering, and the safe and economical distribution of the resulting energy.
Although the physical model method used to evaluate the performance of discharge structures has been
successful in the past and today, it is known that the CFD method offers various advantages over physical
modeling. Engineering designs in the field of hydraulics to be made today require the use of CFD
(Computational Fluid Dynamics) software together with experimental studies. Because the use of such
programs in the design of many hydraulic structures will ensure that there are fewer mistakes in planning,
and that it will be done in a shorter time and more economically. In this study, the hydraulic characteristics
in the discharge structures determined by the physical model studies and the efficiency of the energy
dissipating structures were numerically investigated by the Computational Fluid Dynamics (CFD) method.
In the numerical modeling of the study, Flow3D, a successful software, was used to solve problems such
as open channel flow, sediment transport, and scour, and the water surface pressure values and velocity
profiles obtained from numerical calculations were compared. In this comparison, the performance of the
numerical analysis method was evaluated by using the physical model test measurements made with the
1/100 and 1/30 scale models.
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1. Giris

Su, hayatin sirlarinin en Onemlisidir. Tarihteki ilk
medeniyetlerin yerlesim bolgeleri hep su kaynaklariin
yakininda olmustur. Bilim tarihinde bilgi bakimindan
topluluklarin dayanigmasina ilk misallerin yine su ile
ilgili oldugu dikkate alindiginda, ilgili bilgi ve
teknolojik gelismelere paralel olarak medeniyetlerin de
gelistigi soylenebilir. Ozellikle modern cagimizda
insanin gevre ile olan karsilikli etkilesiminin ¢ok yonlii
olarak artmasi1 sonucunda su talebi de orantili olarak
gittikge artmigtir. Artan talebin karsilanmasi i¢in kurak
zamanlarda kullanilmak tizere sulak zamanlarin akarsu,
nehir, rmak, cay veya dere sularmin bent, sedde,
baglama ve barajlar vasitasiyla yolunun Kesilerek
biriktirilmesiyle ihtiyag olunan talep karsilanmaya
calisilmistir. Bu yapilar giiniimiizde bile sadece igme
suyu amaciyla degil, ayni zamanda tarim, ulasim,
endiistri, korunma, barinma elektrik enerjisi iiretmek
icin kullamlmaktadir. ihtiyaclar dikkate alindiginda
neredeyse tlimiinii karsilayabilecek biriktirme yapilar
olarak barajlar 6n plana ¢ikmaktadir [1]. Bu yapilar
smiflandirilirken ¢esitli kriterler dikkate alinmaktadir;

*Biiytikliiklerine gore; biiylik baraj ve kiiciik baraj,

*Yiiksekliklerine  gore  smiflandirma;  baraj
yiiksekligi 100 m’den fazla ise yiiksek baraj, 50 ile 100
m arasinda orta yiikseklikte baraj, 50 m’den az ise algak
baraj,

*Yapilis amaclarina goére smniflandirma; Sulama
baraj1 ve tagkin koruma baraji,

*Fonksiyonlarina goére smiflandirma; biriktirme
baraj1, tagkin geciktirme baraji, kabartma baraji,

*Govdenin  statik  projelendirmesine  gore
siniflandirma; Agirlik baraji, Kemer baraj (Sekil 1),
Kemer agirlik baraj, Payandali baraj, Dolgu baraj, On
germeli baraj,

*Hidrolik dzellige gore siniflandirma; Uzerinden su
akan ve akmayan baraj,

*Govde malzemesine gore siiflandirma; Kargir,
Beton, Dolgu baraj, Ahsap baraj, Celik baraj, Lastik

baraj olmak tizere ¢esitli smiflandirmaya tabi
tutulmustur [2].
Baraj yapilarinin taskin sirasindaki  giivenligini

saglamak amaciyla desarj yapilar1 olarak dolusavaklar
insa edilmektedir. Bu yapilar, baraji tagsmaya karsi
korumak i¢in akist kontrol ederek fazla suyu
rezervuardan kuyruk suyuna aktarir. Amerika Birlesik
Devletleri Igisleri Biirosu Islah Departmani'nin (United
States Bureau of Reclamation, USBR) tanimina gore,
rezervuar alaninda tutulamayan fazla suyu (sel suyu)
serbest birakmak i¢in, ayrica derivasyon barajlarindaki
tagkin sularin1 derivasyon sistemine baypas etmesi i¢in
insa edilmektedir|3].
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Sekil 1. Beton Dolgulu Kemer Baraj (Deriner Baraji)

S6z konusu desarj yapilart birkag farkli tiirde inga
edilebilmektedir. Baslica; Basamakli, Labirent, Sifon,
Yanal, Saft, Serbest Tasmali, Tiinel, Sut Kanalli ve
Ogee dolusavaklardir [4]. Dolusavaklarin boyutlari
gelisen diinya niifusu ile birlikte dogan enerji ihtiyacin
kargilamak i¢in son 30 yilda oldukca artig
gosterdiginden ortaya ¢ikan enerjinin giivenli ve
ekonomik olarak dagitiminin saglanmasi hususu baraj
mithendisliginin ~ zor olan  konular1  arasinda
bulunmaktadir[5]. Bu tiir yapilarin tasarim ve ingaat
ihtiyaclarimi karsilamak icin hidrolik aragtirmalar nem
kazanmigtir. Bu calismalar ihtiyaclar dogrultusunda
belirlendiginden ihtiyaclar arttikca proje
karakteristikleri de buna gore degisim gostermis, ayrica
teknoloji de bu dogrultuda gelismistir. Simdiye kadar
bliylik taskin debileri i¢in gerceklestirilen prototip
deneyler sonucunda yeni tip enerji kiricilar kullanilmak
suretiyle birgok biiyiikk proje tasarlanmistir. Bununla
birlikte tagkin desarj1 ve enerji kirinimi i¢in tercih edilen
yontemler ¢esitlidir. USBR tarafindan uzun yillar
yapilan ¢aligmalar sonucunda tasarlanan ve tip 1, 2, 3, 4
seklinde siiflandirilan ve dolusavaklarin alt kisminda
insa edilen hidrolik sigramali bu yapilar, dolusavaklar
icin yaygin olarak kullanilmaktadir. Ayrica dolusavak
yapisinin ucunda yuvarlak esik (roller bucket) (Sekil 2)
tasarlanarak kavisli kisimda meydana gelen hidrolik
sigrama ile enerji kirmimi gergeklestirilebilecegi gibi,
yine dolusavak yapisinin sonunda inga edilen sigratma
esigi (ski jump) yardimiyla akimin havalandirlarak
yapidan uzak bir noktaya firlatilmasi ve hava direnci
etkisiyle jetin enerjisinin dagilmasi saglanabilmektedir.
Sicratma esikleri, serbest jet firlatmali enerji kirier (ski-
jump bucket), ve ¢evirmeli sigratma esikli enerji kirict
(flip bucket) olarak siniflandirilir [6]. Serbest firlatma
yapisinin ana amaci, ana barajda oyulma agisindan
sikint1 olusturmayacak sekilde akint1 yoniinde miimkiin
oldugunca biiyiik bir mesafede jet ¢arpmasini saglamak
iken cevirmeli sigratma esiginde, enerji dagilimi
genellikle dalma havuzu (plunge pool) ve hava
siiriikklenmesi ile olusturulmaktadir [7]. Steiner ve ark.
[8] gibi bir¢ok arastirmaci ¢evirmeli sigratma esigini
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(flip bucket), firlatmali esik (ski jump) (Sekil 3) yapist
ile aym kategoriye koymaktadir. Sigratma esiklerinin
halihazirda, ¢ok cesitli sapma agilari, firlatma agilari,
goreceli egrilik yaricapli, disli yap1 elemanlar gibi 6zel
elemanlar iceren gesitli geometrilere sahip (Sekil 4-5)
binlerce tasarimi aktif olarak ¢aligmakta, ancak bunlar
icin smirlt standart ve sadece birkag tasarim yonergesi
mevcuttur [9]. Serbest Jet yoriingeleri de yine tercih
edilebilen enerji kirici yontemlerden biridir. Baraj
kretinin iistiinden desarj olan serbest akis, asagiya dogru
hava direncine ve hava siiriiklenmesine maruz kalir.
Hava siiriiklenmesi nedeniyle su jetinin kuyruk suyuna
dalmadan once 6nemli miktarda enerjisi soniimlenir.
Nehir yatagina dalma ile birlikte daha fazla enerji kaybi
elde edilir. Serbest jet akisi kemer barajlarda kret
istlinde, ayrica dip savaklarm  cikislarinda
olugmaktadir. Bu yapilar dizayn edilirken baraj tipi,
barajla baglantili yapilarin yerlesimi, ilgili yapilardaki
hidrolik durum, c¢evre, jeoloji, giris ve c¢ikis debi
miktarlari, baraj yiliksekligi, ekonomik degerlendirme
gibi faktorler géz 6niine alinmaktadir. Bunlarin diginda
biiyiik barajlar i¢in sicratma esikleriyle birlikte kombine
olarak insa edilen jet etkilesimli havuzlar, dalma
havuzlar1 (plunge pool), taban kaplamali diisii havuz
(stilling basin) gibi yontemler yerel durumlar da goz
Online almarak kullanmilmaktadir. Enerji kirici yapi
tirlerinden bir digeri de i¢ enerji kiric1 yapilar olan
tiinellerde insa edilen yapilardir. Alandaki topografik ve
jeolojik sartlar uygun ise hem projenin daha diizenli
olmasi hem de maliyetin azalmasi i¢in derivasyon
tiinellerinin ig¢inde Ornegin orifis kapaklar, yiizik
seklindeki engeller (tumbling) tasarlanmak suretiyle
biliylik miktarda enerji kirinmmi gergeklestirilebilir.
Tabii olarak bu yontemdeki en biiyiikk sikinti
kavitasyon, sediment ve dolayisiyla erozyon hususudur.
Coziimii ise gerekli basinci ayarlamak, orifis plakalarda
gerekli optimizasyonu yapmak, anti erozyon malzeme
kullanmaktir [5].

Rezervuar

Yer
~hb | Qevrintisi

uyruk Suyu
Seviyesi

Mansap Kanal Yatag:
Sekil 2. Yuvarlak Sigratma Eysigi (Roller Bucket)
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-
Kuyruk Suyu Seviyesi

Sekil 3. Firlatmali Sigratma Egsigi (SKi Jump)

Sekil 4. Flip bucket tiirleri a. egimli, b. dil seklinde. c.
egimli(kisa yan duvarlar dahil)

Sigratma Esigi
deflektorleri

Sekil 5. Digli Sigratma Esigi (Slotted Bucket)
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S6z konusu desarj yapilarinda ortaya ¢ikan enerjinin
giivenli ve ekonomik olarak dagitiminin saglanmasi
hususu dikkate alindiginda etkin bir proje tasarimi igin
yapilacak fiziksel modelleme, prototip deneyleri ve

sayisal modelleme sonuglarinin birlikte
degerlendirilmesi ~ gerekmektedir. ~ Nitekim  bu
dogrultuda ¢ok sayida c¢aligmalar yapilmis ve
yapilmaktadir.

Chanel ve Doering [10], daha once fiziksel model
caligmalar1 yapilmis olan 3 farkl hidroelektrik santralin
dolusavaklarinin  farkli su yiikkii ve dolusavak
yiiksekliklerini goz oniine alarak, P/Hd (P:dolusavak
yiiksekligi, Hd:dolusavak tasarirm su yiiksekligi)
oraninin degisimini bir Hesaplamali  Akiskanlar
Dinamigi (HAD) yontemi olan Flow3D ile sayisal
analizini yapmuslardir.

Ho ve ark. [11], Avustralya genelinde gesitli dolusavak
uygulamalarini modellemek i¢in Flow3D programini
kullanarak elde ettikleri sonuglara gore tasarim
seviyelerine esit ve lizerindeki su ylikseklikleri i¢in debi
miktarmin genellikle fiziksel model verilerinden %5
daha yiiksek oldugunu belirtmislerdir. Ayrica sayisal
modellerin fiziksel model debi desarjlarint %3 oraninda
fazla tahmin ettigine dair genel bir sonuca ulagmislardir.

Gessler [12], yaptig1 calismada su yiizeyi profillerinin
fiziksel model karsilagtirmalarina goére HAD’in
desarjlar1 %3'e kadar eksik tahmin ettigini belirtmistir.
Ayrica %5’lik farklarm elde edildigi analizlerinde
olusan jet profillerinde de gayet iyi sonuglar alindigini
belirtmistir.

Savage ve Johnson [13], Flow3D programini kullanarak
standart ogee  dolusavaklarin  simiilasyonlarim
gergeklestirmiglerdir. Elde edilen sonuglari fiziksel
model, USBR ve USACE(United States Army Corps of
Engineers) verileriyle karsilagtirdiklarinda Flow3D'nin
0,7*Hd' den biiyiik su yiikseklikleri i¢in debi
degerlerinin fiziksel model sonuglarina gore biraz fazla
tahmin ettigini, USACE ve USBR standartlarinin ise
fiziksel model debi desarjlarini sirasiyla yaklasik %1.5
ve %S5 oraninda diisiik tahmin ettigini tespit etmislerdir.

Dursun ve Oztiirk [14], Ozellikle son otuz yildir gelisen
baraj insa tekniklerinin (silindirle sikistirilmis beton
baraj metodu gibi), basamakli dolusavaklarin
popiilaritesini artirdigini, bu tip dolusavaklarda klasik
dolusavaklara gore %70-80 oranlarinda daha fazla

enerji ~ sOniimlenmesinin ~ miimkiin  oldugunu,
kendilerinin de farkli bosaltim kanali taban egimleri igin
enerji  sOnlimlenme oranlarini  sayisal yontemle

belirleyerek benzer konuda daha 6nce fiziksel modelleri
yapilan calismalarin sonuglar1 ile karsilastirilmasini
amaglamislardir.

Baba Ali ve ark. [15], Nazloo Barajimin dolusavak
tasariminda insa edilen enerji kirict havuzun etkinligini
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fiziksel ve sayisal olarak modelleme yoluna
gitmislerdir. USBR Tip- II enerji kirict havuzun yan
duvarlarinda 5°7,5°/10° ve 12,5° agilarla havuzun
mansabina dogru daraltmak suretiyle olusacak hidrolik
sicramanin da katkistyla meydana gelen enerji
sOnlimlenmesi oranint farkl debiler  i¢in
aragtirmiglardir. Flow3D programi ile analizi yapilan
modelde tiirbiilans modeli olarak RNG (Renormalize
Grup Denklemleri) k- € ve Standart k- € modellerini ayr1
ayr1 caligmislardir.

Valero ve Rafael [16], dolusavak iizerindeki serbest
akisi, Flow3D programi yardimiyla hava siiriikleme
(airentrinment) ve siriikleme akis (drift flux)
modellerini  kullanarak  elde  ettikleri  hava
konsantrasyon katsayisini, daha Onceki prototip
calismalarindan elde edilen sonuglarla kiyaslamiglardir.

Usta [17], Laleli baraji dolusavak fiziksel model
sonuglarini sayisal analiz sonuglari ile karsilastirmistir.
Flow3D programinin kullanildig1 ¢alismada tiirbiilans
modeli olarak RNG model tercih edilmistir. 1/25 Slgekli
olarak yapilan fiziksel model, ayn1 zamanda 1/1 olarak
da ¢ozlimlenmis olup olgek etkisi de tespit edilmis,
ayrica fiziksel modelde ortaya ¢ikan kavitasyon hususu
icin de  siiriikleme(air  entrainment)  modeli
calistirilmstir.

Daneshfaraz ve ark. [18], USBR standartlarina sahip
ogee dolusavaginda ve hemen mansabinda meydana
gelen enerji kiricinin etkinligini farkli varyantlar igin
arastirmuglardir. Calismalarinda hem fiziksel hem de
sayisal model ele almarak sonuglarin karsilagtirilmasi
yoluna gidilmistir. Flow3D programimm kullanildig:
calismada tiirbiilans modeli olarak RNG tiirbiilans
modeli se¢ilmis ve analiz igin bes farkli hiicre boyutu
kullanilmistir. Varyant olarak; Ogee profilinin iistiinde
bloklarin eklenmesi seklinde, ayrica dolusavak ucunda
32° ve 52%lik sicratma esigi kullanilarak olusan jet
uzunlugu ve enerji kirinim tespit edilmeye ¢alisilmistir.

Zhenwei ve ark. [19], laboratuvarda tasarladiklari
dolusavagin hidrolik karakteristiklerinin tespiti i¢in
deney yapmuslardir. Ayrica ayni yapinin sayisal analizi
icin de Fluent yazilimmi kullanarak elde ettikleri
sonuglari kiyaslamiglardir.

Khani ve ark. [20], dolusavak esik mansabindaki
sicratma esigi (flip bucket) iizerinde olusan basing ve
hiz  dagilmi  gibi  hidrolik  karakteristikleri
belirlemislerdir. Bunun i¢in S. Eklund (2017)’m
calismasindaki teorik ve deneysel yontemler sonucu
ortaya ¢ikan basmg¢ diyagramimi dikkate alarak ayni
grafige yapilacak sayisal analiz sonuglarm ekleyerek
ilgili teorik ve deneysel degerlere niimerik sonuglari da
eklemek istemiglerdir.

Yavuz [21], yaptiklar fiziksel model deneylerinde elde
ettikleri jet mesafesi ile Kawakami (1973)’nin ve
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Khatsuria (2005)’nin ampirik denklemlerinde elde
edilen jet mesafesi ve ayrica sayisal simiilasyon sonucu
edinilen jet mesafesinin kiyaslanarak olusan debi-enerji
sontimlenme yiiksekligi denklemini elde etmistir.

Aydin  ve ark. [22], c¢alismalarinda bosaltim
kanallarindaki enerji kiric1 yapilarin etkinligini sayisal
olarak incelemislerdir. Peterka (1984)’'nin deneysel
calismalarindan uyarlanan model, klasik siit kanali ve
bu kanal iizerine yerlestirilen enerji kirict bloklardan
olusmaktadir. Flow3D’nin kullanildig1 ¢alismada
tiirblilans modeli olarak RNG modeli, smir kosullar
olarak giris hiz1 ve ¢ikis kosulu da serbest cikis tercih
edilmistir.

Bu ¢aligmada da HAD yazilimi1 Flow3D kullanilarak
[lisu baraj1 dolusavagi i¢in Reynolds Ortalamali Navier-
Stokes denklemlerini Renormalize Grup Denklemleri
(RNG) tiirbiilans kapama modeli ile analizler
gerceklestirilmistir. Flow 3D kullanilarak 1/100,1/30 ve
1/1(prototip) 6lgeklerinde ¢esitli akis senaryolar simiile
edilerek elde edilen sonuclar, DSI TAKK
laboratuvarinda 1/100 ve 1/30 olgeklerinde insa edilen
Ilisu Baraj dolusavaginin fiziksel model testlerinden
elde edilen verilerle karsilagtirilmis ve boylece HAD
yonteminin etkinligi ortaya konulmustur.

2. Materyal ve Metot
2.1 Calisma Alam

Ilisu baraji, Tiirkiye'nin giiney dogusunda Dicle Nehri
lizerinde yer almaktadir. Bu baraj, Onyiizii Beton Kapl
Kaya Dolgu barajlar igerisinde gdvde uzunlugu ve
ylizey alan1 bakimindan diinyada en biyik, govde
dolgu hacmi bakimindan Atatiirk Barajindan sonra
Tiirkiye’nin 2. bityiik, Kurulu gii¢ bakimimdan Atatiirk,
Karakaya ve Keban Barajlarindan sonra 4. biiyiik, Dicle
Nehri {izerinde yapilmis ve yapilacak olan en biiyiik
Baraj ve HES’tir. Tamamlandiginda, sadece elektrik
enerjisi Uretiminden ekonomiye yilda 412 Milyon $
fayda saglamasi planlanmaktadir. Uygulanarak yapimi
tamamlanan barajin toplam dolusavak genisligi 124 m
olup alt1 adet radyal kapak ile kontrol edilmektedir.
Dolusavak bosaltim kanalinin egimi 1/8,25 'tir. Ilisu
baraji dolusavagi disli ¢evirmeli tip sigratma esigi
(slotted bucket) ve dalma havuzu ile sona ermektedir.
Dolusavak tepesi ile gevirmeli sigratma esigi mansap
ucu arasindaki kot farki 70 m (510-440)'dir.

Ilisu Baraji dolusavagr 2010 yili revize uygulama
projeleri MMF (muhtemel maksimum feyezan) taskin
debisine gore boyutlandirilmis olup 6 ana kisimdan
olusmaktadir. Bunlar; Esik Yapisi - Sut Kanali -
Sigratma Esigi — Apron - Enerji Kirici1 Havuz - Bosaltim
kanalidir (Sekil 6). S6z konusu barajin dolusavagi 6
adet radyal kapak tarafindan kontrol edilmektedir.
Barajin kapak sayist fiziksel modelde 8 adet 16x16
m’dir (Sekil 7). DSI Barajlar Hidroelektrik Santralleri
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Daire Bagkanligi tarafindan hazirlanan Revize
Dolusavak Hidrolik Raporunda ise 6 adet 15x16 m
olarak degistirilmistir. 2010 yili revize dolusavak
hidrolik raporuna gore baraj yerinin en biilyilik taskin
piki 20357 m®/s dir. Dolusavak kapasitesinin tayini igin
MMF kullanilarak tagkin oOtelemesi yapilmig ve bu
Oteleme esnasinda suyun rezervuarda ne kadar
yiikseldigi tespit edilerek hava payr bulunmustur.
Maksimum kapak acikliginda dolusavak 14799 m®s
debi atabilmektedir. Dolusavagin bu debiyi att1g1 andaki
rezervuar su seviyesi ise 527.86 m’dir [23].

Ilisu Baraji dolusavagi 1982 yili fiziksel model
raporuna gore tasarlanan yapida ise enerji kirici havuz
bulunmamaktadir. 1980 yilinda tasarlanan projede 8
adet radyal kapak mevcut iken maksimum taskin debisi
ise 17988 m®/s olarak olgiilmiistiir. Dolusavagin bu
debiyi attigi andaki rezervuar su seviyesi ise 527.05
m’dir.  Ilgili modelde ihtiyag olunan enerji
soniimlenmesini temin igin si¢ratma esigi 3 farkh
sekilde tasarlanmig elde edilen sonuglar detayli olarak
incelenmistir.

Sekil 7. Ilisu Baraji 1982 Yili Dolusavak 3D Yapisi
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2.1.1 Ihisu Baraji Dolusavak Enerji Kiric1 Yapilarin
Tasarimi

Ilisu Baraji ve HES Projesinde dolusavak yapisinda
meydana gelen enerjinin soniimlenmesi i¢in ilk olarak
sut kanalinin sonunda g¢evirmeli sigratma esigi (flip
bucket) tasarlanmistir. Daha sonra proje firmasinin
tavsiye ettigi digli sigratma esigi Varyant-l modele
uygulanmistir. Bu tasarimda esikteki dis tist genisligi 12
m, disin yan sev agist 1/2.15 olarak alinmistir. Ayrica
disler aras1 yariklarin yatay ile yaptiklar1 a¢1 olan Beta
sigratma acist 3.55° olarak secilmistir. Disli si¢ratma
esigi (slotted bucket) Varyant-I i¢in yapilan modelleme
sonuglart dikkate alindiginda; disin iist genisliginin esik
yapisina nazaran biiylik oldugu ve buna karsin yarik
genisliklerinin napin havalanmasi i¢in yeterli olmadig1
goriildiigiinden bu durumu diizeltmek igin yapilan
calismalar sonunda disli si¢ratma esigi Varyant-II
alternatif olarak tasarlanmis ve elde edilen sonuglara
gbore de en uygun varyant olarak belirlenmistir. Bu
esikte dis Ust genisligi 10.97 m, dis yan sevleri Y4, digler
aras1 mesafe 1.46 m ve ayirma duvarina bitisik sevler
Varyant-I’de oldugu gibi 1/1 yapilmistir. Beta si¢cratma
agis1 2.78° olarak secilmistir [24].

2.2 Metod

Flow3D, onerilen dolusavak tasarimlarinin hidrolik
performansim  dogrulamak ve baraj giivenlik
gereksinimlerini karsilama hususlari i¢in yaygin olarak
kullanilmaktadir [25]. Bu calisma kapsaminda Ilisu
baraj dolusavaginin 1/100, 1/30 ve 1/1 dlgekli sayisal
model simiilasyonlar1 tamamlanmistir.  Hidrolik
parametreler simiilasyonlardan elde edilmis ve
sonucglart deneysel c¢aligma ile karsilastirilmistir.
Birkag farkli senaryo uygulanarak en optimum ve
dogru ¢ozlimler bulunmaya calisilmistir.

2.2.1 Uygun Hesap Ag1

Uygun hesap aginin tespiti i¢in eldeki laboratuvar
Olciimleri en 6nemli verilerdir. 1982 yili modelinin
sayisal analiz sonuclar1 ile fiziksel model sonuglari
kiyaslanarak uygun hesap agina ulasilmistir. Bunun
icin Oncelikle kaba bir hesap agiyla c¢oziimler
yapilmistir. Daha sonra hesap hiicreleri kiigtiltiilerek
alman sonuglar karsilagtirilmigtir. Sonuglarin hesap
hiicrelerinin boyutlarina bagli olmaktan ¢iktigi ve
¢0Oziim siiresi olarak da en optimum sonucu veren hesap
agi(mesh) tespit edilmeye ¢alisilmigtir. Bunlara ek
olarak model igindeki “Favorized” segenegi
kullanilarak kat1 geometri, her bir hesap ag1 i¢in kontrol
edilmistir. Sayisal analizlerde ag tasarimi yapilirken
modelin biiylik olmasi durumunda tek bloklu tasarim
hiicre sayisinin ¢ok fazla olmasina neden olmaktadir.
Buna karsin simiilasyon ¢Oziiniirliigiinii yalnizca
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ilgilenilen alanda artirmak ve ilgilenilmeyen bolgeleri
hari¢ tutmak adina ¢oklu ag blogu yontemi kullanmak
etkili ¢oziimlerdendir. Flow3D, modelin tiimiinde
kullanilan ag blogu tiiriinii “Non-Conforming Mesh”
seklinde adlandirirken 6zel olarak ilgilenilen kisim igin
ise “Conformed Mesh” olarak adlandirmaktadir. S6z
konusu ag tiplerinin Ozellikleri de dikkate alinarak
modelimizin tamaminda gegerli olan non-conformed
blok’a ek olarak enerji kirici yapimin memba ve
mansabini da kapsayacak sekilde ikinci bir ag bloku
(conform to blocked volume) tanimlanmistir.
“Conform to blocked volume” olarak tanimlanan bu
blok sayesinde 6zellikle geometrinin degistigi bosaltim
kanali sonunda (slotted bucket) enerji kiric1 yapinin
daha net algilanmas1 beklenmistir. Fiziksel model ve
sayisal model sonuglarinin birbirlerine olan yakinsama
oranlar1 ve uygun ag elde edilebilecegi hususu da goz
oniine alinarak elde edilen debi ve jet profillerinin yani
sira ag boyutlarina bagli olarak asagidaki sekilde (Sekil
8) goriilecegi lizere ogee iizerinde performans kriteri
olarak 5 adet farkli ag boyutu i¢in 9 farkli noktada
hesaplanan su yiizii profillerinin OKH (Ortalama
Karesel Hata) ve OMGH (Ortalama Mutlak Goreceli
Yiizde Hata) degerleri verilmistir. Sekilde kiigiilen
hiicre boyutlarina bagli olarak hata orani TS5 testi harig
gittikge azalmis, buna paralel hiicre sayist ve ¢oziim
siiresi de olduk¢a uzamistir. Ilgili sonuglara gore
zaman/kaynak gozetilerek ve ayrica olusan jet
profillerinin durumu da g6z Oniine alinarak T3 testi
uygun ag Olgiileri olarak secilmistir (Sekil 9).

2.2.2 Stmir Kosullar:

Siir kosullar1 olarak, maksimum hesap yiikiine denk
gelen 527,05 m rezervuar seviyesi giris kosulu
secilmistir (Xmin). Bu smir kosulunda rezervuar
bulundugundan dolay1 sonsuz rezervuar varsayimi
dikkate alinmis ve baglangi¢ olarak sifir hiz ve sifir
hidrostatik basing, yani ‘“stagnation pressure” séz
konusudur. Cikis kosulu ise santral tam kapasite
calisirken olusacak kuyruk suyu kotu olan 422 m’dir
(Xmax). Coziim bolgesinin {ist sinirinda ise sinir sarti
olarak yine basin¢ kosulu kullanilmigtir. Bu sinir
kosulu, yercekiminden dolayr herhangi bir etkisi
olmadigi igin serbest yiizeyde atmosfer basincinin da
etkisiyle enerji kirict bolgesinde suyun serbest hareket
etmesi saglanmistir (Zmax). Serbest yiizey, akiskan
hacmi (Volume Of Fluid, VOF) yaklasimi ile
belirlendiginden su-hava arakesitinde sifir kayma
gerilmesi ve sabit atmosfer basinci etkili olmaktadir.
Kat1 siir yiizeylerinde kaymama (no-slip) sinir kosulu
uygulanmistir (Ymax, Ymin, Zmin). Dolayisiyla
simetri  kosulu  uygulanmak  suretiyle cidar
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ylizeylerinde yatay ve diisey dogrultudaki hiz
bilesenleri sifir olmaktadir. Ayrica yaptigimiz
calismada tiim simiilasyonlar i¢in renormalizasyon
grubu RNG k - ¢ tiirbiilans modelinin kullanilmasina
karar verilmistir. Flow3D kullanici1 kilavuzundaki
RNG tiirbiilans modelinin yazilimda mevcut olan en
dogru ve saglam model oldugu ve yapilan literatiir
calismalarinda ilgili modelin daha etkin ve gercege
yakin sonuglar vermesinden dolay1 kullanilmistir.

Test Hiicre Hiicre Boyutu Toplam OKH OMGH
No Boyutu Hiicre
(non- Sayist
corfommed mesh)
mesh)
T1 2 1 2000000 0,79 11,49
T2 L5 0,75 5000000 0,54 8,10
T3 1 0,5 18000000 | 0,52 7,09
T4 0,75 0,375 38000000 | 0,48 6,45
T5 0,6 - 48000000 | 0,47 7,27

7 Sekil 8. F arkli Ag Boyutlarzmn' Pefforrhans Analizi

Ag Performansi

15,00
11,49
10,00
S
=g
©
T
5,00
0,00
0 0,5 1 15 2 2,5
Ag Boyutu(m)
Sekil 9. Uygun Hesap Ag1 Performans:
3. Bulgular

Ug boyutlu simiilasyonlar zamana bagh ¢odziilerek
tamamlanmustir. Oncelikle uygun hesap ag1 segimi
yapilarak ¢6ziim igin en optimum hesap hiicre boyutu
ve konfigiirasyonu belirlenmistir. Daha sonra belirlenen
hesap ag1 kullanilarak model {izerinde detayh
incelemeler yapilmistir. Ilisu Baraji dolusavaginin
yarist hesap agmna dahil edilmistir. Y ekseni simetri
alindigindan yapmin tamami analize dahil olmustur.
Debi sonuglart yapimin tamamina gére verilmis olup
sayisal model sonuglarina gore taskin desarj debisi
fiziksel modelden %3.2 daha fazla ¢ikmustir.
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3.1 Dolusavak Ogee Esik Yapis1i ve Bosaltim
Kanalinin incelenmesi

3.1.1 Basing, Su Yiizii ve Hiz Degerleri

Yapilan analiz sonuglarina gore esik yapisindaki basing
degerleri ile ilgili olarak, fiziksel model deneyleri ile
sayisal analiz verileri esik yapisi i¢in kiyaslandiginda;
Yapinin egimli-kavisli kisminda az da olsa farkh
sonuglar elde edilmisse de genel itibariyle sayisal
analiz degerlerinin fiziksel model basing degerleriyle
olduk¢a uyumlu oldugu goriilmektedir (Sekil 10-11).
Yine fiziksel model c¢alismalarinda dolusavak
sut(bosaltim) kanalinda basing degerleriyle ilgili olarak
fiziksel model deneyleri ile sayisal analiz verileri
kiyaslandiginda, sonuglarin 6zellikle kanalin baglangic
ve orta kisimlarinda hemen hemen ayn1 oldugu, kanalin
sonuna dogru fiziksel model sonuglariyla nizami bir
miktar farkin olustugu tespit edilmistir (Sekil 12).

Fiziksel model deneyleri ile sayisal analiz verilerinin su
yiizii profilleri, ogee esik yapisi iizerinde sag ve sol
olmak {izere her iki sahilde, bosaltim kanalinda ise
sahiller ve eksende belirlenmistir. Buna gore yapilan
degerlendirmelerde; 17988 m®s debi igin su yiizii
profilleri ile ilgili olarak dolusavagin hemen
basglangicinda (ogee) meydana gelen su yiizii profilleri
incelendiginde kavisin oldugu kisim diginda nizami bir
su yiizii profili elde edilmistir (Sekil 13 a). Ayni1 durum
bosalim kanali i¢in de gegerlidir. Ancak bosaltim
kanali sonunda basing degerlerinde oldugu gibi nizami
bir farklilk ortaya ¢ikmustir. Basing degerlerinin
tersine fiziksel modeldeki su yiizii profilleri sayisal
modelden daha fazla c¢ikmasi da beklenen bir
durumdur. Kanalin sonunda ortaya ¢ikan farkliliga
neden olarak, artan hizla beraber tiirbiilans kinetik
enerjisinin su igerisinden serbest yiizeye g¢ikmasiyla
gercek durumda yani model deneylerde olusan hava
stiriklenmesi hususudur. Akis igerisine siiriiklenen
hava girisi ile beraber su seviyesi yiikselecektir. Ancak
sayisal ~modelde  air  entrainment  modeli
calistirilmadigindan bu durum tespit edilememis su
yuizii profilleri fiziksel model deneylerindeki degerlerin
altinda kalmistir. Hava siiriiklemesi hususu ile ilgili
olarak, bilindigi iizere ogee iizerinden dokiilen akis,
bosaltim kanalindan gecerken viskoz ve tiirbiilansl
stireglerin akig iizerindeki etkisi genellikle ¢ok azdir.
Akis kanal sonuna dogru hareket ederken artan hizin da
etkisiyle enerji dengesinde az da olsa degisimler
baglayacaktir. Sigratma esigini terk ettikten sonra ve
ozellikle de mansap kanalindaki kuyruk suyu veya
dalma havuzu ile temas ettiginde giicli momentum
degisimleri meydana gelecektir. Devaminda mansap
kanalina giren akis parcaciklari, 6nceki kisimlara
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kiyasla daha diisiik bir hidrolik enerjiyle yapiy1 eder.
Aciklanan hususun daha iyi anlasilmasi adina Ilisu
Baraji dolusavagmin sayisal ¢oziimlemeleri Q12500
m®/s igin air entrainment modeli degisken yogunluklu
formiilasyon(variable density flow) ile birlikte
kullanilarak ve kullanilmaksizin yapilmis olup
sonuglar  degerlendirilmistir. Buna  gdre; air
entrainment modelinde ogee iizerinde hava
stirliklenmesi tespit edilememis ve su yiizii degerleri air
entrainment modeli kullanilmadan yapilan analizlerle
aynt ¢ikmistir (Sekil 13 b). Bosaltim kanalinda ise
ogeeden hemen sonra kanal baglangicinda orta
ayaklardan kaynakli nispeten giicli bir hava
stiriiklenmesi  baglangict tespit edilmis olup bu
siiriiklenme kanalin orta kisimlarinda %7, sonlarina
dogru ise %12 seviyelerinde olmustur (Sekil 14).
Siiriiklenme sonucunda kanalin tiimiinde gegerli olacak
sekilde su yiizii degerlerinde fiziksel model
degerlerinden daha yiiksek sonuglar elde edilmistir. Su
yiizii degerlerindeki bu degisiklik basing degerlerine
yansimamis ve kanalin hemen her noktasinda elde
edilen basing degerleri, ilgili model kullanilmadan
olusan ¢izgiyi takip etmistir. Bu durum akisin hidrolik
karakteristiklerine ters diismektedir. Kanal sonuna
dogru artan hava siiriikklenmesi ile birlikte akisin
basincinda azalma beklenmektedir. Ancak degisen akig
kosullarinin ~ etkisi air entrainment modelinde
goriilmemistir (Sekil 15 a, b). Nitekim bu durum dnceki
arastirmacilarin  dolusavak bosaltim kanallarindaki
karakteristikler iizerinde sayisal analiz programlarinin
hava siirliklenmesi modelinin etkisini nicel olarak degil
nitel olarak tespit ettigini belirtmelerindeki sebep tam
olarak bu sekilde ortaya ¢ikmaktadir. Sigratma esigi
sonrasinda olusan jet profillerinde ve kuyruk suyu
kanalinda siirikleme modelinin kullanilmasiyla jet
profil mesafeleri ortalama %12 oranda kisalmis,
kuyruk suyu kanali tabanindaki basinglarda da %60’a
varan oranda diislisler meydana gelmistir. Olusan bu
vaziyet, ilgili air entrainment modelinin akig
karakteristikleri iizerindeki etkisinin ortaya ¢ikmasi
icin siirliklenen hava hacim miktarinin etkili oldugu
sonucunu ortaya ¢ikarmaktadir.

Fiziksel Model ¢alismalarinda Q12500 m®/s debi i¢in
sut kanalinin 0+81.5 / 0+256.5 / 0+456.5 /0+496(esik
sonu) km’lerinde Olgiilen hizlar ile sayisal analiz
sonucu elde edilen hizlar ile ilgili olarak; bosaltim
kanalinin orta kisimlarma kadar hiz degerlerinin
uyumlu oldugu kanal sonuna dogru fiziksel modele
kiyasla sayisal analiz modelinde hiz degerlerinde daha
fazla artis elde edildigi, air entrainment modeli
kullanilmasiyla kanal sonundaki hiz farkinin azaldigi
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tespit edilmigtir. Olusan bu durumun da hava
stirliklemesi etkisiyle kayma gerilmesinin azalmasi ve
hizin artmasi teorisine zit oldugu goriilmiistiir. Diger
hidrolik karakteristiklerinde oldugu gibi fiziksel
modelin Olgekli olmast hiz degerleri profilini
etkilemistir. Sicratma esigi sonunda gerek flip bucket
gerekse de varyantlarda esik icerisindeki ¢evrinti
etkisiyle hiz degerlerinde diisiis goriilmiis bu durum
sayisal analiz sonuglari i¢cin de gecerli olmustur.
Varyantlarda dis stiindeki hiz degerleri dis
yariklarindaki degerlere gore daha fazla diisiis
gostermistir (Tablo 1, Sekil 16 a, b).

z+p/y Ogee Basing Degerleri Eksen Q17988 m3/s

— taban
—@— Fiz Model
=—f—Say Model

0 10 20 30 40 50 60

Dolusavak Baslangicina Uzakhk
(m)

Sekil 10. Ogee Basing Degerleri-Eksen

Ogee Basing Degerleri Q17988 m3/s
z+p/y Kenar

s16 ™)

514
512
510
508
506
504
502
500
498
496
494
492
490
488

= taban
—@—Fiz Model

—&x—Say_Model

20

30

40 50 60

Dolusavak Baslangicina Uzaklik
(m)

Sekil 11. Ogee Basing Degerleri-Kenar
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z+p/y
500 (m)
490
480
470
460
450 = taban
440 =—@—Fiz Model
—A—Say Model
430
0 75 150 225

Bosaltim Kanali Basing Degerleri Eksen Q17988 m3/s

300

375 4
Dolusavak Baglangicina ?Pzakllk
(m)

Sekil 12. Bosaltim Kanali Basing Degerleri-Eksen

532
528
524
520
516
512
508
504
500
496
492

Ogee Su YUzl Degerleri Q17988 m3/s
Kenar
Kot{m)

taban
—e—Fiz_Model_
=t Say Model

20

30 40 50

Dolusavak Baslangicina Uzakhk

(m}

Ogee Su Yiizti Degerleri Q12500 m3/s Kenar

Kot{m)

524 taban

520 —g—Fiz_Model

5316

512 —— Sy _odel_

508 =i sy model with

504 air entr.

500
496
452

488
20

D]
Dolusavak Baslangicina Uzakhk

(m}

40 50

Sekil 13. a. Su Yiizii Degerleri Ogee Eksen (Q7988 m®/s) b. Su Yiizii Degerleri Ogee Kenar (Q12500 m¥/s)

Time = 160.00

z

I . x 0e+000

FAOW:30

entrained air volume fraction

3e-001 5e-001 8e-001

1e+000

Sekil 14. Dolusavak Akima Giren Hava Degerlerine Gére Suiflandirma ve 2D Eksen Kesiti (Q12500 m®/s)
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cottm) Su Yzl Degerleri Bo;;altglm Kanah Eksen 2+pfy  Basing Degerleri Bogaltim Kanali Eksen
Q12500 m*/s (m) Q12500 m3/s
500
500
490
480
480
480
470
470
460
460
—taban
4350
taban 450 g Fiz Model
220 —(— Fiz_Model i Say Model
—p— 55y odel 440
i Say Model With Air Entr =t—5ay Model With Air
Entr.
430 430
0 50 100 150 200 250 300 350 400 450 500
0 40 B0 120 160 200 240 280 320 360 400 440 480
Dolusavak Baslangicina Uzaklik Dolusavak Baslangioina Uzaklik
(m) (m)
Sekil 15. a. Bosaltim Kanali Su Yiizii Degerleri-Eksen b. Basing Degerleri-Eksen (Q12500 m¥/s)
Tablo 1. Bosaltim Kanali Hiz Degerleri Fiziksel Model & Sayisal Model Karsilastirma (Q12500 m¥s)
Nokta X(Eksen Fiziksel Model Hiz Degerleri Sayisal Model Hiz Degerleri (m/s
g y g
Eksen Fiziksel Model (m) | (m/s)
1 81 23,7 22,5
2 256 28 29,2
3 456 29,4 33,7
4(esik sonu) 496 27 29
Varyant-1 (dis iistii) 496 26,3 29
Varyant-I (dis arasi) 496 27,3 32
Varyant-1I(dis iistii) 496 26,9 30
Varyant-1I (dis aras1) 496 27 31,5
Bosaltim Kanali Hiz Degerleri Q17988 m3/s Bosaltim Kanalh ve Flip Bucket Esik Yapisi Hiz
S0 Eksen Degerleri Q12500 m3/s Eksen
Hiz{m /=) 50
4= —a— Fiz_Model 45 Fizlm /sl
a0 —n—Sa;_Mode-i a0
- / 35
30 -5 30
. / N
20 20
15 15 —— iz W odel
10 10 ——Say Wodel
E E —— Say Mod. With Air Entr
o o 100 200 ¢ [&] 100 200 300 400 So0 e00

T}OO 100 50?
Dolusavak Baglangicina Uzaklik Dolusavak Baslangicina Uzakhik
{m} {mi)

Sekil 16. a. Bosaltim Kanali Hiz Degerleri 17988 m%/s b. Bosaltim Kanali ve Flip Bucket Hiz Degerleri (Q12500m?%s)
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3.2 Varyant I, Varyant Il (Slotted Bucket) ve
Cevirmeli(Flip Bucket) Sigratma Esiginin
Incelenmesi

3.2.1 Basing ve Su Yiizii Degerleri

Bu boliimde sigratma esigindeki varyantlarda elde
edilen sonuglar degerlendirilmektedir. Fiziksel
modelde esik igerisinde olmak iizere ii¢ farkli
noktada  Olglimler  yapilmistir.  Varyant-|
tasarimimin dis araliklar1 Varyant-II’ye nazaran
daha kiigiik, dig iist genislikleri ise daha biiytiktiir.
Dis araliginin biiyiimesiyle sigrama sonrasi sisteme
siiriiklenen hava giriginin artmasit amaglanmistir.
Yapilan degisiklik sonrasi fiziksel modellerde esik
icerisinde ikinci varyantin basing miktarinda artig
gozlenirken su yiizii profillerinde dikkate deger
degisiklik gozlenmemistir. Basing gibi su yiizii
degerlerinde goriilmeyen farkin nedeni fiziksel
modelde kullanilan &lgek etkisi olabilir. Fiziksel
modellerde esik igerisinde artan basingla birlikte
sigrama sonrasinda sisteme daha fazla hava girisi
gozlenmis ve jet profilleri daha kisa mesafeye
diismiistiir. Ilgili durumlarm sayisal analizde de
tespit edilmesi analizlerin kalitesini gdstermesi
acisindan dikkat ¢ekicidir. Air entrainment modeli
kullanilmadan tanzim edilen sayisal analizlerde
elde edilen sonuclarda sigratma esigi yapisinda su
yiizii degerlerinin esik i¢i ¢evrintide olusan hava-
su iligkilerinden  dolayr  fiziksel = model
degerlerinden daha kiigiikk, bu duruma paralel
olarak sicratma esigindeki basing degerlerinde de
tersi durumun olustugu tespit edilmistir. Air
entrainment modeli kullanildiginda su  yiizi
profillerinde fiziksel model degerlerinin iizerinde
artis gerceklesmistir. Bosaltim kanalina kiyasla
daha fazla artigin goriilmesi de esikteki ¢evrintiden
kaynaklanmaktadir. Basing degerleri ile ilgili
olarak, Varyant-ll tasariminda dis {istiindeki
degerlerinde bir miktar artig goriiliirken Varyant-
I’de ise azalis kaydedilmistir. Azalan ve artan
degerlerin %5 seviyelerinde olmasi durumu da goz
oniine alindiginda yukarida da deginildigi iizere air
entrainment modelinin dolusavak bosaltim kanali
ve sigratma esigi dahil olmak iizere bu kisimlardaki
hidrolik karakteristiklere etkisi nicel anlamda
yoktur. Sigcratma esigindeki sayisal analizlerde
esigin kavisli oldugu da gbz Oniine almdiginda
analizlerde kullanilan “blocked volume” ag
cinsinin elde edilen sonuglara olumlu katkis1 géz
ard1 edilemeyecektir (Sekil 17-21). Cevirmeli
sigratma esigi (flipbucket) tasariminin fiziksel
model sonuglar1 ile sayisal model sonuglar
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karslastirildiginda; fiziksel modelde elde edilen
akis yiiksekliginin sayisal modele kiyasla akis hizi
nedeniyle kurpta meydana gelen c¢evrinti etkisiyle
olusan hava siiriikklemesinden dolay1 fazla olmasi
beklenmektedir. Ancak su seviyelerinde sayisal
model verileri daha yiiksek ¢cikmistir. Ayrica jet
uzakligi mesafesi hususunda fiziksel model jet
profili daha uzaga sigramistir. Sicrama mesafesinin
uzak ve su seviyesinin diisiik olmasi fiziksel
modelde Olgek etkisine isaret etmektedir. Air
entrainment modelinin kullanilmadig1 1/1 &lgekli
sayisal modellerde diger varyantlarda oldugu gibi
elde edilen jet mesafelerinin fiziksel modellerden
daha fazla olmasi beklenmektedir. Nitekim diger
varyantlarda da boyle bir durum gergeklesmistir.
Kati geometrinin degistigi esikte, sigratma esiginin
kavisli olmasindan dolay1 sayisal model analiz
programi tarafindan yeterince algilanamadigindan
bdyle bir durumun olustugu ihtimali de géz 6niine
almarak ilgili durumun ¢6ziimii i¢in devamindaki
analiz  calismalarinda ag boyutlart yariya
indirilmisse de istenen sonuglar elde edilememistir.
flgili durumun ¢6ziimii igin alternatif olarak
egrilikteki ag blok sayisinin artirilmasiyla esigin
net olarak algilanacagi disiiniilmiisse de yine
beklenen durum gergeklesmemistir. Bu nedenle
cevirmeli sigratma esigindeki farkliligin nedeninin
0lcek kaynakli oldugu sonucuna varilmigtir. Digli
tasarimlarda, dislerin genisligi kanal genisliginin
yarisina sahip oldugundan c¢evirmeli sigratma
esigindeki 6lgek etkisine rastlanmamustir.

Fiziksel model ¢alismalarinda esikte elde edilen su
yilizii profilleriyle ile ilgili olarak, cevirmeli
sigratma esiginin su yiizii profillerinin varyantlarin
su ylzl profilleriyle neredeyse ayni olmasi yine
Olcek etkisine isaret ettigi, basing degerlerinin
farkli profile sahip olmasi da c¢aligma tarzi olarak
cevirmeli sigratma esiginin  farkli  oldugunu
gostermektedir.  Air  entrainment modelinin
calistirildigr analiz sonuglarina gore varyantlarda
oldugu gibi su yiizii degerlerinde artis gdzlenmis,
ancak basing degerlerinde degisiklik neredeyse
gbzlenmemistir (Sekil 22-23).

3.3 Jet Profillerinin incelenmesi

Orijinal projedeki ¢evirmeli(flip bucket) sigratma
esigi ile yapilan fiziksel model deneylerinde
Q12500 m?/s’lik debide sigrayan su jetinin {ist nap
profilleri Slgiimlerle bulunmus ve sekillerde de
verilmistir. Fiziksel model deney sonuclarina gore
orijinal proje durumunda Q12500 m?/s’lik debinin
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desarjinda sigrayan su jeti sigratma esiginden 151
m, maksimum oyulmanin olustugu konum olarak
ise 158 m, birinci disli varyant durumunda Q12500
m3/s’lik debinin desarjinda sigrayan su jeti sigratma
esiginden 148 m, maksimum oyulmanin olustugu
konum olarak ise 156 m, ikinci disli varyantta ise
ayn1 debide sicrayan su jeti sigratma esiginden 137
m, maksimum oyulmanin olustugu konum olarak
da 141 m mansaba diismistiir. Su jeti profilleri
acisindan sigratma esiklerinin sayisal modelleri de
gergeklestirilmis olup elde edilen sonuglar fiziksel
model sonuglariyla karsilagtirilmigtir. Buna gore
orijinal proje olan flip bucket esiginde su jeti
sayisal model sonucglarina gére 147 m mansaba
diiserek fiziksel model degeri olan 151 m’ye
kiyasla geride kalmistir. Varyant-1 tasariminda su
jeti 154 m, Varyant-II tasariminda ise 145 m
mansaba diiserek hava-su-olcek etkisi
iligkilerinden dolay1 fiziksel modele kiyasla
beklendigi  gibi  daha  uzak  mesafeye
mansaplanmistir. Esikten sonra basing
degerlerindeki sontimlenme en fazla Varyant-I1 de
gozlemlenirken en az kirinim ise flip bucket’ da
gozlenmigtir. Bu sonuglar fiziksel model
caligmalarinin  sonuglarina da uygun olmakla
birlikte fiziksel model c¢aligmalarinda yer
verilmeyen mansap kanali tabanindaki basing
degerleri sayisal analiz yontemi yardimiyla elde
edilmistir. Air entrainment modeli kullanildiginda
ise jet profilleri daha kisa mesafeye diismiistiir.
flgili model varyantlarin sigrama mesafesine %12
seviyelerinde etki ederken c¢evirmeli sigratma
esigine %5 seviyelerinde etki etmistir. Dolayisiyla
disler sayesinde olusan jet ayrilmalarna etkiyen
hava siiriiklenmesi miktar1 ¢evirmeli yapiya gore
iki kat daha fazla olmustur (Sekil 24-25). Sisteme
siriiklenen hava neticesinde kuyruk suyu
tabanindaki basing degerlerinde de Onemli
azalmalar gortilmiistiir Sekil(26-28).

z;—p,-]"..r Waryant-l Basing Degerleri Dis Ustd Q12500 m?/s
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Sekil 17. Varyant-I Dis Ustii Basing Degerleri
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Varyant-ll Basing Degerleri Dig Ustii Q12500 m?/s

Varyant-ll Su Yiizd Degerleri Dis Ustli Q12500 m?/s
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Sekil 20. Varyant-1I Dis Ustii Basing ve Su Yiizii Degerleri
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Sekil 21. Varyant-1I Dig Arast Basing ve Su Yiizii Degerleri
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Sekil 22. Flip Bucket Eksen Basing ve Su Yiizii Degerleri
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Esik Tipleri Basing Degerleri Disdstd Fiz Modeller Q12500 Esik Tipleri Su Yoz Degerleri Disdsti Fiz Modeller

z+p/y m3/s 12500 m?,
{(m) taban 2 m?/s
458 Kot{m)
—— Fiz_ Mo del_dis 443
dasto_Varyant-l
454 —— Fiz_ Mo del_dis 442
dasto_Varyant-il a1
450 e iz o del—flip bu
440
446
439 taban
442
438 =
438 Usti™
/ 437 =i Fiz_Model_Dis
az4 a36 Usti_Varyant-ll
e Fiz_ Mo del_flip
330 435 bucket
a7o 475 480 485 490 495 500 470 475 480 485 430 495 500
Dolusavak Baslangicina Uzakhik Dolusavak Baslangicina Uzaklik
{m} (m)
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Sekil 24. Varyant-1 ve Varyant-11 Jet profilleri (Q12500 m%/s)
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Sekil 25. Flip Bucket Jet profilleri (Q12500 m®/s)
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Sekil 26. Hava Siiriikleme Modeli Oncesi ve Sonrast Mansap Kanali Tabanindaki Basing Siniflandirmasi (Q12500m%/s
Flip Bucket)
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Sekil 27. Hava Siiriikleme Modeli Oncesi ve Sonrast Mansap Kanali Tabanindaki Basing Siniflandirmast (Q12500m3/s
Varyant-I)

Sekil 28. Hava Siiriikleme Modeli Oncesi ve Sonrast Mansap Kanali Tabanindaki Basing Siniflandirmas: (Q12500m3/s
Varyant-I1)
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3.4 Sayisal ve Fiziksel Modellerde Olcek
Hususu

Calismamizin buraya kadarki kisminda sayisal
analizlerimiz  1/1  (prototip)  olgek  ile
gergeklestirilmistir.  Ciinkii  fiziksel — model
calismalarindaki Varyant-l ve Varyant-II disli
sigratma esiklerinin sayisal analizleri ile ilgili
olarak; tanzim edilen 1/100 olgekli varyant
modellerinin Flow3D ile yapilan sayisal analizi
icin ihtiya¢ olunan ¢6ziim siiresinin yaklagik 55
glin oldugu tespit edilmistir. Bu duruma neden
olarak, hem modelin 1/100 gibi oldukca kiigiik
Olcege sahip olmast hem de bosalim kanali
sonundaki digli yap1 ve bu yapida kullanilan
“blocked to volume” ag tiirii olmak fizere ilgili
durumlar sayisal analiz siiresini zaman/kaynak
acisindan olduk¢a olumsuz etkilemistir. Daha
onceki caligmalarda aragtirmacilarca da tespit
olunan basing ve su yizii gibi hidrolik
karakteristiklere dlgek etkisinin (6zellikle 200°den
kiigiik  olgek) neredeyse olmadigi hususu
bilinmektedir (Kim, 2005; Usta, 2017). Ilgili
hususun tarafimizca da tespit edilmesi i¢in 1982
yilinda gerceklestirilen 1/100 ve 1/30 Oolgekli

fiziksel ~ model  sonuglari  gbz  Oniinde
bulundurularak 1/30, 1/100 ve prototip 6l¢ek(1/1
Olcek) modellerinin sayisal analizleri

gerceklestirilip gerek fiziksel ve sayisal model
arasinda gerekse de 30 ve 100 oOlgekli fiziksel
model arasindaki oOlgek farkinin etkisi tespit
edilmeye calisilmistir. Buna gore; 1/30 oSlgekli
fiziksel model sadece bosalttm kanali igin
gergeklestirilmigtir.  Bosaltim kanalinda 1/30
0lcekli fiziksel modellerde olusan su yiizii degerleri
ile 1/100 olgekli model degerlerinin birbirleriyle
uyumlu olmakla birlikte 30 6lgekli fiziksel modelin
su seviyesi daha yiliksek ¢ikmigtir. Ancak bu fark
%10-15 seviyelerindedir. S6z konusu her ki
0lcekli modeller sayisal olarak da ¢dziimlenmis ve
ilgili sonuglar arasinda fark g6zlenmemistir. Yine
tanzim edilen sayisal modellerde 6lgek kiigiildiikge
bosaltim kanali ve sigratma esiginde su yiizi
degerlerinde artis gozlenirken, esik sonrasinda jet
profil mesafesi kisalmistir. Dolayisiyla kritik
kisimlarda yani sigratma esigi ve sonrasinda dlgek
etkisinin ciddi boyutlarda oldugu tespit edilmistir.
Olgek kiiciildiikce yani 1/100 6lcekli sayisal model
sonuglart  aym1  Olgekteki  fiziksel —model
sonuglartyla bosaltim kanali sonunda dahi
neredeyse ayni olmasi hava-su iliskileri de goz
Online alindiginda olmast gereken vaziyete
aykiridir. Ciinkii kii¢iilen geometri ile birlikte
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sigratma esigi gibi kritik noktalarda akis daha az
cevrintiye maruz kalip daha uzaga firlayacaktir.
Ancak sigratma esiginde su seviyesi artmis ve
sonrasinda olusan jet profilleri daha kisa mesafeye
diismistiir. Gelinen noktada sayisal modelde 6lgek
biiytidilkce  sonuclarin  daha  gercekei  ve
anlagilabilir oldugundan su yiizii profilleri igin
sayisal modelde prototip Olgekte ¢oziimlemenin
daha dogru olacagi degerlendirilmektedir (Sekil29-
33a).

Basing degerleri icin ise yapilan analiz sonugclarina
gore Olcek etkisi ihmal edilecek diizeydedir. 30 ve
100 olgekli fiziksel model sonuglari bosaltim
kanalinin ilk iki noktasinda farkli olsa da kalan
kisimlarda ayni degerler elde edilmistir. 1/1, 1/30
ve 1/100 olgekli sayisal modellerde elde edilen
basing degerleri birbirine yakin olup bu durum
bosaltim kanalinin hemen her noktasi igin
gecerlidir. Aynit durum sigratma esigi icin de
gecerli olmustur. Dolayisiyla fiziksel ve sayisal
Olgekli modellerdeki oOlgek etkisi  yapilan
incelemelerde basing iizerinde olmadigi tespit
edilmistir. Olgek etkisinin akis hiz1 iizerindeki
durumu ile ilgili olarak; 1/30 ve 1/100 ol¢ekli
fiziksel modellerde o6lgek biiyiidiikge bosaltim
kanalinda hiz degerlerinde artiglar ger¢eklesmistir.
Bu durumun nedeni geometrinin bilyiimesiyle akis-
taban arasinda siiriikklenen havadan kaynakli
siirtiinme gerilmelerinin azalmasidir. Ancak bu
fark ihmal edilecek diizeydedir. Yan1 sira sayisal
modellerdeki hizlarm durumu ise 6lgek biiylidiikce
yani 1/100'den 1/1’e gelindik¢e az 6nce deginilen
sebepten kaynakli hizlarda artisin  oldugu
goriilmiis, 6zellikle prototip dlgekteki hizlar net bir
sekilde 1/30 ve 1/100'den siyrilmistir (Sekil 33b-
35).

Sigratma Esigi Su Yiizii Degerleri Eksen Olgek
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Sekil29. Sigcratma Esigi(flip bucket) Su Yiizii Degerleri
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Sekil 30. Bosaltim Kanali Su Yiizii Degerleri Fiziksel Modeller Olgek Etkisi Eksen

Bosaltim Kanali Su Yiizii Degerleri Olcek Etkisi Q17988 m3/s Eksen
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Sekil 31. Bosaltim Kanali Su Yiizii Degerleri Sayisal Modeller Olgek Etkisi Eksen
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Sekil 32. Bosaltim Kanali Su Yiizii Degerleri Sayisal ve Fiziksel Modeller Olgek Etkisi Eksen
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Sekil 33. a.Bosaltim Kanali Hiz Degerleri b.Flip Bucket Jet profilleri Olgek Etkisi
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Bosaltim Kanall Basing Degerleri Olcek Etkisi Q17988 m3/s Eksen
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Sekil 34. Bosaltum Kanali Basing Degerleri Fiziksel Modeller Olgek Etkisi Eksen
Bosaltim Kanali Basing Degerleri Olgek Etkisi Q17988 m3/s Eksen
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Sekil 35. Bosaltim Kanali Basing Degerleri Sayisal Modeller Olgek Etkisi Eksen
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4. Sonugclar

Bu calismada baraj yapilariin taskin sirasindaki
glivenligini saglayan dolusavaklarin hidrolik
karakteristiklerinin belirlenmesi konusunda sayisal
caligma yapilmisgtir. Yapilan caligmada
Hesaplamali  Akigskanlar Dinamigi yontemi
kullanilarak elde edilen sonuglar, DSI 1982 yili
Ilisu Baraji Dolusavak fiziksel model raporlarinin
sonuclartyla  karsilastirtlmistir. Flow3D’nin
kullanildigt  calismamizda ag  boyutlarinin
sonuclara olan etkisi de gz oniine alinarak detayl
calisma yapilmistir. Analiz sonuglar1 dikkate
alindiginda fiziksel ve sayisal analizler arasindaki
karsilastirmada hidrolik karakteristiklere etki eden
en giicli hususun hava-su iligkisi oldugu
gorilmistir. Sayisal analizde kullanilan air
entrainment modelinin dolusavak akisi tizerindeki
hidrolik karakteristiklere etkimesi igin enerji
dengesinde giiclii degisimlere ihtiyag duymasi
sayisal analiz yoOnteminin zayif tarafini ortaya
cikarmigtir. Yine s6z konusu her iki analiz
yonteminde hidrolik karakteristiklere etkiyen diger
husus da Olgek konusudur. Agiklanan iki husus
dogrultusunda sonuglar asagiya kisaca
cikarilmistir. Buna gore;

Sayisal analizde debi miktar1 fiziksel model
verilerinden %3.2 daha fazla tahmin edilmis, bu
tahminin de literatiir taramalarina uygun oldugu
tespit edilmistir. Debiye kiyasla yiiksek ag
¢oOziiniirliigiine ihtiyag duyan basing degerleri
konusunda, sayisal analiz sonuglar1 ile fiziksel
model sonuglariin kritik noktalarda dahi birbiriyle
uyumlu oldugu goriilmiigtiir. Dolusavak bosaltim
kanalinda fiziksel modelde 6l¢egin biiyiimesinin
basing degerleri {izerinde etkisinin olmadig1, ayni
durumun sayisal analiz modellerinin farkli
Olcekleri i¢in de gecerli oldugu, air entrainment
modelinin  sayisal analizde c¢alistirilmasiyla
dolusavak ogee esigi, bosaltim kanali ve si¢ratma
esigindeki basing degerleri iizerinde pek bir
etkisinin gerc¢eklesmedigi, ancak sigratma esigi
sonrasinda kuyruk suyu kanali tabaninda %60'a
varan oranda basinglarda diisiislerin meydana
geldigi tespit edilmistir. Sigratma esiginde denenen
tasarimlarda kuyruk suyu kanalindaki taban
basincinin en fazla oldugu tasarimin g¢evirmeli
sigratma esigi, en az ise ikinci varyant olmasi
hususlarimin fiziksel model sonuglarinca da tasdik
edilmesi ilgili sayisal analiz yonteminin giiclii
yanini ortaya ¢ikarmustir.
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Su yiizl profilleri ile ilgili olarak, akis tizerindeki
hava-su iligkisi de goz oniine alindiginda fiziksel
ve sayisal analiz sonuglarinin birbiriyle uyumlu
oldugu, fiziksel modelde Olcegin biiylimesiyle
bosaltim kanali {izerindeki su seviyelerinde
ortalama %12 oraninda artislarin  gozlendigi,
sayisal analizlerde 6l¢egin kiigiilmesiyle bosaltim
kanal1 ve esik yapisinda su seviyesinde beklenenin
aksine artis, sicratma esigi sonrasinda yine
beklenenin aksine jet profil mesafelerinde diisiis
gozlendiginden su yiizii profilleri i¢in sayisal
analizlerde prototip oOlgekte (1/1 olgek) analiz
yapilmasit gerektigi tespit edilmistir. Yine sayisal
analizdeki 1/1 prototip Olgek sonuglarina gore
gevirmeli sigratma esiginde elde edilen su
seviyesinin  fiziksel ~model 1/100  6l¢ek
seviyesinden daha fazla ¢ikmasi ve jet profilinin de
daha kisa mesafeye ulasmasi, 6lcek konusunun
geometrinin egri-kavisli kisimlardaki etkisini 6n
plana ¢ikarmistir. Dolayisiyla fiziksel model
calismalarinda  kavisli  kisimlardaki  hidrolik
karakteristiklerin daha saglikli elde edilebilmesi
icin model Olgek verisinin  biiyiilk tutulmasi
gerektigi sonucuna ulasilmistir. Air entrainment
modelinin  kullamilmasiyla varyantlarda %210
oraninda, ¢cevirmeli esikte ise %5 oraninda sigrama
mesafesinin kisalmasina neden oldugu dikkate
alindiginda sisteme siiriikklenen havanin artmasi
icin jet profillerinin pargalanmas1 gerektigi
goriilmektedir.  Enerji  kimmimindaki  etkili
parametre olan jet profillerine etki eden hava
stiriiklenmesinin yan1 sira varyantlara kiyasla
cevirmeli sigratma esigine etki eden olgek etkisi de
dikkate alindiginda Ilisu Baraji Dolusavak
yapisinda enerji kirict olarak tercih edilen disli
sigratma esigi tasariminin oldukca yerinde bir karar
oldugu gorilmiistir.

Hiz  karakteristikleri ~ konusunda  fiziksel
modellerde 6l¢egin biiylimesiyle hiz artmigsa da bu
artis olduk¢a sinirli olmustur. Sayisal analizlerde
Olgegin biiytimesiyle hizlardaki artis fiziksel
modele kiyasla daha fazla olmustur. Sayisal ve
fiziksel modellerde kanal sonu ve sonrasi gibi
kritik kisimlarda dahi aradaki farkin %10
seviyesinde  olmasi  sayisal analizin hiz
karakteristiklerinin tespiti konusunda basarili
oldugunu gostermektedir. 1/30 ve 1/100 fiziksel
modellerde hizlar arasinda dikkate deger farkin
olmamasi su ve taban arasinda olusan gerilmelerin
dolusavak gibi yapilarda ihmal edilebileceginin
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onceki caligmalarca ifade edilmesi sayisal analiz
sonuclart ile desteklenmistir. Ayrica sayisal
modellerde beklendigi gibi air entrainment
modelinin hizlar1 azaltic1 yoniindeki etkisi oldukg¢a
sinirl1 olmustur.
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