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Eskisehir Osmangazi Universitesi Miithendislik
Mimarhik Fakiltesi Dergisi, bilim ve
teknolojideki  son  gelismeleri  aktarmak
amaciyla;

+« Bilgisayar Miihendisligi
Biyomedikal Miihendisligi
Elektrik-Elektronik Miithendisligi
Endiistri Mithendisligi
insaat Miihendisligi
Jeoloji Miithendisligi
Kimya Miihendisligi
Maden Miihendisligi
Makine Miihendisligi
Metalurji ve Malzeme Miihendisligi
Mimarhik
Ugak Miihendisligi
Yazilim Miithendisligi
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dallarinda; kuramsal ve uygulamali arastirma ile
tarama niteliklerinde makaleler yayimlamay:
amaglayan disiplinler arasi ve hakemli bir
dergidir. Dergi, belirtilen miithendislik
branslarinda hizla gelisen alanlarina iliskin
calismalar1 ulastirmay1 amag¢lamaktadir.

Eskisehir Osmangazi Universitesi Mithendislik
Mimarlik Fakiltesi Dergisi ilk olarak 1986
yilinda “Anadolu Universitesi Miihendislik
Mimarlik Faktltesi Dergisi” olarak yayin
hayatina baslamistir. 1993 ve 2005 yillarinda
yapilan isim degisiklikleri sonrasinda,
tiniversitemiz adinin "Eskisehir ~Osmangazi
Universitesi" olmasi nedeniyle derginin adi da
“Eskisehir Osmangazi Universitesi Miihendislik
ve Mimarlik Fakiltesi Dergisi” (ISSN: 1301-
045x) haline gelmistir.

Dergi yilda 2 say1 olarak yayimlanmis olup 2012
y1li sonunda yayin hayatina ara vermistir.

2018 yilindan itibaren e-Dergi olarak yayin
hayatina tekrar baglamistir.

Dergi hakkinda ayrintili bilgiler
https://dergipark.org.tr/tr/pub/ogummf
web sayfasinda verilmistir.

Eskisehir Osmangazi Universitesi Miihendislik
Mimarhk Fakiiltesi Dergisi yilda 3 say1 olarak
yayimlanmaktadir.

Bu sayilara ek olarak Editérler Kurulu'nun
karariyla, fakiiltemiz  boliimleri tarafinda
yiriitillen bir kongrede sunulan bildiriler “Ozel
Say1” olarak yayimlanabilmektedir.
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The Journal of Engineering and Architecture
Faculty of Eskisehir Osmangazi University is a
multidisciplinary and peer-reviewed journal in
engineering. The journal is not limited to a
particular aspect of science and engineering, but
is instead devoted to a wide range of areas in
engineering. The journal aims to publish high
quality papers in the areas of:

Computer Engineering
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Biomedical Engineering
Electrical-Electronics Engineering
Industrial Engineering

Civil Engineering

Geology Engineering
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Chemical Engineering

Mining Engineering

Mechanical Engineering

Metallurgical and Materials Engineering
Architecture

Aeronautical Engineering
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Software Engineering

This journal publishes original theoretical and
empirical research papers as well as review
papers and case studies related to these areas of
engineering. High quality submissions are
welcome from academics, researchers, and
practitioners.

The Journal of Engineering and Architecture
Faculty of Eskisehir Osmangazi University was
first launched in 1986. After the name of the
journal changed in both 1993 and 2005,
consequently, the name is "The Journal of
Engineering and Architecture Faculty of
Eskisehir Osmangazi University” (ISSN: 1301-
045x). The journal was published as 2 issues per
year until the end of 2012, then publication of
the journal is suspended between 2012-2017.

It has resumed its publication life as an online
journal in 2018.

Additional information for the journal is given at
web page :
https://dergipark.org.tr/tr/pub/ogummf

The Journal of Engineering and Architecture
Faculty of Eskisehir Osmangazi University is
published as 3 issues per year.

In addition to the regular issues, proceedings of
the conferences which are organized by our
university are published as special issues
depending upon the decision of the Editorial
Board.
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Dergi, halen, asagida verilen indeksler tarafindan
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FROM EDITOR

For the 100th anniversary of the Turkish Republic, a special review issue
was decided to be published by our Faculty and Departments. Our
Great Leader, who enfrusted our country to Turkish youth, advises that
science is our only guide on the path that will carry our country to the
next centuries. Since the first years of their establishments, our
universities have been contfinuing their science, technology and
cultural activities with the awareness of their responsibilities for the
formation of a knowledge-based society.

In this context, the chronological historical development and
development of Eskisehir Osmangazi University (ESOGU) Faculty of
Engineering and Architecture from Eskisehir State Engineering and
Architecture Academy (EDMMA) are shared with you as a preliminary
infroduction. 11 papers which deal with the latest developmentsin the
field of engineering, future expectations and activities carried out in
the deparfments were collected.

Establishment of Academy and University

Eskisehir ~ State  Engineering and  Architectural ~ Academy
(ESEAF/EDMMA) was founded in Eskisehir, TUrkiye with Mechanical and
Civil Engineering Departments in 1970. There were 160 students in two
departments. The first EDMMA graduates took their diplomas in 1974.

Between 1982 and 1993, the name of the University was changed to
the Anadolu University (AU). on August 18, 1993, Osmangazi University
(OGU) was founded with a law decree. In 2005, the name of the
University was changed again to Eskisehir Osmangazi University
(ESOGU) with the 5379 numbered law. Table 1 shows the name
changes and logos of ESOGU between 1970 and today.

Eskisehir Osmangazi University has a total campus area of 2.9 M m2, and
80.000 m2 of this area is used as a classroom-laboratory-office, 50.000
m2 of this is used as a social facility-library, and 62.000 m2 of this is used
as health area. ESOGU continues its education, R&D, and health care
activities at Meselik, Bademlik, Camlik, Ali Numan Kirag, Sivrihisar,
Saricakaya, Mahmudiye, Cifteler and Organized Industrial Zone
Campuses. ESOGU, a strong and long-established university with
53 years of scientific experience, continues to produce knowledge with
13 Faculties, 1School, 6 Vocational Schools, 4 Institutes, and
40 Application and Research Centers, and progressing steadily
fowards modern science.



Table 1. Cornerstones of ESOGU and Name Changes Between 1970 and Today

1970-1982 1982-1993 1993-2005 2005-Today
Eskisehir State Engineering Anadolu University Osmangazi University | Eskisehir Osmangazi University
& Architectural Academy (AU) (OGU) (ESOGU)
(EDMMA)
ANADOLU UNIVERSITESI
www.anadolu.edu.tr www.ogu.edu.tr
Mission of ESOGU University Management

Eskisehir Osmangazi University is committed to being
preferred at the national and international level with the
aim of excellence in education, transforming the results
of scientific studies into benefits and economic products
by the demands of society, providing effective and
competitive health services, educating entrepreneurs
and innovative graduates and researchers.

Vision of ESOGU

To become a well-known, respected, and research
university on a national and international scale,
transforming knowledge into value, and pioneering the
society.

Table 2. ESOGU Rectors and Vice Rectors Since 1993

Since 1993, ESOGU had 7 Rectors (Table 2). Two of the
precious rectors passed away. Six of the Rectors were
from ESOGU, and one was from Ankara University. Prof.
Dr Necat Akdeniz and Prof. Dr. Hasan Génen were on
duty for two periods and the other Rectors were on one
period (4 years). Two Rectors were from the Medical
Faculty and Engineering and Architectural Faculty.
EASF, Law, and Sci. Lit. Faculties had Rectorate duty
once. ESOGU has 8 campuses with a 2.8 million m? area
in Eskisehir. It has 13 Faculties, 6 Vocational Schools, 1
High School, and 40 Research Centers. There are more
than 30 thousand students, 4000 administrative staff,
and 700 academic personnel.

1999-2007

Deceased Deceased
(1927-2010) (1937-2023) Prof. Dr. Prof. Dr. Prof. Dr. Prof. Dr. Prof. Dr.
Prof. Dr. Prof. Dr. Necat A. Akgiin Fazil Tekin Hasan G6nen Kemal Senocak Kamil Colak
Esat Erenoglu Erdogan Firath
Medical/Tip Faculty EAF/MMF Medical Faculty EASF/IIBF EAF/MMF Law/Hukuk Faculty Sci.Lit. Fac./ Fen Ed.
(Ankara U.)
1993-1995 1995-1999 2007-2011 2018-2022 2022-today

2011-2018

Prof. Dr. Necat Akgiin
Prof. Dr. Fazil Tekin
Prof. Dr. Ruhi Aydin

Prof. Dr. Fazil Tekin
Prof. Dr. Atila Yildirim
Prof. Dr. Macid Yaman

Vice Rectors

Prof. Dr. Fazil Tekin
Prof. Dr. imdat Kara
Prof. Dr. Filiz Aksit

Prof.Dr.Zekeriya Altag
Prof. Dr. Naci Ozer
Prof. Dr. Sinan Erginel

Prof.Dr. Adnan Konuk
Prof.Dr. ilhami Unliioglu
Prof.Dr. Bahaddin Acet/
Ahmet Cabuk

Prof. Dr. Hakan Demirel
Prof. Dr. Ramazan Erdag
Prof. Dr. Kiirsat B. Carman

Prof. Dr. Ali Aslantag
Prof. Dr. Rifat Edizkan
Prof. Dr. Kamil Colak

International Ranking of ESOGU

In 2021, ESOGU ranked in 8 ranking systems out of 11
international ranking systems (URAP, ARWU, CWUR,
LEIDEN, NTU, QS, RUR, SCIMAGO, THE, USNEWS and
WEBOMETRIC).

University Ranking by Academic Performance
(URAP) of ESOGU in Tiirkiye

ESOGU, METU (ODTU) URAP (University Ranking by
Academic Performance) ranking between 2014 and

2023 is given in Table 3 along with acting Rectors.
Between 2014 and 2018, ESOGU's ranking average was
29.75 out of 132.5 and between 2018 and 2022,
ESOGU's average ranking was 21.5 out of 181
Universities. During the 2018 and 2022 periods,
ESOGU’s academic performance was much better than
the 2014 and 2018 periods. According to the URAP
ranking, ESOGU’s ranking was 1,556 out of 3,000
Universities in the world between 2021 and 2022
(https://urapcenter.org/Rankings/2021-2022/fields).



https://urapcenter.org/Rankings/2021-2022/fields

Table 3. ESOGU’s METU-URAP Academic Performance Between 2014 and 2022 (https://newtr.urapcenter.org/).

YEARS Rank/Total Average Rank Rector
2014-2015 37/127 ]
2015-2016 35/130 29.75/132.5 | Prof. Dr. Hasan Gonen
2016-2017 26/125
2017-2018 24/148 -
2018-2019 21/157 ]
2019-2020 20 21.50/181 | Prof. Dr. Kemal Senocak
2020-2021 16/203
2021-2022 29/183 -
2022-2023

Webometric Ranking of ESOGU in Tiirkiye and in
the World

In 2022, ESOGU’s webometric ranking was 31 out of 212
Turkish Universities and 1718 out of 31054 in the World
Universities. In 2023, ESOGU’s webometric ranking was
28 out of 209 Turkish Universities and 1689 out of
30478 in the World Universities. In 2022, ESOGU was in
the 14.6% in Tirkiye and 5.5% in the world. In 2023,
ESOGU was in the 13.4% in Tiirkiye and %5.5 in the
world.

Other Rankings Between 2021 and 2023

ESOGU was in the 1000+ rank in the Times Higher
Education ranking. ESOGU was at the 1803/2000
Universities according to the CWUR, and at the
1718/2000 Universities according to the USNEWS.
ESOGU'’s ranking was 952 at CWTS Leiden ranking and
691 at SCImago ranking in the World.

Eskisehir Osmangazi University Rankings - AD
Scientific Index 2024

Table 4 shows ESOGU University's ranking in the World,
Europe, and Tirkiye
(https://www.adscientificindex.com /university /Eski%

Table 4. Adscientific Ranking of ESOGU in 2024

C5%9Fehir+0smangazi+University/). In all University
rankings, ESOGU has a total H index of 2232 in the

World, 788 in Europe, and 62 in Tirkiye. In the public
Universities ranking, ESOGU has a total H index of 1939
in the World, 673 in Europe, and 45 in Tirkiye. In all
University rankings, ESOGU has a total citation of 1541
in the World, 582 in Europe, and 31 in Tiirkiye. In the
public Universities ranking, ESOGU has a total citation of
1268 in the World, 532 in Europe, and 22 in Tiirkiye. In
all types of institutions ranking, ESOGU has a total H
index of 3394 in the World, 1331 in Europe, and 62 in
Tiirkiye.

Table 5 shows the last subject and ranking analysis of
ESOGU scientists by adscientific which is based on the
Google Scholar data base
(https://www.adscientificindex.com /university /Eski%
C5%9Fehir+0smangazi+University/). The total number
of scientists in this index from ESOGU is 395. In the
World’s top 10% of scientists, there are 7; 20% 26; 30%
85; 40% 156; 50% 236; 60% 310; 70% 364; 90% 395;
and 100% 395 scientists. 73 scientists (18.4%) are from
ESOGU EAF (MMF). One scientist is in the Top 10%, five
are in the Top 20%, and 15 are in the Top 30% from
ESOGU EAF.

. . . . #in 17,775 #in 2,788 #in 210
ESOGU University Ranking According to All universities in the World |All universities in Europe  |All universities in Tiirkiye
Total H index 2,232 758 62
Last 6 years H index 1,301 498 23
Total i10 index 1,364 515 24
Last 6 years i10 index 1,346 491 22
Total Citations 1,541 582 31
Last 6 years Citations 1,331 504 26
. . . . #1in 9,766 #in 2,082 #in 134
e Public Universities in World |Public Universities in Europe |Public Universities in Tiirkiye
Total H index 1,739 673 45
Last 6 years H index 1,112 463 18
Total i10 index 1,147 478 19
Last 6 years i10 index 1,152 464 19
Total Citations 1,268 532 22
Last 6 years Citations 1,123 467 21
. . . . #in 22,423 #in 4,641 #in 290
BSUIE Sl enlising Acterelig b all type institutions in World |all type institutions in Europe |all type institutions in Tiirkiye
Total H index 3,394 1,331 62
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Table 5. Subject and Ranking Analysis of ESOGU Scientists.
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H-Index

Hatice Duran Yildiz from Ankara University (Physics
Dept.) has a maximum H index of 230 in Tirkiye. She is
in the first rank out of 29,200 scientists in Tiirkiye, 45t
in the region, and 142% in the world
(https://www.adscientificindex.com/?country code=tr
). Hatice Duran Yildiz has a maximum citation of
254,931 in Tiirkiye. In Engineering&Technology, the
maximum H index in the world is 316 (Robert Langer
from MIT-Bioengineering). In Engineering&
Technology, the maximum H index of 117 is owned by
Metin Sar1 from Koc University, Robotics. His citation
was 45.986
(https://www.adscientificindex.com /?tit=Engineering

+%26+Technology& country code=tr). Metin Sart’s
rank in Tirkiye is 19%, in the region 1,462, and in the
world 4,301t ESOGU’s top H index owner 1. Bekir Topgu
from Civil Eng. Dept. has an H index of 50 and total

citations of 11.565. He is in the 219t rank in Tirkiye,
24,386 rank in the region, and 69,396t rank in the
world (https://www.adscientificindex.com

/?7s=200&country code=tr).

According to the Stanford University Top 100,000 or
Top 2% scientists ranking, 2494 scientists are ranked in
single recent year data about citations received during
calendar year 2022 from Tirkiye There are 14 scientists
in this data from ESOGU. 8 of the 14 scientists from
ESOGU are in the ESOGU-EAF/MMF. Out of 8 ESOGU-
EAF scientists, 2 of them are from the Mining
Engineering Department, and 1 of them are from Civil,
Computer, Mechanical, Elect.&Electro., Auronoutical,
and Chemical Engineering Departments (Table 6)
(https://mmf.ogu.edu.tr/Haber/Detay/ 193 /stanford-
bilim-insanlari-siralamasi).

iv
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Table 6. Top Scientists in the Top 2% of Their Field in the World from ESOGU
(https://elsevier.digitalcommonsdata.com/datasets /btchxktzyw/6)

World Ranking Scientists Faculty Department
71942 I. B. Topcu Eng.&Arc. Civil Eng.
72080 Selim Giirgen Eng.&Arc. Aeronautical Eng.
72284 Muammer Kaya Eng.&Arc. Mining Eng.
72462 Evren Yasa Eng.&Arc. Mechanicaln Eng.
72538 Cemal Cingi Medical Otorhinolaryngology
72598 Idris Dag Eng.&Arc. Computer Eng.
72703 Biilent Gorenek Medical Cardiology
72855 Hakan Cevikalp MME Electr.&Electron. Eng
73041 Ener Cagri Dinleyici Medical Cocuk Sagligi
73217 Hilal Demir Kivrak Eng.&Arc. Chemical Eng.
73228 Alaettin Unsal Medical Public Health
73233 G. Kilig
73272 Mahmut Yavuz Eng.&Arc. Mining Eng.
73295 Nevin Ertug Giirbiiz Science Mat. & Comp.

Citation

According to the top Universities ranking in Google
Scholar profiles in 2022, ESOGU had 260.390 citations
and was in 20t place in Tirkiye. Table 7 shows the top
10 cited scientists from ESOGU based on Google Scholar
data. There are two scientists from ESOGU-EAF/MMF
(https://scholar.google.com/citations?view op=view o

rg&hl=tr&org=4995632992154669000&before author
=dWca 3sUAAA]&astart=0).

Citation metrics are widely used and misused. loannidis
(2023) has created a publicly available database of top-
cited scientists that provides standardized information
on citations, h-index, co-authorship adjusted hm-index,
citations to papers in different authorship positions, and
a composite indicator (c-score). Separate data are
shown for career-long and, separately, for a single
recent year impact. Metrics with and without self-
citations and the ratio of citations to citing papers are
given. Scientists are classified into 22 scientific fields
and 174 sub-fields according to the standard Science-
Metrix classification. Field- and subfield-specific
percentiles are also provided for all scientists with at
least 5 papers. Career-long data are updated to end-of-
2022 and single recent year data pertain to citations

received during the calendar year 2022. The selection is
based on the top 100,000 scientists by c-score (with and
without self-citations) or a percentile rank of 2% or
above in the sub-field. This version is based on the
October 1, 2023 snapshot from Scopus, updated to the
end of the citation year 2022. This work uses Scopus
data provided by Elsevier through ICSR Lab
(https://www.elsevier.com/icsr/icsrlab). Calculations
were performed using all Scopus author profiles as of
October 1, 2023. If an author is not on the list it is simply
because the composite indicator value was not high
enough to appear on the list

(https://elsevier.digitalcommonsdata.com/datasets /bt
chxktzyw/6).

2494 scientists are ranked in the career-long data from
Turkey. There are 13 scientists in the career-long data
from ESOGU. 8 of the 13 scientists from ESOGU are in the
ESOGU-EAF/MMEF. Out of 8 ESOGU-EAF/MMF scientists,
3 of them are from the Mining Engineering Department,
1 of them are from Civil, Metallurgical&Materials, and
Elect.&Electro., Auronoutical and Chemical Engineering

Departments (https://mmf.ogu.edu.tr/Haber/Detay

/193 /stanford-bilim-insanlari-siralamasi).

Table 7. 10 Top-Cited Scientist at ESOGU According to the Google Scholar

Scientists Faculty Citation
Biilent Gorenek Medical 73155
i. Bekir Topgu Eng.&Arc. 11740
Kazim Ozdamar Medical 11687
Cemal Cingi Medical 11172
Ahmet Bekir Science 8814
Sibel Tunali Akar Science 6730
Tamer Akar Science 6051
Veysel Yilmaz Science 5898
Vural Biitiin Science 5857
Evren Yasa Eng.&Arc. 5660
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Table 8.
com/datasets/btchxktzyw/6).

Top 2% Scientists in the Last Year's

Performance (https://elsevier.digitalcommons data.

World Ranking Scientists Faculty Department
83893 i. B. Topgu Eng.&Arc. Civil Eng.
84302 Vural Biitiin Science Chemistry
84502 Mustafa Amik Eng.&Arc. Met.&Mater. Eng
84533 Hakan Cevikalp Eng.&Arc. Elect.&Electron. Eng.
84576 Selim Giirgen Eng.&Arc. Aeronautical Eng.
84585 Sevgi Senso0z Eng.&Arc. Chemical Eng.
84608 Sibel Akar Tunali Fen Fakiiltesi Chemistry
84806 Muammer Kaya Eng.&Arc. Mining Eng.
84820 Muhammet I. Aksu Ziraat Fak. Food Eng.
84880 Mahmut Yavuz Eng.&Arc. Mining Eng.
84886 Haldun Kurama Eng.&Arc. Mining Eng.

Researchgate established in 1984 after dividing AU into AU and OGU.

There are 3644 members of ESOGU registered to
researchgate.net. Some of the members are
academicians, students, and retired academicians.

Departments of Engineering and Architectural
Faculty of ESOGU

Figure 1 shows the founded departments with time at
ESOGU. Between 1970 and 1980, there were 6 core
engineering departments at the ESEAF. After the Civil
and Mechanical Engineering Departments, the Mining
and Industrial Engineering Departments were
established in 1975. The Electrical & Electronics
Engineering Department was founded in 1980. Between
1981 and 1990, there were 5 more departments, four of
them were active and one was inactive (Ceramics
Engineering). The Architectural Department was

The Computer Engineering Department was founded in
1993 and Geological Engineering Department was
established in 1994. Metallurgical Engineering
Department was founded in 1996 and the name changed
in 1996 to Metallurgical & Materials Engineering
Department. The Ceramics Engineering Department
was established in 1990 and closed in 2011 without
starting undergraduate education. After 2017, three
more departments were founded. In 2017, the
Biomedical Engineering Department; in 2019, the
Aeronautical Engineering Department and in 2019, the
Software Engineering Department were established.
Biomedical and Software Engineering Departments do
not have students yet for the Bachelor of Eng. (B. Eng.)
degree. 11 departments have B. Eng, M. Eng. and Ph.D.
studies at the Faculty.

After 2017
Biomedical Eng. (2017)
Auronautical Eng. (2019)
Software Eng. (2020)

Between 1970 and 1980
Chemical Eng. (1968 as Hastas)
Civil Eng. (1970)

Mechanical Eng. (1970)

Mining Eng. (1975)

Industrial Eng. (1975)

Electrical &Electronics Eng. (1980)

Between 1981-1990
Architecture Dept. (1984)
Computer Eng. (1993)

Geological Eng. (1994)
Metallurgical&Materials Eng. (1996)
Ceramics Eng. (1990-2011)*

(* closed without starting education)

Figure 1. Establishment Dates of Departments at ESOGU EAF /MMF.
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Deans of ESOGU Engineering and Architectural
Faculty

So far 11 Deans have been appointed to the ESOGU-EAF,
since 1970. Two of the previous Deans passed away.
Table 9 shows one woman and ten men Deans worked
at the ESOGU-EAF/MMF. Two of the Deans were from

Table 9. Deans of ESOGU EAF since 1970.

the Chemical, Mining, and Electrical & Electronic
Engineering Departments, one from the Mechanical,
Civil, and Industrial Engineering Departments, and one
from statistical and another one from mathematical
background. Deans worked for 1 to 11 year period. The
average Dean’s work period is 4.82 years.

Deceased Deceased Deceased
(-1981) (1931- Prof. Dr. Prof. Dr. (1945- Prof. Dr. | Prof. Dr. Prof. Dr. Prof. Dr. Prof. Dr. Prof. Dr.
Prof. Dr. 2013) Musa Atalay 2019) Ercengiz Adnan Sevgi Emin Abdurrahman Muammer
Suat Prof. Dr. Senel Barkana Prof. Dr. Yildirim Konuk Sensoz Kahya Karamancioglu Kaya
Mirza Battal Ahmet
Kushan Topgu
1970 1981 1982 1993 1996 1999 2002 2009 2012 2017 2020
1981 1982 1993 1996 1999 2002 2009 2012 2017 2020 2023
11 1 11 3 3 3 7 3 5 3 3
Statistics Mechanical Matematics Elect.Electronic Civil Chemistry Mining Chemistry Industry Elec.Electronic Mining

ESOGU-EAF Night Education and Graduates

Secondary/night education was started at Civil Eng. in
1996; Mining and Industrial Eng. in 1997; Mechanical
Eng. in 2001; Electrical and Electronics Eng. in 2003. In
2014, the secondary education in Mining Eng.
Department was closed by Turkish Higher Education
Council (YOK). In the 2019-2020 education period, the
secondary education in Civil; Mechanical, Industrial; and
Electrical and Electronics Eng. Departments were
closed.

Total graduate numbers from both day and night
educations of each department are summarized in Table

10 (as of 4.10.2023). In 53 years, total undergraduate
number was 28044. 75% of the graduates were from
day/1steducation and the rest from night/2nd education.
So far, 5292 B. Eng. students were graduated from Civil.
Eng.; 4697 from Mechanical Eng.; 4172 from Industrial
Eng.; 3439 from Elect.&Electr. Eng,; 2564 from Mining
Eng.; 3679 from Chemical Eng.; 1501 from Architecture;
1059 from Metallurgical and Material Eng., 959 from
Computer Eng; and 682 from Geological Eng.
Departments. So far ESOGU-EAF/MMF graduated about
600 B. Eng. students yearly.

Table 10. ESOGU-EAF Day and Night Education Statistics and Total Graduate Numbers

Day/1st Night/2nd Start Date of | Closing Date Total Yearly

Department Education Education Night of Night Graduates Average

Graduates Graduates Education Education Graduate
Civil Eng. 3289 2003 1996 2024 5292 99.85
Mechanical 2919 1778 1996 2024 4697 86.62
Eng.
Industrial Eng. 2557 1615 1997 2024 4172 86.92
Elect.&Electr. 2489 950 2004 2024 3439 79.98
Eng.
Mining Eng. 1806 758 1997 2014 2564 53.42
Chem. Eng. 3679 3679 66.89
Architecture 1501 1501 30.63
Met. Mater. 1059 1059 39.22
Eng.
Computer Eng. 959 959 31.97
Geological Eng. 682 682 23.52
TOTAL 20940 7104 28044 599.02




Table 11 shows the total departmental graduates from
School of Natural and Applied Sciences between 1985
and 2023. Mechanical Eng. Dept. graduated 387, Civil
Eng. Dept. 370, and Electrical and Electronic

Engineering 256 postgraduate students. In 38 years
2196 postgraduate diplomas were delivered. 16% of
these were Ph.D., 73% M. Eng., and 10% without thesis.

Table 11. The Total Departmental Graduate Numbers from the School of Natural and Applied Sciences Between 1985

and 2023.
Jan. 01, 1985- Nov. 01, 2023 GRADUATES FROM SCHOOL OF NATURAL AND APPLIED SCIENCES
(ENGINEERING)
Ph.D. M. ENG. Without THESIS TOTAL

Mechanical Engineering 70 317 387
Civil Engineering 56 314 370
Electrical and Electronic Engineering 46 201 9 256
Chemical Engineering 41 182 223
Mining Engineering 60 142 202
Industrial Engineering 44 155 199
Geological Engineering 19 62 81
Metallurgical Engineering 63 0 72
Computer Engineering 50 52
Metallurgical and Material Engineering 12 32 44
Ceramics Engineering 2 0 2
Architecture 72 72
Railway Systems 16 16
Aeronautic Science and Technologies 0 22 22
Occupational Health and Safety 198 198
TOTAL 359 1614 223 2196

Developments in Engineering in the World

Top 20 Engineering Developments of the 20t Century
can be listed as: Electricity, the automobile, the airplane,
water supply and distribution, modern electronics,
radio and television, agricultural mechanization,
computers, the telephone, air conditioning and
refrigeration, highways, spacecraft, the internet,
imaging technology, household appliances, health
technologies, petroleum, and petrochemical
technologies, laser and fiber optics, nuclear
technologies, high-performance materials
(https://www.thomasnet.com/insights/top-
engineering-developments-twentieth-century/).
Recently emerging technologies in engineering are
artificial intelligence (Al), robotics, internet of things
(IoT), 5G technology, blockchain technology, 3D
modelling, cloud technology, VR/AR, and
nanotechnology
(https://bgibhopal.com/blog/emerging-technologies-
in-engineering-latest-innovations-and-applications/).
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Anahtar Kelimeler 0z

Riizgadr Yiikleri Elverissiz mimari formlar ve gelisen teknoloji ile birlikte artan yapisal donanimlar

Optimizasyon yapilari riizgdra karsi daha hassas hale getirmektedir. Bu durum onceleri diger yiiklerle

Aerodinamik birlikte degerlendirilen riizgdr etkilerinin artik majér etki olarak kabul edildigi “Riizgdra

Yapisal Optimizasyon Dayanikli Yapt Tasarimi” (RDYT) alanina olan ilgiyi gtinden giine arttirmaktadir. RDYT

Séniimleyici metodolojileri olduk¢a karmasik optimizasyon problemlerini ortaya ¢ctkarmaktadir. Bu
calismada RDYT alaninda yapilan optimizasyon ¢alismalarinin incelenmesi
amaglanmistir. Literatiir incelendiginde konunun aerodinamik sekil optimizasyonu,
riizgadr etkisi altinda yapisal optimizasyon ve séntimleyici sistemler ile riizgdra dayanikli
optimum tasarim olmak iizere li¢ alt baslikta incelenebilecegi goriilmiistiir. Bu baglamda
algoritma tabanli optimizasyon stireci iceren temel ve giincel calismalar tespit edilerek
incelemeleri sunulmustur.

OPTIMUM DESIGN OF WIND RESISTANT STRUCTURES

Keywords Abstract

Wind Loads Inappropriate architectural forms and increasing structural equipment with developing

Optimization technology make the buildings more sensitive to the wind. This situation increases the

Aerodynamic interest in the field of wind resistant structure design (WRSD) which wind effects are

Structural Optimization considered as the major effects day by day. WRSD methodologies pose highly complex

Damper optimization problems. In this study, it is aimed to review the optimization studies in the

field of WRSD. When the literature is examined, it has been seen that the subject can be
examined under three sub-titles: aerodynamic shape optimization, structural
optimization and optimization with the damping systems. In this context, fundamental
and current studies that include algorithm-based optimization process are determined
and their reviews are presented.

Derleme Makale Review Article
Basvuru Tarihi :04.07.2022 Submission Date :04.07.2022
Kabul Tarihi : 04.04.2023 Accepted Date :04.04.2023
1. Giris ylksek binalarin sayisinin global 6l¢ekte siirekli arttigi

Niifusun belirli bolgelerde toplanmasi, yap:1 malzemeleri
alanindaki  teknolojik  gelismeler ve  yenilikgi
mithendislik tasarim prosediirlerinin neticesinde
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bilinmektedir (Momtaz, Abdollahian ve Farshidianfar,
2017). Yiikksek mukavemetli hafif yap1 malzemelerinin
kullaniminin yayginlasmasi, artan bina yiikseklikleri,

Bu eser, Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/)
hiiktimlerine gore agik erigimli bir makaledir.

This is an open access article under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/).
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estetik kaygilar ile sunulan diizensiz yapisal tasarimlar
gibi etkilerin bir sonucu olarak yapisal sistemler rizgar
etkilerine karsi daha duyarl hale gelmektedir. Oyle ki
belirli bir yiikseklik asildiginda, riizgar kuvvetlerinin
major yatay etkiyi olusturdugu disiiniilen deprem
kuvvetlerinden de daha etkin oldugu bilinmektedir
(Huang ve dig., 2015). Bu durum kullanic1 konforunun
diismesi, yapisal olmayan eleman hasarlar1 ve yapi
elemanlarinda hasarlara kadar genis bir risk
yelpazesine neden olmaktadir (Folley, 2002). Riizgar
etkileri sadece yliksek binalar icin degil, riizgara maruz
bolgelerde hizmet vermesi gereken pek ¢ok yapi i¢in
cesitli riskler olusturmaktadir.

Riizgar etkilerinin 6neminin artmasiyla birlikte yapisal
optimizasyon alanindaki ¢alismalar da bu degisimden
etkilenmistir. Daha 6nceden riizgar etkileri diger yiikler
ile birlikte degerlendiriliyorken giinlimiizde “Riizgara
Dayanikli Optimum Yap1 Tasarimi (RDOYT)” kavrami ile
yeni bir boyut kazandirllmistir. Bu kavram
dogrultusunda, riizgar etkileri major yiik olarak kabul
edilerek optimizasyon prosediirleri ytriitiilmektedir.
Bu c¢alismada literatiirde bulunan RDOYT konulu

Tablo 1

Anahtar Kelime Gruplari
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calismalarin incelenmesi amaclanmistir. Literatiir
incelendiginde RDOYT siirecinin ii¢ ana baslik atinda ele
alinabilecegi gorilmiistir. Bu basliklar Aerodinamik
Sekil Optimizasyonu (ASO), Riizgar Etkisi Altinda
Yapisal Optimizasyon (REAYO) ve Sonilimleyici
Sistemler ile Riizgdra Dayanikli Optimum Tasarim
(SSRDOT) olarak belirlenmistir. ASO c¢alismalarinin
temel amaci yapiya etkiyen riizgar yiiklerini minimize
etmektir. REAYO uygulamalarinda ise optimum yanal
rijitlik dagilimi ile ilgili kisitlar1 saglayan en ekonomik
yapisal sistem aranmaktadir. SSRDOT iizerine yapilan
calismalarda ise optimum séniimleyici parametreleri ve
optimum s6ntimleyici yerlesimi ile yapida olusan riizgar
kaynakli tepkilerin azaltilmas1 amaglanmaktadir.

2. Arastirma Metodolojisi ve Bulgular

Literatiirdeki riizgara dayanikli optimum yap1 tasarimi
alanindaki ¢alismalara ulagsmak i¢in Sciencedirect, Web
of Science, Reserchgate, Acedemia ve Google Scholar gibi
veri tabanlarindan Tablo 1’de sunulan anahtar kelime
gruplari i¢in taramalar yapilmistir.

aerodynamic, optimization, building
aerodynamic shape optimization, building
aerodynamic building design, optimum
aerodynamic, wind load, minimization
aerodynamic mitigation, building, optimization
wind, optimization, building

wind, optimization, structures

wind, optimization, buildings, damper

wind, vibration control, structural, optimization
wind, buildings, damper, optimum

wind, optimization, structural control

wind, parameter optimization, damping systems
wind induced response optimization, buildings
wind induced vibration control, optimum

wind induced, optimum, building

wind resistant, structural optimization

wind resistant, optimization, damper

wind response mitigation, buildings, optimum
wind resistant design optimization, structure
wind effect minimization, buildings

Kaynak taramasi neticesinde ulasilan c¢alismalardan
yalmizca  algoritma tabanli  bir  optimizasyon
metodolojisi barindiranlar ele alinmistir. Dolayisiyla
deneme-yanilma metodolojilerini takip eden calismalar
bu incelemenin kapsamimin disindadir. incelenecek
calismalar secilirken, belirli bir stratejinin sunuldugu

temel calismalara ve erisilebilen giincel g¢alismalara
odaklanilmistir. Bu baglamda incelenen ¢alismalarin
yillara ve konulara gore dagilimlar1 Sekil 1'de
sunulmustur. Kaynak taramasi yapilirken 2013 ve 2014
yllarinda belirtilen nitelikleri tasiyan herhangi bir
calismaya ulasilamamistir.
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Sekil 1. Incelenen Calismalarin Yillara ve Konulara Gére Dagilimlar

3. Aerodinamik Sekil Optimizasyonu (ASO)

ASO havacilik, uzay, otomotiv, enerji ve savunma gibi
pek cok sanayi kolu icin uygulanan bir metodolojidir.
Buradaki temel amag¢ sistem ilizerine gelen riizgar
etkilerinin minimize edilmesidir. Yontem yap1
sistemleri icin de adapte edilerek 06n tasarim
asamasinda yapilarin riizgarla etkilesiminin azaltilmasi,
cephe sistemlerinin riizgar etkilerini minimize edecek
sekilde konumlandirilmasi, akilli cephe sistemleri ile
bina geometrisinin riizgar etkilerini azaltacak sekilde
anlik olarak degistirilmesi gibi alt alanlarda ¢alismalar
yuritilmistiir. Her ne kadar yap1 miithendisliginden ¢ok
mimarlik disiplininin alanina girse de riizgara dayanikh
optimum yapisal tasarimin ilk halkas1 olmasi
bakimindan olduk¢a 6nemlidir zira yapi1 miithendisligi
var olan riizgar etkileri altindaki optimum yapisal
sistemi bulmay1 hedeflerken ASO var olan rilzgar
etkilerini azaltmay1 amag¢ edinmektedir.

Xie (2014) tarafindan yapilan ¢alismada, kritik yiikiin
riizgara karsi cephede olustugu ve bu yiikii azaltmak i¢in
benimsenebilecek iki temel yaklasim bulundugu
belirtilmistir. Bu yaklasimlar planda ve disey
dogrultuda sekil degisikligi olarak ifade edilmistir.
Planda degisiklik icin kése optimizasyonu, planin genel
olarak revize edilmesi, planda bosluklar acilmasi gibi
yontemler; diisey dogrultuda degisiklik icin ise
sivriltme, biitkme, kademeleme ve iist katlarda bosluk
birakma gibi yontemler 6rnek verilmistir. Belirtilen
yontemlerin tek basina uygulanmasi yerine birlikte
uygulanmasi ile verimin artabilecegi ifade edilmistir.
Ornek olarak verilen planda ve diisey dogrultuda
optimizasyon stratejileri Sekil 2’de gosterilmistir.
Calismada ayrica yiikseklik  boyunca yapilan
degisikliklerin etkilerini incelemek i¢in matematiksel
bir tahmin modeli 6nerilmistir.
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Corner balconies
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Sekil 2. ASO i¢in Sunulan Bazi Stratejiler (Xie, 2014)

Bernardini, Spence, Wei ve Kareem (2015) tarafindan
yapilan ¢alismada bina tirdi yapilarda evrimsel
algoritmalar ile ASO yuriitilmesi icin yenilik¢i bir
metodoloji sunulmustur. ASO problemlerinin pek ¢ok
lokal minimumu bulundugu igin gradyan tabanl
algoritmalarla ¢dziimiiniin global optimuma ulasilma
ihtimalini gli¢lestirdigi ifade edilmistir. Bu sebeple
calismada gelistirilmis bir genetik algoritma tiirevi olan
NSGA-II  tercih  edildigi belirtilmistir.  Segilen
algoritmanin global optimale yakinsama bakimindan
daha basarili sonuglar sunacagi agikken, gradyan tabanl
algoritmalarin aksine ¢ok daha fazla iterasyon
gerektirdigi bildirilmistir. Cok fazla sayida analiz
gerektiren bu optimizasyon siirecinin mevcut islem
giicii ile gerceklestirilmesinin miimkiin olmadig: ifade
edilmistir. Buradan hareketle hesaplama maliyetini
diistirmek amaciyla Simple Kriging (Basit Krigleme)
yontemi ile bir vekil model 6nerilmis ve kullanilabilirligi
arastinlmistir.  Onerilen optimizasyon stratejisinin
uygulanabilirligini test etmek maksadiyla silindirik
ylksek bir binanin plan diizleminde ASO uygulanmistir.
Optimizasyon icin ortalama siiriiklenme Kkatsayisi ve
kaldirma katsayisindaki standart sapma amag
fonksiyonlar olarak belirlenmistir. Sonug olarak, vekil
model sayesinde normalde yapilmasi gereken
hesaplamal akiskanlar dinamigi (HAD)
simiilasyonlarinin sadece %0.75'ine ihtiya¢ duyuldugu,

vekil modelin algoritmanin optimumu bulmadaki
performansina engel olmamakla birlikte gercek
degerlerden belirli oranda saptifi ve bu sapmalarin
azaltilmasi i¢in baska vekil modelleme yontemleri ile
calismalar yapilmasi gerektigi ifade edilmistir.

Elshaer, Bitsuamlak ve El Damatty (2015) tarafindan
yapilan ¢alismada binalarin kose sekillerini degistirmek
suretiyle ASO yapilan bir yontem sunulmustur. Rizgar
etkilerinin ortaya konmasi i¢in hesaplamali akiskanlar
dinamigi yontemine dayanan bir Yapay Sinir Ag1 (YSA)
egitilerek vekil model olusturulmustur. Optimizasyon
icin Genetik Algoritma (GA) tercih edilmistir.
Siirtiklenme  katsayis1 amag¢ fonksiyonu olarak
belirlenmistir. iki adet vaka ¢aligmasinin optimizasyonu
sunulmustur.  ilk  6rnekte  riizgdr  etkilerinin
hesaplanmasinda vekil model kullanilmazken ikinci
ornekte YSA ile olusturulan vekil model siirece dahil
edilmistir. Optimize edilen vaka calismasinin neticesi
olarak amag¢ fonksiyonunda %45’e varan azalmalar
tespit edildigi raporlanmstir. ikinci érnekte ise vekil
model sayesinde hesaplama maliyetinin ciddi oranda
azaldig1 ve benzer sonuglara ulasildigl ifade edilmistir.
Sonug olarak GA ile kdse optimizasyonunun basaril
bulundugu, YSA tabanhi vekil modelin hesaplama
maliyetini azaltmak i¢cin olduk¢a islevsel olugu
bildirilmistir.
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Elshaer, Bitsuamlak ve El Damatty (2016) tarafindan
yapilan ¢alismada binalarin helisel biikiilmesi ve kose
modifikasyonuna dayali bir ASO  uygulamasi
gerceklestirilmistir. Uygulanan metodoloji Elshaer ve
dig. (2015) tarafindan sunulan yénteme dayanmaktadir.
Amac fonksiyonu olarak riizgara karsi cephede olusan
normalize edilmis moment katsayisi se¢ilmistir.
Tasarim degiskenleri bina geometrisini karakterize
eden parametrelerdir. Sonug olarak  amag
fonksiyonunun kare kesite gore %45 azaldigi; YSA ile
saglanan vekil modelin, optimizasyon algoritmasi
isletilirken hesaplamal akiskanlar dinamigi
analizlerinin c¢alistirllmasina olan ihtiyaci ortadan
kaldirdigr ve hesaplama maliyetini diistirdiigic ifade

edilmistir.

Basic
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Mooneghi ve Kargarmoakhar (2016) tarafindan yapilan
calismada planda ve diisey dogrultuda bina sekli
degistirilerek ya da basit mimari elemanlar eklenerek
riizgar etkilerinin azaltilmaya calisildig1 optimizasyon
calismalar1 incelenmistir. Bu baglamda algak ve yiiksek
binalara uygulanabilecek aerodinamik yontemler ele
alinmistir. Optimizasyon c¢alismalar1 gradyan tabanl
olanlar ve olmayanlar olarak smiflandirilarak
sunulmustur. Xie (2014) tarafindan yapilan ¢alismada
sunulan stratejilere benzer sekilde planda ve diisey
dogrultu  boyunca uygulanabilecek  stratejiler
derlenerek Sekil 3’'te gosterildigi gibi sunulmustur.

00O

00

00
Varying cross section size Spoilers  Porosity and openings
Varying cross section shape ~ Twisting Setbacks

Sekil 3. ASO Stratejileri (Mooneghi ve Kargarmoakhar, 2016)

Sonug olarak, binanin seklindeki degisiklikler ile riizgar
etkilesiminin biiylik 6l¢lide degisebildigi ve gradyan
tabanli olmayan optimizasyon algoritmalarinin gradyan
tabanl algoritmalara goére daha yiliksek hesaplama
maliyetleri olsa da global optimuma yakinsama
ihtimallerinin daha yiiksek oldugu bildirilmistir.
Gradyan tabanli olmayan algoritmalar, ¢cok sayida
iterasyon ile sonuca ulastifindan hesaplamali
akiskanlar dinamigi tekniklerinin yiiksek maliyetinin
ciddi bir zorlugu giindeme getirdigi belirtilmistir. Bu
zorlugun asilmasi i¢in vekil modellerin kullanilabilecegi
ifade edilmistir.

Ding ve Kareem (2018) tarafindan yapilan ¢alismada
aerodinamik sekil optimizasyonunda kullanilmak tizere
dogrulugu yiiksek bir vekil model gelistirilmesi
amaglanmistir. Vekil modelleme i¢in hesaplama maliyeti
ve dogrulugu diisiik bir HAD simiilasyonu olan RANS
(Reynolds-Averaged Navier-Stokes) ve hesaplama
maliyeti ile birlikte dogrulugu da yliksek olan LES (Large
Eddy Simulation) yontemlerinden elde edilen ortak veri
kullanilmistir. Onerilen yéntemde diisiik hesaplama
maliyetleri ile yliksek dogruluga ulasilmaya ¢alisiimistir.
Optimizasyon icin gelismis bir genetik algoritma tiirevi

olan NSGA-II kullanilmistir. Elde edilen vekil model daha
once Bernardini ve dig. (2015) tarafindan optimize
edilmis probleme uygulanarak sonuglar
kargilastirlmigtir. Onerilen vekil model yénteminin
yiksek  dogrulukla basarii  sonuglar {rettigi
bildirilmistir.
Jaouadi, Abbas, Morgenthal ve Lahmer (2020)
tarafindan yapilan ¢alismada kopri tabliyeleri icin ASO
sunulmustur. Riizgar etkileri bir HAD simiilasyonu olan
girdap parcactk metoduna dayanan Krigleme vekil
modeli vasitasiyla hesaplanmistir. Optimizasyon igin
Parcacik  Siiri  Optimizasyonu (PSO) yontemi
kullanilmistir. Tasarim degiskenleri koprii tabliyesinin
geometrisini Kkarakterize eden parametrelerdir. ilgili
tasarim uzaylr Sekil 4’te gosterilmistir. Amacg
fonksiyonlar1 siiriiklenme, kaldirma ve moment
etkilerine sebep olan ¢ farkl statik riizgar katsayisi
olarak belirlenmigtir.  Ilgili ama¢ fonksiyonlarinin
ortalamasinin optimize edildigi tek amag¢ fonksiyonlu
basit bir yaklasim ve amag fonksiyonlarinin ayni anda
optimize edildigi daha gelismis bir yontem ile sabit ve
farkl riizgar hiicum agilar igin cesitli optimizasyonlar
gerceklestirilmistir.  Sonu¢  olarak ¢ok amagh
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optimizasyon yonteminin daha basarili oldugu ifade
edilmistir.
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Sekil 4. Jaouadi ve dig. (2020) Tarafindan Optimize
Edilen Koépri Tabliyesi

Zhang, Waibel ve Wortmann (2020) tarafindan yapilan
calismada Grasshopper yaziliminda bulunan Opossum
optimizasyon aracinin icindeki RBFOpt ve CMA-ES
yontemleri kullanilarak bir binanin diisey dogrultu

boyunca aerodinamik sekil optimizasyonu
gerceklestirilmistir. Diisey dogrultu boyunca secilen
yedi bélgenin ¢apt  tasarim degiskenlerini
olusturmaktadir. Riizgar kaynakli maksimum yer

degistirme amag fonksiyonu olarak secilmistir. Secilen
iki optimizasyon yontemin de hesaplama maliyeti
yliksek problemler igin verimli sonuglar {rettigi
belirtilmistir. Riizgar etkileri icin dogruluk ve maliyette
gorece yiiksek HAD ve dogruluk ve maliyette gorece
dusiik FFD (Fast Fluid Dynamics) olmak iizere iki farkl
simiilasyon kullanilmistir. Sonug¢ olarak; ASO ile
maksimum yer degistirmenin %67’'ye varan oranda
azaldigi, amag¢ fonksiyonu hesaplanirken FFD
yonteminin sekiz kat daha hizli olmasina karsilik
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dogruluktan %1 oraninda feragat ettigi, dolayisiyla
optimizasyon i¢in ¢ok daha uygun oldugu ve RBFOpt ile
yapilan optimizasyonun CMA-ES’ten ¢ok daha hizli
oldugu bildirilmistir.

Li, Snaiki ve Wu (2021) tarafindan yapilan calismada
Derin Pekistirmeli Ogrenme (DPO) ile riizgara duyarl
yapilar icin ASO prosediirii 6nerilmistir. Onerilen
yontemde yiiksek maliyetli HAD simitlasyonlarindan
alinan sonuglar kullanilarak daha diisiik maliyetli HAD
simiilasyonlarinin sonuglari iyilestirilmeye ¢alisiimistir.
Bu sayede daha dogru sonuglara daha hizli sekilde
ulasan bir sistem olusturulup hesaplama maliyetinin
azaltilmasi hedeflenmistir. Sunulan optimizasyon
prosediiri gradyan tabanli (Dereceli Azalma) ve
gradyan ihtiyaci olmayan (PSO) iki algoritma ile
karsilastirilmistir. Bir bina kesiti lizerinde yapilan vaka
calismasimin sonucu olarak, Onerilen hesaplama
maliyeti diisirme prosediiriiniin basarimi biyiik
oranda arttirdigl, sunulan optimizasyon metodolojisinin
gradyan tabanli ve gradyan bilgisine ihtiya¢ duymayan
diger iki algoritmadan daha basarili bulundugu ifade
edilmisgtir.

Paul ve Dalui (2021) tarafindan yapilan ¢alismada
dikdortgen kesitli ¢ikintilar1 olan bir bina igin ASO
yapilmistir. Optimize edilen model Sekil 5'te
sunulmustur. Optimizasyon algoritmasi olarak GA tercih
edilmistir. Binanin farkli cephe ylizeylerindeki dis
basing  katsayilar1 ama¢  fonksiyonu  olarak
belirlenmistir. Cikintilarin konumu ve riizgar gelis agisi
tasarim degiskenleridir. Riizgar etkilerini
degerlendirmek i¢in yamit ylizey ydntemiyle HAD
simiilasyonlarina  dayanan  bir = vekil = model
olusturulmustur. Calismanin 6zgiin degerinin optimize
edilen bina seklinin aykirihigindan kaynaklandigi
bildirilmistir. ~ Optimizasyon neticesinde ulasilan
tasarimlarin kullanilabilir ve basarili sonuglar oldugu
belirtilmistir.

500 mm

(L /\/

Sekil 5. Paul ve Dalui (2021) Tarafindan Optimize Edilen Cikintili Bina Modeli
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Qiu, Yu, San ve Li (2022) tarafindan yapilan ¢calismada
genis aciklikli cati yapilar1 icin ASO uygulamasi
sunulmustur. Rizgar etkilerinin belirlenmesi icin HAD
simiilasyonlarina dayali bir vekil model kullanilmistir.
Vaka calismasi olarak genis aciklikli kémiir hangarlari
secilmistir. Tasarim degiskenleri yapinin geometrisini
karakterize eden iki parametreden olugsmaktadir. Amacg
fonksiyonu riizgar yoniine bagli maksimum diisey yer
degistirmedir. Optimizasyon i¢cin GA kullanmilmistir.
Uygulanan vekil model destekli optimizasyon
stratejisinin rizgar etkilerini biiyiilk oranda azaltarak
basari sagladigi belirtilmistir.

ASO alanindaki yeni yaklasimlardan birisi de cephe
azaltilmaya

sistemleri ile riizgdr etkilerinin
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calisiimasidir. Bu yaklasim hem mevcut binalara
uygulanabilirligi hem de mimari tasarimlarda major
degisikliklere yol agmadan adapte edilebilir olmasi ile
cesitli avantajlar sunmaktadir. Jafari ve Alipour (2021)
tarafindan yapilan ¢alismada ¢ift cidarli cephe
sistemlerinin optimum yerlesimi ile ASO sunulmustur.
Cephe elemanlarindan bir kismi hareketli olarak
tasarlanmis, riizgar etkileri altinda a¢1 degistirerek
aerodinamik etkilere katki sunmalar1 hedeflenmistir.
Optimize edilen sistem Sekil 6’da verilmistir.
Optimizasyon i¢in GA kullanilmistir. Sonug¢ olarak,
onerilen sistemin enerji ve estetik katkilarinin yani sira
riizgar yiiklerini minimize etmekte de etkili bir arag
olarak kullanilabilecegi belirtilmistir.

2D View
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Sekil 6. Jafari ve Alipour (2021) Tarafindan Optimize Edilen Cephe Sistemi

Aktif fiziksel sistemler ile ilgili deneysel bir calisma da
Whiteman ve dig. (2021) tarafindan sunulmustur.
Calismada geleneksel riizgadr tiineli testleri sayisal
optimizasyon teknikleri ile entegre edilerek, yiiksek
binalarin riizgdra dayanikli tasarimi igin ASO
metodolojisi sunulmustur. Bu baglamda siber fiziksel
sistemlerin gelen riizgar etkilerini azaltmaktaki etkinligi
incelenmistir. Riizgar tiinelinde test edilen numune aktif
bir kanatcik sistemine sahiptir. Kanatgiklar modelin
dort kosesinde bulunurlar ve ¢ farkli yiikseklik
seviyesinde birbirinden bagimsiz yapidadirlar. Riizgar
kaynakli tepkinin arastirilmasi i¢in bir dizi ivmedlger ve
lazer yer degistirme sensorii kullanilmistir. Bu
donanimlar vasitasiyla her bir aday tasarimin
uygunlugunu, kullanici konforu ve yapisal dinamik
parametreler ile ilgili performans Kkriterlerine gore
degerlendiren bir optimizasyon siireci yiritilmistir.

Optimizasyon icin degistirilmis bir PSO algoritmasi
kullanilmistir. fvme ve yer degistirme degerlerinin iki
farkl riizgar acis1 icin minimize edilmesi amac¢lanmistir.
Deney sirasinda sensorler ile veri toplanmis, veriler PSO
ile degerlendirilerek optimizasyon yapilmis,
optimizasyon sonuglari modele uygulanarak canli,
otomatik ve deneysel bir siire¢ olusturulmustur.
Onerilen sistem Sekil 7’de gosterilmistir. Optimizasyon
sonuclarindan  hareketle ydntemin, numunenin
tepkisini (yatay ivmeler ve yer degistirme) minimize
ederek optimum ¢o6ziimi basarih bir sekilde elde
edebilecegi belirtilmistir.
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Sekil 7. Onerilen Siber Fiziksel Sistem (Whiteman ve
dig., 2021)

Aktif sistemler ile ilgili bir diger ¢calisma da Abdelaziz,
Alipour ve Hobeck (2021) tarafindan
gerceklestirilmistir. Calismada sekil degistirebilen
cephe sistemleri ile riizgara bagh titresimin minimize
edilmesi amaglanmistir. Riizgar etkilerinin binada
olusturdugu tepkilerin simiilasyonu igin iki boyutlu
akiskan-yap: etkilesim modeli kullanilmistir. Bu amag
dogrultusunda GA ile cephenin alabilecegi ¢esitli sekiller
karsisinda  olusan  rizgar yukleri taranarak
optimizasyon yapilmistir. Vekil model islevi goren iki
adet YSA olusturulmustur. Bunlardan ilki sistem
dinamiklerini tahmin eden bir regresyon modelidir. Bu
model sayesinde her bir riizgar olay: i¢in simiilasyon
yapma ihtiyact ortadan kaldirilarak  riizgarin
olusturacagi etki icin bir tahmin saglanacag:
bildirilmistir. Diger YSA modelinin ise cephenin farkli
riizgar kosullar1 altinda hangi konfigiirasyonu alacagim
hizli sekilde belirledigi ifade edilmistir. Bu sayede cephe
sisteminin her bir eylemi igin GA ¢alistirilmasi
ihtiyacinin 6niine gecgilerek hem hesaplama maliyetinin
distirildigi hem de daha hizli aksiyon alindigi
belirtilmistir. Ayrica sistemin kurulumdan sonra da
binadaki sensorler vasitasiyla 6grenme faaliyetlerine
devam ettigi bildirilmistir. Bu sayede sistemin binada
yapilacak degisikliklere de uyum saglayabildigi ifade
edilmistir. Sonug olarak énerilen akilli cephe sisteminin
etkinlestirilmesinden sonra riizgara bagh titresim
genliklerinde %94'e varan azalma oldugu rapor
edilmistir.

3.1 Tartisma

ASO alanindaki ¢alismalar incelendiginde, temel
zorlugun yapi seklindeki degisimle birlikte yapida
olusan riizgar etkilerinin hesaplanmasinda yasandigi
anlasilmaktadir. Riizgar etkilerinin belirlenmesi icin
temel yontem rizgar tiineli analizleri iken ilgili
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analizlerin optimizasyon siireglerine entegre edilmesi
oldukga giictiir. HAD yontemlerinin gelisimi ile riizgar
etkilerinin belirlenmesi siirecinin, ASO uygulamalarina
entegre edilmesinin 6niindeki en biiyiik engel asilmistir.
Burada HAD simiilasyonlar1 sanal bir riizgar tiineli
vazifesi gorerek optimizasyon algoritmalarinin amag
fonksiyonlarinda kullanilabilir hale gelmektedir. Bu
kolayliga ragmen HAD simiilasyonlarinin hesaplama
maliyetlerinin ¢ok yiiksek oldugu anlasilmaktadir. Daha
az hesaplama gilicii gerektirmesine karsin lokal
ekstremum noktalarinda takilma riskleri ¢ok ytiksek
olan gradyan tabanl algoritmalarin tercih edilmesi de
biiytik olciide hesaplama maliyetinden
kaynaklanmaktadir.

Optimizasyon literatiirii icin oldukca ilkel yontemler
olan gradyan tabanli algoritmalar her ne kadar deneme-
yanilma yonteminden daha efektif olsalar da giincel
gerekleri karsilamaktan wuzaktir. Bu durumun
arastirmacilar kesif (exploration) yetenegi daha yiiksek
olan gradyan bilgisine ihtiya¢ duymayan algoritmalara
yoneltmektedir. Ilgili algoritmalar ¢ok daha iistiin bir
kesif yetenegine sahip olsalar da optimuma ulasmak icin
yaptiklar1 deneme sayist ve dolayisiyla hesaplama
maliyetleri 6nemli ol¢liide yiiksektir. Bu maliyetin
tizerine HAD simiilasyonlarinin hesaplama maliyetleri
de eklendiginde mevcut bilgisayar donanimlar ile
¢O6ziimii oldukca zor problemler ortaya c¢cikmaktadir.
Arastirmacilarin bu problemin iistesinden gelmek i¢in
vekil modeller kullandig1 hatta incelenen c¢alismalarin
bir kisminda temel amacin dogrulugu yiiksek,
hesaplama maliyeti diisiik vekil modeller gelistirmek
oldugu gorilmiistir.

Incelenen ¢alismalarda plan ve diisey dogrultuda sekil
modifikasyonlari, cephe sistemleri ve siber fiziksel
sistemler gibi pek c¢ok farkli yontemle ASO siireci
yurutildigi gorilmektedir. Optimizasyon
algoritmalarinin riizgar etkilerini azaltmakta basarili
sonuglara ulasarak ASO’dan beklenen faydayi
maksimize  ettigi  anlagilmaktadir.  Hesaplama
maliyetleri gibi temel problemlerin de ¢o6ziilmesi ile
ASO’nun kullaniminin yayginlasacagi diistiniilmektedir.

ASO igin kullanilan metasezgisel algoritmalar gradyan
tabanli algoritmalardan daha yenilikci ve basarili olsalar
da gliniimliz optimizasyon metodolojisinin gerisinde
kalan eski yontemlerdir. ASO stratejileri icin parametre
ayarlamasina ihtiya¢ duymayan, modern metasezgisel
yontemlerle yapilacak calismalarda gerek hesaplama
maliyeti gerekse global optimuma yakinsama
bakimindan basarimin artabilecegi diisiiniilmektedir.
Tablo 2’de bu boliimde incelenen ¢alismalarin 6zetleri
sunulmustur.
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Tablo 2

Incelenen ASO Calismalari
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Yazar ve Y1l Amag Konu Vekil Model Optimizasyon Amac Fonksiyonu

Bernardini ve dig. Evrimsel Plan Basit Krigleme NSGA-II Siiriiklenme katsayisi

(2015) algoritmalar ile optimizasyonu Kaldirma katsayisi St.
ASO Sapmasi

Elshaer ve dig. (2015) Kose Kose YSA GA Stirtiklenme katsayisi
modifikasyonuile  optimizasyonu
ASO

Elshaer ve dig. (2016) Helisel biikiilme ile  Diisey Dogrultu YSA GA Moment katsayisi
ASO boyunca

optimizasyon
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etmek Sapmasi

Jaouadi ve dig. (2020) Koprii tabliyeleri Tabliye en kesit Krigleme PSO Stirtiklenme, kaldirma ve
icin ASO optimizasyonu moment etkilerine sebep
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Plan
optimizasyonu
Hangar en kesit
optimizasyonu
Optimum cephe
konfiglirasyonu

Optimum kanategik

konfiglirasyonu
Optimum cephe

RANS bazli model

Gradient Descent

Stirtiklenme katsayisi

PSO

DPO
Yanit Yiizey Yontemi  GA Yiizey basing katsayisi
Krigleme GA Diisey yer degistirme
- GA Stirtiklenme katsayisi
- PSO fvme ve yer degistirme
YSA GA Titresim genligi

sistemleri ile ASO konfiglirasyonu

4. Rizgar Etkisi Altinda Yapisal Optimizasyon
(REAYO)

REAYO, ASO’dan oldukga farklidir. Oyle ki ASO icin amag
gelen riizgar yiiklerini minimize etmek iken REAYO’da
riizgar yiikleri genellikle sabit kabul edilerek optimum
yapisal tasarim aranmaktadir. Bu baglamda genellikle
kisitlar1 saglayan en uygun maliyetli yanal rijitlik
dagiliminin bulunmasi hedeflenmektedir.

Chan ve Huang (2010) tarafindan yapilan calismada
performans bazli riizgdra dayanikli yiiksek bina
optimizasyonu i¢in bir c¢ergceve sunulmustur.
Optimizasyon icin Optimality Criteria (OC) yontemi
tercih edilmistir. Kisitlar mukavemet (can giivenligi),
otelenme (hasar), ivme (kullanici konforu) olarak ele
alinmistir. Her bir kisit durumu i¢in performans bazh
yaklasimin geregi olarak farkli ddniis periyotlu
riizgarlar tercih edilmistir. Kisitlar degerlendiriliyorken
cesitli  standartlarindan  faydalanilmistir.  Amag
fonksiyonu olarak malzeme maliyeti secilmistir.
Yontemin etkinligini gosterme kamaciyla 40 kath bina
tizerinde uygulama yapilmistir. Riizgar etkilerini
belirlemek icin 1:400 o6lgekli model lzerinde riizgar
tiineli testleri gergeklestirilmistir. Sunulan ydntemin

yanal rijitligi basariyla dagitip kabul edilebilir bir
maliyet optimizasyonu sagladigi raporlanmistir.

Chan, Huang ve Kwok (2010) tarafindan yapilan
calismada riizgar tiineli analizleriyle elde edilen veriler
esdeger statik riizgar yiiklerine (ESRY) cevrilerek
optimizasyon siirecine dahil edilmistir. Yapisal
sistemdeki degisen periyot ile birlikte ESRY’ler de
giincellenerek her bir iterasyonda uygulanmistir.
Optimizasyon icin OC algoritmasi kullanilmistir.
Sunulan yéntemin etkinliginin gosterilmesi amaciyla
literatiirde bulunan 40 kathi binanin optimizasyonu
yapilmustir. ilgili yap1 Sekil 8’de sunulmustur. ilgili bina
icin rizgar yikleri hem Hong-Kong Riizgar
Yonetmeligi'ne gore hem de riizgar tiineli testlerine gore
elde edilmis, iki yontem arasinda ciddi farklar oldugu
raporlanmistir. Sonug olarak, optimizasyon neticesinde
yapmin maliyetinin %9.9 azaldig1 ve daha rijit bir
davranis elde edildigi, riizgar kaynakli burulma
etkisinde de oOnemli Ol¢iide azalma oldugu ifade
edilmistir. Ayrica modern riizgar yodnetmeliklerinin
diizensiz sekilli binalar ve bina ¢evresindeki nesnelerin
neden oldugu parazit etkilerini belirlemekte yetersiz
kaldig1 vurgulanmistir.
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Sekil 8. Chan ve dig. (2010) Tarafindan Optimize Edilen
Yapi

Li, Zou, Wu, ve Wang (2011) tarafindan yapilan
calismada dikdortgen formlu ytlksek celik binalarin
riizgar yiikleri etkisinde yanal otelenme, kullanic
konforu ve servis verebilirlik gibi kriterler altinda
minimum maliyetli tasarimi i¢in bir optimizasyon siireci
yuritilmistir. Cozilen problemde AISC profil
listelerinden segilecek profillerin tasiyici sistemdeki bes
kolon ve bes kiris grubuna optimal atamasi
aranmaktadir. Amag¢ fonksiyonu malzeme maliyetidir.
Optimizasyon algoritmasi olarak genetik algoritmanin
daha kiiciik arama uzaylarinda daha performansh
calistig1 bilinen varyanti olan micro-GA kullamilmuistir.
Riizgar yiki, riizgar tineli testlerine dayali ampirik
formiillerle elde edilmistir. Sonu¢ olarak; ampirik
formiiller ile hesaplanmis riizgar kaynakli tepkilerin
basarili bulundugu, gelistirilen entegre optimizasyon
tekniginin ise riizgar kaynakl servis verebilirlik, yanal
otelenme ve kullanici konforu gibi tasarim kriterlerini
ayni anda Kkarsilayabilmek icin Kkesitleri basarili bir
sekilde giincelledigi belirtilmistir. Sunulan ydntemin
yanal rijitlik optimizasyonuna dair baska problemler
icin de kullanilabilir oldugu bildirilmistir.

Huang, Chan, ve Lou (2012) tarafindan yapilan
calismada ytiksek binalarin riizgara dayal tasarimi igin
performans odakli  bir  optimizasyon siireci
yluritilmistir. U¢ farkli tekrarlanma periyodu icin
farkli performans hedefleri sunulmustur. Bunlar sik
goriilen 1 yillik periyotlu riizgar icin kullanic1 konforu,
nadir goriilen 50 yillik periyotlu riizgar icin igin
Otelenme kisitlarinin saglanmasi ve ¢ok nadir goriilen
475 yillik periyotlu riizgar icin onarilabilir hasardir.
Optimizasyon i¢in OC algoritmas:1 tercih edilmistir.
Maliyet amag fonksiyonu olarak belirlenmistir. Sunulan
modelin etkinligini ac¢iklamak amaciyla 60 kath
dikdortgen plana sahip kompozit bir yapinin
optimizasyonu yapilmistir. Binanin celik ¢ercevesi icin
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AISC profil listesinden optimum profillerin secilmesi
amaclanmistir. Binaya etkiyen riizgar yiiklerinin tespiti
amaciyla 1:400 o6lgcekli model iizerinde riizgar tiineli
testleri yapilmistir. Sonu¢ olarak; dnerilen yéntemin
performans tasarim kisitlarini saglamada basarili
oldugu, yliksek bina tasarimi icin yanal rijitlik dagilimini
maliyet ekseninde basarili bir sekilde gerceklestirdigi
bildirilmistir.

Shahrouzi, Meshkat-Dini ve Azizi (2015) tarafindan
yapilan c¢alismada PSO, HSA (Harmony Search
Algorithm) ve MBO (Mine Blast Optimization) ile yliksek
celik binalarin riizgar etkisi altindaki optimum tasarimi
arastirllmistir. Calismada iki adet problem sunulmustur.
Birinci problemde Iran Ulusal Bina Yénetmeligi'nden
elde edilmis gerilme ve dtelenme kisitlar1 ve rizgar
yukleri altinda boyut optimizasyonu yapilmistir.
Optimizasyon i¢in 10, 20 ve 30 kath ayni planina sahip
ornek binalar rijit ve esnek diyafram kabulleri i¢in ayri
ayr1 analiz edilmistir. Farkli senaryolar altinda ¢ok
sayida optimizasyon gerceklestirilmesinin sebebi
yliksek binalarda riizgara bagl optimizasyonun duyarh
oldugu parametrelerin incelenmesi adina veri elde
etmektir. ikinci problemde ise 20 katli bir binada
diagridler (binay1 distan saran ¢apraz izgara sistem) i¢in
geometri ve boyut optimizasyonu yapilmistir. Bina i¢in
ytkler literatiirle benzer sekilde secilmistir. Kiris, kolon
ve diyagonal elemanlar icin 10 adet simetrik gruplama
yapilmistir. Sonug olarak; ilk problem incelendiginde
esnek dosemeli sistemin rijit désemeli sisteme gore
daha fazla malzeme talebinin oldugu, yiiksek binalar i¢in
otelenme kisiti etkinken daha az yliksek binalar igin
gerilme limitlerinin kritik oldugu, MBO algoritmasinin
diger algoritmalara oranla daha diisiik agirliklar
bulurken hesaplama maliyetinin ise digerlerinden
yiiksek  oldugu  belirtilmistir.  ikinci  problem
incelendiginde ise yiiksek yer degistirmeyi telefi etmek
amaciyla diyagonal modiillerin boyutlarinin ¢at1
seviyesine yaklastikga algoritmalarca azaltildigi
belirtilmistir. PSO global aramadaki yetenegi sayesinde
diger algoritmalardan daha basarili sonuglar tiretirken
MBO rijitligi diagrid elemanlarin ytksekligi boyunca
yeniden dagitarak daha az kritik olan st katlara
iletmede daha basarili bulunmustur. Hesaplama
maliyeti bakimindan ise en basarisiz algoritma oldugu
raporlanmistir. ikinci probleme ait optimizasyon
sonuglari Sekil 9’da gosterilmistir.
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Sekil 9. Diagridler I¢in Optimum Tasarim Sonuglar a)
PSO, b) HSA, c¢) MBO (Shahrouzi ve dig., 2015)

Huang ve dig. (2015) tarafindan yapilan ¢alismada
yuksek binalarin riizgara bagl performans tasarimi i¢in
bir optimizasyon metodolojisi gelistirilmistir. Yiksek
binalarin 475 yillik geri donts periyodu olan riizgar
tehlikeleri gibi ¢ok nadir olaylar karsisindaki lineer
olmayan davranisinin degerlendirilmesi amaciyla lineer
olmayan itme analizi 6nerilmistir. Calismada yiiksek
binalar i¢in dort seviyeli bir riizgar mihendisligi tasarim
cercevesi sunulmustur. Performans bazli deprem
analizlerine  benzer sekilde hareket algilama,
operasyonel (kullanima devam etme), hemen kullanim
ve can giivenligi olmak lizere dort performans hedefi

Wind hazard Average return Motion

] ESOGU Engin Arch Fac. 2023, 31(4), 931-954

vardir. llgili performans hedefleri Sekil 10’da
gosterilmistir. Hareket algilama hedefi i¢in kullanici
binanin hafif hareketlerini muhtemelen algilayacak
ancak rahatsiz olmayacaktir. Operasyonel hedef icin
orta seviyeli rizgar olaylar1 i¢in glvenlik veya
yaralanma tehdidi olusmamasi beklenir. Hemen
kullanim hedefi i¢in ise yapisal olmayan elemanlardaki
bazi hasarlara musaade edilse de yapisal elemanlar i¢in
hasar istenmez. Can giivenligi performans seviyesinde
¢ok nadir goriilen riizgar yiikleri altinda yapisal hasarlar
olusabilecegi kabul edilip yanal rijitlik kayb1 da
hesaplara dahil edilir. Onerilen metodoloji daha sonra
detaylandirilarak Huang (2017) tarafindan
sunulmustur. Riizgar kaynakli kuvvetlerin belirlenmesi
icin riizgar tineli testleri yapilarak ortaya c¢ikan
etkilerin esdeger statik rizgar yiklerine donisimi
saglanmistir. Optimizasyon i¢in hesaplama maliyetinin
diisiik olmas1 sebebiyle OC yontemi tercih edilmistir.
Uygulanan y6ntem gradyan bilgisiyle ¢calistig1 i¢in iyi bir
baslangi¢c noktas1 se¢imi gerektigi aksi takdirde koti
sonuclar alinabilecegi ve bu durumun ciddi bir
dezavantaj yaratabilecegi vurgulanmistir. Optimizasyon
slirecinde cift fazli bir prosediir izlenmis olup o6nce
elastik  analiz daha sonra  plastik  analiz
gerceklestirilmistir. Onerilen metodolojinin
kabiliyetlerini gosterebilmek icin 40 kathh 122 metre
ytksekliginde bir binanin optimizasyon ¢alismasi
yapilmistir. Sonu¢ olarak onerilen yontemin riizgar
uyarilarina maruz binalarin miithendislik tasarimini ele
alabilen giicli bir bilgisayar destekli ara¢ oldugu
belirtilmistir.

Immediate
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Sekil 10. Huang ve dig. (2015) Tarafindan Sunulan Performans Bazl Tasarim

Li ve Li (2016) tarafindan yapilan ¢alismada o6ncelikle
riizgdr etkisi altindaki yiiksek binalarin optimum
tasarimi icin bir metodoloji onerilmis olup daha sonra
ilgili metodoloji diizensiz forma sahip binalar tizerinde

uygulanmistir. Amag fonksiyonu olarak toplam agirlik,
tasarim degiskenleri olarak yapisal elemanlarin
kesitlerinin karakterize ettigi parametreler, kisitlar
olarak ise riizgar kaynakl tepkiler olan goreli kat
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Otelenmeleri ve son kat ivmesi secilmistir. Kisitlarin
limitleri Cin Yapisal Tasarim Yonetmeligi'ndeki (JGJ3-
2010) smrlar  vasitast  ile  olusturulmustur.
Optimizasyon i¢in OC yo6nteminin o6zyinelemeli bir
algoritma ile birlestirildigi bir metodoloji 6nerilmistir.
Riizgar yiiklerinin belirlenebilmesi ve ¢ikan sonuglarin
dogrulanmasi icin riizgar tiineli testleri yapilmistir.
Sunulan yontemin kabiliyetlerini gostermek icin 60 kath
L formlu bir bina lizerinde optimizasyon yapilmistir.
Calismanin sonucu olarak; ele alinan L formlu binanin
toplam agirhiginin %18.1 azaltildigl, buradan hareketle
maliyetlerin biiytik 6l¢iide diisiirildiigii; mod frekans
degerlerinin %10 ila %15 arasinda yiikseldigi (yapinin
rijitelestigi), riizgar kaynakli ivmelerin azaldig}, tasarim
optimizasyonundan sonra ESRY'lerin 6nemli olciide
azaldig1 ve bunlardan hareketle 6nerilen optimizasyon
yonteminin riizgara dayanikl yapi tasarimi icin basaril
ve kullanilabilir bulundugu ifade edilmistir.

Fu ve dig. (2018a) tarafindan yapilan ¢alismada riizgara
dayanikli yapisal optimizasyonda kullanici konforunu
da dikkate alan bir tasarim prosediirii onerilmistir.
Literatiirde daha 6nceden de kullanic1 konforu ile ilgili
yapilmis ¢alismalara rastlamak miimkiindiir. Bu ¢alisma
kullanic1 konforunun, binanin kat ivmelerinin tepe
degerleri ile alakali oldugu ve riizgar hizinin
tekrarlanma periyodu ile iliskisi olmadig fikriyle 6ne
cikmaktadir. Buradan hareketle yiiksek binalarin
riizgdra dayali optimizasyonu ivme kisitlari agisindan
degerlendirmektedir. Bu baglamda kullanici konforu
odakli olarak en biiyiik modal yatay ivmeyi hesaba katan
yeni bir prosedir sunulmaktadir. Modal ivmenin
giivenilirlik bazl tasarimda tercih edildigi calismalarda
kriter olarak ivme tepkilerinin degerleri
kullanilmaktadir. Bu durumun farkl ilkeler i¢in farkh
kisitlamalar1 da beraberinde getirerek evrensel olarak
kullanilamayacak bir metodolojiyi ortaya c¢ikardigi,
modal ivmelerin yarattig tepki ivmeleri yerine kullanici
konforu agisindan degerlendiriliyor olmasinin evrensel
bir metodoloji olusturulmasina katk: saglayacag ifade
edilmistir. Riizgar yiki belirlenirken meteorolojik
kayitlar kullanilmigtir. ilgili kayitlar Gumbel dagihim
modeli ile analiz edilip 10 ve 50 yillik periyotlar i¢in
hangi yoniin kritik oldugu ve bu yénden gelebilecek ug
riizgdr hizinin ne kadar olduguna dair tahminde
bulunulmustur. Olusturulan yontem CAARC
(Commonwealth Advisory Aeronautical Research
Council) tarafindan sunulan 60 kath yiiksek bina i¢in
uygulanmistir. Amag fonksiyonu olarak toplam agirlik,
tasarim degiskenleri olarak 6 gruba ayrilmis kolon ve
kiris kesit boyutlari, kisitlar olarak yer degistirme, goreli
kat 6telenmesi ve frekans, yapisal tasarim yonetmeligi
olarak Cin Yapisal Tasarim Ydnetmeligi (JGJ3-2010)
optimizasyon algoritmasi olarak ise OC algoritmasi
tercih edilmistir.  Sonug¢ olarak, yapinin giivenligi
saglanirken toplam agirligin ciddi oranda azaldigi
bildirilmistir. Bu calisma Athanasiou, Stathopoulos ve
Tirca (2020) tarafindan bazi hususlarda elestirilmistir.
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Kullanic1 konforu kisitlarinin yénetmeliklerce zorunlu
killnan dayanim kisitlarini devre dis1 birakmadigi
dolayisiyla  sunulan  yontemin  evrenselliginden
bahsedilemeyecegi, ¢calismada yapilan bazi kabullerin
acike¢a belirtilmedigi, bazi tasarim degiskenlerinin alt
sinirlarda sonug¢ verdigi ve bu durumun irdelenmedigi
ve Onerilen yontemin sistem 6zelinde olabilecegi ifade
edilmistir.

Fu ve dig. (2018b) tarafindan yapilan ¢alismada kafes
sistemlerin hafif ve ince; ayrica yiiksek esneklik ve
diisiik soniimleme oranina sahip olduklar i¢in riizgar
yuklerine karsi hassas olduklarinin alti ¢izilmistir.
Calismanin ana motivasyonu buradan hareketle kafes
sistemlere etkiyen rilizgar yiikiini minimize edecek
otomatik bir optimizasyon akisi ortaya koymaktir. Kafes
sistemlerin tasarimini otomatiklestiren pek cok ¢alisma
yapiliyorken literatiirde dinamik riizgar hareketleri
altinda dogrusal olmayan kafesler icin bir optimizasyon
stirecine rastlanmadig ifade edilmistir. Optimizasyon
icin OC yontemi kullanilmistir. Optimizasyon siirecinde
kisit olarak; esdeger statik riizgar yiikleri altindaki
digim yer degistirmeleri, eleman gerilmeleri ve
dogrusal olmayan kritik yiik faktorii secilmistir.
Calismada onerilen otomatik optimizasyon tekniginin
etkinligini gostermek icin {i¢ boyutlu bir sistemin
optimizasyonu da sunulmustur. Optimize edile sistem
Sekil 11’de gosterilmistir. Sonuc olarak; en etkin kisitin
yatay yer degistirme oldugu, yatay yer degistirmenin 6n
tasarim olarak sinirlandigi durumlarda dogrusal
olmayan kritik yiik faktoriiniin en etkin parametreye
doniistiigii belirtilmistir. Dogrusal olmayan geometrik
yapinin malzeme ihtiyacin arttirdigi kaydedilmistir.
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Sekil 11. Fuve dig. (2018b) Tarafindan Optimize Edilen
Sistem

Fu, Wu, Xu, Wu ve Pi (2018c) tarafindan yapilan
calismada yiiksek binalar icin riizgdra dayanikli
tasarimda bir yontem olarak kullanilan frekans kisith
yaklasima dair baz1 gelistirmeler Onerilmistir.
Literatiirde frekans kisitlama fonksiyonlar1 elde
edilirken problemin matematiksel olarak modellendigi
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ve OC metoduna gore c¢oziildiigii belirtilmistir. Bu
modelleme yapilirken gerinim enerjisi yonteminin
kullanildig: ifade edilerek bunun bazi
dezavantajlarindan  bahsedilmistir. Calismada bu
problemlere ¢o6ziim olarak gerinim enerjisi yontemi
yerine bir 6zdeger yaklasimi, langrange carpanlarini
hesaplamak i¢in ise Gauss-Seidel yontemi yerine ikinci
derece programlama yaklasimi onerilmistir. Sonug
olarak, onerilen yontemin ytksek binalar icin riizgara
dayanikli yapisal optimizasyon i¢in daha etkili oldugu ve
iterasyonlarin daha hizli ve istikrarli ilerledigi ifade
edilmigtir.

Li, Duan, Li, Li ve Huang (2020) tarafindan yapilan
calismada yiiksek binalarin riizgar etkilerine karsi
optimum tasarimi ele alinmistir. Riizgar yiikleri Cin Bina
Yiik Yonetmeligi'ndeki (GB500009-2012) girdiler
kullanilarak esdeger statik riizgar yiikleri yontemi ile
bulunmustur. Optimizasyon algoritmasi i¢in gelismis GA
tercih edilmistirr MATLAB dili ile programlanan
optimizasyon algoritmasi ile ANSYS sonlu elemanlar
¢oziiciisii ortak calistirllmistir. Yontemi test etmek
amaciyla CAARC tarafindan sunulan 60 kath dikdortgen
formlu betonarme bir yiikksek bina Uzerinde
optimizasyon yapiumistir.  Sonug¢ olarak; o©nerilen
metodolojinin binanin yanal rijitligini yeniden dagitarak
maksimum oOtelenme, goreli 6telenme ve maksimum
ivme gibi kisitlar1 sagladig belirtilmistir.

Xu ve Zhao (2020) tarafindan yapilan g¢alismada
karmasik yapisal sisteme sahip ¢ok yiiksek binalarda
riizgdra dayanikl tasarim icin bir optimizasyon siireci
onerilmigtir. Onerilen ydntemin etkilerinin gériilmesi
icin mevcut bir bina olan Guangzhou West Tower
tizerinde analizler yapilmistir. Amag fonksiyonu olarak
toplam malzeme maliyeti secilmis olup kisitlar yanal
otelenme ve ivmedir. Sofistike bir yap1 olan Guangzhou
West Tower icin tam anlamiyla bir optimizasyon
yapilmamis, sistem basitlestirilerek ele alinmistir.
Optimize edilen yapmin modeli Sekil 12’de
gosterilmistir. Bu baglamda optimize edilmek igin
yalnizca sistemdeki beton dolgulu gelik tiipler ve perde
duvarlar sec¢ilmistir. Celik tiiplerin geometrisini ifade
eden cap ve celik cidarin ¢apa orani degerleri ile perde
duvarlar1 karakterize eden kalinlik degerlerinden
olusan toplamda 49 adet tasarim degiskeni
bulunmaktadir. Optimizasyon icin MATLAB
ortamindaki fmincon arag¢ kutusu kullanilmistir. Cesitli
optimizasyon algoritmalarina sahip olan bu arag
kutusundan  biiyiik  6lcekli  dogrusal olmayan
optimizasyon problemlerinde basarili bulunan NITRO
(Nonlinear Interior Point Trust Region Optimizer)
algoritmas: tercih edilmistir. Optimizasyon sonucunda
toplam malzeme maliyetinin %20.56 oraninda
azaltildigy; yer degistirme tepkisi, goreli kat dtelenmesi
ve ivme tepkisi gibi riizgara bagh biiytkliiklerin distigu
belirtilmistir. Belirli katlarda goreli kat otelenmesi
degerlerinin sinira olduk¢a yakin bulundugu belirtilmis
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olup buradan hareketle incelenen bina icin baskin
faktoriin goreli kat 6telemesi oldugu vurgulanmistir.
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Sekil 12. Xu ve Zhao (2020) Tarafindan Optimize Edilen
Yapisal Sistem

Kim, Tse, Chen ve Park (2020) tarafindan yapilan
¢alismada baglantili yiiksek binalarin (BYB) rizgar
etkileri altinda minimum yer degistirme ve minimum
ivme tepkisi icin optimum baglanti o6zellikleri
arastirilmistir. Calismada binalar arasindaki bosluk
mesafesinin degisken oldugu iki binal tipik bir BYB
sistemi ele alinmistir. Riizgar yiikii bilesenlerinin
belirlenmesi icin riizgar tiineli testleri yapilmistir.
Optimizasyon i¢cin GA kullanilmistir. Amag fonksiyonu
olarak yer degistirme ve ivme tepkileri, tasarim
degiskenleri olarak ise baglanti yapisim1 karakterize
edecek bazi oranlar (baglanti/bina kiitle oranj,
baglantinin yiiksekligi/toplam yiikseklik, baglantinin

kitlesinin  yer  degistirme yamitim1  arttirma
egilimindeyken ivme tepkisini azalttigl, baglanti
ylksekliginin bina yiiksekligine orani arttikca ivme
tepkisi azalirken yer degistirme tepkisinin arttifi,
baglanti rijitliginin genel olarak her iki parametreyi de
disiik oldugu, riizgar kaynakli tepkilerin iki bina
arasindaki bosluk oranina gore degistigi ve bu etkinin
karmasik oldugu bildirilmistir. Ayrica c¢alismanin
sonuglarinin BYB tasarimi i¢in pratik tavsiyeler icerdigi
ve gelecek arastirmalar i¢in rehberlik edebilecegi
belirtilmistir.
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Tsavdaridis, Nicolaou, Mistry ve Efthymiou (2020)
tarafindan yapilan calismada kafes tipi
telekomiinikasyon kule yapilan icin riizgar ve Kkar
yukleri altinda topoloji optimizasyonu yapilmistir.
Telekomiinikasyon kulelerinin hafif, uzun ve esnek
yapilar oldugu ve genellikle yiiksek irtifali sahalarda
hizmet verdikleri, bu nedenle riizgar kuvvetlerinin
tasarimlarinda kritik oldugu vurgulanmistir. Topoloji
optimizasyonu i¢in olusturulan tasarim alanlari (konik,
kismen konik ve diiz) Yunanistan’da kullanilan bir
telekomiinikasyon  kulesinin dis hatlarini  baz
almaktadir. Optimizasyon i¢in SIMP (Solid Isotropic
Material with Penalisation) algoritmasini kullanan
Altair OptiStruct 2016 paket programi tercih edilmistir.
Yikler ve smir kosullar1 olusturulurken Avrupa
yonetmeliklerinden (BS EN 1991-1-4, DIN 4131, BS EN
1993-3-1, DIN 1991, Eurocode-3) faydalanilmistir.
Statik rizgar yuki belirlenirken analizi yapilacak
kulenin Birlesik Krallik’ta meydana gelebilecek en kritik
riizgar yiikkiine maruz kalacagi varsayilmistir. Rizgar
yukleri referans kule iizerinden hesaplanip tim
tasarimlar i¢cin sabit kabul edilmistir. Topolojiyi
netlestirmek adina yiikler analizler sirasinda
biiyutilmiistir. Kisit olarak kulelerin taban kdselerinin
sabit oldugu ve bir takim simetri kosullari oldugu
varsayllmistir. Elde edilen model baslangigtaki referans
kule ile modal analiz yapilarak karsilastirilmistir. Sonug
olarak daha az malzeme kullanilarak ¢ok daha rijit bir
sisteme ulasildig1 raporlanmistir. Daha estetik, daha
ekonomik ve daha giivenli bir telekomiinikasyon kulesi
elde edildigi bildirilmistir. Yapilan optimizasyon Sekil
13’te 6zetlenmektedir.

densities(Dansity

19m

4m

Sekil 13. Tsavdaridis ve dig. (2020) Tarafindan
Optimize Edilen Sistem

Zhao ve dig. (2020) tarafindan yapilan ¢alismada
sogutma kulelerinin riizgara bagli optimum tasariminin
yapilmasi amaglanmistir. Riizgar yiikiini belirlemek
amaciyla 1:200 olgeginde modeller kullanilmistir.
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Kulelerin birbiri ile etkilesimini de siirece dahil etmek
amaciyla alti adet kulenin farkli yerlesimleri icin de
rizgar tilineli analizleri yapilmistir. Grup halinde
bulunmalarinin koruma etkisine neden olup gelen yiikii
azaltabildigi ya da hunileme etkisiyle yiikii arttirabildigi
bildirilmistir. Rlizgar tiineli testleri ile elde edilen basing
katsayilarinin 6zellikle tek konumlandirilmis kule igin
Cin Sogutma Kulesi Tasarim Yonetmeligi ile ortistiigi
belirtilmistir. Amag¢ fonksiyonu toplam malzeme
maliyeti olarak se¢ilmistir. Yiikseklikler ve caplar termal
mithendisligin gereklerini karsilamak icin
degistirilemediginden dolayr kabuk kalinlig1 ve taban
halkasini karakterize eden 13 adet tasarim degiskeni
secilmistir. Optimizasyon probleminin genel yapisi Sekil
14’de gosterildigi gibidir. Kisitlar termal miihendislik
kisitlamalar1  ve ilgili yonetmeligin gereklerini
saglayacak sekilde secilmistir. Optimizasyon y6ntemi
olarak 1zgara aramasi ile birlestirilmis gradyan tabanh
bir metodoloji kullanilmistir. Sonug¢ olarak sogutma
kulesi yerlesiminin bazi etkileri sunularak bu etkilerden
korunmak i¢in birtakim énerilerde bulunulmus, yapisal
optimizasyon ile hem giivenlik hem de ekonomik
verimlilik saglanabileceginin alt1 ¢izilmistir.

Sekil 14. Zhao ve dig. (2020) Tarafindan Optimize
Edilen Sogutma Kulesi

Xu, Lin, Fu ve Sun (2021) tarafindan yapilan ¢alismada
yiiksek binalara gelen riizgar etkilerini belirlemekte
siklikla  kullanilmasina ragmen optimizasyon
slireclerinde yeterince dikkate alinmadig1 ifade edilen
HFFB (High-Frequency Force Balance) riizgar tiineli
analizleri ile optimizasyon silireci yiratilmistir.
Testler CAARC tarafindan sunulan binanin 1:300'lik bir
modeli araciigl ile yapilmistir. Sunulan metodoloji
sayesinde tiim kisitlar tek tip bir frekans Kkisitina
dontistiirerek  hesaplama  maliyetinin ~ oldukga
diistriilebilecegi ileri siiriilmiistiir. Amag¢ fonksiyonu
olarak toplam malzeme maliyeti, tasarim degiskenleri
olarakise bes grupta ifade edilen kiris ve kolon boyutlar
secilmistir. Ustkat yer degistirmesi, ivme ve katlar arasi
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yanal kayma kisitlamalarinin limitleri i¢in li¢ adet
frekans hesaplanmis olup bunlarin en biyGga
dolayisiyla en kritik olani tek kisitmis gibi optimizasyon
siirecine dahil edilmistir. Bu kabul ile yapilan
optimizasyon ve konvansiyonel optimizasyondan elde
dilen sonuclar arasindaki fark %0.7 olarak tespit
edilmistir. Sonug olarak, calismada 6nerilen kisitlari tek
bir frekans parametresi ile ifade etmeye yodnelik
metodolojinin kabul edilebilir bir kayipla basarili
calistif1 ve gelecekteki analizler i¢in de kullanilabilir
oldugu ve yapisal maliyetin temel riizgar basincindaki
artisla iistel olarak arttign ifade edilmistir. Ayrica
rizgdra dayanikli yap1 tasariminin en Onemli
parametresi temel riizgar basinciyken yonetmeliklerde
cok genis bolgeler icin ayni basincin kullanildigr ve
bunun gergekei olmadigi belirtilmistir.

Spence ve Gioffre (2012) tarafindan yapilan ¢alismada
rizgar iklimi etkileri ve aerodinamigin yonsel
ozelliklerini de iceren bir optimizasyon c¢ergevesi
onerilmistir. Riizgar etkileri altinda tasarim icin
popiilerlesmeye baslayan performans odakli yaklasima
baz1 elestiriler getirilmistir. ilgili yontemin deprem
mithendisliginde gosterdigi basaridan dolay1r rizgar
mithendisligine adapte edilmeye c¢alisildifi ancak
dogrudan riizgdr miihendisligine uygulanmasinin
tiirbiilans, bagimsiz akis ve girdap kopmasi gibi etkiler
yuziinden imkansiz oldugu belirtilmistir. Bu durumun
yol actif1 belirsizliklerin en iyi ihtimalle optimizasyonun
amacini engelleyebilecegi, daha da koétii bir senaryoda
giivensiz binalara neden olabilecegi ileri siirilmustiir.
Calismada o6nerilen optimizasyon modeli deterministik
olmayip bazi olasiliksal parametreler icermektedir.
Amag¢ fonksiyonu olarak yapt agirligl, tasarim
degiskenleri olarak da AISC profil listelerinden uygun
elemanlarn  sectirecek ayrik uzay degiskenleri
tanimlanmistir. ~ Calismanin ~ sonucunda  yaygin
yontemler kullanilarak yapilan optimizasyonlar ile
riizgar iklimi ve aerodinamigin olasiliksal olarak etkidigi
yaklasim arasinda kesit elemanlar1 bazinda %30'lara
varabilen farklarin olusabilecegi belirtilmistir. Gomez,
Spencer ve Carrion (2021) tarafindan da deterministik
yontemlere benzer elestiriler getirilerek yiliksek
binalarin yapisal sistemlerinin stokastik riizgar yiikleri
altinda topoloji optimizasyonu icin metodoloji
sunulmustur. Optimizasyon i¢in gradyan tabanli bir
algoritma tercih edilmistir. Riizgar yiiklerinin stokastik
olarak modellendigi bir diger optimizasyon ¢alismasi da
Subgranon ve Spence (2021) tarafindan yapilmistir.
Modifiye edilmis bir GA tiirevi kullanilarak az katl bir
bina ve yiikksek bir bina icin vaka calismalar
sunulmustur.

Deng, Fu, Zheng, Wu ve Pi (2019) tarafindan yapilan
calismada performansa dayal riizgara dayanikli yapi
optimizasyonu icin bir tasarim g¢ercevesi sunulmustur.
Yerel meteoroloji istasyonlarindan elde edilen riizgar
hiz1 ve riizgar yoniine iliskin veriler ile riizgar tiineli
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testlerinden elde edilen riizgar yiikleri esas alinmistir.
Riizgar etkisindeki yiiksek binalarin performansinin
arastirilmasi i¢in riizgar hizi, riizgar yoni, dogal frekans
ve sonim  oraninin  olasiliksal  dagilimindan
faydalanilmistir. Optimizasyon icin OC algoritmasi
tercih edilmis olup sunulan yontemin yeteneklerini
gosterebilmek icin CAARC tarafindan sunulan 60 kath
binanin optimizasyonu yapilmistir. Yapisal elemanlarin
kesit boyutlar1 tasarim degiskenlerini olustururken
amacg fonksiyonu i¢in toplam yapi agirhg secilmistir.
Girdi parametrelerinde olasiliksal ve rastgele ifadeler
bulundugu i¢in riizgar kaynakl tepkide de bir miktar
rastlantisallik bulunmaktadir. Dolayisiyla kisitlar igin
deterministik tanimlamalar yapilmamis, onun yerine
basarisizlik olasiliklar1 dikkate alinmistir. Sayisal
ornegin ¢oziimiinde sadece yer degistirme kisitlar ile
%44.4, ivme ve yer degistirme kisitlari ile %42.8 agirhik
azaltildig1 raporlanmistir. Sonug¢ olarak, tanimlanan
rastlantisal  parametrelerin  gergegi  yakinsamak
konusunda daha makul oldugu ve o6nerilen yontemin
rizgara  dayaniklh  tasarimda  pratik  olarak
kullanilabilecegi belirtilmistir.

4.1 Tartisma

Riizgara baghh yapisal optimizasyon c¢alismalari
incelendiginde, optimizasyon kisminin herhangi bir ytik
altinda yapilan optimizasyon c¢alismalar ile paralel
ilerledigi goriilmiistlir. Calismalardaki temel farklilig:
riizgar ylikiiniin nasil belirlenecegi ve degerlendirilecegi
konusundaki goriis farkliliklar1 olusturmaktadir. Bu
baglamda deprem miihendisligi i¢cin benimsenmis
performans odakl tasarimin uyarlamasina iliskin pek
¢ok calisma bulundugu gézlenmistir. Performans odakh
yaklasim i¢in belirlenecek hedeflerde de ¢esitli goriisler
bulunmaktadir. Bunun aksine performans odakl
tasarimin riizgarin dogasindan kaynaklanan bazi etkiler
nedeniyle uygulanamaz oldugunu savunan, rilizgar
yuklerinin ve etkilerinin stokastik olarak modellenmesi
gerektigini ifade eden Kkarsit bir goriis de
bulunmaktadir.

Riizgar yiiklerinin belirlenmesi i¢in ASO’daki gibi vekil
modelleme ihtiyacinin bulunmadigl goérilmistiir. Bu
durum  riizgara  baghh  yapisal  optimizasyon
calismalarinda yap1 seklinin genellikle korunarak
yalmizca tasiyic1  sistem lizerinde degisikliklere
gidilmesinden kaynaklanmaktadir. Buradan hareketle,
REAYO ¢alismalarinin ASO’ya gore, riizgar yiiklerinin
belirlenmesi bakimindan, hesaplama maliyetinin diisiik
oldugu soylenebilir. Bu durum arastirmacilara, HAD
simiilasyonlar1 ya da HAD simiilasyonlar ile
olusturulmus vekil modellere ihtiyag duymaksizin
rizgar tiineli analizlerini de yaygin olarak
kullanabilecekleri genis bir calisma alani saglamistir.
Bazi ¢alismalarda riizgar tiineli analizleri ile bazi riizgar
yukii yonetmeliklerinin de kiyaslandigi gorilmistiir.
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Kimi ¢alismalarda riizgar yiikii yonetmelikleri ile riizgar
tiineli analizleri neticesinde elde edilen yiikler birbirine
olduk¢a yakin bulunurken (Zhao ve dig., 2020) kimi
calismalarda ise modern riizgar yiikii yonetmeliklerinin
giincel gerekleri saglamadigi noktasinda ciddi
elestirilerde bulunulmustur (Xu ve dig., 2021).

Kullanilan optimizasyon algoritmalar1 incelendiginde,
yerel ekstremum noktalarinda takilma olasiliklarinin
gorece yuksek olmasina ragmen gradyan tabanli
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algoritmalarin yaygin olarak tercih edildigi, gradyan
bilgisine  ihtiyag =~ duymayan gorece @ modern
algoritmalardan ise GA, PSO ve HSA gibi algoritmalarin
az sayida ¢alismada kullanildigi goézlenmistir. REAYO
problemlerinin ASO gibi yiiksek hesaplama maliyetli

HAD simiilasyonlarina ihtiyac duymadigi icin
metasezgisel algoritmalar ile de rahatlikla ele
alinabilecegi, modern yontemlerin kullanimi ile

basarimin da arttirilabilecegi dusiiniilmektedir. Bu
boéliimde incelenen ¢alismalar Tablo 3’te 6zetlenmistir.

Tablo 3

Incelenen REAYO Calismalar

Yazar ve Y1l Amacg Uygulama Riizgar Yiikii Optimizasyon  Amag Degeri
Chan ve Huang | Yiiksek binalarin RDOYT i¢in performans bazl 40 kath bina Riizgar tineli ocC Maliyet
(2010) tasarim ¢ercgevesi sunmak
Chan ve dig. Yiiksek binalarin esdeger statik riizgar ytikleri 40 katli bina Riizgar tineli ocC Maliyet
(2010) altinda yanal rijitlik dagilimi optimizasyonu
Live dig. (2011) | Mikro GA kullanarak riizgar kaynakl tepki analizi 30 kath bina Ampirik formil Micro-GA Maliyet

ve minimum maliyet optimizasyonu
Huang ve dig. Yiiksek binalarda performansina dayalt RDOYT 60 katli CAARC binasi Istatistiksel yéntemler oc Maliyet
(2012)
Spence ve Olasiliksal etkilerle RDOYT 74 kath bina Riizgar tlineli ve Stokastik ocC Agirhik
Gioffre (2012) yontem
Shahrouzi ve Yiiksek celik binalarin yercekimi ve riizgar 10, 20 ve 30 kath gelik Iran Riizgar Yiikii PSO Agirhik
dig. (2015) yiikleri etkisinde agirlik minimizasyonu binalar Yonetmeligi HSA

MBO

Huang ve dig. Elastik 6tesi davranislari ile birlikte performans 40 katli bina Riizgar tineli Augmented OC ~ Maliyet
(2015) odakli optimum tasarim
Huang (2017) Riizgar etkisi altinda performans bazli optimum 40 kath bina Riizgar tineli Augmented OC  Maliyet

tasarim
Live Li (2016) Diizensiz forma sahip yiiksek binalarda rizgar 60 katli L formlu bina Riizgar tineli Ozyinelemeli Agirhik

etkileri altinda optimizasyonu (09
Fu ve dig. Kullanic1 konforunu da dikkate alacak bir RDYO 60 katli CAARC binasi [statistiksel yéntem ocC Agirhik
(2018a) yontemi sunmak
Fu ve dig. Dogrusal ve dogrusal olmayan kafes yapilarin Kule tipi kafes sistem Literatiirden ocC Agirhik
(2018b) riizgara dayanikl optimizasyonunu
Fu ve dig. Riizgar etkisi altindaki yiiksek binalarin frekans 60 katli CAARC binasi Riizgar tiineli Modifiye OC Agirhik
(2018¢) kisitli optimizasyonu
Deng ve dig. Stokastik parametreler ile elde edilen riizgar 60 katli CAARC binasi Meteorolojik veriler ve ocC Agirhik
(2019) etkileri ile performans bazl optimizasyon riizgar tineli
Athanasiou ve Fu ve dig. (2018a) tarafindan yapilan ¢alismaya - - - -
dig. (2020) elestiri
Live dig. (2020) | Yiiksek binalarin riizgar etkisi altinda agirlik 60 katl1 CAARC binasi Esdeger statik riizgar yiikki  GA Agirhik

minimizasyonu
Xu ve Zhao Sofistike yapisal sistemler i¢in riizgar altinda Guangzhou West Tower Riizgar tiineli ve Cin Bina NITRO Maliyet
(2020) optimum tasarim Yiik Yonetmeligi (GB50009-

2012)
Kim ve dig. Baglantil yiiksek binalar i¢in riizgara dayanikl Dikdortgen kesitli baglantili  Riizgar tineli GA Yer degistirme
(2020) optimum tasarim yiiksek bina ve ivme
Tsavdaridis ve Kafes tipi telekomiinikasyon direkleri i¢cin riizgdr ~ Telekomiinikasyon kulesi Avrupa yonetmelikleri (BS SIMP Agirhk
dig. (2020) ve kar ytikii altinda optimum tasarim EN 1991-1-4, DIN 4131, BS
EN 1993-3-1, DIN 1991)
Zhao ve dig. Sogutma kulelerinin riizgara bagh optimum Sogutma kulesi Riizgar tiineli Izgaraarama+  Maliyet
(2020) tasarimi gradyan tabanh
algoritma

Xu ve dig. HFFB deneylerine dayali olarak yiiksek binalarin 46 katli basitlestirilmis Riizgar tineli MATLAB Malzeme
(2021) yapisal optimizasyonunu CAARC binasi fmincon maliyeti
Gomez ve dig. Stokastik riizgar yiikleri ile topoloji 76 kath bina Stokastik yontem SIMP Mubhtelif
(2021) optimizasyonu
Subgranon ve Stokastik simiilasyon tabanli optimizasyon 2 ve 37 katli binalar Stokastik yontem Modifiye GA Malzeme hacmi

Spence (2021)

yaklagimi gelistirmek

5. Soéniimleyici Sistemler ile Riizgara Dayamkh
Optimum Tasarim (SSRDOT)

Soniimleyici sistemler, ozellikle deprem etkileri gibi
kritik yiikler karsisinda gelen enerjiyi sogurarak yapi
davranisini dogrusallastirma noktasinda ciddi katkilar
sunduklari icin yaygin olarak tercih edilirler. Bu nedenle
riizgara dayanikli yapi tasarimi i¢in de umut verici

¢oziimler olarak diistiniilmektedirler. Bazi ¢alismalarda
soniimleyici sistemler de REAYO basliginin altinda
degerlendirilirken bu c¢alismada ayr1 bir baslikta
incelenmeleri uygun gorilmiistir. Bunun nedeni
SSRDOT yo6ntemlerinin gerek optimizasyon hedeflerini
olusturan amag¢ fonksiyonlar1 gerekse kisitlamalar
bakimindan REAYO ile 6nemli farkliliklar icermesidir.
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Huang, Tse, Chan ve Lou (2011) tarafindan yapilan
calismada riizgara dayanikli binalarin tasarimi igin
yapisal optimizasyon ve vibrasyon kontrol sistemlerinin
birlikte kullanim1 entegre edilmeye c¢alisiimistir.
Sontimleyici olarak STMD (Smart Tuned Mass Damper)
tercih edilmistir. Amac¢ fonksiyonunda malzeme
maliyetinin yanina séniimleyici sistemlerin kurulum ve
isletme maliyetleri de dahil edilmistir. Kisit olarak
eleman gerilmeleri, goreli kat o6telenmeleri ve ivme
degerleri se¢ilmistir. Optimizasyon yontemi olarak OC
algoritmas1 tercih edilmistir. Onerilen yéntemin
etkinligini gostermek i¢in 60 katli dikdortgen planli ve
240m yiikseklige sahip bir bina ilizerinde uygulama
yapilmistir. Riizgar etkilerinin anlasilmasi amaciyla
binanin 1:400 olgekli modeli tzerinde riizgar tiineli
testleri yapilmistir. Yapisal optimizasyon, titresim
kontrolii ve ikisinin birlikte kullanildig1 entegre yontem
icin ti¢ farkli analiz yapilmistir. Yapisal optimizasyon ve
titresim kontrolii kisitlarinin ayr1 ayri saglanmasi igin
bina maliyeti %10 civarinda artarken entegre yontemde
%3.6 artis oldugu raporlanmistir. Buradan hareketle
entegre yontemin daha umut verici oldugu bildirilmistir.
Optimizasyon problemine iligkin bir gorsel Sekil 15’te
sunulmustur. Ayrica, pasif titresim kontrol sistemlerinin
belirli bir kosul i¢in tasarlandiklari, yapisal dinamik
ozelliklerindeki baz1 belirsizlikler ve rastgele uyarim ile
devreye girmeleri nedeni ile optimizasyonu ic¢in ¢ok
fazla segcenek olmadigi, aktif sistemlerin ise
maliyetlerinin fazla oldugu vurgulanarak yar1 aktif
titresim kontrol sistemlerinin optimizasyon calismalari
icin daha elverisli oldugu belirtilmistir.

w X ()9

w Ot

T
Sekil 15. Huang ve dig. (2011) Tarafindan Optimize
Edilen Sistem

Venanzi, Ubertini ve Materazzi (2012) tarafindan
yapilan ¢alismada riizgar kaynakl titresimlere maruz
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yliksek binalar icin hibrit kontrol sistemlerinin
parametreleri optimize edilmistir. Sistem aktif ayarh
kiitle sonimleyicilerden olusmaktadir. Amag
fonksiyonu olarak egilme ve burulma kaynakl tepkiler
secilmistir. Riizgar yilikiini temsil eden fonksiyonlar
riizgar tiineli analizleri vasitasiyla elde edilmistir. Aktif
sisteme yapida bulunan ivmedlcerler ile geri beslemeler
yapilmistir.  Asamali  bir optimizasyon siireci
yuritiilerek oncelikle sontimleyici sayisi ve konumlari
ele alinmis ardindan ivmedlgerlerin optimum konumlari
bulunmustur. 60 katli ytiiksek bir binaya uygulanan vaka
calismasi neticesinde onerilen tasarim prosediiriiniin
sistemin optimal davranisini elde etmekte basarili
oldugu ifade edilmistir.

Zhao, Guo, Ma ve Ding (2020) tarafindan yapilan
calismada ytiksek binalarin riizgara dayanikli optimum
tasarimi i¢cin mafsalll sdniimleyici sistemlerinin
kullanimi incelenmistir. SQP (Sequential Quadratic
Programming) ve c¢ok dereceli kisith optimizasyon
yontemlerinin entegrasyonu ile elde edilen ydntem
kullanilmistir. S6ntimleyici yerlesimi, sayis1 ve sénim
orani optimize edilerek riizgara dayanikli bir sistem
olusturulmasi amaclanmistir. Soniimleyici
parametrelerine iliskin optimizasyon c¢ercevesi Sekil
16’da sunulmustur. Calismada sirali bir optimizasyon
metodolojisi izlenmistir. Ik olarak séniimleyici sayisi,
baglanti sekli ve soniimleyici niteliklerine iliskin
parametreler optimize edilmis ardindan tasiyici sistem
optimizasyonu yapilmistir. Kisit olarak yanal 6telenme
kullanilmistir. Maliyet analizinin neticesinde incelenen
yapl1 icin %2 ilave soniim orani saglayan sistem optimal
olarak tespit edilmistir. Calismanin sonucu olarak;
optimal séniimleyici dagilimi ile riizgara dayanikli bina
tasarimi icin oldukg¢a basarili sonuglara ulasildigy,
optimize edilmis s6niimleyicilerle saglanan ilave s6nim
orani ile yapi davranisinin iyilestirildigi bununla birlikte
toplam maliyetin de azaldig1 belirtilmistir.

a b

o
=)

H
h

d L C

Sekil 16. Zhao ve dig. (2020) Tarafindan Optimize
Edilen Sonlimleyici Parametreleri

Kaveh, Javadi ve Moghanni (2020) tarafindan yapilan
calismada pasif ve ayarli kiitle soniimleyicilerin
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optimum parametre ayarlamalari, yeni bir metasezgisel
algoritma olan Kaotik Optimizasyon Algoritmas1 (KOA)
ile  gerceklestirilmistir. Calismada ¢o6ziilen  iki
optimizasyon probleminden birisi riizgar yiikleri
altindaki yapinin ayarli kiitle soniimleyiciler ile
optimum tasarimidir. Coéziilen 76 kath yap1 ve riizgar
etkilerinin hesaplandigi ampirik formiil literatiirdeki bir
karsilastirma probleminden elde edilmistir. Amag
fonksiyonu olarak katlar arasindaki maksimum
ortalama karekok yer degistirme secilmistir. Sonug
olarak oteleme ve ivmelerde onemli Ol¢lide azalma
oldugu, onerilen metodolojinin yiiksek binalarin
tasarimi icin uygulanabilecegi ifade edilmistir.

Zhu, Lei, Wang, Tiwari ve Hazra (2020) tarafindan
yapilan ¢alismada baglantili yiiksek binalarin (BYB)
riizgar karsisindaki davranislarinin iyilestirilmesi i¢in
optimum duraganlastiricili ayarh kiitle soniimleyici
(Tuned Mass Damper Inerter - TDMI) parametreleri
arastirilmistir. Riizgdr yiiklerinin belirlenmesi igin
riizgar tiineli analizleri yapilmistir. Olusturulan model

- 7/
3 l 13.5m < >
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ve plan goriinimi Sekil 17'de  sunulmustur.
Optimizasyon problemi gelismis bir genetik algoritma
tirevi olan NSGA-II ile ¢ozilmiistiir. Cok amagh bir
optimizasyon streci ylriitiilerek baglantili iki yapidaki
en biiylik ivmelerin minimize edilmesi hedeflenmistir.
Elde edilen sonuglar ile konvansiyonel ayarh kiitle
soniimleyicili (TMD) bina ve soniimleyici igcermeyen
binanin davranislar1 karsilastirilmistir. Sonug¢ olarak
parametreleri optimize edilmis TMDI sistemin licte bir
agirligina ragmen TMD sistemden ve sonimleyicisiz
binadan daha basarili bulundugu raporlanmistir. Ayni
yapisal sistem Wang, Tian, Qiao, Tiwari ve Wang (2021)
tarafindan yeni bir pasif kontrol sistemi olan
duraganlastiricili ayarh sivi kolon soniimleyici (Tuned
Liquid Column Damper Inerter) ile de optimize
edilmistir. ivmelerin ve baglantili binalardan birisinin
yer degistirmelerinin standart sapmalari amag
fonksiyonlar1 olarak belirlenmistir. Optimizasyon i¢in
MATLAB ara¢ kutusundan ¢ok amag fonksiyonlu GA
kullanilmistir.  Optimize edilmis sistemin yap1
davranisini ciddi oranda iyilestirdigi ifade edilmistir.

| 17.55m |

Y Wind
| Au
I”'J. L I S B 3
X
=i
I 15.0m I \ /

Building 1
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wmo'Tl

Building 2

Sekil 17. Zhu ve dig. (2020) ve Wang ve dig. (2021) Tarafindan Optimize Edilen BYB Modeli

Suthar ve Jangid (2021) tarafindan yapilan ¢alismada
riizgar etkisi altindaki yapilarin titresim kontrolii i¢in
ayarli swv1 calkanti soniimleyicilerinin (Tuned Liquid
Sloshing Damper - TLSD) parametreleri optimize
edilmistir. Optimize edilen yapi1 ve riizgar yiikleri
literatiirden elde edilmistir. Amag fonksiyonu olarak tist
kat pik ivmesi segilmistir. Optimizasyon MATLAB’1n
fmincon ara¢ kutusu vasitasiyla gerceklestirilmistir.
Onerilen TLSD optimizasyon prosediiriiniin yiiksek
binalarin riizgar etkilerine dayanikli tasariminda

oldukg¢a faydali bulundugu, TLSD’lerin pratik tasarimi
icin de kullanilabilecegi ifade edilmistir.

Xu, Becker ve Guo (2021) tarafindan yapilan ¢alismada
bir taban yalitim elemani olan ii¢lii siirttinmeli sarkac
sistemlerin parametrelerinin riizgar ve deprem
yluklerine Kkarsi optimize edilmesi amaglanmistir.
Oncelikle deprem ve riizgr yiikleri icin ayn
optimizasyonlar gergeklestirilmistir. Optimizasyonlar
neticesinde deprem etkisi icin elde edilecek optimum
taban yalitminin riizgar etkisi icin elde edilecek
sistemle celistigi ifade edilmistir. Daha rijit sistemler
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riizgdr etkisi altinda basariliyken daha esnek
sistemlerin deprem etkisi altinda daha iyi performans
gosterdigi belirtilmistir. Buradan hareketle riizgar
etkilerinin Ustesinden gelebilecek en esnek sistem
parametreleri bir genetik algoritma tiirevi olan NSGA-II
ile arastinlmistir. Optimize edilen yap1 Sekil 18'de
sunulmustur. fvme ve 6telenmeler amac¢ fonksiyonu
olarak belirlenmistir. Riizgar yiikleri Cin Riizgara
Dayanikli Tasarim Yonetmeligi (JTG/T D-60-01-2004)
ile belirlenmistir. Sonuc¢ olarak, riizgar etkilerine
dayanan etkili bir sismik izolasyon sistemine ulasildig1
raporlanmistir.

Sekil 18. Xu ve dig. (2021) Tarafindan Optimize Edilen
Yapisal Sistem

Sonlimleyici sistemler ile riizgara dayanikli optimum
tasarim konusunda acik deniz riizgar tiirbini yapilar
lizerinde 6nemli sayida calisma oldugu gozlenmistir.
Riizgar kapasitesi bakimindan avantajli oldugu i¢in agik
denizlere konumlandirilan riizgar tiirbinleri aym etki
altinda olusan yapisal tepkiler karsisinda da dayanikli
olmak zorundadir. Her ne kadar daha ¢ok makine
mithendisliginin ¢alisma alaninda bulunsa da konunun
bu inceleme c¢alismas1 kapsaminda da kisaca ele
alinmasi uygun gorilmistiir. He, Hu ve Zhang (2017)
tarafindan yapilan calismada riizgar tirbinleri icin
ayarl kitle soniimleyicilerin parametre
optimizasyonlar1 GA ile gergeklestirilmistir. Jin ve dig.
(2018) tarafindan yapilan benzer bir calismada yiizen
riizgdr tirbini yapilar1 icin Yapay Balik Siriisi
Algoritmas1 (YBSA) ile ayarhh kiitle soniimleyicisi
optimizasyonu sunulmustur. Alkmim, Fabro ve de

] ESOGU Engin Arch Fac. 2023, 31(4), 931-954

Morais (2018) tarafindan yapilan ¢alismada stokastik
riizgar yukleri altindaki riizgar tiirbinlerinde, ayarl sivi
kolon soniimleyicilerin parametreleri Genellestirilmis
Patern Arama Algoritmast (GPAA) ile optimize
edilmistir. Park, Glade ve Lackner (2020) tarafindan
yapilan ¢alismada riizgar tribiinleri icin NSGA-II ile
ayarli swv1  kolon soniimleyicilerin  parametre
optimizasyonlar1 yapilmistir. Liu, Wang, Hua, Zhu ve
Zhu (2021) tarafindan yapilan ¢alismada ayarh kiitle
soniimleyiciler ile riizgar tirbinlerinin optimum
tasarimi  sunulmustur. Calismada GPU teknolojisi
sayesinde hesaplama maliyeti diistriilmiis makine
o6grenmesi teknikleri ve GA kullanilmistir.

5.1 Tartisma

SSRDOT  alanindaki  ¢alismalar  incelendiginde,
optimizasyon metodolojilerinin  séniimleyicilerden
beklenen faydayr maksimize etmek noktasinda ciddi
katkilar sagladigl anlasilmistir. Calismalarin biytk
olciide deprem etkisi altindaki optimizasyon ¢alismalari
ile paralel sekilde ytritiildiigi; tasarim degiskenlerinin
benzer sekilde soniimleyici sayisi, yerlesimi ve
parametreleri iizerinden; yapi tepkilerini minimize
edecek sekilde temellendirildigi gdrilmustiir.

REAYO c¢alismalar1 ile SSRDOT arasinda amag
fonksiyonlarinin belirlenmesi agisindan dikkat gekici
farklar oldugu gozlenmistir. Yapisal optimizasyon
calismalar1 daha ¢ok yapinin maliyetinin ya da
agirhginin  azaltilmas: ile ilgilenirken, séniimleyici
sistemler ile yapilan optimizasyon ¢alismalarinda amag
fonksiyonlarinin genellikle dogrudan riizgar kaynakh
yapisal tepkiler olarak secildigi gorilmistiir.
Soniimleyici sistemlerle yapl davranigini
dogrusallastirma  hedefi i¢in optimum sistem
arastirilirken, “yer degistirme standart sapmalar1” ya da
“maksimum ortalama karekok yer degistirme” gibi
oldukea farkli amag¢ fonksiyonlarinin se¢ilmesi dikkat
¢ekici  bulunmustur. Yapisal optimizasyon ve
soniimleyici optimizasyonunun entegre sekilde ele
alindig1 az sayidaki calismalarda ise iki optimizasyon
slirecinin maliyet ekseninde birlestirilerek
degerlendirildigi gorilmistiir.

Tercih edilen optimizasyon yontemleri incelendiginde,
ASO ve REAYO alanindaki ¢alismalarin aksine gradyan
tabanli algoritmalarin ¢ok az sayida c¢alismada
kullanildigi, daha yenilik¢i ve global optimuma
yakinsama konusunda daha basarili bulunan ve gradyan
bilgisine ihtiyac duymayan popiilasyon tabanh
metasezgisel algoritmalarin yaygin olarak tercih edildigi
goriilmiistiir. Bu baglamda SSRDOT ¢alismalarinin ASO
ve REAYO'ya Kkiyasla optimizasyon metodolojisi
bakimindan daha ileride oldugu ifade edilebilir. Bu
boliimde incelenen ¢alismalar Tablo 4’te 6zetlenmistir.
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Tablo 4

incelenen SSRDOT Calismalari
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Yazar ve Y1l Amag Uygulama Cihaz Riizgar Yiikii Optimizasyon Amacg Degeri
Huang ve dig. | Riizgara dayanikl yapisal tasarim (RDYT) 60 katli bina Akill ayarh kiitle Riizgar tineli ocC Maliyet
(2011) igin yapisal optimizasyon ve vibrasyon soniimleyici
kontrol sistemlerinin birlikte kullanimi
Venanzi ve Hibrit kontrol sistemleri ile RDYT i¢in bir 60 katli bina Aktif ayarl kiitle Riizgar tiineli GA Egilme ve burulma
dig. (2012) optimizasyon prosediirii sunmak sontimleyici kaynakl tepkiler
He ve dig. Riizgar tirbinleri i¢in ayarli kiitle Riizgar tlirbini Ayarli kiitle Simiilator GA Yorulma etkisi
(2017) soniimleyici parametre optimizasyonu soniimleyici
Jin ve dig. Riizgar tlrbinleri igin ayarh kiitle Riizgar tlirbini Ayarli kiitle Simiilator YBSA Yer degistirmedeki
(2018) soniimleyici parametre optimizasyonu sontimleyici standart sapma
Alkmim ve Stokastik rizgar ytikleri altinda riizgar Riizgar tlirbini Ayarli siv1 kolon Stokastik GPAA Ortalama karekok
dig. (2018) tirbinlerinin ayarl siv1 kolon soniimleyici tepki
sonitimleyicilerinin parametre
optimizasyonu
Park ve dig. Riizgar tiirbinlerinin ayarli sivi kolon Riizgar tlirbini Ayarli s1v1 kolon Simiilator NSGA-II Taban egilme
(2020) soniimleyicilerinin parametre soniimleyici momentlerinin
optimizasyonu farkli yonler i¢in
esdegerleri
Zhao ve dig. Yiiksek binalarin deprem ve RDYT'1 igin 70 katli bina Mafsalli sontimleyici ~ Riizgar tiineli SQC Maliyet
(2020) sonlimleyici sayisy, yerlesimi ve parametre (Toggle-Brace)
optimizasyonu
Kaveh ve dig. | Pasif ve ayarli kiitle soniimleyici Literatiirdeki 76 ~ Pasif ve ayarl kiitle ~ Ampirik formiil KOA Katlar arasindaki
(2020) parametrelerinin yeni bir optimizasyon katli bina sontimleyiciler maksimum
algoritmasi ile ayarlanmasi ortalama karekok
yer degistirme
Zhu ve dig. Baglantil yiiksek binalarin riizgar 59 ve 55 katl Duraganlastiricili Riizgar tineli NSGA-II Pik ivme
(2020) davraniginin optimum duraganlastirici baglantili ayarli kiitle
kiitle soniimleyicilerle iyilestirilmesi yiiksek binalar sontimleyici
Liu ve dig. Riizgar tiirbinleri i¢in ayarl kiitle Riizgar tlirbini Ayarl kiitle Gegek riizgar GAve Esdeger yorulma
(2021) soniimleyici parametre optimizasyonu soniimleyici dagilimlari Makine yuki
Ogrenmesi
Wang ve dig. Baglantil yiiksek binalarin riizgar 59 ve 55 katl Duraganlastiricili Riizgar tineli MATLAB Pik ivme ve yer
(2021) davraniginin optimum duraganlastiricili baglantili ayarh siv1 kolon gamultiobj degistirme standart
ayarl siv1 kolon soniimleyicilerle yiiksek binalar sonimleyici sapmasl
iyilestirilmesi
Suthar ve RDYT i¢in titresim kontroliinde ayarli sivi  Literatiirdeki 76 ~ Ayarli sivi ¢alkanti Literatiirden MATLAB Pik ivme
Jangid (2021) | calkanti séniimleyicileri icin parametre kath yiiksek soniimleyicilerinin fmincon
optimizasyonu bina
Xu ve dig. Uglii siirtiinmeli sarkag sistemlerin 33 katli bina Uglii siirtiinmeli Cin Riizgéra NSGA-II fvme ve yer
(2021) optimum tasarimi ile hem depreme hem sarkag Dayanikl Tasarim degistirme
de riizgara dayanikli tasarim Yoénetmeligi (JTG/T
D60-01-2004)

6. Sonuglar

stratejilerin  basarimlarini

maksimize etmek

icin

alternatifsiz yaklagimlar oldugu anlagilmaktadir.

Bu calismada literatiirde bulunan riizgar etkileri altinda
optimum yap1 tasarimi konulu ¢alismalarin incelenmesi
amaglanmistir. Kaynak taramasi neticesinde konunun
aerodinamik sekil optimizasyonu, riizgar etkisi altinda
yapisal optimizasyon ve sonlimleyici sistemler ile
riizgdra dayanikli optimum tasarim adi altinda ii¢ ana
baslikta incelenmesi uygun gorilmistir. Yapilan
incelemeler neticesinde wulasilan sonuglar asagida
maddeler halinde sunulmustur.

e Riizgar etkileri altinda yapi tasarimi siireglerinin
karmasik ve elle ¢éziimii olduk¢a zor optimizasyon
problemleri ortaya koydugu anlasilmaktadir. Oyle ki
¢ozimii icin o6zellikle HAD simiilasyonlarina ihtiyag
duyulan bazi problemler i¢in modern bilgisayarlarin
sundugu hesaplama giiciiniin dahi yetersiz kaldig
aciktir. Buradan hareketle pratikte yaygin olarak
kullanilan deneme-yanilma gibi yontemlerle optimuma
yaklasmanin olduk¢a giic oldugu goriilmiistiir. Bu
baglamda gilincel optimizasyon metodolojilerinin,
riizgdra dayanikli yap1 tasarimi alaninda kullanilan

e Literatiirdeki ¢alismalarda; riizgar etkileri altinda
optimum yapi1 tasariminin, belirtilen alt basliklar i¢in
miinferit olarak ele alindig1 goériilmiistiir. Faydanin
maksimize edilebilmesi adina siirecin biitiinciil bir
yaklasimla degerlendirilmesinin daha uygun olacagi
diisiiniilmektedir. Bunun i¢in ASO, REAYO ve SSRDOT
metodolojilerinin entegre bir sekilde kullanilmasi
gerekmektedir. Bu baglamda mimarlk, yap
miihendisligi, riizgar mithendisligi ve optimizasyon gibi
alanlarin ¢ok disiplinli ¢alismalarina ihtiyac oldugu
anlasilmaktadir.

e Riizgar yiiklerinin belirlenmesinde riizgar tiineli
analizleri, istatistiksel yontemler, vekil modelleme,
riizgar yiki yonetmelikleri, stokastik yontemler gibi
pek ¢ok farkli metodolojinin kullanildig goriilmektedir.
Optimizasyonun temel girdisinin belirlenmesindeki
cesitlilik  sonuclar lizerinde de ciddi etkiler
dogurmaktadir. Oyle ki uygulanan bazi yéntemlerin
giivensiz olabilecegi, bunlarla belirlenen riizgar yiikleri
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ile yiritilen optimizasyonlarin sonuglarinin da
“emniyetsiz” tasarimlara neden olabilecegi gibi
elestiriler bulunmaktadir. Bu baglamda optimizasyon
algoritmalarina kolayca entegre edilebilir, hesaplama
maliyeti diisik, dogrulugu yiiksek ve giivenilir
yaklasimlara ihtiya¢ duyuldugu anlasilmaktadir.

Tesekkiir

Bu c¢alismanin birinci yazari YOK 100/2000 projesi
kapsaminda doktora bursuyla desteklenmektedir.
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The aluminosilicate clay minerals (AlzSi:0s5(OH)4+-nH20) known to exist in nature are
called halloysite nanotubes (HNTs). HNTs, which are found in layered, spherical, flat and
other forms, can be obtained naturally as well as synthetically. HNTs with an outer
diameter of 50 nm and a length ranging from 500 to 1000 nm have a hollow and
nanotube-shaped structure. It has natural deposits in Brazil, Turkey, New Zealand, China,
the United States, Korea, Japan, and France, and it is a low-cost material that can be
obtained through ore purification. Thanks to their high surface area, large pore volume,
rheological properties, high interactions, and high binding capacities with biopolymers,
HNTs are used in a wide range of areas. For example, HNTs have become a frequently
used material in environmental applications such as wastewater treatment and removal
of organic contaminants and dyes. It is also used in the production of nanoelectronics and
nanocomposites, catalytic studies, flame retardants in make-up materials, forensic
sciences and biomedical fields. The specific properties of HNT used in the biomedical field
lead to numerous applications. In this review, it is aimed to present the advantages of
HNTs for use in drug delivery systems, immune therapy, anti-infection applications,
cancer therapy, bioimaging, biosensing applications, tissue engineering applications,
implants and hygiene-cosmetics materials.

AKILLI MALZEMELER VE iLERIi BiYOMEDIKAL UYGULAMALARI: HNT VE HNT-

POLIMER KOMPOZITLERI

Anahtar Kelimeler

0Oz

Halloysit nanotiip
HNT'ler

Kil

HNT-polimer kompozit
Biyomedikal uygulamalar

Dogada var oldugu bilinen aliiminosilikat kil minerallerine (AlzSiz0s(OH)4-nH20)
halloysit nanotiipler (HNT'ler) olarak adlandirilir. Katmanl, kiiresel, yassi ve diger
formlarda bulunan HNT'ler sentetik olarak elde edilebildigi gibi dogal olarak da elde
edilebilmektedir. Dis ¢capt 50 nm ve uzunlugu 500 ile 1000 nm arasinda degisen HNT 'ler
i¢i bos ve nanotiip seklinde bir yapiya sahiptir. Brezilya, Tiirkiye, Yeni Zelanda, (in,
Amerika Birlesik Devletleri, Kore, Japonya ve Fransa'da dogal yataklart bulunan ve
cevher saflastirma yoluyla elde edilebilen diisiik maliyetli bir malzemedir. HNT ler,
yliksek yiizey alanlari, biiyiik gozenek hacimleri, reolojik ézellikleri, yiiksek etkilesimleri
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ve biyopolimerlerle yiiksek baglanma kapasiteleri sayesinde ¢ok c¢esitli alanlarda
kullamlirlar. Ornegin, HNT'ler atik su aritimi ve organik kirleticilerin ve boyalarin
uzaklastirilmasi gibi cevresel uygulamalarda da siklikla kullanilan bir malzeme haline
gelmistir.  Ayrica nanoelektronik ve nanokompozitlerin liretiminde, katalitik
calismalarda, makyaj malzemelerinde alev geciktiricilerde, adli bilimlerde ve
biyomedikal alanlarda da kullanilmaktadir. Biyomedikal alanda kullanilan HNT'nin
kendine ézgii ozellikleri ¢ok sayida uygulama igin alternatif bir malzemedir. Bu
derlemede, HNT'lerin ilag tasiyici sistemler, immiin terapi, anti-enfeksiyon uygulamalari,
kanser tedavisi, biyogériintiileme, biyoalgilama uygulamalari, doku miihendisligi
uygulamalari, implantlar ve hijyen-kozmetik malzemelerinde kullanim avantajlarinin

ortaya konulmasi amaglanmaktadir.
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1. Introduction

In the modern world, studies on protecting or improving
human health have gained momentum with the
development of technology. Depending on this rapid
development, it is expected to produce new and
superior materials in the biomedical field. In recent
years, studies of many researchers around the world in
the biomedical field have contributed to the
development of new products. Scientists have benefited
from materials that exist both in nature and
subsequently produced for use in biomedical
applications. One of these materials is halloysite
nanotubes called HNT.
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Figure 1. Schematic representation of the increase in
the number of halloysite-related publications in the
Scopus database from 2008-2022 (a), and the number
of citations in the studies on HNT in the last 15 years (b),
publications on the use of HNT, including the biomedical
field, between 2008 -2022, according to the Scopus
database (c), number of citations in the publications
about HNT in the biomedical field in the last 15 years

(d).

Various studies have been carried out on HNTs, which
were named as Halloysite for the first time by M.
Berthier, since the 1940s. In the Scopus database, it has
been determined that the publications related to HNTs
and their studies in the biomedical field have increased
in the last 15 years, and the diagram of the increasing
number of studies and the number of citations of the
publications is presented in Figure 1. Based on this
research, when studies in both academic and industrial
fields are examined, it is predicted that the use of HNTs
in different fields will increase in the future.

HNTs are clay materials obtained from aluminosilicate
kaolin layers commonly found in nature. Nanomaterials
attract the attention of researchers thanks to their
prominent features such as being cheap and
biocompatible, and having good thermal and mechanical
properties. Halloysite clay minerals are used as
corrosion inhibitor in implants, bioimaging, drug
delivery, biosensor, tissue engineering, cancer
diagnosis/treatment applications, etc. used in
nanomedicine and biomedicine applications (Figure 2).
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Figure 2. Biomedical applications of HNTs.
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Halloysite is a clay mineral with the chemical formula
Al;Si205(0OH)4+-nH20 and composed of layered silicates
(Prishchenko et al., 2018; Guimaraes et al,, 2010; Yah et
al, 2012). Halloysite is a bilayer aluminosilicate
chemically like kaolin and has a predominantly hollow
luminal structure (Danyliuk et al, 2020). The
approximate dimensions of the material consisting of
these multi-walled tubes can be as follows; length: 200
nm-1.5 pm, inner diameter: 10-30 nm, outer diameter:
50 nm. (Guimaraes et al, 2010). The hydrophilic voids
of halloysite nanotubes are larger in HNTs compared to
carbon nanotubes. These voids can be filled with
chemicals and smaller nanoparticles. In addition,
halloysites have the advantageous property that one of
their surfaces is negative and one is positive, allowing
the charged surfaces to be selectively modified. (Glotov
et al, 2019; Wei et al, 2014). The empty lumen that
HNTs have in their structure allows different molecules
to be loaded. The modification procedure can be
determined for the selected application. Sahiner and
Sengel (2017) benefited from the chemically modifiable
properties of the HNT surface in their work. The TEM
images of the studies using amine-based modification
agents and the schematic representation of the
modification step are given in Figure 3.
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Figure 3. (a) TEM images of bare Hal nanotube at
different  magnifications, and (b) schematic
representation of Hal nanotube modification with amine
based modifying agents: (1) EDA-Hal nanotube, (2)
DETA-Hal nanotube, (3) TETAHal nanotube, (4) TAEA-
Hal nanotube, (5) PEI-Hal nanotube. (Adapted with
permission from Sahiner and Sengel, 2017, Copyright
(2017) Elsevier)
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HNTs are very suitable for use in biomedical
applications with their high biocompatibility (Biddeci et
al, 2022; Kushwaha et al, 2021; Satish et al, 2019;
Cheng et al, 2020).

2. Halloysite Nanotubes

Materials such as carbon, graphite, silica are among the
nanofilling materials. Nano fillers improve the
properties of materials. Halloysite nanotubes is one of
these materials. Raw halloysite is obtained from altered
rocks, saprolites and soil, in short from nature.
Halloysite deposits are available in many different
countries. In this way, HNTs are cost-effective materials.
While some may be light red, most are white in color. In
addition, halloysites are generally tubular in nature.
Halloysite mineral is named after Omaliusd Halloy who
discovered it for the first time. Halloysite nanotubes
were defined by M. Berthier in 1826 as a hydrated
polymorph of kaolinite type, dioctahedral 1:1 clay
mineral. Although halloysite is chemically similar to
kaolinite, the interlayers of HNTs are separated by a
single water molecule layer. The molecular formula of
halloysite is Al2Si20s(OH)4nH20. When n=2 in the
formula, halloysite is in hydrated form and is called as
"hallosite-(10 A)". The structure of HNTs is presented
schematically in Figure 4.

External siloxane (-Si-O-Si-)

@0
@es
e A
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Figure 4. Schematic representation of the crystal
structure of HNTs (Kamal et al, 2019).

If n=0, that is its anhydrous structure, halloysite is called
as “halloysite-(7 A)” (Yuan, et al, 2015). The specific
surface area of HNTs is between 22.1 and 81.6 m2.g7,
lumen area is between 10.7% and 39%, pore area is 14-
46.8%, average pore size is between 79.7-100.2 A (Liu
et al, 2014; Fizir et al, 2018). HNTs consist of a
positively charged tubule lumen and a negatively
charged outer shell. The fact that the tubule lumen and
the outer shell have different functional groups
facilitates modification. This provides an advantage for
different applications such as drug release applications.

3. Biomedical application of HNT and polymer
composites

3.1. Delivery System

In controlled drug release systems, the release occurs
via a carrier. The carrier can be implanted in the
patient's body or given by injection. Some factors can
affect and slow the rate of drug release. Clay-polymer
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composites, hydrogel composites, etc. are some of the
structures that can slow drug release. Halloysite
nanotubes are natural minerals that can play a role in
controlled drug release.

Shi et al (2011) investigated a new gene delivery
system. They functionalized HNTs with y-
aminopropyltriethoxysilane [APTES] for intracellular
delivery and then used anionic antisense
oligodeoxynucleotides [ASODNs] f-HNTs in the drug
delivery system as a therapeutic gene. They formed f-
HNT-ASODN complexes by binding to their surfaces. The
cytotoxic effect of this complex on tumour cells was
investigated. They observed that the obtained complex
had low cytotoxicity and that its antitumor activity could
be increased. Thus, they concluded that the HNTSs
studied in this study could serve as good carriers for
gene therapy and biological delivery systems.

In another study reported by Long et al. (2017), HNTs
were designed as a non-viral gene vector for gene
therapy study and shortened to about 200 nm to
increase  the effect of endocytosis. Then,
polyethyleneimine (PEI) grafting was performed to bind
pDNA-tagged green fluorescent protein (GFP). PEI-g-
HNTs showed low cytotoxic effect and high transfection
efficiency and emerged as a promising study in
applications such as gene therapy against some
diseases.

De Kruif et al. (2016), designed the Nanoparticles-in-
Microsphere Oral System (NiMOS) for protein delivery.
Accordingly, BSA, selected as the model protein, was
loaded into the magnified HNTs and the loaded HNTs
were placed in microgels by the prilling method. This
synthesized new structure revealed that even after in
vitro digestion of the model drug, it did not undergo
much enzymatic degradation and was preserved at a
rate of 82%. Thus, this new approach has been a
promising development for the delivery of proteins and
macromolecules.

HNTs are the material used in drug delivery systems to
penetrate the cell membrane of drugs and increase their
solubility in the biological environment. This study as
reported by Massaro et al. (2022) is the first example of
the use of an HNT-based nanocarrier labelled with
halochromic oxazine molecules. The reason for the use
of HNT-based nanocarriers here is to ensure the
delivery of a single-stranded peptide nucleic acid
tetramer (PNATS) into the cell line. It was observed that
despite the covalent binding of PNA to the outer surface
of HNTs, its binding with different active species
remained intact. In addition, covalent binding of PNA
provided an oscillation in an acidic medium.

Long et al. (2018) synthesised polyamidomine-grafted
halloysite nanotubes (PAMAM-g-HNTs) to be used to
reduce the expression of the vascular endothelial
growth factor (VEGF) gene in breast cancer cells
through intracellular delivery of siRNA and gene
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therapy. The cytotoxic effect of PAMAM-g-HNTs was
examined against HUVEC (84.7%) and MCF-7 cells
(82.3%) and showed good cytocompatibility even at
high concentrations. The efficacy of PAMAM-g-
HNTs/siVEGFs in the treatment of cancer was tested in
4T1-carrying mice and found to have higher anti-cancer
activity. Lisuzzo et al. (2021), provided the loading of
drug molecules dissolved in ethanol to halloysite
nanotubes by using ethanol as a solvent. In the study,
drug loading performance and release kinetics were
investigated depending on the pressure conditions
(Figure 5). The work of Lisuzzo et al. provides a guide
for the development of halloysite nanotube-based
carriers with tunable drug delivery.

Halloysite
Nanotubes

:// )‘ [(f\)
{,\/ \ ‘_/,\
P=0.01 atm P=1 atm

PR

+ drug/ethanol

Drug confined into the lumen Drug inside/outside the nanotube

v v

High loading efficacy/Slow release Low loading efficacy

Figure 5. Schematic representation of the effect of
different loading conditions on the properties of drug-
loaded halloysite nanotube carriers (Lisuzzo et al,
2021).

The synthesis of chitosan-coated nanocomposites for
long-term drug delivery was recently published by Paul
etal (2022), According to this study, HNTs were loaded
with diclofenac sodium and then a chitosan
nanocomposite was prepared. The biocompatibility of
the prepared HNT/diclofenac loaded chitosan
composite was tested with human endothelial cells, and
it was found that it showed more than 80% viability.
According to this result, the usability of the synthesized
HNT-based nanocomposites in wound healing and drug
delivery systems has been demonstrated.

Halloysite is one of the clay minerals with the maximum
efficiency in nano drug carriers. Therefore, Barmen et al.
(2020) used norfloxacin as a model drug and used HNT
to evaluate the antibacterial effect of this drug. In
addition, in-vitro release studies were carried out by
embedding chitosan into the norfloxacin-loaded HNTs
to prepare bio-nanocomposite films. Accordingly,
norfloxacin-loaded HNTs were found to be effective
against gram-positive and gram-negative bacteria. In
vitro drug release from FN (chitosan alone) and F4
(halloyside-loaded chitosan) samples were recorded at
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6 hours as 41% and 31%, respectively, and it was shown
that halloysite-loaded chitosan had a more sustained
effect on drug release. The biocompatibility of
halloysite/chitosan nanocomposites and their stability
in the aqueous environment, as well as their usability in
biomedical applications including drug delivery and
wound healing, resulted to this study.

Saleh et al (2021) used HNT as a drug carrier to
penetrate the rat-brain microvascular endothelial cell
membrane and deliver cargo. HNTs were labelled with
rhodamine B isothiocyanate (RITC) followed by
prolonged drug release using ionomycin. Accordingly,
ionomycin effectively released its charges in vitro over a
long period of time. The penetration of HNTs was tested
with a blood-brain barrier model using endothelial and
astrocyte cells, and it was observed that HNTs were able
to cross this model barrier. Thus, it has been shown that
HNTs can potentially be used in drug delivery systems.

In another study, Arshad et al. (2022) aimed to reduce
the coagulation time by applying chitosan (CHT) and
microcomposites  (MC)  together with  HNTs.
Accordingly, percent loading and percent release were
investigated to confirm the sustained releases of
ciprofloxacin-loaded CHT/HNTs MCs. A total of 75%
penetration of ciprofloxacin into the rat intestinal
membrane was observed within 3 hours. Bleeding
disorders in LGIB have been controlled with another
similar antibacterial agent, such as ciprofloxacin, to
assist in the development of drug carriers.

Succesful preparation of cross-linked cellulose/HNT
composite hydrogels were reported by Huang et al
(2017). These composite hydrogels were loaded with
curcumin, which is used as a model drug, and its effect
on cancer cells was examined. They reported a good
inhibition effect on MCF-7 cells. In addition, its
cytotoxicities in both MC3T3-E1 and MCF-7 cells were
investigated, and it was observed that it exhibited good
biocompatibility in both cells. As a result, the HNT-based
hydrogels have emerged as a promising development in
applications such as drug delivery systems.

Kurczewska et al (2018) aimed to improve drug
delivery capasity of HNTs by functionalization with
polyamidoamine (Hal-PAMAM) dendrimers and 3-
aminopropyltrimethoxysilane (Hal-APTS). In their
study, in which chlorogenic acid, ibuprofen, and salicylic
acid were used as model drugs, drug release and the
effect of the synthesised material on living organisms
were investigated. The release rate of chlorogenic and
salicylic acid with Hal-PAMAM was observed to be quite
slow but had no effect on ibuprofen release. They stated
that Hal-PAMAM is a suitable material for use in
biomedical applications such as the transport of drugs
with small molecular sizes, since it does not have a
negative effect on living organisms.

Cheng et al (2020) synthesised a halloysite-based
hydrogel by adding a fluorescent derivative carrying
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two arylboronic acid groups and used this material to
create a H20:-sensitive drug delivery system that
produces fluorescein. Drug-loaded HNTs (DHNTSs) have
been characterized, and it has been proven that the drug
is loaded into the nanotube cavity. In the study, it was
seen that the H202 concentration affected the release,
and the release was done completely and quickly with
the increase in the concentration. In addition, it has also
been shown that fluorescence intensity and oscillation
were directly proportional each other.

Another study based on HNT as drug delivery system
was reported by Hamedi and Koosha (2020). First, they
loaded anthocyanins extract from black carrots to HNT.
The release of anthocyanins from HNT in vitro was
investigated by the pH-differential method and it was
shown that the best mathematical model was the
Korsmeyer-Peppas model. In addition, when the
activities of anthocyanin-loaded HNTs against cancer
cells such as MCF-7 and HT-29, the proliferation of cells
was largely inhibited. Since the release of anthocyanin
from HNTs is pH sensitive, it has been predicted that this
system can act as a good drug carrier for inflamed
tissues and cancer cells and can be used in blood sugar
control.

A multitasking drug delivery system was designed by
Dramou et al (2018) Folic acid-chitosan
oligosaccharide/magnetic = HNTs (FA-COS/MHNTSs)
were succesfully prepared for intracellular uptake of
anticancer drug carriers. Camptothecin (CPT) was
loaded into the lumens of FA-COS/MHNTSs to examine
their release profiles at different pHs. While 83% of CPT
release occurred at pH 5 in 24 hours, much less release
was observed at pH 6.8 and 7.4 even after 48 hours. In
addition, the high cytotoxic effect of CPT-loaded
nanocarriers demonstrated an extraordinary usefulness
in killing cancer cells. Thus, this synthesized nanocarrier
has opened a new door for the delivery of tumour-
targeted medicines and various biological applications.

Lietal (2016) developed an innovative nanocomposite
with HNTs for ibuprofen drug release. APTES
modification was carried out to improve the
performance of the material.

A novel HNT-based pH-sensitive drug carrier for the
release of an anti-cancer drug, doxoribucin (DOX) was
reported by Hemmatpour et al (2022). HNTs were
coated with polydopamine and then grafted with
poly(N,N-dimethylaminoethyl methacrylate) brushes
onto the HNT-PDA surface via electron transfer in atom
transfer radical polymerization. It has been shown that
synthesised modified HNTs cause a pH-sensitive release
and the drug loading capacity is increased
approximately twice (185 * 15 mg.gl) compared to
previous studies. It has also been observed that faster
release occurs at pH 5.5 than at pH 7. It was thought that
if the biocompatibility of the synthesized carrier could
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be proven, it would be a good candidate for the
transport of toxic drug molecules to acidic sites.

3.2. Immune Therapy and Anti-infection

Shu et al (2017a) reported antibacterial
nanocomposites via preparation by incorporating Ag
and ZnO nanoparticles into HNTs. The antimicrobial
activities of gram-negative E. coli and Ag-ZnO/HNTs
were tested and they obnsreved high activity and
stability. These results showed that the synthesized
nano-composite is a promising candidate for use in
antibacterial domains.

In another study by Shu et al. (2017b), A homogeneous
co-precipitation method of CeO2 and ZnO nanoparticles
in the ethanol system was used. With this method, a
modified and antibacterial Ce02-ZnO/HNTs
nanocomposite was obtained on the HNT surface. The
antibacterial effects of ZnO, ZnO/HNT and CeO2-
ZnO/HNT nanocomposites were investigated with E.
coli and Ce02-ZnO/HNT nanocomposites showed the
best activity with 8% cell viability. Based on this result,
it has been predicted that the nanocomposites could be
used as a disinfectant to prevent bacterial growth and
spread. In another study, Zhang et al. (2013).
AgNPs/HNTs were synthesized using AgNPs with
antibacterial activity and HNTs with highly
advantageous properties. They tested the antibacterial
activities of AgNP/HNTs using gram-negative and gram-
positive bacteria. When the results were evaluated, they
observed that the growth of E. coli and S. aureus bacteria
was largely inhibited. They reported that the
synthesized AgNP/HNTSs could be used in the field of
biomedicine.

Majumder et al. (2022) used different methodology to
locate AgNP in HNTs. They grafted silver nanoparticles
onto halloysite nanotubes after modifying with tannic
acid, and a new nanocomposite (GH-TA-Ag-NT) was
synthesized. The bacterial activity of the nanocomposite
was tested with E. coli ATCC 25922, S. aureus ATCC
25923 and Salmonella enterica serovar Typhimurium
bacteria and showed very good antibacterial properties.
In addition, when the effect of nanocomposite in curing
gastrointestinal infection was examined, it was
observed that Salmonella colonisation was significantly
reduced within 24 hours. It has been observed that this
biocompatible, economical, and safe nanocomposite
synthesised is effective against antimicrobial resistant
bacteria and could be a new alternative source for the
overuse of antibiotics.

Usage of surfactants in the modification of HNTs was
reported by Abhinayaa et al (2019). They obtained
modified-HNTs (SM-HNT) using surfactants such as
cetyl trimethylammonium bromide (CTAB), sodium
dodecyl sulphate (SDS), and Tween 80 and tested them
against phytopathogenic bacteria. SM-HNTs were found
to be quite effective in killing A. tumifeciens, X. oryzae,
and R. Solanacearum bacteria. Among these modified-
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HNTs, CTAB-HNTs has been dtermined to be more
effective in disrupting cell membrane integrity,
suppressing growth and inhibiting biofilm formation
due to its physico-chemical properties. Consequently,
SM-HNTs have been shown to be a new nanomaterial
that can be used to selectively control plant pathogenic
bacteria. Figure 6 shows a schematic representation of
the phytopathogen killing efficiency of intact Hal
nanotubes and surfactant modified Hal nanotubes (SM-
Hal nanotubes).
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Figure 6. Schematic representation of the
phytopathogen Kkilling efficiency of intact Hal nanotubes
and surfactant modified Hal nanotubes (SM-Hal
nanotubes).

A new and viable method by designing carvacrol-loaded
HNTs as an antimicrobial agent and water-based
polyurethane nanocomposite coatings was
demonstrated by Hendessi et al. (2016). The release and
antimicrobial activities of carvacrol-loaded HNTs were
investigated, and it was shown that carvacrol was
effectively released for one week and inhibited the
growth of pathogenic microorganisms. With the
prepared carvacrol-HNT/PU nanocomposite films, the
effect on A. hydrophila bacteria was investigated, and a
decrease in the number of bacteria was observed. In
addition, nanocomposite films have been shown to
inhibit bacteria for two days. As a result, it has been
predicted that prepared nanocomposites may weaken
or prevent bacterial infections.

Fakhrullina et al. (2019) have studied halloysite-based
nanocaps that are functionalized with antimicrobial
effect. Accordingly, curcumin was loaded onto HNTs by
the vacuum loading method and then coated with
dextrin to obtain HNT's+Curc/DX nanocontainers. The
antimicrobial effects of the synthesised nanocaps were
investigated in vitro and it was observed that they
effectively suppressed the growth of S. marcescens cells,
while E. coli bacteria were not affected. In addition, the
synthesised nanocaps successfully suppressed the
infection in C. elegans nametodes infected with S.
marcescens and extended the life expectancy of worms
infected with pathogenic bacteria. According to these
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results, it is thought that new applications can be found
in the treatment of dysbiosis by suppressing unwanted
microflora.

3.3. Cancer Therapy

Guryanov et al (2020) reported a promising
nanoformulation that can be used in the anticancer
treatment of Prodigiosin, which is effective against
various cancer cells. The effect of prodigiocidone-loaded
HNTs on malignant and non-malignant cells was
investigated. They concluded that p-HNTs showed
selective cytotoxic and genotoxic activity. By inhibiting
the proliferative activity of Caco-2 and HCT116 cells, P-
HNTs disrupted the F-actin structure and changed the
cell morphology. As a result, the synthesised p-HNTs
created an anticancer effect, and it was assumed that
this effect would be effective in the treatment of living
tissues in vivo.

Succesful synthesis of HNT/Fe304 nanocomposites was
carried out by Abhinayaa et al (2018). Bacterial
interactions of nanocomposites and their effects on
cancerous and non-cancerous cells have been studied by
various tests. HNT/Fe304 was found to be less toxic to
bacteria and biocompatible with non-cancerous cells.
Additionally, it caused a cytotoxic effect on cancerous
cells. As a result, the synthesised nanocomposite has
been demonstrated to be a biocompatible nanomaterial
with low toxicity to bacteria and high toxicity to cancer
cells.

Liu et al. (2019) developed HNT nanoclusters
(HNT's/siRNA complex) to efficiently deliver siRNA to
target receptor-interacting protein kinase 4 (RIPK4) for
the treatment of bladder cancer. HNT/siRNA complex
has been shown to inhibit tumour growth and
progression in cancer cells in vivo and in vitro and has
no toxic effects on non-cancerous cells.

Tan et al (2021) loaded HNTs with type II
photosensitive indocyanine green (ICG) and labeled
with  Fluorescent isothiocyanate (FITC) for
phototherapy. The HNTs-FITC-ICGs were then
surrounded by a red blood cell membrane (RBCM). With
the combination of these structures, the HNTs-FITC-
ICG-RBCM nanocarrier was synthesized. We conjugated
anti-EpCAM with streptavidin (SA) to HNTs-FITC-ICG-
RBCM to improve specific recruitment of cancer cells.
HNTs-FITC-ICG-RBCM-SA-EpCAM was designed for
tumor targeting in breast cancer treatment. The
photothermal and antitumor effects of the designed
versatile nanoparticle were investigated. It has been
reported that it exhibits anticancer activity in the
presence of laser light and is highly effective in targeting
cancer cells. Khodzhaeva et al. (2017) investigated the
effect of binase with selective cytotoxicity against cancer
cells immobilized on HNTs for antitumor therapy.
Experimental work of immobilization of binase on HNTs
is schematized in Figure 7.
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Figure 7. Immobilization of binase on HNTs and
schematic representation of cell work (Khodzhaeva et
al,2017).

They reported that the Binaz-HNT composite has the
potential to be used in clinical applications.

3.4. Bioimaging and Biosensing

The convenience of specific surface modifications of
HNTs is utilized in various studies such as increasing
drug release activities, anticancer activities and tumor
targeting. In recent years, interest in HNTs in bioimaging
studies has been increasing (Kurczewska et al., 2018;
Mo et al., 2020).

Biosensors are the systems that perform analysis for the
detection of a specific analyte. This analysis takes place
by selective biochemical molecular recognition. In
general, the system works as the recognition of the
material to be analyzed, then the conversion of this
analysis into a signal and the detection of the resulting
signal (Kerman et al, 2003). HNTs are promising
materials as electrocatalysts due to their low cost, non-
toxicity, compatibility with modification and thermal
stability (Kokulnathan et al., 2022). In addition, siloxane
groups, aluminol groups and other reactive groups in
the structures of HNTs are effective in the
immobilization of biological species. Therefore, the use
of HNTs in electrochemical sensors is advantageous.
(Tully et al, 2016). HNTs are materials that have been
widely used in biosensor studies in recent years.

Luo et al (2020) have developed multifunctional
nanoparticles for imaging and treatment in breast
cancer by forming Fe30s nanoparticles fixed on the
outer surfaces of HNTs, and composites made of
doxorubicin loaded into nanotubes. A schematic
illustration of the use of the HNT@Fe304@PPy@DOX
complex in cancer therapy is given in Figure 8. As a
result of in vitro experiments, it has been determined
that this nanocomposite is a fast, effective, and
biocompatible option for both bioimaging and clinical
targeting therapy for breast cancer.
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Figure 8. Schematic diagram showing
HNT@Fe30:@PPy@DOX expression and its use in
cancer therapy.

Fluorescent gold nanoclusters (AuNCs) with an average
diameter of 2.7#1.0 nm, stabilized with 11-
mercaptodecanoic acid, on aminosilane-modified
halloysite nanotubes has been successfully prepared by
Gorbachevskii et al. (2021). As aresult of in vitro studies,
it was concluded that the synthesized composite
material showed good uptake by cells. The material was
found to cause no significant toxic effect and no visible
membrane damage in the concentration range of 25-50
pg.mL-1. This concentration-dependent mechanism of
toxicity concludes that it is an effective material for
using halloysite-stabilized AuNCs for halloysite
visualization in biological objects, bioimaging, and
cancer therapy.

Stavitskaya et al. (2018) performed a stabilized study on
HNTs to investigate the fluorescence and cytotoxicity of
cadmium sulfide (CdS) quantum dots (QD). In this study,
they synthesized 6-8 nm CdS and CdxZni-xS
nanoparticles inside and outside the HNTs using a
ligand-assisted method. They tested the synthesized
composites on human skin fibroblasts and prostate
cancer cells. At the end of the study, they reported that
in human cell cultures, HNT-QD composites were
internalized by living cells and showed intense and
stable fluorescence with pronounced nanotube light
scattering. As a result of fluorescence and cytotoxicity
experiments, they reported that cadmium-zinc sulfide
QD azine grafted on HNT is the most promising
materials for bioimaging.

A laccase-halloysite nanotube and imidazolium
zwitterionic  surfactant-based biosensor for the
determination of dopamine was developed by Decarli et
al. (2022). Dopamine detection has been effectively
studied using a modified electrode that offers the
synergistic effect of laccase immobilized on HNT and a
surfactant. It is concluded that this combination has
remarkable sensitivity, wide linear range, selectivity
and detection limit values. It was concluded that this
biosensor, which was produced by showing a successful
result in the determination of dopamine in the analysis
made with real samples, is an efficient approach.

Sen et al (2022) developed a magnetic halloysite
nanotube-based SERS biosensor with Au@Ag core-shell
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nanotags for the specific detection of bisphenol A. A
wide linear range of 0.001-100 ng.mL, an R? value of
0.9944, and a detection limit of 0.75 pg.mL! were
obtained. It was found that the prepared SERS
aptasensor developed quite good Raman signal and
exhibited SERS sensitivity. The developed magnetic
halloysite nanotube-based aptasensor offers a wide
variety of applications in the food safety and
environmental health sectors.

An electrochemical immunosensor designed by Li et al.
(2017) for the prostate-specific antigen (PSA) detection.
In this work, cost-effective and biocompatible HNTs,
conductive polypyrrole and electrocatalytic palladium
were used. Modified glassy carbon electrodes (GCE)
were prepared with nanocomposite of HNT, polypyrrole
and palladium nanoparticles (HNTs@PPy-Pd). A
schematic representation of the preparation of the
immunosensor is presented in the Figure 9.
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Figure 9. Schematic illustration of the preparation of
HNTs@PPy-Pd  nanocomposite = modified  GCE
electrodes.

They reported that the immunosensor they developed
showed a wide linear range (0.0001 to 25 ng/mL) and a
low detection limit (0.03 pg/mL) for PSA detection.

3.5. Regenerative medicine

Tissue engineering is a multidisciplinary field in which
sciences such as biology, pharmacy, medicine,
engineering, and chemistry are used together to
produce biomimetic composites. The main purpose in
tissue engineering is to restore the tissue's function by
repairing, protecting, or improving the tissue
(Nekounam et al, 2021). Developing an effective
scaffold for tissue repair is an important part of the
process, and therefore, developing scaffolds that can
mimic the functional and structural nature of damaged
tissue has been an area of much research in recent years
(Mabrouk et al, 2020). In the manufacturing phase of
scaffolds developed for tissue engineering applications,
natural polymers can be encountered, as well as
synthetic polymers. While natural polymers have
disadvantages such as weak mechanical properties,
synthetic polymers have disadvantages such as
cytotoxicity. It has been observed that successful results
are obtained when the positive properties of both
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polymer groups are used in combination and the
process is optimized (Gu et al, 2016).

Many patients receive medical treatment for orthopedic
problems and more than 2 million bone graft operations
are performed annually. Halloysites are attractive
materials for applications in bone tissues, implants and
scaffolds (Campana et al., 2014). Contamination and
infection are quite common in cases where bone defects
caused by disease or trauma occur. This can seriously
impair the normal function of bone tissues in the defects.
Eventually, there are cases that lead to implant failure.
Therefore, the control of infection is a very important
and even vital factor in the success of bone regeneration
(Weietal, 2019).

Autograft and autotransplantation are traditional
methods used in surgery for the treatment of damaged
tissues. However, these methods are too limited for both
bone and damaged tissue reconstructions due to high
cost, organ failure, risks of immunological rejection, and
postoperative complications Ou and co-workers (2020),
designed a hybrid antibacterial hydrogel for bone
regeneration. This study developed a strategy
combining antibacterial and osteoimmunomodulatory
activities with nanosilver particles, HNTs and GelMA
(Ouetal., 2020).

HNT is also used in dental applications. HNT is often
combined with resin dental composites (RDC) and used
as afiller in dental treatments. HNT affects the biological
and bioactivity properties, microhardness, bending
strength and maximum polymerization rates of the
materials it is included in (Gkouma et al, 2021).

Skin wounds pose a significant problem with
approximately 300 million chronic and 100 million
traumatic wound patients worldwide. Although the
treatments applied for acute and regional wounds are
effective, there are some difficulties in the long-term
care and treatment of large-area chronic wounds and
burns (Das and Baker, 2016).

Various ways are sought to prevent deaths due to blood
loss caused by injuries. For this purpose, Li et al. (2021)
designed hydrogels for use in wound treatments. In the
study, they synthesized the hydrogels using chitosan
(CS) and oxidized dextran (ODEX). They aimed to
improve their performance by adding HNT to hydrogels.
They reported that while hydrogels can be injected, they
can also form gel in situ by a Schiff base reaction
between CS (amino groups) and ODEX (aldehyde
groups). As a result of their experiments, they observed
that the HNT-doped hydrogels effectively stopped the
bleeding. Most importantly, they reported that the
hemostatic capacity of hydrogels increased thanks to
HNTs.

The effect and speed of kaolinite group clay minerals on
wound healing are known. These materials, which have
high hemostatic activity, are frequently used in wound
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treatments (Long et al, 2018). With this knowledge,
HNT has become a very popular material in wound
healing studies.

It can be said that by making the actively used and
known biocompatibility materials more functional with
additives such as nano-scale inorganic materials, filling
materials or halloysite, it can be said that the existing
tissue damage repair methods will be an alternative
approach to all known problems and obstacles to be
overcome. HNTs are among the most frequently used
materials in regenerative medicine applications such as
tissue engineering, bone regeneration, dental
treatments, wound healing and the like. Some case
studies using HNT in these areas are listed below.

Schmitt et al. (2015) prepared plasticized starch-based
nanocomposite foams by melt extrusion using water as
the blowing agent. They found that the addition of
halloysite nanotubes to the plasticized starch matrix
promoted cell nucleation and reduced cell size. They
concluded that HNTs act not only as a nucleating agent
but also as a barrier to limit cell growth leading to
macroporosity in the material. As a result of the study,
porous nanocomposites based on plasticized starch
with a mixture of glycerol and sorbitol and containing
6% halloysite by weight, produced at a molding
temperature of 117°C, have high porosity,
macroporosity supporting the formation of cellular and
extracellular components of bone and blood vessels, and
adequate mechanical properties. They concluded that it
would be very useful for bone substitutes or bone
cement applications thanks to its important properties
such as strength.

Khan et al. (2019) synthesized CTS/n-HAP/HNT (CHH I-
III) nanocomposites. It was concluded that the
mechanical properties of the membranes improved at
7.5% (w/w) HNT loading to the produced composite. In
the second part of the study, low amounts of TiO2
nanoparticles (NPs) and TiO2z nanotubes (NTs) were
added to the CTS/n-HAP/HNT nanocomposite. The
effect of TiO2s on antibacterial activity and
osteoconductivity was investigated. The CHH-TIiT
membrane was tested for growth studies of S. aureus
and E. coli The results showed that the CHH-TIT
membrane was successful in inhibiting growth within
16 hours. They concluded that there is a potential to use
CHH-TIT (7.5% HNT and 0.2% TiO2 NT) membranes as
a template for guided bone tissue regeneration.

To overcome the limitations of the CS/GP hydrogel,
Vasheghani-Farahani et al (2021) an injectable
nanocomposite (NC) chitosan hydrogel containing
modified HNT nanotubes (mHNTs) was synthesized.
The synthesized hydrogels were aimed to be used for
bone tissue engineering applications. mHNTs/CS/GP NC
hydrogels were prepared as heat sensitive and
injectable. Modification of HNTs with chitosan has been
found to increase capture efficiency and loading
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capacity by reducing the initial burst release of Icariin
from nanotubes. It was concluded that the NC chitosan
hydrogel containing the produced IC@mHNTs is a
suitable candidate for bone tissue engineering
applications.

Kumar and Han (2021) synthesized polyacrylamide
(PAM)/polyvinyl alcohol (PVA) (PMPV) based hydrogel
by free in situ radical polymerization method. They
added bioactive glass and haloysite nanotubes (HNT) to
the hydrogels they synthesized to improve their
mechanical properties and biomineralization. BGs
provide enhanced cell affinity and bone-binding ability
for the hydrogel system. HNTs improve their mechanical
performance. It has been observed that the porosity
decreases slightly with the addition of BG and HNTs to
PMPV hydrogels, which have a porous structure. It has
been determined that PMPV/BG@HNT hydrogels show
higher mechanical strength when compared to other
hydrogels. Cell growth studies of hydrogels showed cell
growth between 3 and 14 days.

De Silva et al. (2018) reported fabrication of HNT-doped
alginate-based nanofiber scaffolds by electrospinning
technique. It is intended to be a material that mimics the
natural extracellular matrix (ECM) structure useful for
tissue regeneration. The HNT alginate-based matrix is
loaded with an antiseptic drug, Cephalexin (CEF).
Thanks to the structure of HNT that allows drug loading,
it has been determined that CEF easily accumulates in
the lumen cavity and outer walls. It is noted that the total
loading capacity is 30% by weight. It was observed that
the addition of HNT increased the tensile strength 3
times and the elastic modulus 2 times. It was also found
that CEF loaded HNT-doped alginate-based scaffolds
showed superior antimicrobial properties against S.
aureus, S. epidermidis, P. aeruginosa and E. coli. It was
concluded that the developed alginate-based
electrospun scaffolds with superior mechanical
properties and antimicrobial activity are a candidate
material to be used as artificial ECM scaffolds for tissue
engineering applications.

The preparation of mechanically strong and
biocompatible cryogel composites based on hyaluronic
acid (HA) and HNT in various compositions and their
applications as scaffolds for different cell growth media
has been stadied by Suner et al. (2019). Superporous
HA: HNT cryogel composites were prepared under
cryogenic condition in different HA: HNT weight ratios
such as 1:0, 1:0.5, 1:1 and 1:2. It was determined that
with the increase of HNT content in the composite
structure, the mechanical and thermal stability
increased in parallel. Bare HA and HA: HNTs cryogel
composites were found to be non-hemolytic materials in
the range of hemolysis rates of 0.63% to 1.39%. It was
also found to be slightly hemostatic when in contact
with human blood, with blood coagulation indices of
14.5-17.3, respectively. HA: HNTs cryogel composites
have been determined to be as promising materials as

] ESOGU Engin Arch Fac. 2023, 31(4), 955-974

tissue engineering scaffolds with their macroporous
structures, high thermal and mechanical stability, good
blood compatibility.

Barot et al. (2020a) have conducted a study for the
physicochemical and biological evaluation of
immobilized HNT-based resin composite silver
nanoparticles for dental applications. In this context,
they concluded that the mechanical properties of
HNT/Ag added (1-5% by weight) dental resin
composites were significantly improved thanks to HNT.
It was observed that the addition of HNT/Ag more by
mass (7.5-10% wt) did not cause any improvement in
the mechanical properties of the dental resin. Finally,
the corresponding HNT/Ag-based dental resin
composites did not show significant cytotoxicity against
NIH-3T3 cell lines. It has also been found that HNT/Ag
added to the resin matrix provides additional microbial
protection to the dental composite. Therefore, the use of
HNT/Ag as a filler with antimicrobial properties is
highly advantageous for the development of robust
dental composites.

3.6. Prosthetic materials

Prostheses are biomaterials used to heal, fix or replace
damaged joints and bones. The need for orthopedic
biomaterials has been increasing over the years.
Implants can be produced from ceramic, polymer, metal
or composite materials. The most important issues in
the production of prosthetic materials are; it is not
allergic or carcinogenic, does not cause toxic effects and
is biocompatible. Halloysite nanotubes are suitable for
use in coatings of prosthetic materials. In addition, HNTs
can be used as prosthetic materials together with
polymeric materials. The combination of HNTs and
polymeric materials provides some advantages: 1)
improving the durability of the prosthetic material
coating, 2) no need to carry out the sintering process, 3)
accelerating the transmission of active ions.

There has been great attention to design functional and
advanced prosthetic materials. Acrylic materials, which
are widely used in dentistry, are preferred in dental
prostheses. Currently, there are carbon nanotube doped
acrylic dental prostheses. However, these dental
prostheses have very low mechanical strength. Also,
carbon nanotubes are more expensive compared to
HNTs. Gawdzinska et al. (2019), developed a composite
nanofill material with silane-linked aluminum
trihydrate (ATH-sil) and gelatin-modified HNT in 2019.
In the study, it was observed that HNT was well
dispersed in the gelatin polymer matrix. When
composite prostheses containing HNT were evaluated, it
was reported that their mechanical properties improved
and they showed better mechanical strength
(Gawdzinska et al, 2019).

Some implants are used for short-term treatment, while
others need to be used for much longer. In long-term
implants, it is desirable that the material used should
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not cause any toxic effects. For this reason, one of the
most important features that should be in implants for
materials scientists is biocompatibility. By considering
the biocompatibility requirement in implants, chitosan
and HNT composite coating were applied on titanium
substrate as studied by Molaei et al. (2016). With this
study, they aimed to improve the corrosion resistance of
the titanium substrate. It has been reported that
chitosan/HNT film offers better apatite-inducing
performance thanks to HNTs. One of the metals
frequently used as implant material is titanium alloys
(Ti-6Al-4V). Titanium implants release V and Al ions
into the human body. This is undesirable for bone tissue.
To overcome this situation, Chozhanathmisra et al
(2022) used a biocomposite coating consisting of HNT,
alginate  (ALG), hydroxyapatite = (HAp), and
polyvinylalcohol (PVA) on titanium implants. They
noted that HNT-PVA-ALG-HAp coating improved
osteoconductive and mechanical properties. In another
study, HNT, modified hydroxyapatite (MHA), poly(3,4-
ethylenedioxythiophene) (PEDOT) coating was applied
on titanium to prevent bacterial infections caused by
titanium implants. In the study, HNT-PEDOT-MHA
coating provided good corrosion resistance and better
biocompatibility  for  the  titanium  material
(Chozhanathmisra et al, 2018).

Thanks to the rapid development of technology, 3D
printing technique has entered many different fields. By
using 3D printing technique, Sa and co-workers (2019)
worked on 3D antibacterial dental composite resins. Ag-
containing HNTs were used to impart antibacterial
properties to stereolithography resins. HNTs also
improved the mechanical properties of the resins. It has
been determined that Ag-HNT 3D composite material,
which has antibacterial properties and does not cause
toxic effects, has a potential for use in dentistry. In
another study, a three-dimensional bioactive scaffold
consisting of polydioxanone (PDS) and HNTs was
prepared by electrospinning. An increase in fiber
diameters was observed with the inclusion of HNTs in
scaffolds designed for regenerative endodontics
(Bottino et al, 2015).

Azmi et al (2017) synthesized PVA and HNT based
hydrogels. PVA-HNT hydrogels formed by incorporating
HNT into PVA hydrogels were kept in body fluid for one
week. As aresult of this experiment, it has been reported
that PVA-HNT hydrogels are suitable for artificial
cartilage material. If hydroxyapatite (HA) is desired to
be used for bone replacement, it should be considered
that it is not suitable for use alone because it is both
fragile and does not show antibacterial properties. For
this reason, Chozhanathmisra et al. (2016) benefited
from the positive effects of strontium (Sr?*) metal ion on
bone formation and the antibacterial property of Sm2*
metal ion in their studies. Sr, Sm substituted HA (M-HA)
/zinc (Zn)-HNT coating was applied on titanium alloy
for use in orthopedic applications. It was stated that
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implant materials with good corrosion resistance were
obtained with M-HA /Zn-HNT coating. Hasan and Ali
(2018), in their study, they investigated the effects of
adding HNT to the acrylic coating material used in
prostheses. They tested the change with HNT added in
the concentration range of 0.5% and 1.5% by weight.
They reported that there was no difference in the
thermal and surface properties of the coating material at
both concentrations. However, they found that the
mechanical strength was improved with the addition of
HNTs. Vankatesh and co-workers (2019) have worked
to develop 3D-printed implant materials. In this study,
they strengthened poly lactic acid (PLA) which they
used as the basic polymer, with biocompatible HNT.
They reported that the material showed good
mechanical properties thanks to HNTs. Molaei and
Yousefpour (2019) investigated the potential for the use
of chitosan-based nanocomposites in orthopedic
applications. In their research, they worked with
bioactive glass which helps bone repair, hydroxyapatite
which has similar properties to bone structure and
HNTSs, which provide resistance to biomaterials. As a
result, they noted that biodegradation is facilitated by
HNTs.

Recent studies show that the need for orthopedic
implants increases every year (Ji et al, 2017). Ji and his
team (2017) contributed to the field of orthopedic
biomaterials by working on gelatin and HNT added
composite biomaterials. In their studies, ibuprofen, an
analgesic, antipyretic and anti-inflammatory drug for
the treatment of bone diseases, was loaded onto HNTs.
It has been observed that the mechanical performances
of gelatin matrices are improved by adding HNT. They
also reported that the HNT-doped gelatin system shows
a better drug release profile compared to the gelatin
scaffold alone. In another study, polycaprolactone-
polyethylene glycol-polycaprolactone/gelatin
(PCEC/gel) three-dimensional hydrogel scaffolds were
prepared. Nanohydroxyapatite, HNT and iron oxide
nanoparticles (Fe304) are included in the structure. The
results showed that the PCEC/gel/HNT scaffold is
biocompatible and has good mechanical properties. It
has been reported to be suitable materials for use in
bone treatment applications (Same et al, 2022). In order
to prevent infections caused by implants, a study was
carried out using 3D polylactic acid (PLA), chitosan
oligosaccharide lactate (COS) zinc halloysite-silver
nanoparticles (ZnHNTs-Ag). In the study, the
antibacterial property of the COS-ZnHNTs-Ag coating
was tested (Humayun, et al., 2022).

Tappa et al. (2014) worked on calcium phosphate
cements (CPCs) to contribute to dental and orthopedic
practice studies. CPCs were prepared in composite form
with HNT and antibiotic additives. It was found that
CPC-HNT composites showed both more effective drug
release mechanism and good mechanical properties. In
a different study, research was conducted on the

965



ESOGU Miih Mim Fak Derg. 2023, 31(4), 955-974

improvement of dental resins after HNT
supplementation. It was concluded that HNTs improve
the mechanical properties of dental composites (Chen et
al, 2012). Torres et al. (2020) conducted a study aiming
to show the behavior of hydroxyapatite and HNTs in
different polymers. For this purpose, they worked with
polyester poly (e-caprolactone) (PCL), poly (lactic acid)
(PLA) acrylate poly (2-hydroxyethyl methacrylate)
(PHEMA), poly (ethyl methacrylate) (PEMA) polymers,
which are widely used in the biomedical field. With this
study, they aimed to prepare a new biomaterial for
prostheses and at the end of the study they found faster
degradation and improvement in mechanical
properties. HNT-doped hydrogels were synthesized to
improve the Young's modulus of gellan gum-based
composite hydrogels for cartilage repair (Banifacio et al.
2018). Classical hydrogels show a compressive modulus
of 10 to 60 kPa while HNT-doped hydrogels have been
noted to show a modulus of compression from 116 to
143 kPa. In another study, a different method was
presented to develop new dental restoration materials.
In this study, it was aimed to prepare advanced dental
biomaterials with chitosan and HNTs. When the results
of the study were evaluated, it was found that HNTs
strengthened the composites (Cho et al., 2020).

Abdollahi Boraei et al (2021) designed a
nanocomposite  scaffold  with  gelatin-hallosite
nanotubes (HNTSs). In their study, they combined the
advantageous properties of both gelatin and HNTs. They
determined that the bone regeneration ability increased
thanks to the nanocomposite scaffolds loaded with
strontium ranelate. They found that the addition of
HNTs to the nanocomposite structure improved the
porosity and mechanical properties. Wei et al. (2012)
conducted a study on PMMA bone cement doped with
gentamicin loaded halloysite nanotubes. They searched
for the most appropriate HNT ratio. They observed that
the mechanical properties of the composite structure
were improved by the HNT addition of PMMA bone
cement.

Mathi et al (2020) presented an approach for
orthopedic implant applications combining
hydroxyapatite (HAP) with polyhydroxybutyrate (PHB)
and halloysite nanotubes (HNT). With their work, they
showed that the mechanical strength, easy accessibility,
low cost and low toxicity of HNT are useful materials for
bone implant. Xia et al. (2022) developed halloysite
(HNT)/phytic acid (PA) coating material sensitive to pH
stimuli. In their study, silk-HNT/PA coatings were used
to improve the corrosion resistance and osteogenesis of
Mg alloy osteoimplants. At the end of the study, they
observed that HNT effectively increased the self-healing
effect. The production of HNT added composite
materials used in implant coatings is shown
schematically in the Figure 10.
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Figure 10. Schematic representation of the production
process of HNT added surface coating materials used in
implant materials.

Toxicity of prosthetic materials requires frequency of
treatment and this reduces the quality of life of patients.
In addition, biomaterials can undergo deformation
during daily activities. Looking at the studies in the
literature, it is seen that the use of HNTs gives
biomaterials superior properties such as hardness and
durability.

3.7. Hygiene and Cosmetic Materials

It has become popular for developing products. With the
acceleration of studies in nanotechnology, various
researches are carried out for new cosmetic
formulations. Natural halloysite nanotubes have also
taken their place in cosmetic formulations thanks to
their prominent features. The inclusion of HNTs in
cosmetic products improves the performance of the
products. It can improve the textures of cosmetic
formulations, extends shelf life and increases their
effectiveness.

The expectation of new products for hair care,
preventing hair loss or strengthening hair is increasing.
HNT-added formulations are also beneficial for hair
products. For example, Cavallaro et al (2020) have
designed a HNT and keratin based UV protective hair
product for use in hair treatment. Through HNTs,
HNT/keratin was immobilized on hair cuticles. The
results showed that the keratin/HNT dispersion has a
hair protection capacity of 50-60%. In another study,
HNT was loaded into hair dyes and drugs to create a new
hair care formulation by taking advantage of the long
stay of HNTs on the hair surface. Lawson (2-hydroxy-
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1,4-naphthoquinone), a dye type, was loaded onto HNTs.
In this way, it has been observed that the hair dye
maintains its effect up to six washes. This method has
been tested on animals and effective results have been
obtained (Panchal et al, 2018). Bertolino et al. (2017)
characterized HNTs in the presence of different
biopolymers for medical and cosmetic applications.
They investigated the surface and thermodynamic
properties of HNTs in aqueous solutions of biopolymers
such as chitosan, pectin and hydroxypropyl cellulose.
Modified HNTs have shown potential for use in stimuli-
sensitive release systems. Degrazia et al. (2018)
conducted experiments on an orthodontic adhesive. For
the experiment, they tested the antibacterial activity
and bioactivity of orthodontic adhesives containing
triclosan-loaded HNT (TCN-HNT). At the end of the
study, it was noted that the bonding properties of TCN-
HNT orthodontic adhesives increased and they showed
effective antibacterial properties. Chlorhexidine (CHX)
loaded HNTs were used in a study to investigate dental
resin composites (Figure 11). It has been reported that
CHX-HNTSs, which were determined to be suitable as
filling materials, showed high mechanical strength and
very good antibacterial activity (Barot et al, 2020b).

Drug Halloysite Nanotubes (HNT) &

N Drug loaded HNTs

l Incorporation into dental resin

g

Carious Tooth Dental Resin

Figure 11. Schematic illustration of preparation of
experimental dental resin composite containing
HNT/CHX.

Wu et al. (2017) conducted a study on cotton textiles,
which are also used as medical products. In this study,
antibacterial composite was studied by loading HNTs
with chlorhexidine gluconate (CG). The prepared
HNT/CG composite was coated on a cotton fabric, and
its antibacterial properties were investigated by the
drug release zone and inhibition zone test. They
reported that the drug-loaded HNT composite showed
high bacterial inhibition activity, according to the study
performed on S. aureus, E. coli and P. Aeruginosa. After
one week, it was observed that the HNT/CG composite
showed effective antibacterial properties. Koosha et al.
(2019) developed HNT-enhanced chitosan/PVA
nanofibers for skin tissue regeneration. The tensile
strength of nanofibers increased by 2.4 and 3.5 times
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with HNT added to nanofibers at 3% and 5% ratios,
respectively.

4. Future Perspectives

The possibilities that nature offers to people are so
many that it can be said that they are innumerable.
Halloysite nanotubes are one of these natural resources.
It is used in scientific studies in different fields with its
unique properties. HNT has also been the focus of
attention in studies on human health, thanks to its
features such as being biocompatible, abundant in
nature, low cost and non-toxic effects. For example, it
has been observed that the inner lumen in the structures
of HNTs facilitates drug release by allowing a certain
amount of drug and drug load. They can also be used as
nanoplatforms to increase the immobilization efficiency
of enzymes and nucleic acids with HNTs. In addition,
when the studies are examined, it is concluded that they
are suitable and very advantageous materials for
biosensors, bioimaging and tissue engineering
applications. Therefore, in the future, HNTs can be
included more frequently in studies in the biomedical
field, and more research can be done in this area. Most
importantly, halloysite nanotubes can have different
origins as they are natural materials. This means that
they may have different toxicological profiles. When we
look at the literature, it is seen that studies on the toxic
effect of HNTs are at the initial stage. Therefore, in the
future, the toxic effect of HNTs can be investigated in
more detail by increasing the number of studies on the
time-dependent use of HNTs on human health, and work
can be started to purify the material.

4. Conclusion

Halloysite nanotubes, which are tubular in nanometer
size, have been involved in many studies. In this review
article, studies that prove halloysite nanotubes to be a
versatile material for biomedical applications are
presented. As a result of the studies, it has been
understood that HNTs can be used safely in different
biomedical applications. HNTs increased the mechanical
strength of implant materials. It has created an
affordable, easily accessible alternative for loading and
releasing drugs in drug delivery applications. Halloysite
nanotubes also improve the immobilization
performance of biomolecules in biosensors. Thus, more
sensitive, more selective and more reproducible results
are obtained. HNTs have a structure that allows many
different active ingredients to coexist. In this way, it is
also advantageous to use in cosmetic products that can
provide a healthy-looking skin. In conclusion, in this
review study, we have seen that halloysite nanotubes
are successfully used as versatile materials in
biomedical studies. We think that the studies that have
accelerated and increased over the years will increase
even more in the coming years and that HNTs will
appear in new techniques and materials.
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Anahtar Kelimeler 0z

Biyomedikal uygulamalar, Mikrobiyal biyopolimerler, mikroorganizma, bitki vb. dahil canli organizmalarin
Biyopolimer, tirtinleri olarak tanimlanir. Biyolojik olarak parcalanabilir, biyouyumlu, toksik olmayan
Mikroorganizma. veya diisiik toksik, anti enflamatuar ve antimikrobiyal aktivite gibi ézelliklere sahip

olabilirler. Polisakkarit, lipid ve protein olarak gruplandirilmiglardir. Mikrobiyal
biyopolimerler, biyomedikal uygulamalar, doku miihendisligi, gida endiistrisi, yara
onarim sistemi, ilag dagilimini iceren degisken sektérlerdeki biyomalzemeler olarak
onemli bir kaynaktir. Bu nedenle, tibbi implantlarin seklinden dolay1 bu alanlar igin
secim kriterleri hayati dnem tasimaktadir. Medikal uygulamalarda gtivenli ve uzun
stireli implant icin bu kriterler pasif ve inert secilmelidir.

Bu derlemede, biyopolimer tiirevli mikroorganizmalar, ézellikle aljinat, kitin, kitosan,
levan, polihidroksalkanoatlar, hyaluronik asit ele alinmis ve mikrobiyal biyopolimerlerin
biyomedikal arastirma alanindaki potansiyeline stk tutmustur. Biyomedikal
uygulamalar igin bu polimerlerin ekonomik faktorleri, biyosentezi ve oJzellikleri
incelenmistir. Mikrobiyal biyopolimerlerin olaganiistii derecede degisken olma ve
uyarilmis ozelliklere sahip olma yetenekleri, onlari biyomedikal arastirmalardaki
sorunlari ¢ozmek icin avantajli kilar. Mikrobiyal biyopolimerler, doku miihendisligi, tibbi
cihazlarin gelistirilmesi, ila¢ dagilimi, kanser tedavisi ve yara iyilesmesi dahil olmak
lizere bir dizi tibbi uygulamada siirdiirtilebilir siiregleri diizenlemek icin kullanilabilir.
Bu nedenle bu biyopolimerlerin tarihgesi, 6zellikleri, ekstraksiyon ydéntemleri ve
uygulama alanlari yaklasimi tizerinde durulmustur.

INSIGHT TO THE MICROBIAL BIOPOLYMERS USED IN BIOMEDICAL

APPLICATIONS
Keywords Abstract
Biomedical application, Microbial biopolymers are products of living organisms include microorganism, plant
Biopolymer, etc. They could be biodegradable, biocompatible, non or low toxic and show anti-
Microorganisms inflammatory and antimicrobial activity. They have been grouped in polysaccharide,

lipid and protein. Microbial biopolymers are important source as biomaterials in variable
sectors consist of biomedical applications, tissue engineering, food industry, wound
repair system, and also drug delivery. Therefore, the selection criteria are vital for these
areas because these materials use for shaping of medical implants. These criteria should
be elected passive and inert for safe and long-term implant in medical applications.

In this review, biopolymers derivatives from microorganisms are handled especially
alginate, chitin, chitosan, levan, polyhydroxalkanoates, hyaluronic acid and this review
has highlighted the potential of microbial biopolymers in the field of biomedical research.
For biomedical applications, the economic factors, biosynthesis, and characteristics of
these polymers have been examined. The ability of microbial biopolymers to be
extraordinarily variable and to have induced features makes them advantageous for
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solving issues in biomedical research. Microbial biopolymers can be used to arrange
sustainable processes in a range of medical applications, including tissue engineering,
the development of medical devices, drug delivery, cancer therapy, and wound healing.
Therefore, these biopolymers historical past, properties and extraction methods and
application approach were emphasized.
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1. Introduction

The term of polymer is derived from the Latin words
“polus” and “meros” which means "many part”. The
structure of the polymers consists of large, identical
and/or comparable macromolecule chains with
recurrent, long chains. The monomers that make up
polymers are connected by covalent bonds, and
macromolecules with high molecular weights are
created in the process (Mohan et al, 2016). The
primary themes utilized in the classification of
polymers include polymer origin, chain structure,
formation mechanism, temperature behavior,
transport, crystallinity, and application area
(Odian, 2004).

Commercial applications use synthetic polymers called
"plastics” including  PE (polyethylene), PP
(polypropylene), PVC (polyvinylchloride), and PET
(poly-ethylene  terephthalate).  Plasticizers, UV
stabilizers, and other additives for synthetic polymers
are generated from fossil basic sources such crude oil,
coal, or natural gas (Othman, 2014). The most prevalent
bio-based polymers in nature include polysaccharides
(such as cellulose, etc.), poly-nucleotides (DNA, RNA),
and polypeptides (Othman, 2014;(Chen et al, 2008;
Othman, 2014)). Proteins (casein, whey, collagen), lipids
(fatty acids, waxes, polyhydroxyalkanoates) and
polysaccharides (alginate, pectin, starch, etc.), as well as
cellulose, xanthan and other substances can all be
converted into biopolymers. It can also be synthesized
using materials originating from microorganisms
(Cankaya and Sokmen, 2017).

Except the chemical synthesis, there are natural
polymers being synthesized in living organisms and
natural polymers has been known as biopolymers. The
biopolymers are described as polymeric biomaterial
which is formed by monomers. They are bonded each
other to generate larger molecules (Mohan et al., 2016).
The “bio” defines the source of materials as living
organisms (Ghosh etal., 2021). Therefore “biopolymers”
could be described as polymers that are synthesized by
living organisms (Mohan et al, 2016). These
biopolymers are synthesized by reactions catalyzed by
enzyme (Jose et al, 2022) which bonds the blocks
including amino acids, sugar, hydroxyl group and fatty

acid to form the molecules possess high molecular
weight (Moradalil and Rehm, 2020). Microorganisms
produce these biopolymers at the very different classes
(Gosh etal., 2021) and microbial polymers have the vital
properties such as biodegradable, nontoxic, non-
immunogenic, non-inflammatory and biocompatible
(Jose et al., 2022). They are ideal for biotechnological
use in biomedical application (Salernitano and
Migliaresi, 2018) to compare especially synthetic
polymers (Lee and Mooney, 2012). Although the
synthetic polymers have been generally accepted, there
is big problem about the accumulations of microplastics
that causes the harmful effects in ecosystem (Jose et al,,
2022). At the same time, using of non-biodegradable
polymers in biomedical applications have some
concerns about the surgical removal (Wani et al,, 2016).

To decide on biomaterials selection is very important
because it effect the shaped of medical implants. On the
other hand, the criteria are to be chosen passive and
inert for safe and long-term implant in medical areas. It
is known real that any material could be evoked cellular
response. That's mean, there are no material being
totally “inert”; therefore, the most important feature of
biomaterials to be considered is their interaction with
the implanted tissue (Chesterman et al, 2020).
Biodegradable polymers are usable in medical
application as products for repairing or remodeling, but
some properties are required for long-term materials
stability:

1)To be feasible to manufacture consisting of available
of bulk polymer in sufficient commercial quantities

2)The shown ability to shape polymers to be designed
final product;

3)Mechanical properties that appeal enough short-term
performance

4)To be low toxic of the products following degradation
atlocal tissue reaction

5)Using as drug delivery system in extend release
processes.

This review is organized as follows: In introduction is
explained the description of polymers, classification of
polymers, biopolymers, the criteria of biopolymer
selection. Literature Survey is emphasized importance
and the classification and properties of microbial
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polymers including alginate, chitin, chitosan, levan,
hyaluronic acid and polyhydroxybutyrate. This is
followed by definition, chemical and physical
properties, application areas including biomedical, drug
delivery, wound repair or wound dressing material,
tissue engineering of these microbial polymers.

2. Literature Survey
2.1. Alginate

Alginate is defined as a group of edible anionic
polysaccharides. Moreover, naturally it has been placed
on the cell walls for brown algae such as Macrocystis
pyrifera, Laminaria hyperborea, Ascophyllum nodosum;
on the other hand this polymeris derived from various
bacterial species (Azotobacter, Pseudomonas) and
(Szekalska et al., 2016).

In the early 1940s, the irreversible hydrocolloid alginate
material was developed. The search for an alternative
for agar-based materials has been globally accelerated.
When the main supplier of red seaweed was stopped
exporting in Japan during World War II, brown seaweed
native to the American coast was used as a new
alternative. It has been observed that alginate from
brown seaweed requires a minimum of simple
equipment and instrumentation. In addition, it has been
stated that it has superior properties than agar, with its
speed of use, affordable price and user-friendly
acceptance by patients. Since then, alginate has
managed to become one of the most widely used
materials in the world (Barr, 2020).

The extraction of alginate from seaweed is a multi-step
process that usually starts with treating the dried raw
material with diluted mineral acid. Alginate obtained
after the purification steps is converted to the water-
soluble sodium salt in the presence of calcium
carbonate. It is then recycled back to the acid or
expected salt (Szekalska et al., 2016). Figure 1 shows the
procedure for the extraction of sodium alginate from
brown algae.

Mineral

\,’ P
' Milling Algal sl Alginic
&Ny, T 0 material — acid
L 4
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Purified Extraction Sodium

Sodium alginate alginate
4

Figure 1. Extraction of sodium alginate from brown
algae
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When the alginate in algae cell walls is exposed to strong
sea waves, it provides flexibility and a strong structure
to the algae, protecting it from possible injury (Raus et
al, 2021). The chemical structure of alginate, a linear
biopolymer composed of 1,4-linked 3-D mannuronic
acid (M) and 1,4 a-L-guluronic acid (G) residues, is given
in Figure 2 (Raus et al., 2021).

a OH NaQOC
ol NaOOC ) OH
o HO o
HO. 0 -0 OH 4
Q Na0OC OH of
OH H
0.
-0 OH
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G M M G
J 4 i
v . v I A\ G
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Figure 2: Chemical structure of alginate (Sahoo and
Biswal, 2021)

Alarge amount of alginate biopolymer is encountered in
nature due to the abundance of algae in water and living
organisms all over the world. The annual production of
industrial alginate is around 30,000 metric tons. It is
estimated that less than 10% of the material is
biosynthesized alginate. Therefore, there is adequate
potential for developing alginate-based sustainable
biomaterials (Pawar and Edgar, 2012).

Because of its properties such as biocompatibility, ease
of gelation (Lee et al.,, 2012), low or non-toxicity, and
non-immunogenicity, alginate has a wide range of
applications in biomedical applications and engineering
(Batista et al.,, 2019). Alginate hydrogels are used in
wound healing, drug delivery and tissue engineering
applications because they preserve the structural
similarity in the cell. Wound healing alginate dressings
provide a physiologically moist micro-environment. As
a result, it promotes wound healing by minimizing
bacterial infection in the wound area. Alginate gels can
be used for cell transplantation in tissue engineering.
Alginate gels are man-made tissue and organ
replacements for patients who have lost an organ or
tissue (Lee and Mooney, 2012).

A hydrogel film made of alginate and aloe vera was
prepared for use in wound healing applications in a
study reported by Pereira and colleagues (Pereira et al,,
2013). The films were developed by combining the
hemostatic properties of calcium alginate gels with the
therapeutic properties of aloe vera. Depending on the
type of wound, the resulting high-transparency gels can
be applied to the wound in either dry or wet form. As a
result, alginate/aloe vera hydrogel films have been
demonstrated to have the potential to be used as a
dressing for dry or wet wounds (Pereira et al., 2013). By
the way, alginate biopolymer is widely used in the food
industry as a food additive and component. Alginate is
added to foods for the purpose of microbial and viral
protection of fruits and vegetables. As a food additive, it
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is used as a gelling, thickening, stabilizing or emulsifying
agent. Last but not least, alginate is preferred as a drug
coating and drug delivery agent, such as the
encapsulation of probiotics, thanks to its ability to
encapsulate natural substances (Puscaselu et al., 2020).
On the other hand, as well as the using of alginate often
in biomedical applications, there are some
disadvantages of this polymer. Mono-covalent cations
dissolve alginate blocks in gel forms, whereas non-
binding blocks are not degraded by bacteria found in
mammalian hosts. Although alginate is a naturally
derived polymer, some disadvantages of the application
process should be known (Sahoo and Biswal, 2021).

2.2, Chitin

Chitin which is the second most common natural
biopolymer after cellulose in the world, found in the
shells of crustaceans such as shrimp, lobster and crab (el
Knidri et al., 2018). At the beginning of the 19th century,
chemist Henri Braconnot started working on chitin in
France. In 1811, and defined chitin biopolymer as the
insoluble residue left after extracting fungi with water,
alcohol, and dilute alkali cork/mushroom. These
residues were obtained from Agaricus volvaceus,
Agaricus acris, Agaricus cantarellus, Agaricus piperatus,
Hydnum repandum, Hydnum hybridum and Boletus
viscidus. In 1823, Odier, described the insoluble
substance he isolated from the exoskeleton of insects as
chitin. (Crini and Lichtfouse, 2019; Batista et al., 2018).

The production of chitin biopolymer can be from three
sources: crustaceans, insects and microorganisms.
Commercial chitin is extracted from the shells of
crustaceans such as shrimp, crab, lobster, and krill,
which are supplied in large quantities by the shellfish
processing industries. Chitin extraction is carried out by
two methods, chemically and biologically. While acids
and bases are used in the chemical method of chitin
extraction, microorganisms are used in the biological
method. Chitin can be extracted biologically using lactic
acid bacteria. Further to that, mixed cultures of lactic
acid bacteria and proteolytic microorganisms yield
enough for extraction (Arbia et al., 2013)

The chitin biopolymer is a linear amino-polysaccharide
composed of 3-(1—4) linked 2-acetamido-2 deoxy-3-D-
glucopyranose units and partially $-(1—4) linked 2-
amino-2-deoxy-. The chemical structure of chitin is
shown in Figure 3 (Ruiz and Corrales, 2017).

CH,0H CH,OH
0 O
HO OHo ©
JH f{fH ’
O
© CH, CHj

Figure 3. Chemical structure of chitin (Ruiz and Corrales,
2017)

] ESOGU Engin Arch Fac. 2023, 31(4), 975-987

Chitin and cellulose have structurally similar properties.
Because of intramolecular and intermolecular hydrogen
bonds, it is insoluble in water, aqueous solutions, and
common organic solvents, just like cellulose. Chitin is a
biopolymer closely related to proteins, minerals, lipids
and pigments. As a result of the studies, it was stated
that the specific properties of chitin, such as the degree
of deacetylation and molecular mass, vary according to
the process conditions (Arbia et al,, 2013).

Chitin is a natural biopolymer that is non-toxic,
biodegradable, and biocompatible. The chitin polymer is
used in a variety of biomedical applications, including
drug delivery, tissue engineering, and wound healing. Its
benefits include the ability to easily process it into
various forms such as membranes, sponges, gels,
microparticles, nanoparticles, and nanofibers (Anitha et
al, 2014). By the way, chitin is used in areas such as
clarification of fruit juices and processing of milk
including in the food industry. Except for food; It is
preferred in many fields, including biosensors, due to its
biodegradability, non-toxicity, physiological inertness,
anti-bacterial properties, hydrophilicity, gel-forming
properties and protein activity. Chitin-based
biomaterials are used for the purification of industrial
pollutants because chitin absorbs silver thiosulfate
complexes and actinides. Another area of use is wound
dressing and controlled drug release in medical and
pharmaceutical applications. In dentistry, chitin is a
hydroxyapatite-chitin-chitosan composite bone filling
material that forms a self-curing paste for directed
tissue regeneration in the treatment of periodontal bone
defects (Rinaudo, 2006). In Figure 4, the processing
possibilities of chitin biopolymer are given.

Membrans/
Sponges

T 1

Hydrogel

Scaffolds/

. Beads
andages
¢ .
Processing of
Chitin
—_—
Micro/ Films
Nanoparticles l l
Nanofibers HEEL
Nanogel

Figure 4. Processing possibilities of chitin biopolymer
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2.3. Chitosan

Chitosan is a biopolymer formed when chitin becomes
soluble in aqueous acidic medium when the degree of
deacetylation reaches approximately 50% (Rinaudo,
2006). The chitosan biopolymer was first discovered by
Rouget in 1859 by heating chitin in a concentrated
potassium hydroxide solution. Rouget observed that
chitin became soluble with the applying of chemical and
heat treatments. It was named as chitosan by Hoppe-
Seyler in 1984 (Batista et al., 2018).

Chitosan is a biocompatible and degradable material
derived from natural sources, such as the exoskeletons
of insects, crustaceans, and fungi (Dash et al,, 2011). In
the microbial extraction of chitosan, microorganisms
such as Mucor rouxii and Phycomyces blakesleeanus are
used. Chitosan is produced using cell cultures of these
microorganisms. The deacetylation of chitin occurs
when Aspergillus niger is added to the culture medium.
At the end of the incubation period of 96 hours, chitosan
biopolymer is obtained (Kuzgun and inanli, 2013).

The chitosan molecule is a copolymer composed of N-
acetyl-D-glucosamine and D-glucosamine units present
in different degrees depending on the degree of
acetylated moieties. The chemical structure of chitosan
is shown in Figure 5 (Ruiz and Corrales, 2017).

CH,OH CH,OH
0 0
HO OHo O
NH, ;\l[*\'i s
O™ NcH,

Figure 5. Chemical structure of chitosan (Ruiz and
Corrales, 2017)

Chitosan is the only polycation in nature. The charge
density varies according to the degree of acetylation and
the pH of the environment. Chitin has a wide range of
biological activities, including antitumoral,
antimicrobial, antioxidant, and anti-inflammatory
properties that make it suitable for use as a therapeutic
polymer. Chitin has antimicrobial activity against a
variety of microorganisms, including bacteria,
filamentous fungi, and yeast (Aranaz et al., 2021).

The outstanding feature of chitosan over other
biopolymers (cellulose, starch and galactomannans etc.)
is that its chemical structure is suitable for specific
modifications at the C-2 position without much
difficulty. When designing polymers, special groups can
be included next to chitosan for different applications
(Rinaudo, 2006).
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Chitosan, which has a different structure than synthetic
polymers, is preferred in biomedical applications due to
its physical and chemical properties, including the fact
that it is biodegradable, non-toxic, and biologically
compatible. Suspensions, solutions, particles, beads,
resins, spheres, nanoparticles, sponges, gels/hydrogels,
and membranes are all examples of applications for
chitosan and its derivatives. This biopolymer is used in
medicine, pharmacy, food industry, edible film
technology, biotechnology, textile, and paper industries,
in addition to practical applications. Chitosan is used in
environmental applications such as water treatment,
wastewater treatment, sludge dewatering, and
membrane filtration because it is an environmentally
friendly biopolymer (Anitha et al.,, 2014; Morin-Crini et
al,, 2019).

Chitosan is used as a polymeric mixture with chitin in
tissue engineering through various modifications and
combinations. These mixtures ensure the preservation
of the porous structure of the scaffold in the tissue. It
reduces the deterioration of the material and
accelerates bone formation in vivo (Anitha et al,, 2014).
Chitosan films containing prednisolone are used in drug
release. Layered polyelectrolyte capsules and chitosan
gels are frequently used in the controlled release of
drugs or proteins (Rinaudo, 2006). Food industry and
nutrition are two other important applications for
chitosan, which has indigestible high viscosity and high-
water binding properties. As a dietary fibre, it reduces
the absorption of fat and cholesterol and lowers
cholesterol.

In the human body, chitosan and its derivatives promote
weight loss and fat burning. Thus, it helps to lower
systolic and diastolic blood pressure. Thanks to its
prebiotic feature, it has the ability to improve the
intestinal microbiota by increasing the bioavailability of
probiotics. Chitosan has a wide range of applications in
the beverage industry. The solution is used in the form
of particles and beads. It is used in the clarification and
filtration of fruit juices, wine, beer, tea, etc. products.
Chitosan is preferred as a stabilizer, preservative, flavor
enhancer and acidity regulator in various beverages
(Morin-Crini et al.,, 2019).

2.4.Levan

Levan biopolymer is a biocompatible exopolysaccharide
with potential uses in various industries. The origins of
the levan biopolymer begin back to "natto," a traditional
Japanese dish thought to aid in living a long and healthy
life. Because levan is an important component of natton,
it attracts the interest of researchers who prefer
products supporting natural life (Oner et al., 2016). The
beginning of studies on the production, collection and
biosynthesis of levan was in Germany, France and
England between 1870-1940. In 1930, the trade of
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polysaccharide polymers began in the United States
(Srikanth et al.,, 2015).

Levan biopolymer is a 3-(2,6)-linked fructose polymer
obtained from different plant, fungal, yeast and bacterial
sources (Gonzalez-Garcinufio et al,, 2018; Taran et al,,
2017). Extraction occurs as exopolysaccharide from
sucrose-based substrates by bacteria such as
Acetobacter, Bacillus, Erwinia, Gluconobacter,
Halomonas,  Microbacterium,  Pseudomonas  and
Halomonas species can be used as an alternative to many
mesophilic levan-producing microorganisms.
Halomonas species have industrial potential due to their
production capacity that does not require sterile
environment and high yield at high salt concentration
(Tohme et al., 2018).

Levan is soluble in both water and oil due to its $-(2,6)
bonds. While it is soluble in varying degrees in cold
water, it is completely soluble in hot water. Levan
biopolymer has no toxic properties. It also does not
irritate the eyes. Levan stands out in the commercial
industrial area, as it is a standard film-forming agent and
a stable polymer (Srikanth et al.,, 2015).

The levan's film-forming ability, solubility in water and
oil, strong adhesiveness, compatibility with salts and
surfactants, low viscosity, heat stability, and acid-alkali
stability allow it to be used in a variety of research and
industrial applications. Levan is used in many
biomedical applications such as stabilizer, emulsifier,
thickener, encapsulating agent, osmoregulatory, food
and feed additive, cryoprotectant, plasma substitute,
drug activity extender, antitumor, antidiabetic and
antihyperlipidemic agent in medicine. Levan synthesis,
production and catalysis are becoming increasingly
important due to potential applications in biomedical
engineering (Cakmak et al., 2020; Gonzalez-Garcinufio
et al, 2018). The prominent features of levan in
biomedical applications; biocompatibility,
biodegradability, flexibility, edibility and being an
environmentally friendly biopolymer. In addition, it has
important biomedical properties such as antioxidant,
anti-inflammatory, anti-carcinogenic, anti-AIDS,
hyperglycemic inhibitor. Levan is a surfactant and
natural adhesive (Srikanth et al., 2015). By the way,
levan is also widely used in the food industry. Colloidal
emulsions, aerosols and foams can be formed with
Levan biopolymer. Levan can be added to food products
as a beneficial prebiotic fibre for the gut microbiota.
Yogurt, cereal products, fruit juices and bread can be
given as examples of functional foods with adding of
levan. It has also been stated that levan can be used as a
fat substitute when phosphorylated (Haddar et al.,
2021).

In a study has been reported by Gomes etal., 2018, it was
determined that the membranes containing chitosan,
sulfated levan and alginate developed have suitable
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conditions for different applications in the biomedical
field such as biological adhesives (Gomes et al., 2018).

2.5. Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) can be synthesized by
different types of microorganisms. The main production
conditions are environments where essential nutrients
(such as N, P, S, O or Mg) are limited and the carbon
source is high. PHAs are used as a reducing agent or as a
carbon/energy source. PHAs in polyester structure,
which are similar to petrochemical plastics due to their
physicochemical properties and are deposited in cell
storage granules in microorganisms (Salehizadeh and
van Loosdrecht, 2004).

PHAs produced by bacteria are of interest to researchers
because they can be produced from renewable
resources and are truly biodegradable and highly
biocompatible thermoplastic materials (Chen and Wu,
2005). Depending on the requirements of different
applications, PHA can be mixed with another polymer,
enzymes or even inorganic materials such as
hydroxylapatite to further adjust their mechanical
properties or biocompatibility (Williams et al., 1999).

PHB materials physically show similar properties to
petroleum-derived plastics such as commonly used
polypropylene (Madison and Huisman, 1999). Showing
thermo-plastic properties, PHB is four times harder than
polyethylene. While PHB exists in the liquid phase inside
the cells, it exists in the solid phase in the atmosphere.
During extraction, PHB taken from the cells with the
help of organic solvents tends to crystallize. PHB
materials are hard and brittle, and their melting
temperatures show the variation between 158 °C and
188 °C depending on their polymerization level. Because
PHBs are thermo-plastic, they are resistant to pressure
and can be shaped (Muhammadi et al,, 2015).

The weights of PHB polymers can be between 60 and
2000 kDa (Braunegg et al., 1998). It is known that the
localization of genes involved in PHB synthesis is on the
chromosome or on plasmid DNA (Steinbiichel and
Schlegel, 1991). PHB finds wide use in various industrial
applications due to various reasons such as
biodegradability, high biocompatibility and low toxicity
(Chesterman et al., 2020). The molecular weights of the
obtained PHB polymers are generally affected by
various factors such as the type of bacteria used, the
growth condition of the bacteria, and the place where
the cells are in their life cycle (Dunlop and Robards,
1973; Taidi et al., 1994).

Many bacteria have the ability to store the energy and
skeleton of carbon atoms as biodegradable compounds
with polymeric structures and properties similar to
synthetic plastics. However, these polymers can be
produced or accumulated a few in industrially valuable
quantities (Miu etal., 2022). Among the microorganisms
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that can produce PHA, are Pseudomonas oleovorans
(Durner et al., 2000; Ramsay et al., 1991), Pseudomonas
aeruginosa (Timm et al., 1990) and Pseudomonas putida
(Tobin and O’Connor, 2005), Ralstonia eutropha
(Durner et al., 2000), Bacillus megaterium (Gouda et al.,
2001; Giingdrmedi et al., 2014), Bacillus drentensis BP17
(Penkhrue et al, 2020), Bacillus aryabhattai
(Balakrishna et al., 2020), Geobacillus kaustophilus
(Gedikli et al., 2019).

Polyhydroxybutyrate (PHBs) are deposited after being
produced as storage granules in the cell and structurally
contain long polymer chains consisting of a combination
of hydrophobic units containing short-chain 3-hydroxy
fatty acids. It is used as an intracellular storage material
in prokaryotes (Poirier, 2002; Slater et al., 1992). It has
been reported that PHB occupies a large volume inside
the cell, and when looking at the right-hand helix
structure, the presence of a double folded axis has been
reported. The molecular structure of each strand
contains twists that repeat every 0.596 nm (Anderson
and Dawes, 1990).

PHB has used in tissue engineering scaffolds because of
its ideal material properties. These properties are
compatibility, support cell growth, guide and organize
cells allow its applications in tissue growth (Wani et al,,
2016). On the other hand, PHAs are particularly used in
healthcare, which includes the manufacture of various
medical materials such as suture threads, tissue repair
devices, joint cartilage repair, nerve guides, and bone
marrow skeletons (Koller et al.,, 2010). PHAs are also
used in the manufacture of packaging for personal
hygiene products, which are common in daily use,
disposable table mats or bags that are biodegradable in
nature. Although PHAs have all these advantages, they
may find it difficult to find a place in the market because
they are more costly than plastics produced by
petrochemical means (Masaeli et al., 2013). Since PHA is
biodegradable and biocompatible polymers, it can also
be used in the synthesis of composites, which are widely
used in wound healing, together with proteins that can
be added to their structures (Quillaguaman et al.,, 2010).
PHB and PHBYV (B-hydroxybutyrate-B-hydroxyvalerate)
can be given as examples of PHA derivatives polymers
commonly used by researchers and biomedical
industries (Williams et al., 1999). The brittleness of PHB
is improved by copolymerization of -hydroxybutyrate
with B-hydroxyvalerate (Chen and Wu, 2005). The
variety of applications have been resourced from the
elastomeric property of PHAs and its derivations. The
PHAs have been applied in the multiple research areas
because of its biological effective properties such as
biocompabability, bioresorbability, biodegradability
(Hinchliffe et al., 2021).
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2.6.Hyaluronic Acid

Hyaluronic acid is a natural and linear biopolymer
composed of disaccharide repeats, in which D-
glucuronic acid (GIcUA) and N-acetylglucosamine
(GlcNAc) are alternately joined by B-1,3 and (-1,4
glycosidic bonds. The chemical structure of hyaluronic
acid is shown in Figure 6 (Liu et al., 2011).

carboxyl hydroxyl
o} /
H
C-OHH
o L0
HO
H  “oH
H

CHj;

acetamido
(___ Qlucuronic acid | N-acetylglucosamine ;

Figure 6. Chemical structure of Hyluronic Acid (Liu et
al, 2011)

Hyaluronic acid was discovered for the first time in
history by scientists named Karl Meyer and John Palmer.
Meyer and Palmer described a new high molecular
weight polysaccharide isolated from the vitreous of
cattle eyes in their paper published in the Journal of
Biological Chemistry in 1934. They named “hyaloid”
(glassy glass-like appearance) for this new
polysaccharide and hyaluronic acid derived from
“uronic acid” (Selyanin et al, 2015). The term
“hyaluronan” was added in 1986 to adapt to the
polysaccharide terminology (Liu et al., 2011).

Hyaluronic acid can be extracted from various mammals
and marine animals. Hyaluronic acid extraction was
obtained from many sources such as vitreous body,
umbilical cord, cock marrow and streptococci in the
1930s and 1940s. The yield and purity to be obtained
vary according to the source and technique used.
Industrial scale production of hyaluronic acid was first
made by Shiseido in the 1980s. One of the most
commonly used bacteria for hyaluronic acid production
is Streptococcus zooepidemicus (Abdallah et al., 2020;
Liuetal, 2011).

In one study, hyaluronic acid from Streptococcus equi
ssp. was extracted with high efficiency. The bacterial
production was performed at 33°C, on 24 hours and by
shaking 187 rpm. As a result, hyaluronic acid with an
average weight of 79416 Da was obtained with a simple
and sequential method (Giingor et al., 2019).
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In another study, hyaluronic acid extraction from fish
eye and optimization of purification process were made.
Hyaluronic acid was extracted and purified from the
glassy humors of fish by following protein
electrodeposition, detailed precipitation, selective
recovery and membrane separation processes. With a
waste material, low cost and high purity hyaluronic acid
was obtained (Murado et al., 2012).

Hyaluronic acid belongs to the group of substances
called mucopolysaccharides, which belong to the family
of glycosaminoglycans (GAGs). Hyaluronic acid differs
from other glycosaminoglycans groups because it does
not contain a sulfate group. Hyaluronic acid has
extremely slippery and hydrophilic properties (Saranraj
and Naidu, 2013).

Hyaluronic acid is a one-of-a-kind biopolymer that can
be assembled into extracellular pericellular matrices,
has effects on cell signalling, and is viscoelastic and
hydrodynamic. Thanks to these properties, it is
preferred as a biomaterial (Falcone et al, 2006).
Hyaluronic acid can be used in the human body because
of important functions such as wound repair, cell
migration and cell signalling. Because of its versatility, it
is used in a wide range of biomedical applications,
including tissue engineering and cancer treatment
(Dovedytis et al., 2020). Biomedical applications of
hyaluronic acid are shown in Figure 7. In tissue
engineering, hyaluronic acid-based scaffolds are used.
These scaffolds are biocompatible, degradable and
absorbable. Polycations are added to improve the
adhesive properties of hyaluronic acid-based scaffolds.
Composite scaffolds formed in this way are very suitable
for cartilage structures since they can synthesize
advanced proteoglycans (Dovedytis et al, 2020).
Furthermore, hyaluronic acid plays an important role in
the biological processes necessary for wound healing
and granular tissue formation, inflammation and
generation of epithelium. It is also used in the treatment
of external skin injuries, scars and chronic and acute
wounds such as abrasions and burns. Thanks to the anti-
ulceration feature of hyaluronic acid, stomach and
duodenal ulcers can be treated (Yasin et al., 2022).

By the way, hyaluronic acid is used in cosmetic products
to prevent and treat wrinkles, expression lines and
fibroblastic depletion. Hyaluronic acid is a substance
with a natural moisturizing effect. Unlike other
humidifiers, it is not affected by relative humidity
because it has good water retention at both high and low
relative humidity (Yasin et al., 2022).
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Figure 7. Biomedical applications of hyaluronic acid

3. Future Perspectives

Alginate, chitin, chitosan, HA, PHB, levan, obtained from
renewable resources are only a few examples for
biopolymers. The biological features of these polymers,
which come from bacteria, algae, and fungi and can be
used in a variety of industrial settings, have been
compiled in Table 1.

Medical applications for biopolymers like chitosan and
PLA silk are being researched more and more (Rebelo et
al. 2017). The unique properties of biopolymers, like
biocompatibility = and  biodegradability, provide
significant benefits and increase the likelihood that they
will be used in implantable medical applications. Since
synthetic materials do not match the needs of biological
systems, these novel materials are crucial in medicine.
Recent studies have so shown that combining
biopolymers with synthetic materials can transform
medicine. The usage of non-renewable resources is
raising environmental concerns, which is driving up
demand for biodegradable polymers. Plastic packaging
that is incorporated into society and supports a healthy,
self-sustaining life is increasingly made of
biodegradable polymers. It's even developing into the
newest big thing. By 2023, the Markets and Markets
annual report (Biopolymer’s Market Forecast, 2020)
projects that the market for biodegradable plastics
would increase to $6.12 billion. In order to replace
present polymers, bio-based polymers are currently
undergoing study and development. Researchers are
seeking for novel materials that can replace polymers
generated from petroleum. Renewable raw ingredients
make up bio-based polymers. These polymers now
account for a negligible (less than 1%) share of the
plastics market. By using a bacterial fermentation
technique to create monomers from agricultural plants'
renewable resources, bio-based polymers are created

(Baranwal et al. 2022).
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Table 1
Biopolymer’s producers and properties
Biopol g Prod
10polymers ; ro uce'r Effects/Properties
Name Microorganisms
i . Biocompatibility, ease of
Macrocystis pyrifera, .
e gelation, low or non-
. Laminaria hyperborea, o
Alginate Ascophyllum nodosum ) t0x1c1t}f, .non—
(Szekalska et al., 2016) immunogenicity (Lee et
al, 2012)
Agaricus volvaceus,
Agaricus acris, Agaricus
cantarellus, Agaricus Insoluble in water, non-
piperatus, Hydnum toxic, biodegradable,
Chitin repandum, Hydnum biocompatible (Arbia et
hybridum, Boletus al.,, 2013; Anitha et al,,
viscidus (Crini and 2014)
Lichtfouse, 2019;
Batista etal., 2018).
Antit 1
Mucor rouxii, Phycomyces n.1 1.1mor.a ’
. antimicrobial,
. blakesleeanus, Aspergillus L. .
Chitosan X . antioxidant, anti-
niger (Kuzgun and Inanl, .
2013) inflammatory (Aranaz
etal, 2021)
Film-forming ability,
solubility in water and oil,
adhesiveness, low
i ity, heat stability,
Acetobacter, Bacillus, v1sc?51ty e.a X ? .1 i
. acid-alkali stability,
Erwinia, Gluconobacter, i .
emulsifier, thickener,
Halomonas, encapsulating agent,
Levan Microbacterium, p gagent,
osmoregulator, food and
Pseudomonas, o
feed additive,
Halomonas (Tohme et crvoprotector. plasma
al, 2018) yop plasm
substitute, drug activity
extender, (Cakmak et al.,
2020; Gonzalez-
Garcinufio et al,, 2018)
Pseudomonas
oleovorans (Durner et
al,, 2000; Ramsay et al.,
1991), Pseudomonas
aeruginosa (Timm et
al.,, 1990) and
Pseudomonas putida
(Tobin and O’Conpor, Biocompabability,
2005), Ralstonia bioresorbability,
PHAs eutropha (Durner etal., biodegradabili
2000), Bacillus gradability,
megaterium (Gouda et elastomeric (Hinchliffe et
al., 2001; Giingormedi al, 2021)
etal, 2014), Bacillus
drentensis BP17
(Penkhrue etal,, 2020),
Bacillus aryabhattai
(Balakrishna et al.,
2020), Geobacillus
kaustophilus (Gedikli et
al, 2019)
11 signalli 1l
Streptococcus C ¢ slgna . ing, ce .
i X migration, viscoelastic,
zooepidemicus hydrodynamic
Abdallah et al., 2020; g L
HA ( allaheta biocompatible,

Liu etal, 2011),
Streptococcus equi ssp.
(Glungor etal., 2019)

degradable, natural
moisturizing (Falcone et
al, 2006)
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4. Conclusion

The potential of microbial biopolymers in biomedical
research area has emphasized in this review. The
economic aspects, biosynthesis and properties of these
polymers have been addressed for biochemical
applications. The microbial biopolymers have
advantage for overcoming of problems in biomedical
research, because these polymers can be varied
extraordinary and have the induced properties.
Sustainable processes can be organized with microbial
biopolymers in variety medical applications consist of
tissue engineering, medical device development, drug
deliver, cancer therapy, wound repairment.
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Anahtar Kelimeler Oz

Yeniden kullanim Insaat sektérii cevresel etkiler ve atik olusumu bakimindan en biiyiik paydaslardan
Yapisal optimizasyon birisidir. Karar verici kuruluslarin cevresel etkileri azaltmak amaciyla baskilarini
Stok glinden giine arttirdigi bilinmektedir. Bu amag dogrultusunda, bir déngiisel ekonomi
Envanter stratejisi olan yeniden kullanimin yapisal sistemlere uygulanmasi degerli bir ¢éziim
Déngtisel ekonomi olarak ortaya ¢cikmigstir. Bu literatiir incelemesinde, son yillarda yapi elemanlarinin

yeniden kullanimina olan ilginin artmasi ile giindeme gelen envanter kisitli yapisal
optimizasyon (EKYO) alanindaki ¢alismalarin incelenmesi amaglanmistir. EKYO
yonteminden yapisal elemanlarin yeniden kullanimi ile elde edilen kazanimi maksimize
etmesi beklenmektedir. EKYO ydnteminin daha genis bir perspektifte tartisilabilmesi
icin oOncelikle yapisal elemanlarinin yeniden kullanimi, insaat sektdriintin cevresel
etkileri ve dongiisel ekonomi modeli, yap1 elemanlarinin yeniden kullaniminin éniindeki
engeller ve sunulan ¢éziimler, literatiirde sunulan uygulama incelemeleri ve vaka
calismalar1 ézetlenmistir. Ardindan bu incelemenin ana konusu olan envanter kisitl
yapisal optimizasyona dair literatiirdeki calismalarin genis incelemeleri sunulmugtur.

REUSE OF STRUCTURAL ELEMENTS AND INVENTORY CONSTRAINED STRUCTURAL

OPTIMIZATION
Keywords Abstract
Reuse The construction industry is one of the biggest stakeholders in terms of environmental
Structural optimization impacts and waste production. It is known that the pressure on the decision-making
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1. Giris

Yapr mihendisliginin yeni bir calisma alani olarak
gorilen yapisal optimizasyon, yapisal tasarim
slireglerini karar verme problemlerine dontstiirerek
ele almaktadir. Karar verme, var olan seceneklerden en
iyisinin arandigi bilissel bir eylemdir. Karar verme
problemine doniistiiriilen tasarim siiregleri, énceden
tanimlanmis kisitlar dahilinde sonucun uygunlugunu
belirten amag¢ fonksiyonunun minimize veya
maksimize edilmesiyle yiiriitiiliir. Problemdeki kaynak
kullanmimlarim ve/veya cesitli faaliyetlerin miktarlarini
temsil eden tasarim degiskenleri, ama¢ fonksiyonunun
en iyi degerini elde edecek sekilde degistirilerek karar
verme probleminin optimum ¢6ziimiiniin bulunmasi
hedeflenmektedir. Bir yapisal tasarim siireci igin
tasarim degiskenleri genellikle kesit 6zelliklerini
karakterize eden parametreleri, kisitlar ise yer
degistirme, gerilme gibi limitleri ifade etmektedir.
Amag fonksiyonu ise yap1 maliyetini minimize edecek
sekilde secilmektedir (Saka, Hasancebi ve Geem, 2016).

Geleneksel yapisal optimizasyon yontemi ihtiyag
duyulan miktarda ve istenilen dayanim ve geometri
ozelliklerini karsilayacak cesitlilikte yapisal elemana
sahip olundugu varsayimi ile yiiriitilmektedir. Her ne
kadar giinlimiiz i¢in bu varsayim gecerli olsa da dogal
kaynaklarin tiikenmesi gibi sebeplerle yeni yap1
elemani bulunamamasi ya da cesitli gerekgelerle yeni
yapl1 elemani iiretilmesinin eskisi kadar cazip olmamasi
gibi senaryolar altinda bu varsayimin gegersiz
olabilecegi diisiiniilmektedir. Yeni yap1 eleman
iretiminin cazibesini yitirmesi karbon salinimi ve
yerlesik enerji gibi cevresel etkiler ve stirdiirtlebilirlik
bakimindan dezavantajli hale gelmesi ile
aciklanmaktadir. Bu noktada oOmriinii tamamlamis
yapilardan kazanilan yap1 elemanlarinin yeniden
kullanilmasi fikri degerli bir alternatif olarak ortaya
cikmaktadir. Yeniden kullanimin ¢evresel etkileri
azaltirken atik yonetimi konusunda da ciddi katkilar
sunmasi beklenmektedir.

Yapisal elemanlarin yeniden kullanimi her ne kadar
yenilik¢i bir fikir gibi goriilse de tarih boyunca bilinen
ve uygulanan bir yéntemdir. Ozellikle sanayi
devriminden oOnceki doénemlerde kisith lojistik
imkanlar nedeniyle yapisal eleman ihtiyacinin yerel
kaynaklardan karsilandigi bilinmektedir. Bu durumun
insaat streci icin ciddi bir kisit olusturdugu
disiiniilmektedir.  Yapisal bilesenlerin  yeniden
kullanimina dair 6rneklere tarihin cesitli doneminde
rastlanmaktadir. Ornegin: Antik Roma, Misir ve Yunan
uygarliklarinda yikilan binalarin tas ve tuglalarinin
yeniden kullanildigi bilinmektedir (Addis, 2006).
Ispanya’nin Kordoba sehrinde 8. Yiizyilda insa edilen
Kurtuba Camii siitunlarinin bir kismi yakin ¢evrede
bulunan Roma ve Vizigot harabelerinden elde
edilmistir (Balbas, 1965; akt.: Briitting, Wolf ve Fivet,
2019a). Birinci diinya savasindan sonraki stirecte de
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yapt elemani tedarik sikintilarindan dolay1 yeniden
kullanimin popiiler bir yontem oldugu bilinmektedir
(Briitting ve dig., 2019a).

Bu calismada, son yillarda yap1 elemanlarinin yeniden
kullanimina olan ilginin artmasi ile giindeme gelen
envanter kisith  yapisal optimizasyon (EKYO)
alanindaki c¢alismalarin incelenmesi amaglanmstir.
EKYO, klasik yapisal optimizasyon yonteminde siklikla
tercih edilen agirlik ya da maliyet minimizasyonu ile
degil daha ¢ok cevresel etkiler ve siirdiiriilebilirlik
kavramlariyla temellendirildiginden Boliim 2’de insaat
sektoriinliin ¢evresel etkileri ve dongiisel ekonomi;
EKYO’nun onitindeki muhtemel engellerin
anlasilabilmesi i¢in Bolim 3’te yapisal elemanlarin
yeniden kullanimi ile ilgili problemler ve bu
problemlere sunulan bazi ¢6zliimler; yeniden
kullanimin sundugu ¢iktilarin anlasilabilmesi igin
Bolim 4’te literatiirde bulunan baz1 uygulama
incelemeleri ve vaka calismalart incelenmistir.
Ardindan bu ¢alismanin ana amaci olan envanter kisitl
yapisal optimizasyon alanindaki ¢alismalarin detayh
incelemeleri Boliim 5’te sunulmustur.

2. Insaat Sektoriiniin Cevresel Etkileri ve Déngiisel
Ekonomi

Insaat sektdrii; dogal kaynak tiiketimi, sera gaz
emisyonlari, enerji sarfiyati ve atitk olusumu
konularinda biyiik paydaslardan birisidir (Allwood ve
Cullen, 2012; Eurostat, 2022). Oyle ki Avrupa Birligi
icerisindeki en biiyiik atik olusumu insaat ve yikim
kaynaklidir. Bu atigin miktar1 hafriyat atiklari harig
yulik 350 milyon tondan daha fazladir (European
Commission, 2017). Insaat sektoriiniin yerlesik
etkilerinden o6nemli bir kisminin da tasiyic
sistemlerden kaynaklandigi bilinmektedir. Hammadde
cikarilmasi, isleme, nakliye, montaj gibi safhalarda
enerji tiiketilmekte ve karbon salinimi yapilmaktadir.
Yerlesik etkilerin azaltilmasi amaciyla doéngiisel
ekonomi modelinin ingaat sektorii icin de uygulanmasi
bir gereklilik olarak ortaya g¢ikmaktadir. Dongiisel
ekonominin is modelleri 1970°li yillardan beri
bilinmektedir. {lgili model mevcut ekonomik
sistemdeki kaynak kullaniminin malzeme tiiketimi
acisindan siirdiiriilebilir olmadig1 fikrinden ortaya
cikmistir (Stahel, 2013). Dongiisel ekonominin ana
hedefi iiretilen bir {irliniin miimkiin oldugunca tekrarl
cevrimler ile kullanimda tutulmasini saglamaktir. Bu
baglamda onarim, yeniden kullanim ve geri déniisiim
olmak iizere U¢ temel strateji esas alinmaktadir.
Dongiisel ekonomi modelinin ana basliklar1 ve ¢evrim
semasi Sekil 1'de gosterilmistir.
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Sekil 1. Déngiisel ekonomi modeli (Unliitiirk ve dig,,
2020)

Konuya yapr mihendisligi a¢isindan bakildiginda,
yeniden kullanim ve geri doniisiim segeneklerinden
hangisinin daha cazip oldugu halen tartisilan bir
konudur. Geri donlisimiin en c¢ok tercih edilen
dongiisel ekonomi yontemi oldugu bilinmektedir. Geri
doniisim i¢in yeniden isleme gerekliliginden ortaya
cikan enerji sarfiyatinin c¢evreye olumsuz etkileri
oldugu elestirisi hakimdir. Bu baglamda yeniden
kullanim seceneginin, yapilarin ¢evresel etkilerini
diistirmek noktasinda daha iyi bir ¢6ziim sunabilecegi
ileri siirtilmiustiir (Allwood ve Cullen, 2012; Iacovidou
ve Purnell, 2016). Celik bilesenler icin yeniden
kullanim, geri doniistimleri icin saliman karbonu
%60’dan fazla azaltabilmektedir (Gorgolewski, 2008).
Yeung, Walbridge

Haas ve Saari (2017) tarafindan yapilan ¢alismada
yeniden kullanim ve geri doniisiim i¢in karsilastirmali
bir yasam doénglisi ve maliyet analizi sunulmustur.
Yapilan vaka calismasina gore yeniden kullanim ile
cevresel etki parametrelerinin biiyiik ¢ogunlugunun
azaldigi ancak maliyetlerin arttug ifade edilmis,
cevresel etkiler ile birlikte maliyetlerin de azaltilmasi
icin bir dizi 6nerilerde bulunulmustur. Vares, Hradil,
Sansom ve Ungureanu (2020) tarafindan yapilan
calismada cesitli yeniden kullanim senaryolari igin
ekonomik ve cevresel degerlendirmeler yapilmistir.
Celik yapilar i¢in yapilan vaka ¢alismasinin neticesinde
yeniden kullanilan elemanlarin geri dontlisiime gore
daha diisiik ¢evrim maliyeti oldugu, cevresel etkinin de
azaldig1 rapor edilmistir. Literatiirde yeniden kullanim
ve geri donlsimiin karsilastirildigit ¢alismalarda,
yeniden kullanimin ¢evresel etkileri azalttig
konusunda bir mutabakat olsa da maliyet konusunda
birbirinden farkli sonuglara ulasildigi gorilmiistiir.
Bunun temel sebebinin vaka ¢alismalarinda degiskenlik
gosterebilecek belirsiz parametreler oldugu
diisiiniilmektedir. Ornegin yikim maliyetleri, tasima
mesafeleri, kazanilan elemanlarin ekstra islemlere
ihtiyac1 olup olmadigi gibi ¢ok sayida vakaya ozgi
belirsiz parametre bulunmaktadir. Bu baglamda genel
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gecer sonuglar aramak yerine vaka bazinda analiz
yapma gereksinimi ortaya ¢ikmaktadir.

3. Yap1 Elemanlarinin Yeniden Kullaniminin
Oniindeki Engeller ve Coziimler

Yap1 elemanlarinin yeniden kullanimi her ne kadar
cazip bir alternatif olarak sunulsa da oniinde bazi
engeller bulundugu cesitli ¢alismalarla ortaya
konmustur. Icovidou ve Purnell (2016) tarafindan
yapilan c¢alismada yeniden kullanimin c¢ok biyiik
potansiyeller vaat ettigi ve bu potansiyelin sektdr
tarafindan kabul edildigi ancak ekonomik,
organizasyonel, politik ve teknik engeller bulundugu
belirtilmistir. Ekonomik engeller secici yikimin
getirdigi ek maliyetler, depolama ve nakliye
giderlerinin artmasi, yeniden kullanilmak {zere
kazanilan elemanlar icin bir pazar bulunmamasi gibi
sebeplerle; organizasyonel engeller yeniden
kullanilacak elemanlarla ilgili herhangi bir standart
bulunmamasi, yikim operasyonlarinin dar bir
programla ve ¢ok sayida tarafla yapilmasi, bilesenlerin
depolanmas: icin altyapr eksikligi gibi sebeplerle;
politik engeller yeniden kullanima tesvik ve rehberlik
edecek politikalar gelistirilmemesi gibi sebeplerle;
teknik engeller mevcut yapilarin sékiim icin
tasarlanmamig olmasi, yeniden kullanilacak
elemanlarin  yapisal performanslarini  belgeleyip
garanti edecek prosediirlerin olmamasi, secici yikim ve
yeniden kullanim konusundaki teknik bilgi ve tecriibe
eksikligi, kazanilacak elemanlardaki kalite
konusundaki belirsizlik ve eleman boyutlarindaki
cesitlilik gibi sebeplerle agiklanmaktadir. Yeniden
kullanimin kazandiracaklarinin literatiirde
belgelenmesine karsin konu hakkinda insaat sektdrii
icerisinde bilgi ve bilinirlik noktalarinda eksikler
oldugunun alti1 ¢izilmistir. Yeniden kullanim ile
saglanabilecek avantajlar1 ortaya koyan g¢alismalarin
artmasiyla sektér paydaslarinin adaptasyonunun
kolaylasabilecegi ifade edilmistir. Tingley, Cooper ve
Cullen (2017) tarafindan ingiltere icin yapilan
calismada yapisal ¢eligin yeniden kullaniminin
oniindeki engeller sektdér temsilcileri ile goriismeler
yapilarak arastirilmistir. En 6nemli engeller olarak
maliyet, bulunabilirlik ve depolama, miisteri talebinin
diisik olmasi, c¢eligin izlenebilirligi ve tedarik
zincirindeki bosluklar raporlanmistir. Katilimcilarin
biiyiik ¢ogunlugunun yeniden kullanimin en biyiik
faydasinin  ¢evresel etkiler {izerinde olacagim
diisiindiigii  bildirilmistir. Ruan (2020) tarafindan
yapilan ¢alismada yeniden kullanilan c¢elik elemanlar
ile insa edilen yapilarin performansini degerlendirecek
herhangi bir standart olmadig: ifade edilmis, yeniden
kullanilan elemanlardaki kusurlarin yapisal stabiliteye
etkileri  incelenmistir.  Sonu¢ olarak; yeniden
kullanilacak elemanlarin o6nceki hizmet Omrinde,
sokiiliirken, tasinirken, yeniden kaynaklanirken ve
montaj sirasinda hasar alabilecegi; bu elemanlarin
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sonraki hizmet Omiirlerinde basing etkisi altinda
olmas1 durumunda geometrik kusurlarinin ve bu
kusurlardan olusan ek gerilmelerin tespit edilmesinin
kritik oldugu vurgulanmistir. Vares ve dig. (2020)
tarafindan yapilan ¢alismada yonetmeliklerin yeniden
kullanim yontemini desteklemedigi, mevcut bina
stokunun sékiim i¢cin  tasarlanmadigi, mevcut
binalardan malzeme kazanilmasinin karmasik ve zorlu
bir sire¢ oldugu vurgulanmistir. Condotta ve Zatta
(2021) tarafindan yapilan c¢alismada yeniden
kullanimin Avrupa birligi tarafindan kaynak yonetimi,
cevresel etkiler ve atik yonetimi konularindaki
faydalar1 sebebi ile tesvik edilen bir oncelikli alan
oldugu ifade edilmistir. Buna karsin geri kazanilan
elemanlarin kullanimina iliskin baz1 yasal bosluklar
oldugu, AB normlarindaki biitiinliikten uzak yap1 geregi
cesitli tutarsizliklarin ortaya ciktig1 belirtilmistir. ilgili
yasal bosluk ve tutarsizliklarin mevcut problemleri
derinlestirdigi ifade edilmistir. Bir yap1 eleman yikim
yoluyla elde edildiginde AB normlarina gore iki farkh
statiide degerlendirilebildigi, geri kazanilan unsurun
gelecekteki kullanimi ayni kalacaksa “Onleme”
kategorisine girdigi, daha sonra yeniden
kullanilabilmesi  yasal olarak yapt malzemesi
standartlarina tabi oldugu belirtilirken; kullanim amaci
degisirse “yeniden kullanima hazirlama” kategorisinde
degerlendirildigi ve atik olarak kabul edildigi; kontrol,
temizleme ve geri kazamim siireglerinden ge¢mesi
gerektigi bildirilmistir. Bu islemlerin ardindan yap:1
malzemeleri yonetmeligine uygunlugu
degerlendirilmesi gerektigi ifade edilmistir. Yapi
malzemeleri yonetmeliginin ise iiriiniin kendisi ile ilgili
degil kullanim alaniyla ilgili standartlar1 ortaya
koydugundan dolay1 yeniden kullanimi Kkisitladig
belirtilmistir. Yasal ¢ercevedeki problemlerin yeniden
kullanimi dogrudan engellemese de proje siirelerini
uzattigl, slre¢ maliyetlerini arttirdigi, elemanlarin
performans degerlendirmelerinde sorunlara yol ag¢tig1
ve son kullanicida olumsuz bir izlenim biraktig
vurgulanmistir.

Literatiirde tanimlanan engellerin asilmasi i¢in dnemli
sayida ¢alisma yapilmistir. Yapilardan eleman kazanma
slirecinin kolaylastirilmasi amaciyla “sokiime gore
tasarim” kavrami ortaya atilmistir. Bu tasarim
yontemine gore; yeni yapilacak yapilarin émiirlerini
tamamlandiginda kolayca sokiilerek, elemanlarinin geri
kazanilacak sekilde tasarlanmasi beklenmektedir.
Tasarim asamasinda yapmin  gelecekte nasil
sokiilecegine iliskin projelendirme yapilmasi, yapisal
elemanlar birbirine baglanirken miimkiin oldugunca
kalict baglantilardan kaginilarak soékiim sirasinda
minimum maliyet ve hasar hedeflerinin saglanmasi
amaclanmaktadir. Ayrica hangi yapinin ne zaman
sokiilecegi, sokiildiigiinde nasil bir envanter elde
edilecegi, sokiim maliyetinin ve islem siliresinin tahmin
edilebilirligi gibi 6nemli bilgiler elde edilerek yapi
elemanlarinin yeniden kullaniminin
strdiirilebilirligine katki saglanmasi beklenmektedir.
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Bu sayede yeniden kullanim i¢in gereken secici yikim
maliyetlerinin diisecegi ve kurtarilan malzemeler icin
yeni bir pazar yaratilacagi belirtilmistir (Rios, Chong ve
Grau, 2015). Buna ek olarak sokiime gore tasarim
yonteminin yerlesik enerjiyi, hava Kkirliligini ve
emisyonlari diistirecegi bildirilmistir (Akinade ve dig.,
2017). Kanters (2018) tarafindan yapilan incelemede
celik yapilar i¢in sokiime gore tasarimdaki son durum
ve tasarim siirecine olan etkileri ele alinmistir. Sokiime
gore tasarimin ¢evresel, sosyal ve finansal faydalara yol
acabilecegi ifade edilmistir. Calismaya gore celik
yapilarin sokiime gore tasarimina dair genis bir
literatiir olsa da tasarim ekiplerinin uygulayacagi net
prosediirlerin heniiz gelistirilemedigi bildirilmistir.
Sokiime gore tasarim yonteminde kullanilmak tzere
tasarim ekiplerini destekleyecek ¢ok fazla arag
olmadigl, buna karsin BIM (yap1 bilgi modellemesi) ile
sokiime gore tasarima ciddi bir destek saglanabilecegi
ifade edilmistir. Kanyllmaz, Birhane, Fishwick ve
Castillo (2023) tarafindan yapilan ¢alismada yapisal
celigin yeniden kullanimi konusundaki engeller;
malzeme bulunabilirligi, yeterli tasarim standartlarinin
olmayisi, 6n maliyetler ve insaat oncesi yikimin
olusturdugu karbon etkisi, yikimdan elde edilecek
malzemelerin  yeniden  kullaniminin  maksimize
edilmesi konusundaki problemler, yeniden kullanimin
tlim insaat ekosisteminde etkin sekilde kullanimi ve
koordinasyonunun saglanamamasi olarak
basliklandirilmistir. Salama (2017) tarafindan yapilan
calismada betonarme yapilar i¢in sékiime gore tasarim
konusu incelenmistir. Calismada betonarme binalarin
yerinde dokim gibi geleneksel yontemlerle insa
edilmesi sebebiyle sokiime gore tasarim ilkelerine ¢ok
uzak oldugu, bu sebeple yikima mecbur kalindig ifade
edilmisti. On iiretimli betonarme elemanlarin
yayginlasmasi ile sokiime gore tasarimin kolaylasacagi
belirtilmistir. Buradan hareketle demontaj
kapasitesinin arttirilmasi ve sokiime gore tasarim
prensiplerinin uygulanabilmesi i¢in 06n Uretimli
betonarme eleman ve sistemlerin gelistirilmesi
noktasinda daha ¢ok calismaya ihtiya¢ duyuldugu
sonucuna ulasimistir.  Walsh ve Shotton (2022)
tarafindan yapilan calismada irlanda icin yapisal
malzeme kullaniminda ahsapin yiikselen bir trend
oldugu vurgulanarak ilerleyen zamanlarda kereste
tedarigi anlaminda ciddi bir baski olusacagi
belirtilmistir. Bu sorunun 6niine gegilebilmesi amaciyla
tipik bir miistakil konut tizerinde yapisal malzemelerin
yeniden kullanimi arastirilmis, yeniden kullanim
potansiyelini maksimize etmek amaciyla sokiim i¢in
tasarim islemleri gercgeklestirilmistir. S6kiim icin
tasarimla birlikte yeniden Kkullanilabilir eleman
oraninin %41’den %74’e c¢ikarildig1 belirtilmistir.
Estrella ve dig. (2023) tarafindan yapilan calismada
yapilardan yeniden kullanilmak iizere malzeme
kazaniminin zorlu bir siire¢c oldugu belirtilerek ilk
tasarimin sokiilebilir elemanlarla gerceklestirilmesi ile
bu sorunun dniine gecilebilecegi belirtilmistir. Bu amag
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dogrultusunda PixelSlab adi verilen bir modiiler
tasiyic1 ahsap sistem oOnerilmistir. Gergeklestirilen
deneysel testlerin ardindan onerilen sistemin defalarca
hasara ugramadan sokilip yeniden kullanilabilir
oldugu, diger yap1 elemanlari ile uyumlu oldugu, s6kiim
ve yeniden uygulama i¢in ciddi bir is¢ilik gerekmedigi,
kompakt tasarimi sayesinde nakliye operasyonlarini
kolaylastirdig belirtilmistir.

Yap1 elemanlarinin yeniden kullanilmasinin éntindeki
engellerin asilmasi i¢in giincel teknolojik imkanlardan
faydalanilmasini amaglayan c¢esitli calismalar da
bulunmaktadir. Ness, Swift, Ranasinghe, Xing ve
Soebarto (2015) tarafindan yapilan ¢alismada yapi bilgi
modellemesi (BIM) ile birlestirilmis radyo frekans
tanima (RFID) teknolojisinin, yapisal ¢eligin yeniden
kullanimi icin mevcut olan baz1 belirsizliklerin
giderilmesi amaciyla kullanimi arastirilmistir. Onerilen
metodoloji sayesinde yap1 elemanlarinin sahipligi,
iiretici bilgisi, liretim tarihi ve yeri, fiziksel 6zellikleri
ve konumlar1 gibi bilgilerin kiinyelenip kolayca
dijitalize edilebilecegi belirtilmistir. Dijitalize edilen
verilerin BIM entegrasyonuyla yeniden kullanimin
ontindeki biiyiik engellerden birisi olan sahadaki bilgi
eksikligini azaltarak yapisal celigin sokimii, geri
kazanimi ve yeniden kullanimini kolaylastirabilecegi
ifade edilmistir. Akberieh, Jayasinghe, Waldmann ve
Teferle (2020) tarafindan yapilan c¢alismada yasam
dongiisii sonlandirma kararinda ve yapi sokimiiniin
dijital olarak gerceklestirilmesinde BIM uygulamalari
incelenmistir. BIM tabanli yaklasimin sehirleri ve
binalar1 yeniden kullanilacak elemanlar ile dolu
madenler olarak kabul ederek, yeniden kullanimi
destekleyecegi ve siirdiriilebilirlik agisindan biyiik
potansiyeller vaat eden bir yontem oldugu
vurgulanmistir. Yeung, Walbridge ve Haas (2015)
tarafindan yapilan calismada yapisal ¢eligin yeniden
kullaniminda geometrik karakterizasyonun (yapi
elemanlarinin ve baglanti geometrilerinin belirlenerek
dokiimante edilmesi) dnemi arastirilmistir. Geometrik
karakterizasyonun bilinmeyen eleman boyutlarina
erisilmesi, montaj geometrisinin belirlenebilmesi,
giivenilirlik degerlendirilirken belirsizligin o6l¢lilmesi
gibi nedenlerle 6nemli oldugunun alti ¢izilmistir.
Geometrinin  algilanabilmesi i¢cin ili¢  boyutlu
goriintiileme teknolojilerinden faydalanilmistir. Yapisal
celigin yeniden kullanimi icin maliyetler ve risklerin
azaltilmasi ile geri donilisiimden daha cazip olabilecegi
belirtilmistir. Calismada ayrica karar verme siirecine
rehberlik edebilecek bir prosediir Onerilmistir.
Onerilen karar verme prosediirii {i¢ alt baghk
barindirmaktadir. Bunlar sirasiyla 6n analiz, detayl
analiz ve karar verme asamalaridir. On analizde
deneyimli bir uzmanin mevcut yapmin yeniden
kullanilabilirlik potansiyelini kabaca degerlendirmesi
beklenmektedir. Ayrintili analiz ise kendi i¢inde dort
alt siirecte yuriitillecektir. Bunlar geometrik ve
mekanik 6zelliklerin belirlenmesi, yapisal analiz, yasam
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déngiisii  analizi ve ekonomik analizdir. Uciincii
asamada ise toplanan bilgiler 1s18inda nihai karar
verilmektedir. Calismada oOnerilen ii¢ boyutlu
goruntiileme teknolojisi tabanli yar1 otomatik kesit
tanima sisteminin, olusturulan prosediire veri toplama
asamasinda destek olabilecegi ifade edilmistir. Hradil
ve dig. (2014) tarafindan yapilan c¢alismada yapi
elemanlarinin  yeniden kullanilmasinin  dniindeki
engellerin asilmasi i¢in ¢evrimi¢i pazarlama, eleman
etiketleme ve BIM teknolojilerinin etkili olabilecegi
belirtilmistir. Fujita ve Masuda (2014) tarafindan
yapilan calismada yeniden kullanilacak yapisal c¢eligin
dayanim 6zelliklerinin belirlenmesi i¢in bir dizi
tahribatsiz muayene siireci yiritilmistiir. Bu
baglamda ultrasonik sertlik 6l¢iim cihaz1 vasitasiyla
sertlik degerleri elde edilerek Vickers sertlik metodu ile
cekme dayanimina déniisimil saglanmistir. Kimyasal
bilesen analizi i¢in ise optik emisyon spektrometresi
kullanilmistir. Yapilan vaka c¢alismasinin neticesinde
yeniden kullanilacak elemanlarin performansinin
dogrulanabilir oldugu sonucuna ulasiimistir.

4. Vaka Calismalar1 ve Uygulamalar

Bu kisimda literatiirde bulunan bazi teorik vaka
calismalar1 ve gercek hayat uygulamalarindan
bahsedilmistir. Gorgolewski, Straka, Edmonds ve
Sergio-Dzoutzidis (2008) tarafindan yapilan ¢alismada
yapisal elemanlarin yeniden kullanildigt baz
uygulamalar incelenmistir. {lk inceleme Giiney
Londra’da uygulanan BedZED (The Bedington Zero
Energy Development) projesidir. Projede kullanilan
yapisal geligin %95’i 50 km’lik ¢evrede bulunan geri
kazanilmis elemanlardan elde edilmistir. Proje igin
kullanilan yapisal celigin %80°lik kismi ise Brighton
Tren Istasyonu'nun tadilai sonucu Kkazanilan
elemanlardan olusmaktadir. Baslangicta geri
kazanilmis  elemanlarin  tasarima  uyumlulugu
noktasinda endiseler oldugu ancak esnek tasarim
sayesinde cok kiiciik degisikliklerle uyum sorunlarinin
asildig1 ifade edilmistir. Kazanilan elemanlarin
kumlanip boyandigl, ekstra bulon delikleri ve kaynak
izleri disinda eski dmiirlerine isaret eden herhangi bir
emare kalmadig1 bildirilmistir. Calismada sunulan bir
diger 6rnek de Toronto Scarborough Universitesi
icindeki 6grenci merkezidir. Binada kullanilan yapisal
celigin 16 tonluk kism1 Royal Ontario Miizesinin yikimi
sonucu hurdaya ayrilan yapisal ¢elikten elde edilmistir.
Elde dilen c¢elik elemanlar bir imalathanede boyuna
kesilerek istenen 6l¢iilerde yeni elemanlar {iretilmistir.
Elemanlar temizlenmis, yeniden boyanmis ve yeni
bulon delikleri agilarak sahaya gonderilmistir. Projede
yeniden kullanimin cevresel kaygilarla tercih edildigi
ve maliyete etkisinin notr bulundugu ifade edilmistir.
Calismadaki son uygulama incelemesi ise Kanada'nin
British Columbia eyaletindeki bir ilkokul binasidir. Bir
yangin neticesinde kullanilmaz hale gelen Roy Stibbs
Okulunun hizlica insa edilip tekrar kullanima
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sunulmasi i¢in Omriinii tamamlamis baska bir okul
binasindaki ¢elik elemanlarin yeniden kullanildig:
belirtilmistir. Yeni binanin yapisal sisteminin, eski
binayla olduk¢a yakin tasarlanmasiyla elemanlarin
minimum isleme kullanilmasi saglanmistir. iki bina
arasindaki deprem yiiklerinin farkliigindan dolay1
capraz elemanlarin yeniden tasarimi gibi bazi
degisiklikler  yapilsa da  yeniden kullanim
potansiyelinin arttirllmasi icin eski tasarima sadik
kalinmaya c¢alhsilmistir. Bu sayede c¢ogu eleman
temizlenip boyandiktan sonra dogrudan
kullanilabilmistir. S6kiim ve nakliye sirasinda baz
elemanlarda olusan hasarlarin tamir edildigi
belirtilmistir. Tahmini yeniden kullanim oraninin %75
oldugu bildirilmistir. Calismada ayrica yeniden
kullanimin daha efektif hale getirilmesi icin bir dizi
oneride bulunulmustur. Tasarim siireclerinde yeniden
kullanim kararinin erken asamalarda verilmesiyle
entegrasyonun kolaylastifl, yeniden kullanilacak
elemanlarin ¢ogu zaman kullanima hazir olmadiklari ve
kazanilan elemanlarin  oldukca farkli  Kkesitler
barindirabilecegi i¢in esnek tasarimlar yapmasi
gerektigi, yeniden kullanim potansiyelinin list diizeye
cikarilabilmesi icin mevcut envanterin detayh
kayitlarinin tutulmast ve geri kazanilmis yapisal
elemanlarin ulasilabilirliginin arttirilmas1 gerektigi,
eski yapt elemanlarinin mekanik 6zelliklerinin
degerlendirilebilmesi i¢in prosediirler gelistirilmesi
gerektigi rapor edilmistir. Hradil ve dig. (2014)
tarafindan yapilan c¢alismada yap:1 elemanlarinin
yeniden kullaniminin gevresel etkilerinin arastirilmasi
icin Ui¢c adet vaka ¢alismasi sunulmustur. Bu calismalar
sirasiyla  Finlandiya’da  bulunan 6n  iretimli
elemanlardan  olusan bir betonarme hangar,
Romanya’da bulunan bir endiistriyel yapinin celik
kirisleri ve kiiciilk bir mahallede yeniden kullanim
politikasinin uygulanmasi Uzerinedir. Her vaka
calismasi icin cevresel etkilerde ciddi miktarda azalma
gozlenmistir. Pongiglione ve Calderini (2014)
tarafindan yapilan vaka ¢alismasinda italya Cenova’da
kullanilmayan bir endiistriyel yapinin tasiyici sistem
elemanlarinin, yeni insa edilecek tren istasyonunda
degerlendirilmesi amaglanmistir. Calisma kullanilan
malzeme miktarinin ne kadar azaldigr ile
ilgilenmektedir. Sonug olarak yapisal geligin yeniden
kullaniminin %30’a varan oranda malzeme ve CO2
salinimi tasarrufuna imkan verdigi bildirilmistir.
Vares, Hradil, Pulakka, Ungureanu ve Sansom (2018)
tarafindan sunulan teorik vaka ¢alismasinda literatiirde
optimize edilmis bir sanayi yapist kullanilmistir.
Cevresel etkilerin ve maliyetlerin analiz edilmesi
amaciyla yapmin yeni elemanlarla ve yeniden
kullanilan  elemanlarla tasarlandigi  iki siireg
ylritilmistiir. Yeniden kullanimin ¢evresel faydalarin
yant sira yatirim maliyetini de %10 oraninda
distirdiigii sonucuna ulasilmistir. Sandin, Carlsson,
Chuldin ve Sandberg (2021) tarafindan yapilan
calismada yeniden kullanim ve sokiim i¢in tasarim
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konularini 6rnekleyen bir proje uygulamasi ele
alinmistir. Halihazirda on iiretimli sekilde ahsaptan
imal edilen Villa Anneberg projesindeki yeniden
kullanim potansiyeli arastirilmis ve yeniden kullanim
oraninin arttirilabilmesi igin c¢esitli gelistirmeler
yapilmistir. Oncelikle mevcut proje icin sékiim
prosediirleri iiretilmis, ¢at1i kaplamalarindan temele
kadar sokiimiin nasil gercgeklestirilecegi detayli olarak
aciklanmistir. Ardindan mevcut tasarimin sokiime
uygunlugu baglaminda giicli ve zayif yonleri
irdelenmis ve gelisime agik olan konular tartisilmistir.
Gelistirilebilecegi Dbelirtilen konulardan ii¢ tanesi
secilerek iyilestirmeler oOnerilmistir. Bunlar: duvar-
doseme birlesim modifikasyonu, duvar-duvar birlesim
modifikasyonu ve doseme-doseme birlesim
modifikasyonudur. Gelistirmelerin ana motivasyonu
atik olusumunu engellemek ve sokiim siirecini
kolaylastirmaktir. Duvar-doseme ve duvar-duvar
birlesimlerinde baglanti civatalarina ulasmak igin alg1
plakanin kaldirilmasi gerektigi ve buhar bariyerlerine
zarar verildigi, bu durumun hem atik {rettigi hem
sokiim silrecini zorlastirdigt hem de sokiilen
malzemenin yeniden kullanim igin tamirat gereksinimi
ortaya c¢ikardig1 ifade edilmistir. Doseme-doseme
birlesimlerinde ise yapistirict kullanimi sebebiyle
sokiim isleminin zorlastigi ve sokiim sirasinda geri
kazanilan malzemelerde ciddi tahribatlara neden
oldugu belirtilmistir. Tasarim civatalara kolayca
ulasilabilecek sekilde revize edilmistir. Civatalarin
iistiinde al¢1 ya da yalitim elemani yerine siipiirgelik ya
da kolayca agilabilecek kapaklar tercih edilmistir.
Tabliye-tabliye birlesiminde yapistirici kullanimindan
vazgecilerek yapistiricinin eksikligini tolere edebilmek
icin ilave Kkirisler ve civatalar eklenmistir. Yeniden
kullanilabilir ahsap oranmi mevcut tasarim iizerinde
herhangi bir degisiklik yapmadan %82,7 iken
tasarimda bahsi gegen degisiklikler yapildiginda ise
%286,4 olarak bulunmustur. Calisma ahsap yapilarin
sokiime gore tasariminda rehber niteligindedir. Buna
gore ahsap yapilarin sokim i¢in tasariminda
yapistirma, civileme gibi sokiim siirecini zorlastiran
baglantilardan  mimkiin  oldugunca kaginilmasi
gerekmektedir. Baglantilarda civata tercih edilse dahi
civatalarin kolayca ulasilabilir bolgelerde
konumlandirilmasi olduk¢a onemlidir. Kolay
ulasilabilirlik hem sékiim siirecini hizlandirmakta hem
de sokiim sirasinda kazanilacak elemanlarda hasar
olusumunu minimize etmektedir. Mekanik ve elektrik
tesisatinin sokiime uygun tasarlanmasi gerekmektedir.
ilk kurulum, sékiim ve ikinci kurulum asamalarinin
detayli olarak projelendirilmesiyle olusabilecek
sorunlarin ongorilebilecegi ve tasarim
asamasindayken oOniine gecilebilecegi sonucuna
ulasilmistir.
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5. Envanter Kisith Yapisal Optimizasyon (EKYO)

Yapisal optimizasyon; belirli kisitlar altinda, tasarim
degiskenlerinin dogrudan ya da dolayl olarak etkidigi
amag fonksiyonu ya da fonksiyonlarinin
degerlendirilmesi ile olusturulan uygunluk kriterine
gore, miimkiin olan en iyi yapisal sistemi arayan bir
yapt mihendisligi alanidir. Burada kisitlar genellikle
yonetmelik, sartname ya da miihendislik biliminin
gerekliliklerini, tasarim degiskenleri probleme 6zgi
olarak eleman boyutlar1 ya da kesit ozellikleri gibi
optimize  edilecek  sistemi  karakterize  eden
parametreleri; amag¢ fonksiyonu ise yapi agirhgy,
maliyet gibi ¢dzlimiin performansini degerlendirmek
icin kullanilacak kriter ya da kriterleri ifade etmektedir.
Yapisal optimizasyon ile deneme yanilma esash
geleneksel tasarim yontemlerine kiyasla daha az
malzeme kullanimi gerektiren, daha ekonomik ve ¢evre
dostu yapisal tasarimlara c¢ok daha kisa siirede
ulasildig1 kabul gérmis bir gergektir.

Yapisal optimizasyon sagladigi imkanlarla sinirli diinya
kaynaklarinin daha efektif kullanilmasi1 noktasinda
ciddi katkilar sunsa da baz1 kabuller ile
yuritilmektedir. Bunlardan bir tanesi de istenilen
geometride, cesitlilikte ve dayanim ozelliklerinde
ihtiyac duyulan sayida yapisal eleman bulunabildigi
varsayimidir. Bu varsayim giiniimiiz i¢cin biiyiik ol¢tide
kabul edilebilir olsa da baz1 gelecek senaryolarinin
gerceklesmesi  durumunda gecgersiz  olabilecegi
tartisilmaktadir. Bu senaryolardan kotiimser olani
dogal kaynaklarin tiikkenmesi ve yeni yapisal eleman
iiretilememesi iken literatiirde daha ¢ok kabul géren
senaryo ise yeni yapi elemani iretmenin c¢esitli
sebeplerle cazibesini yitirmesidir. Bahsi gecen sebepler
Boliim 2’'de agiklanan ¢evresel ve ekonomik kaygilar ile
temellendirilmektedir.

Cogu sektor gibi insaat sektdrii de gevresel etkilerin
azaltilmasi noktasinda ciddi bir yiikiimliilik ve baski
altindadir. Avrupa Birligi'nin dongiisel ekonomi
politikalar1 i¢in sundugu eylem planinda Avrupa’daki
en biiyiik atik kaynaginin insaat ve yikim sektdriiniin
faaliyetleri sonucunda ortaya ¢iktigi, atiklarin biyiik
oranda geri  doniistiiriilebilir veya  yeniden
kullanilabilir ~ potansiyelde oldugu vurgulanmis,
donglisel ekonomi modelinin insaat sektoériinde
yayginlastirilmasina ydnelik politikalar gelistirilmesi
bir hedef olarak sunulmustur (European Commission,
2015). Buradan da anlasilabilecegi gibi gelecekte
cevresel etkilerin azaltilmasi ve atik ydnetimi igin
insaat sektoril iizerindeki baskilarin daha da artacagi
aciktir. Bunun dogal sonucu olarak geri doniisiim ve
yeniden kullanima olan talebin artacagi tahmin
edilmektedir. Boliim 2’de detaylariyla bahsedildigi gibi,
geri donlisimiin daha c¢ok tercih edilen bir yontem
oldugu bilinse de c¢evresel etkilerin azaltilmasi
konusunda yeniden kullanim ile daha basari
sonuclara ulasildig1 literatiirdeki ¢esitli ¢alismalarda
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sunulmustur. Yapr elemanlarinin yeniden kullanimyi,
yapl mithendisleri agisindan cesitli belirsizlikler iceren
ciddi bir optimizasyon problemini giindeme
getirmektedir. Bu problemin ¢6ziimii icin envanter
kisith yapisal optimizasyon yontemi degerli bir
yaklasim olarak ortaya ¢ikmistir.

Envanter kisitli yapisal optimizasyon, geri kazanilmis
yapisal elemanlarin olusturdugu eleman havuzlari
kullanilarak  gergeklestirilen  6zel bir yapisal
optimizasyon yontemidir. Havuzda bulunan yap:
elemanlarinin geometrik 6zellikleri, mekanik 6zellikleri
ve stok miktarlar1 bilinmektedir. Bu 6zellikler
kullanilarak, mevcut olan elemanlar ile belirlenmis
amag fonksiyonu dogrultusunda en iyi yapisal tasarim
aranmaktadir. Diger bir deyisle yap1 elemanlarinin
yeniden kullanimindaki faydanin maksimize edilmesi
amacglanmaktadir.  Yapisal elemanlarin  yeniden
kullanimi s6z konusu oldugu icin geleneksel yapisal
optimizasyondan farkl olarak amag fonksiyonlar1 da
cevresel etkileri kapsayacak sekilde degisiklikler
gosterebilmektedir zira minimum agirhgt ya da
minimum maliyeti amaglamak yeniden kullanilan
elemanlarla olusturulan sistemlerin performansini
degerlendirirken yaniltici olabilmektedir.

5.1 Arastirma Metodolojisi

Literatiirdeki envanter kisith yapisal optimizasyon
¢alismalarina ulagmak i¢in ScienceDirect, Web of
Science, Springer Link, Taylor & Francis, Google
Scholar, Researchgate ve Academia veri tabanlarindan
Tablo 1'de sunulan anahtar kelimeler ile taramalar
yapilmistir. Taramalar sonucunda ulasilan
¢alismalardan algoritmik bir yapisal optimizasyon
metodolojisi ya da uygulamasi igerenler filtrelenmistir.

Tablo 1. Anahtar kelimeler
Inventory
Structural, reused constrained
elements structural
optimization
Reuse, load Stock constrained
bearing, structural
optimization optimization

Design for
deconstruction,
optimization

Optimization for
deconstruction

Reused, Circular design,
R Reused elements,
optimization, structural, .
] structural, optimum
structural optimization

Circular economy,
construction,
optimization

Structure, reclaimed
elements, optimum

Reuse building
elements

Reused steel
structure,
optimum

Frame, reused, Truss, reused,
optimum optimum

Yalnizca yapisal elemanlarin yeniden yapisal eleman
olarak kullanildigi c¢alismalar esas alinmistir. Bu
baglamda eski yapi elemanlarinin tasiyict sistem
olusturma haricinde farkli amagclar i¢in kullanildig1 ya
da yapilarin disindaki kaynaklardan elde edilen
malzemelerin yapi eleman1 olarak degerlendirildigi
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calismalar ve kazanilan elemanlarin cephe sistemleri ve
ic tasarim ogeleri gibi mimari elemanlarda kullanilmasi
amaciyla yapillan c¢alismalar bu incelemenin
kapsaminin  disindadir.  Taramalar  neticesinde
belirtilen nitelikleri tasiyan 15 adet ¢alismaya
ulasilmistir. Ulasilan ¢alismalarin yillara ve tiirlere gore
dagilimlari Sekil 2’de gosterilmistir.
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Sekil 2. Calismalarin yillara ve tiirlere gore dagilimlari

5.2 Literatiirdeki EKYO Calismalarinin Kapsaml
incelemeleri

Envanter kisith yapisal optimizasyon (EKYO) alaninda
yazarlarin ulasabildigi ilk calisma Fujitani ve Fujii
(2000) tarafindan sunulmustur. Dizlem c¢erceve
sistemin yeniden kullanilan elemanlarla optimize
edildigi calisma, bu alanda 6ncii olmasi bakimindan
onemliyken modern EKYO calismalarindan baz
farkliliklar icermektedir. Stok listesindeki elemanlarin
boylarina iliskin herhangi bir veri sunulmamis,
elemanlarin istenilen boyda oldugu varsayillmistir.
Optimizasyon Genetik  Algoritma (GA) ile
gerceklestirilmistir. Amag fonksiyonu olarak geleneksel
yapisal  optimizasyonda  oldugu gibi  agirhk
minimizasyonu, kisitlar olarak ise elemanlarin gerilme
ve birim sekil degistirme limitleri secilmistir.
Optimizasyon siireci basit bir atama problemi olarak
ele alinmistir. Yapisal elemanin gerilme ve birim sekil
degistirme talebi ile stok elemanlarinin kapasiteleri

SPM

15m

J ESOGU Eng. Arch. Fac. 2023, 31(4), 988-1012

karsilastirilarak ilgili atamalar gerceklestirilmistir. iki
katly, iki agiklikl ve alt1 yapisal elemanl ¢erceve sistem
icin alt1 ve dokuz stok elemani ile iki farkli problem
optimize edilmistir. Sonug olarak genetik algoritmanin
envanter kisitl optimizasyon i¢in kullanilabilir oldugu
ifade edilmistir. Literatiir taramalar1 sirasinda
bahsedilen 6ncii ¢alismadan sonra EKYO alaninda uzun
yllar boyunca yapilan herhangi bir calismaya
rastlanmamistir. Avrupa Komisyonu'nun hedefleri,
artan cevresel kaygilar, yerlesik enerji ve atik yonetimi
gibi kavramlarin 6nem kazanmasiyla EKYO'nun tekrar
giindeme geldigi diistiniilmektedir.

Envanter kisith yapisal optimizasyon probleminin
temel sorunlarindan birisi stoktaki elemanlarin ilgili
yapisal elemana nasil atanacagi problemidir.
Bukauskas, Shepherd, Walker, Sharma ve Bregulla
(2017)  tarafindan yapilan c¢alismada atama
probleminin ¢6ziimii i¢in bir yoéntem sunulmustur.
Atama problemi form uydurma problemi olarak
modellenmigtir. Literatiirde olduk¢a popiiler bir form
uydurma problemi olan kutulama problemi benzetim
icin tercih edilmistir. Kutulama probleminin ¢6ziimii
icin gelistirilmis 6zel sezgisel yontemler incelenerek
eleman atama probleminin kutulama problemi ile
benzerlikleri ortaya konulmustur. Buradan hareketle
kutulama probleminde basarili sonuglar veren On
Siralamali  First-Fit yontemi, atama problemi igin
¢oziicii olarak secilmistir. Ilgili yontemle dairesel
elemanlarla olusturulmus ahsap bir ¢ati kafesine atama
uygulamasi yapilmistir. Atama yapilan kafes ve
literatlirden olusturulan farkli uzunluk ve degisken
captaki yapay agac stoku Sekil 3’te sunulmustur. On
Siralamali First-Fit yontemi i¢in, atanacak elemanlar ve
stok elemanlar:1 dort farkh sekilde siralanarak sonuglar
karsilastirilmigtir.  Siralama kriteri olarak yapisal
elemanlar icin rastgele ya da eksenel kuvvet, stok
elemani icin ise rastgele ya da c¢ap kriteri
uygulanmistir. Basarim, kesimden kaynakli atik esas
alinarak degerlendirilmis olup karsilastirma igin
calisma siiresi ve iterasyon sayilari da sunulmustur.
Elde edilen dort farkli durumdan en basarili bulunani
yapisal eleman icin eksenel yiik, stok eleman icin ¢ap
siralamasi iceren On Siralamali First-Fit yontemi
olmustur.

5PM

;\\

ll

Sekil 3. Atama yapilan kafes sistem ve stok elemanlar1 (Bukauskas ve dig., 2017)
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Yazarlarin ulasabildigi literatiir ¢ercevesinde amac
fonksiyonunda cevresel etkileri barindiran ilk ¢alisma
Briitting, Senatore ve Fivet (2018a) tarafindan
yapilmistir. Calismanin bu yoniyle ciddi bir 6zgiin
degere sahip oldugu diisiniilmektedir. Calismada yap1
elemanlarinin yeniden kullanimiyla bir elemandan
birden fazla hizmet 6mri elde edilmesi ve bu sayede
cevresel etkilerin minimize edilmesi amag¢lanmistir. Bu
ama¢ dogrultusunda kafes sistemlerin stoktaki
elemanlarla optimum tasarimina dair yapisal
optimizasyon formiilasyonlar1 sunulmustur. Agirhigin,
kesim kaynakli atiklarinin ve yerlesik enerjinin

Sistem Atama
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Y120
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minimizasyonu amag fonksiyonlar1 olarak
belirlenmistir. Envanter kisith yapisal optimizasyon
bir atama problemi olarak kurgulanmistir. Atama
probleminin nasil ¢6zlimlendigi Sekil 4’te
Ozetlenmistir. Atamalar; satirlar1 yapisal elemanlarsi,
stitunlar1 stok elemanlarini ifade eden bir matris ile
saglanmaktadir. Matriste ikilik (binary) sayi sistemi
kullanilmistir. Gerceklesen atamalar 1 ile
gosterilmektedir. Stok listesindeki j eleman indislerini,
a eleman geometrilerini, | eleman boylarini, n ise hangi
elemandan kag¢ adet bulundugunu go6stermektedir.

Stok

j I123@B6D,

az[---llllj

cocoococooco B

4T

Sekil 4. Briitting ve dig. (2018a) tarafindan sunulan atama ¢6ziimii

Calismada Kkesit, topoloji ve geometri optimizasyonu
yapilmistir. Kisit olarak elemanlarin eksenel kuvvetleri,
Euler burkulmasi, diigiim yer degistirmeleri ve atama
kurallar esas alinmistir. Yapisal eleman uzunlugundan
daha kisa stok elemanlarinin ilgili elemana atanmasi
engellenmistir. Uyum optimizasyonu i¢cin amag
fonksiyonu, yuk altinda deformasyonlarin
minimizasyonu olarak formile edilmistir. Yeniden
kullanim ile ilgili olan amag¢ fonksiyonlarinda agirlik
minimizasyonu hedeflenmistir. Bu sayede kesit alanlari

parametredir. Atik olusumunun Oniine gecilmesi ve
daha uygun bir yerlesim yapilmasi amaciyla kesimden
kaynakli atiklarin minimizasyonu da bir amag
fonksiyonu olarak secilmistir.  Yeniden kullanimin
cevreye olan etkilerinin degerlendirilmesi amaciyla
yasam dongiisii analizi yapilmistir. Calismada sunulan
yasam donglsi analizinin genel semasi Sekil 5’te
gosterildigi gibidir. Semada gosterilen her siire¢ i¢in
cevresel etkiler ayr1 ayr1 hesaplanarak kilogram basina
harcanan enerji ve sera gazi emisyonlar1 elde

minimize edilerek eleman kapasitelerinin daha iyi edilmistir.
kullanilmas1 amaglanmaktadir. Ortaya ¢ikan agirhk
cevresel etkilerin hesaplanmas1 i¢cin de etkin
Stok
Yikim Alani
Segici Yikim ‘ |H
N
Atama Sistem
Uretim Alani

Hurda

Kesim {
Montaj
ingaat Sahasi

Sekil 5. Yeniden kullanim i¢in sunulan yasam déngiisii degerlendirme semasi) (Briitting ve dig., 2018a)

996



ESOGU Miih. Mim. Fak. Dergisi 2023, 31(4), 988-1012

Optimizasyon  problemi atama ve  geometri
optimizasyonu olarak iki parcada ele alinmistir. Atama
optimizasyonu i¢cin MILP (Mixed Integer Linear
Programming), geometri optimizasyonu ic¢in ise NLP
(Non-Linear Programming) kullamlmistir. Onerilen
optimizasyon prosediirii Sekil 6’da sunulmustur.
Onerilen yéntemin etkinligini géstermek icin ii¢ farkli
kafes sistem optimize edilmis ve sonuglar klasik yapisal
optimizasyon yontemiyle agirlifi minimize edilmis
sonuglar ile karsilastirllmistir.  Karsilastirmalar
neticesinde EKYO ile elde edilen yapilarin toplam
agirligr klasik yapisal optimizasyonla elde edilenlerden

Sistem

] ESOGU Eng. Arch. Fac. 2023, 31(4), 988-1012

daha fazla bulunmustur. Bunun sebebi stoktaki gorece
kiicik enkesitli eleman sayisinin smirli olmasi ile
aciklanmustir. ilgili tasarimlarin agirliklar1 daha fazla
olsa da yerlesik enerjilerinin daha diisik oldugu
vurgulanmistir. Vaka calismalarindan %71'e varan
enerji tasarrufu elde edildigi ifade edilmistir. Bu
degerin 6nemli oranda azaltilmis bir cevresel etkiyi
ifade ettigi vurgulanmistir. Yeniden kullanimda en
biiyik yerlesik enerji tiikketiminin segici yikim
prosediiri i¢in gerekli oldugu ifade edilmistir.

Ulasilmadi Hedef

v x | kontrolii
. Ulagildi
Atama |——- | Geometri | —— Sonug
T

min f(T, p*, u")

MILP

min fix, p*, u")

NLP

Sekil 6. Briitting ve dig. (2018a) tarafindan 6nerilen EKYO prosediirii

Bukauskas, Shepherd, Walker, Sharma ve Bregulla

(2018) tarafindan yapilan calismada klasik yapisal
optimizasyon metodolojisinde tasarim degiskenlerinin
genellikle geometriyi, topolojiyi ya da eleman
boyutlarin1 ifade edecek sekilde secildigi, envanter
kisithh yapisal optimizasyonda ise bunlara ek olarak
stok elemanlarin gereken yere atanmasi probleminin
ortaya c¢iktig1 ifade edilmistir. Atama, tanimlanan
envanter kiimesi icerisinden istenen nitelikleri
saglayan yapinin olusturulabilmesi icin gerekli olan
talimatlar olarak tanimlanmistir. Atamanin
dogrulugunun; maliyet, malzeme tiikketimi, yasam
donglist etkisi gibi parametreleri dogrudan etkiledigi
belirtilmistir. Disiik performansli atama kararlarinin;
stok elemanlarinda ¢ok sayida kesim yapilarak atik
Uretilmesi, eleman Kkesitlerinin gereginden biiytik
secilerek kapasite israfi, gereginden kiiciik Kkesitler
secilerek ilave malzeme ihtiyact dogmas1 gibi
istenmeyen etkilere sebep olabilecegi vurgulanmistir.

Yapilan ¢alismada bir kafes sistem 6zelinde envanter
kisitli yapisal optimizasyon metodolojisi sunulmustur.
Elemanlarin enine kesilmesine ve birbirine mafsall
baglantilarla eklenmesine izin verilmistir. Bunun
disinda elemanlar1 boyuna Kesilmesi ve kaynakla
eklenmesi gibi senaryolar engellenmistir. Bu baglamda
bir tamsayr programlama prosediirii kurgulanarak
optimizasyon ¢ercevesi olusturulmustur. Onerilen
sistemde, geometrisi dnceden belirlenmis kafes sistem
¢oziilerek elemanlar i¢in uzunluklar, eksenel cekme ve
basing Kkuvvetlerine iliskin talepler hesaplanmistir.
Ayni parametreler i¢in stok elemanlarinin kapasiteleri
de elde edilerek hangi stok elemanin hangi yapisal
elemana atanabilecegine dair metrikler
olusturulmustur. Bu sayede problem karar verme

problemi olarak yeniden kurgulanmistir. Onerilen
atama yonteminin gsematik gosterimi Sekil 7’de
sunulmustur. Burada 1 ve L yapisal eleman ve stok
elemani i¢in boylar, f+ ve F+ cekme kuvveti talebi ve
kapasitesini, f- ve F- basing kuvveti talebi ve
kapasitesini ifade etmektedir.

Ayrica geleneksel yapisal optimizasyon
metodolojisinde  siklikla  tercih edilen agirhk
minimizasyonuna dayali amag¢ fonksiyonunun envanter
kisith optimizasyon icin dogru bir yaklasim olmadigi
vurgulanmistir. Bu durum yapi agirliginin envanterdeki

g
|

Stok Elemanlan

Sekil 7. Bukauskas ve dig. (2018) tarafindan o6nerilen
atama prosediirii

elemanlara  uygulanan kesme gibi islemleri
yansitmamasiyla agiklanmistir. Buradan hareketle
amag fonksiyonu olarak kesim oraninin minimizasyonu
onerilmistir. Kesim orani kullanilmayan atik kiitlenin
kullanilan kiitleye béliinmesi ile elde edilmistir. Kafes
yapilar i¢in kesim oraninin nasil belirlenebilecegi ile
ilgili analitik bir siire¢ sunularak yaklasik bir yontem
de oOnerilmistir. Atama optimizasyonlar1 igin
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Polynomial-Time Heuristic algoritmalarinin

kullanilabilecegi ifade edilmistir.

Briitting, Desruelle, Senator ve Fivet (2018b) ve
Briitting Desruelle, Senator ve Fivet (2019b) tarafindan
yapilan calismalarda bir gercek hayat problemi ile
birlikte kafes sistemler i¢in EKYO uygulamasi
sunulmustur. Calismalar metodolojideki birtakim
farkhiliklar haricinde Briitting ve dig. (2018a)
tarafindan yapilan calismanin devami niteligindedir.
Onceki calismaya ilave olarak, eleman atamasi
yapilirken talep edilenden daha kisa kesitlerin de
atanabilecegi bir bellek olusturulmustur. Bu bellegin
arama alani genislettigi ifade edilmistir. Daha kisa

J ESOGU Eng. Arch. Fac. 2023, 31(4), 988-1012

elemanlarin atanmasi durumu, geometri
optimizasyonu sirasinda diigiimler hareket ettirilirken
islevsellik kazanmaktadir. Bu sayede yinelemeli bir
atama prosediirii olusturulmustur. Nihai sonuclar
degerlendirilirken  eleman boyu kisiti  tekrar
uygulanarak basarisiz atamalarin oniine gecilmistir.
Optimizasyon prosediirii ve kisitlar Briitting ve dig.
(2018a) tarafindan yapilan ¢alismada sunuldugu
gibidir. Atama optimizasyonu MILP (Mixed-Integer
Linear Programming) ile gerceklestirilmistir.

Sistem Stok A Stok B
3.001 N - 3.00
2.001 2.00
1.00/ 1.00-
7200  2.00 o000 00 o o 0000
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Sekil 8. Briitting ve dig. (2018b) tarafindan ¢oziilen teorik envanter kisith yapisal optimizasyon problemi: a) Atama ve
topoloji optimizasyonu, b) Kisa elemanlarin engellendigi optimizasyon, c) Stok A i¢cin kapsamli optimizasyon, d) Stok B

icin kapsamli optimizasyon

Optimizasyonun amacit yapisal kiitleyi azaltarak
maksimum kapasite kullanimini saglamaktir. Kisit
olarak eleman i¢ kuvvetleri, diigiim yer degistirmeleri
ve yerel burkulma degerleri kullanilmistir. Atamalar ve
topoloji  optimize edildikten sonra geometri
optimizasyonuna gecilmektedir. Bu asamada hareket
serbestligi olan diigiimlerin yeri degistirilerek atanan
elemanlar ile varsayillan topolojideki c¢ubuklar
arasindaki uzunluk uyumsuzluklar1 giderilmektedir.

Yapilan geometri optimizasyonu ile stok elemanlarinin
minimum islemle yeniden kullanimi amag¢lanmaktadir.
Geometri optimizasyonu dogrusal olmayan
programlama (NLP) ile yiiritilmistir. Calismada iki
adet vaka analizi sunulmustur. Bunlardan birisi 10
elemanli konsol Kkafestir. Ilgili érnek ve ulasilan
sonuclar Sekil 8'de gosterilmistir. Kafesin toplam
acikligi ve mesnetlerin konumlar1 sabittir. Digim
noktalarinin  hareket edebilecegi alanlar mavi
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dikdortgen bolgeler ile ifade edilmistir. Atama
sonucunda stok elemanlarinin kullanilan kismi koyu
renk ile gosterilmistir. iki farkli stok durumu ve dort
farkli senaryo icin optimizasyon gergeklestirilmistir. Bu
senaryolar sadece atama ve topoloji optimizasyonu
(Sekil 8a), talep edilenden kisa elemanlarin
atanamadig1l optimizasyon (Sekil 8b) ve her bir stok
icin tam kapsamli optimizasyondur (Sekil 8c ve d).
Sadece atama ve topoloji optimizasyonu olan
senaryoda beklendigi gibi en biiyiik kesim kaynakl atik
miktar1 olusmustur. Geometri optimizasyonunu da
iceren senaryolarda sifir kesim atig1 elde edilmistir. iki
stok durumunun farkliliklar1 da sonuglara dogrudan
yansimistir. Gorece kiiciik enkesitli stok elemani
miktarinin ¢ok oldugu durum ic¢in toplam agirlik daha
az bulunmustur. Ayni sistem yeni elemanlarla da
tasarlanarak cevresel etkiler kiyaslanmistir. Yeniden
kullanim ile elde edilen sistemler yeni elemanlar ile
olusturulan sistemlerden daha agir ve daha disiik
ortalama kapasite kullanimina sahip olsalar da ¢evresel
etkiler bakimindan daha basarili bulunmustur.

Ikinci vaka calismasinda bir gercek hayat problemi ele
alinmistir. Bu baglamda enerji nakil hatti direklerinden
elde edilen stok elemanlar ile bir tren istasyonu ¢atisi
tasarlanmis ve optimize edilmistir. ilgili problem Sekil
9'da gosterilmistir. Yapisal tasarim icin Isvicre
standartlar1  kullanilmistir.  Ayni  yapr  Kklasik
optimizasyon yontemiyle de optimize edilerek
karsilastirma i¢cin cevresel etkileri elde edilmistir.

=
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== 30 cm?
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Sekil 9. Briitting ve dig. (2018b) tarafindan sunulan
gercek hayat problemi

Optimizasyon cati sisteminin tamami igin degil bir
kismi i¢in yiiriitilmiistiir. Optimizasyon siireci ve elde
edilen sonuglar Sekil 10’da gosterilmistir. Sekil 10a
optimizasyonundan o6nceki durumu, Sekil 10b
optimizasyon neticesindeki son durumu, Sekil 10c
elemanlarin hangi eksenel yiike ¢alistiklarini ve Sekil
10d ise kapasite kullanimlarini ve uzunluklan
gostermektedir. Uzunluklar icin verilen semada gri
kisim kullanilan boyu, siyah kisim kesim kaybini ifade
etmektedir. flgili gercek hayat probleminin ¢oziimii
neticesinde, yeniden kullanim ile elde edilen yapinin,
yeni elemanlar ile yapilan yapiya gére %50 daha agir
oldugu, dolayisiyla elemanlarin daha  disiik
talep/kapasite oranlarina sahip oldugu sonucuna
ulasilmistir. Buna karsin yerlesik enerji ve karbon
salinimi incelendiginde sirasiyla %63 ve %56 daha
diistik degerlere ulasildig: belirtilmistir.

Kullanim  Uzunluk (m)

S <
O o0

i

(c) (d)

Sekil 10. Britting ve dig. (2018b) tarafindan sunulan gercek hayat probleminin sonuglari: a) EKYO 6ncesi durum, b)
EKYO ile elde edilen sistem, c) Elemanlarin eksenel ylik durumlari, d) Kapasite kullanimlari ve eleman uzunluklari

Briitting, Senatore ve Fivet (2019c) tarafindan yapilan
calismada 3 boyutlu Kkafes yapilar i¢cin yeniden
kullanilan elemanlar ile optimum tasarim yapilmistir.
Calismanin iki temel amaci vardir. Bunlardan ilki EKYO
ile kafes sistem tasarlamakken ikincisi ise stok
elemanlari ile modil olusturularak bu modiilleri farklh

yapilarda kullanilabilir hale getirmektir. Buradaki
hedefin kullanima hazir optimal bir eleman stoku
saglamak oldugu belirtilmistir. Optimizasyon siireci
belirli kisimlara ayrilmistir. Bunlar: atama ve topoloji
optimizasyonu, stok optimizasyonu, yapisal
optimizasyon ve geometri optimizasyonudur. Atama ve
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topoloji optimizasyonu Briitting ve dig. (2018a)
tarafindan yapilan ¢alismada sunuldugu gibidir. Amag
fonksiyonu cevresel etkininin minimizasyonudur. Stok
optimizasyonu ideal stok konfigiirasyonunun (modiil
parcalari) yakalanmasi icin kurgulanmistir. Cok amach
bir optimizasyon siireci isletilmistir. 1lk amag
fonksiyonu stok elemanlarinin sayisini minimize
ederek maksimum eleman kullamimu saglar. Ikinci ve
liclincii amac¢ fonksiyonlar1 ise kesim atiklarim ve
toplam agirligi minimize etmek icin calisir. U¢ amag
fonksiyonu cesitli agirliklar ile tek amag fonksiyonunda
toplanmistir. Yapisal optimizasyon Briitting ve dig.
(2018a) tarafindan yapilan ¢alismada tanitildigi gibi, ilk
iki optimizasyon siirecinin igerisinde ele alinmistir.
Kisit olarak gerilme, yer degistirme, kuvvet dengesi,
geometrik uyumluluk ve burkulma tanimlanmistir.
Problem MILP ile ¢oziildiigi icin dogrusal olmayan
denklemler dogrusallastirilarak yansitilmistir. Atama
ve topoloji optimizasyonu sirasinda daha kigiik
kesitler ile maksimum rijitlik aranmis olur. Stok
optimizasyonu sirasinda minimum kesme atig
amaglandigl i¢in stok elemanlar1 varsayilan boyda
kullanilarak geometri optimizasyonu da dolayl olarak
gerceklestirilir. Optimizasyon hedefi olarak belirlenen
cevresel etkiler yasam dongiisii degerlendirmesi ile
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hesaplanmis yerlesik enerji ve karbon salinimlaridir.
Cevresel etkilerin degerlendirmesi Briitting ve dig.
(2018a) tarafindan sunulan yontem ile yapilmistir.
Calismada iki farkli vaka optimizasyonu sunulmustur.
Birincisi dlzlem Kkafes sistem icin ¢ farkli stok
durumunu iceren calismadir. Stoklar; esit uzunluklu
stok elemanlar;, muhtemel bir kafesin sékiimiinden
ortaya cikabilecek stok elemanlar1 ve uzunluklar:
rastgele belirlenen stok elemanlarindan elde edilen fig
farkl listeden olusmaktadir. Problem ve stok durumlari
Sekil 11'de gosterildigi gibidir. Stok elemanlar1 igin
kapasitelerin %901 kullanilarak bir giivenlik faktorii de
eklenmistir. EKYO ile elde edilen sonuglar, tamamen
yeni elemanlardan olusan agirhlk ve geometrisi
optimize edilmis sonuglar ile karsilastirlmistir. Her
senaryo icin envanter kisith optimizasyonun buldugu
toplam yap1 agirliklar1 daha fazla, eleman kapasite
kullanimlar1 daha diisiik olsa da c¢evresel etkileri ¢ok
daha az bulunmustur. Stok senaryolarindan en iyi
sonucu veren esit uzunluklu elemanlara sahip
konfigiirasyondur. Geometri optimizasyonunun
yapildig1 senaryoda, kesim atiklar1 minimize edildigi
icin agirliklar daha da artarken cevresel etkiler
azalmistir.

Stok A

E 5.0‘r
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Sekil 11. Briitting ve dig. (2019c) tarafindan optimize edilen diizlem kafes problemi: a) Optimize edilecek sistem, b) Esit
uzunluklu stok, c) Bir kafesin sékiimiinden elde edilen stok, d) Rastgele uzunluga sahip elemanlardan olusturulan stok

U¢ boyutlu kafes icin yapilan vaka calismasinda
hesaplama maliyetini azaltmak amaciyla sistemin
simetrik oldugu ve topolojinin degismedigi kabul
edilmistir. Digim yer degistirmeleri ve geometrik
uyumluluk kisitlar1  ihmal edilmistir. ik vaka
calismasindaki stoklarin eleman sayilar1 arttirillarak

kullanilmistir. Problem Sekil 12’de gdosterildigi gibidir.
Burada Sekil 12a problemin sunumunu, Sekil 12b, c ve
d sirasiyla stok A, B ve C ile elde edilen optimum
sonuglart ve Sekil 12e ise yeni elemanlar ile agirlik
minimizasyonu sonucunda elde edilen optimal sonucu
gostermektedir. U¢ boyutlu kafes icin elde edilen
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sonuclar da diizlem kafes ile benzerdir. Yeni elemanlar
ile tasarlanan kafese gore agirhigi fazla, kapasite
kullanimi diisiik ancak cevresel etkileri olduk¢a az
bulunmustur. Sonug¢ olarak, onerilen yontemin biiyiik
6lcekli problemlerde de basari ile c¢alistigl, bu sirada

hesaplama  maliyetlerini diisirmek icin bazi
YZ
A Optimizasyon Problemi
- ‘I
Xz i =
;{: - ~
L - l I
v

(a)

(b)

(d)
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basitlestirmelere ihtiya¢ duyulabilecegi belirtilmistir.
Envanter kisitli optimizasyonun giktilarinin stokun
durumuna bagl olarak biiytuk degisiklikler gosterdigi
bildirilmistir. Yontemin etkinliginin daha gergekgi
olarak gosterilebilmesi icin hayali stoklar yerine gercek
bir stok durumu ile ¢alisilabilecegi ifade edilmistir.

Sekil 12. Briitting ve dig. (2019c) tarafindan sunulan ii¢ boyutlu kafes problemi ve optimum ¢éziimler: a) Optimize
edilecek sistem, b) Stok A icin optimizasyon, c¢) Stok B icin optimizasyon, d) Stok C i¢in optimizasyon, e) Yeni

elemanlarla agirlik minimizasyonuna dayali optimizasyon

Briitting, Senatore, Schevenels ve Fivet (2020)
tarafindan yapilan c¢alismada cergeve sistemler icin
EKYO prosediirii 6nerilmistir. Calisma iki farkli senaryo
ile ilerlemektedir. Bunlardan birisi her bir yap1 elemani
icin stoktaki bir elemanin kullanilmasi digeri ise
stoktaki bir eleman kesilerek birden fazla yap1 elemani
olusturulmasidir. Yontemin etkinligini gosterebilmek
icin iki adet vaka ¢alismasi yapilmistir. Vaka ¢alismalari
icin kullanillan stok bilgileri eski binalarin imalat

cizimlerinden elde edilmis gercek stok listeleridir.
Optimizasyon bir atama problemi olarak
kurgulanmistir. Stok elemanlar1 malzeme o6zellikleri
(yogunluk, elastisite modiilii, akma dayanimi), kesit
boyutlar1 (alan, atalet momenti), uzunluk ve stok
konumu (tasima mesafesi icin) ile karakterize
edilmektedir. Atamalar Britting ve dig. (2018a)
tarafindan yapilan ¢alismada sunulan yontemle, ikilik
formatta bir matris araciigiyla yapilmaktadir. Amag
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fonksiyonu tiim atamalar ve her bir atama durumunda
olusacak maliyetlerin toplamimi icermektedir. Tim
yapisal kisitlar ve sera gazi emisyonlar1 amag
fonksiyonunun icerisinde hesaplanmaktadir. Atama
yapilmadan 6nce her bir stok elemaninin hangi etkiler
altinda kullanilabilir bélgede oldugunu belirten bir
kiinyeleme islemi yapilmistir. Atamaya dair geometrik
kisitlar ayrica tanimlanmis, bu sayede her bir elemana
bir stok eleman1 atanmis, kisa bir stok elemaninin uzun
bir yapisal elemana atanmasinin dniine gec¢ilmistir. Bir
stok elemani kesilerek birden fazla yapisal eleman
olusturulmasi i¢in ayr1 bir optimizasyon prosediiri
onerilmistir. Buna gore, stok elemanlarinin atama
matrisi birtakim degisikliklere ugratilarak elemanin
daha once kismen ya da tamamen kullanilip
kullanilmadigini niteleyen indikatorler eklenmistir.
Calismada oncekilerden farkli olarak amag¢ fonksiyonu
dogrudan sera gazi emisyonunun minimizasyonu
olarak kurgulanmistir. Yeniden kullanim ve yeni
elemanlar ile imalat icin uygulanmasi gereken her
strecin kilogram bazinda sera gazi emisyonlari,
yonetmelik ve bazi teknik raporlardan alinarak toplam
maliyet matematiksel olarak modellenmistir. Atama
karar1 verildikten sonra, atanan elemanin hacmi ve
ozgil agirlhigy vasitasiyla agirligi hesaplanarak agirligin
bir fonksiyonu olan sera gazi emisyonunun bir kismi
olusturulmaktadir. Buna tasima sirasindaki emisyonlar
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da eklenerek amacg fonksiyonu elde edilmektedir. Yeni
elemanlar ile insaatin maliyetini ifade eden sera gazi
salimimlari ise dogrudan agirligin bir fonksiyonu olarak
verilmistir.  Optimizasyon i¢in Gurobi 8.1 yazilimi
araciligiyla MILP (Mixed-Integer Linear Programming)
yontemi kullanilmistir. Lineer bir yontem oldugundan
dolay1 optimizasyon probleminin icerisindeki dogrusal
olmayan denklemler Taylor serisi acilimlari araciligiyla
dogrusallastiriimistir. Kullanilan optimizasyon
yonteminin, metasezgisel algoritmalara gére avantajl
tarafinin global optimuma ne kadar yaklasildigini ifade
eden bir indikatorii oldugundan bahsedilmistir.

Ik vaka calismasinda geri doniistiiriilmiis ve yeniden
kullanilmis elemanlar ile bir diizlem c¢ergeve
optimizasyonu sunulmustur. Problem Sekil 13’te
gosterildigi gibidir. Ucii geri déniisiim iicii yeniden
kullanim olmak {lizere alt1 farkli kombinasyon
incelenmistir.

Sonu¢ olarak yeniden kullanim ile elde edilen
elemanlarla olusturulan yapi, geri donistirilmiis
elemanlar ile yapilan yapidan daha agir olsa da daha
diisiik sera gazi emisyonuna yol actif1 bildirilmistir.
Daha wuygun bir stok kullanilarak isletilecek
optimizasyon prosediirii ile hem agirligin hem de sera
gazl emisyonunun c¢ok daha diisik olabilecegi
vurgulanmistir.

BEEEREEREEENRENN
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Sekil 13. Briitting ve dig. (2020) tarafindan optimize edilen diizlem ¢erceve

ikinci vaka calismasi bir ofis binasinin EKYO ile
tasarimudir. Ilgili {ic boyutlu sistem Sekil 14’te
gosterilmistir. Yiiklerin belirlenmesi icin Isvicre yiik ve
celik yapilar yonetmelikleri kullanildigy; sabit yiik, kar
yukii ve azaltilmis riizgar yiikiiniin kombinasyonu
olarak atandigi belirtilmistir. Tasarim iki pargada

optimize edilmistir. Oncelikle "ikincil kirisler" eldeki
stok ile optimize edilmis, daha sonra yapinin geri kalani
icin mevcut stok ile optimizasyon yapilmistir.

Optimizasyon sonucuna gore ilk drnektekine benzer
sekilde yeniden kullanim ile bina agirhigi artmis ancak
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sera gazi emisyonlarl azalmistir. Calismanin sonucu
olarak, sera gazl emisyonlari bakimindan
degerlendirildiginde optimal sonuglarin stok
elemanlarinin Kkesilerek yeni elemanlar firetilmesine
miisaade edilen durumda elde edildigi bildirilmistir.
Dogrudan atamaya gore %4 ila %9 arasinda daha
diisiik emisyon degerlerine imkan verse de hesaplama
maliyeti daha yiiksek bulunmustur. Yeniden kullanimin
daha yiliksek Kkiitle ve daha diisiik kapasite
kullanimlarina neden olsa da sera gazi emisyonlarini
%35'e kadar azaltabildigi ifade edilmistir.

AR

Sekil 14. Britting ve dig. (2020) tarafindan optimize
edilen li¢ boyutlu cergeve sistem

Bukauskas (2020) tarafindan yapilan ¢alismada EKYO
icin bir yontem gelistirilmesi amag¢lanmistir. Bu amag
dogrultusunda o6ncelikle tasarimcilarin kolaylikla
kullanabilecegi bir analitik yontem olusturularak
tasarim uzayr hakkinda o6ngéri saglanabilmesi
hedeflenmistir. Yapisal optimizasyonda esas alinan
amag¢ fonksiyonu genellikle agirhik veya agirligin
fonksiyonlar1 iken EKYO i¢in bunun yeterli olmadig:
ifade edilerek enerji maliyetleri, kesim kayiplar1 gibi
kriterleri de iceren yeni bir amag islevi onerilmistir.
Nihai hedef olarak oOnerilen yontemle, yeniden
kullanilan ahsap ve ¢elik elemanlar ile iki ayr1 kafes
sistemin optimizasyonu yapilmistir. Klasik yapisal
optimizasyon yonteminin kii¢iik degisiklikler ile EKYO
icin uygulanabilir olup olmadig1 tartisiimis ve kesim
atiklar ile gevresel etkileri iceremedigi icin EKYO'nun
yeni yaklasimlara gereksinim duyuldugu sonucuna
varilmistir. Calismada daha dnce Bukauskas ve dig.
(2018) tarafindan sunulan kesim atig1 oranina dayali
amag¢ fonksiyonu kullanilmistir. Atama probleminin
¢ozimii i¢cin Bukauskas ve dig. (2017) tarafindan
sunulan yontem temel alinarak bazi kisitlamalar
eklenmistir. Atama yontemi yasam dongisi etkilerini
en aza indirmek amaciyla ¢alisacak sekilde gelistirilip;
eleman gerilmeleri, burkulmalar ve diagim yer
degistirme kisitlarimi  da esas alacak sekilde
genisletilmistir. Atama icin daha o6nce kutulama
probleminde basar1 sagladigi literatiirde ifade edilen
Greedy Assigment Heuristic Algoritmasi1 tercih
edilmistir. Onerilen yoéntem Briitting ve dig. (2018a)
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tarafindan ¢ozillen ¢ farklh kafes problemine
uygulanarak iki yontem arasinda Kkarsilastirma
yapilmistir. Howe formundaki kafes sistem igin iki
yontem karsilastirildifinda bu ¢alismada oOnerilen
atama yo6ntemi ile bulunan sonuglarin Briitting ve dig.
(2018a) tarafindan bulunan sonuglardan daha agir
oldugu buna karsin kesim atigi miktarinin daha az
oldugu ve %3 oraninda daha diisiik yerlesik enerji
icerdigi bildirilmistir. Warren formu kafes sistem igin
sonuglar ayni bulunmustur. Pratt formu i¢in ise hem
agirhk daha az hem de cevresel etki daha diisiik
bulunmustur. Daha iyi sonuclar bulunmasinin nedeni
olarak algoritmanin daha genis bir perspektifte
kesimler yaparak bir stok elemanindan birden fazla
yapl1 eleman iiretilmesine izin vermesi gosterilmistir.
Sonu¢ olarak, yapisal tasarimda yasam dongiisi
etkilerinin azaltilmasina dair baskilarin tasarimcilari
EKYO'yva  yonlendirebilecegi, @EKYO ydnteminin
geleneksel optimizasyon teknikleri ile basarili sekilde
¢oziimiinin mimkiin olmamasi nedeni ile yeni
yontemlerin  gelistirilmesine  ihtiyag  duyuldugu
bildirilmistir. Ayrica karsilastirmalar neticesinde
sunulan  yontemin daha basarili  bulundugu
vurgulanmistir.

Warmuth, Briitting ve Fivet (2021) tarafindan yapilan
c¢alismada envanter kisitl yapisal optimizasyon igin
“Phoenix3D” adinda bir hesaplama araci gelistirilmesi
amaclanmistir. Gelistirilen aracin kullanici dostu bir
araylize sahip oldugu ve sonuclar1 gorsellestirebildigi
bildirilmistir. ilgili hesaplama aracina ait akis semasi
Sekil 15’te sunulmustur. Ara¢ Mixed-Integer Linear
Programming (MILP) ve Best-Fit Heuristic (BFH) olmak
tizere iki farkli optimizasyon metodunu icermektedir.
Her iki yontem icin de en az cevresel etkiye sahip
yapinin tasarlanmasi amag¢ fonksiyonu olarak
secilmistir.

ki yontemin kiyaslanmasi ve onerilen hesaplama
aracinin kabiliyetlerinin gosterilebilmesi amaciyla vaka
¢alismalar1  yapilmistir.  Gelistirilen aragta yeni
elemanlar ile yeniden kullanilan elemanlarin birlikte
kullanilabilecegi bir senaryo da bulunmaktadir. Yeni
elemanlar icin istenilen uzunlukta ve sinirsiz sayida
liretim yapilabilecegi varsayilmistir. Bir stok elemani
kesilerek yeni elemanlar tiiretilmesine miisaade
edilmistir. MILP ile optimizasyon daha 6nce Briitting ve
dig. (2019b) ve Briitting ve dig. (2020) tarafindan
yapilan calismalarda sunuldugu sekilde
gerceklestirilmistir. BFH ile isletilen optimizasyonun
ise topoloji ile ilgilenmedigi vurgulanmistir. Ayrica BFH
icin sadece eleman kapasiteleri esas alindig
bildirilmistir yani MILP'deki gibi deformasyon sinirlari
hesaba katilmamistir. Amag¢ fonksiyonu olarak
degerlendirilen cevresel etkiler daha dnce Briitting ve
dig. (2020) tarafindan yapilan c¢alismada belirtildigi
sekilde hesaplanmistir. Vaka ¢alismasi olarak ii¢ farkh
cat1 sistemi lizerinde optimizasyon yapilmistir. Bunlar
statikce belirli ve belirsiz iki boyutlu diizlem kafes ve

1003



ESOGU Miih. Mim. Fak. Dergisi 2023, 31(4), 988-1012

iic boyutlu uzay kafestir. Vaka calismalarindan elde
edilen sonuclara gore MILP ile elde edilen ¢oziimlerin
biiyik ¢ogunlugunun daha diisik cevresel etkilere
sahip oldugu bildirilmistir. BFH ile elde edilen sonuglar

J ESOGU Eng. Arch. Fac. 2023, 31(4), 988-1012

bir miktar daha yiiksek cevresel etkiye sahip olsa da
algoritmanin hesaplama maliyeti olduk¢a diisiik

Yeni
Elemanlar

STOK

Yeniden

Elemanlar
Mesnetler }— YAP|
Yikler

» Yontem secimi

bulunmustur.
Ayarlama
OPTIMIZASYON
FEA — Best-Fit
——— Sonuglar
MILP —— Optimum Kesme Paterni
Kullanilacak Yeni
Elemanlar

Kullanilacak
Elemanlar

Sekil 15. Warmuth ve dig. (2021) tarafindan gelistirilen hesaplama aracinin akis semasi

Van Gelderen (2021) tarafindan yapilan ¢alismada ¢elik
kafesler icin tasiyici elemanlarin yeniden
kullanilmasini temel alan topoloji optimizasyonu
yontemi 6nerilmistir. Onerilen yéntem eleman ekleme
semasina dayanmaktadir. Yapt hacminin en aza
indirilerek yeniden kullanilan eleman miktarinin
maksimize edilmesi ama¢ olarak belirlenmistir.
Onerilen ydntemde topoloji optimize edildikten sonra
yeniden kullanilacak elemanlarin maksimum verimle
iiyelere atanmasi hedeflenmektedir. Yeniden kullanilan
elemanlarin kapasite kullanimlar1 ile atama yapilan
iiyenin kapasite talepleri dikkate alinarak ilgili

atamalar gergeklestirilmistir. Stokta bulunmayan
elemanlarin yerine yeni elemanlar atanmaktadir.
Sonraki adimda yeniden kullanilan elemanlardan
verimsiz olanlar ve yeni elemanlar cezalandirilir. Bu
sayede yeni eleman kullanimi minimize edilirken
yeniden kullanilan elemanlarin da verimli bir sekilde
atanmasi  hedeflenir. Cezalar her iterasyonda
yenilenerek algoritmanin daha basarii sonuglar
bulmasi beklenir. Son adimda herhangi bir yapisal kisit
ihlali olup olmadig1 kontrol edilerek sonug¢ raporlanir.
Onerilen optimizasyon prosediiri  Sekil 16’da
sunulmustur.

O Eleman Ekleme Semasiyla
Topoloji Optimizasyonu

©

Yapisal kisitlar ve atama

verimliklerine dair kontroller

Hedeflere
Ulasild

.

Yeniden kullanilan elemanlardan
kapasite kullanami diisiik olanlar ve
yeni elemanlar igin cezalandirma

-

(7

Sonug Raporlanir

Sekil 16. Van Gelderen (2021) tarafindan sunulan optimizasyon prosediirii
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Atama yontemi Briitting ve dig. (2019b) tarafindan
sunulan yontemin gelistirilmis halidir. Temel farklilik
eleman verimine ve yeni eleman kullanilmasina
dayanan cezalandirma yontemidir. Bu baglamda
enkesit cezasi ve yeni eleman kullanma cezasi olarak
iki adet ceza tanimlanmistir. Cezalar i¢in cesitli esik
degerler belirlenmistir. Bu esik parametrelerinin
uygunluguna gore bulunan ¢6ziimiin verimliligi biiytik
oranda degismektedir. Maksimum verimi hedefleyecek
parametreler girilerek siirece baslanmasi, ¢6zim
bulunamadig1 takdirde parametrelerin kademeli olarak
azaltilmas1 tavsiye edilmistir. Onerilen cezaya dayal
atama yontemi ile Briitting ve dig. (2019b) tarafindan
yapilan calismada  verilen atama  yontemi
karsilastirilarak cezaya dayali ydntemin toplam yapisal
eleman hacmini azalttigl ve yeniden kullanim oranini
arttirdigl sonucuna ulasilmistir.

Yirmi iki metre aciklikli bir kafes sistem bes farkl
tasarim ve yedi farkll kisit durumu igin optimize
edilerek kafesin tamamen yeni elemanlar ile
tasarlanmasi durumu ile Kkarsilastirilmistir. Cesitli
parametre ayarlamalari ile %76-97 araliginda yeniden
kullanim oranlarina ulasilmistir. Kesitlerin ortalama
kapasite kullanimlar1 ise 0.73-0.81 araligindadir.
Tamamen yeni elemanlar ile yapilan kafes ile
karsilastirildiginda, yeniden kullanilan elemanlar ile
yapilan sistemin toplam tasiyici sistem hacminin daha
ylksek oldugu, eleman sayisinin daha fazla oldugu ve
elemanlar icin kapasite kullanimlarinin daha diistik
oldugu ifade edilmistir.

Optimizasyon 6ncesindeki
baslangig dizayni &//

NBT-1'deki yeninde
kullanilabilir elemanlar

NBT-2'deki yeninde
kullanilabilir elemanlar

21 I()J- '0.4)
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Sunulan yontemin etkinligini géstermek icin bir de
gercek hayat vaka c¢alismasi yapilmistir. Gergek bir
binadan geri kazanilmis c¢elik elemanlar ile Ahoy
stadyumunun ¢atis1 optimize edilmistir. Farkl
parametre ayarlamalar ile %87 ila %100 arasinda
yeniden kullanim oranlar1 elde edilmistir. Vaka
calismasinin sonucunda mevcut yapiya kiyasla biiyiik
bir hacim azalis1 saglansa da bunun gergeke¢i olmadigi
vurgulanmistir. Riizgar ytkleri, malzeme faktorleri,
burkulma, digim kararsizlign ve 6z agirligin ihmal
edildigi; yalnizca eleman gerilmelerinin esas alindigi
ifade edilmistir. Calismada ayrica yeniden kullanim ile
tasarim yonteminin c¢iktilarinin biiyiilk oranda stok
durumuna baglli oldugu vurgulanmistir. Yeniden
kullanilacak binalarin eleman dokiimantasyonunun
yapilmasi, yeniden kullanimin daha erisilebilir hale
getirilmesi, mevcut binalardan daha kolay veri
toplanabilmesinin ilgili y6ntemin uygulanabilirligini
arttiracagl ifade edilmistir.

Kim ve Kim (2021) tarafindan yapilan c¢alismada
giiriiltii bariyeri tiinelleri icin CO2 emisyonu ve maliyet
minimizasyonuna dayali yeniden kullanim esashi bir
optimizasyon  prosediirii  énerilmistir.  Onerilen
yontemde guriltli bariyerlerinin BIM (Building
Information Modeling) modelinden yeniden
kullanilabilir gelik kirisler ile ilgili bilgiler elde edilip
stok elemanlarinin 6zelliklerini igeren stok listeleri
olusturulmaktadir. Yani mevcut girilti bariyeri
tiinellerinin elemanlar1 ile yeni glriiltii bariyeri
tiinellerinin olusturulmasi ve optimizasyonu
hedeflenmektedir. flgili islem Sekil 17’de gosterilmistir.

Sekil 17. Kim ve Kim (2021) tarafindan optimize edilen giirtiltii bariyeri tiinelleri
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Optimizasyon ¢ok amach bir genetik algoritma ile
yapilmistir. Ilk amac¢ fonksiyonu CO2 emisyonlarin
minimize ederken ikinci amag¢ fonksiyonu maliyet
minimizasyonu yapmaktadir. COZ emisyonlarn igin
Korea Environmental Industry & Technology Institute
(KEITI) tarafindan saglanan veriler, maliyetler i¢in ise
giiriilti bariyeri tlineli insa eden bir firmanin verileri
kullanilmistir. Calismanin cevresel etkiler ile birlikte
maliyetleri de esas almasi bakimindan o6nemli bir
6zglin deger icerdigi vurgulanmistir.

Onerilen yéntemin etkinligini géstermek icin bir dizi
vaka calismas1 yapilmistir. Calismada ii¢ farkli stok
durumu tanimlanmistir. Bunlardan birisi yeni iiretilen
elemanlart igerir. Diger ikisi ise dnceki giirtltii bariyeri
tiinellerinden  elde edilen elemanlarin  BIM
modellerinden  olusturulmustur. ki adet vaka
senaryosu bulunmaktadir. ilk senaryoda kazanilan
elemanlarin omriniin olusturulacak  sistemin
omriinden uzun oldugu kabul edilmistir. Ikinci
senaryoda ise yeniden kullanilan elemanlarin émriiniin
olusturulan sistemin beklenen émriinden diisiik oldugu
varsayllmis ve zaman igerisinde elemanlara bakim-
degisim  yapilmast  gereksinimi modellenmistir.
Tanitilan yontemle yapilan vaka ¢alismalarinda
duruma bagh olarak COz emisyonlarimi %1 ila %92
diserken maliyetlerde de %?25'e kadar azalma
gozlenmistir. Cevresel etkiler azaltilirken maliyetin de
azalmasi ¢alismanin dnemli ¢iktilarindan birisidir.

Van Lookeren Campagne (2022) tarafindan yapilan
calismada tasarim silirecinin stok elemanlari ile tersine
cevrilerek mevcut olan elemanlar dogrultusunda, yeni
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elemanlara  ihtiyag¢  duyulmaksizin  ve  asiri
boyutlandirma olmaksizin optimum makasl képri
tasarimi yapilmasinin amaglandig1 belirtilmistir. Giris
verisi olarak koprinin uzunlugu, genisligi ve yeniden
kullanilabilir ~¢elik elemanlarin stok miktarinin
tanitilmasi gerekmektedir. Onerilen stok kisitli biiyiime
yonteminin Eurocode’a uygun gerekli hesaplamalari,
tasarim kisitlarin1 ve optimizasyon adimlarini icerdigi
belirtilmistir. Optimizasyon icin algoritmik bir tasarim
ortami olan Grasshopper tercih edildigi ve Python
kodlar1 ile yonetildigi, hesaplamalar i¢in sonlu
elemanlar ¢6ziiciisii olan Karamba yaziliminin da koda
entegre edildigi belirtilmistir. Calismada basarimlar
degerlendirmek icin dért farkli Warren kafes modeli
kiyaslanmistir. Bunlar; standart bir kafes sistem,
kesitleri optimize edilmis kafes sistem, yeniden
kullanilan elemanlarin yalnizca talep edilen forma
uygun olarak yerlestirildigi kafes sistem ve calismada
onerilen stok kisith biiyiime yonteminin tatbik edildigi,
elemanlarin kesim gibi islemlerden gecgirilmeden talep
edilen elemandan daha biyiik sekilde atanabildigi
kafes sistemdir. Yapilan teorik uygulama sonucunda;
onerilen yontemin yeni ¢elik elemanlar gerekmeksizin,
minimum atikla ve eleman Kkapasite kullanimlarini
maksimize eden ¢o6ziimler sundugu raporlanmistir.
Yeni elemanlar ile yapilmis sistemle kiyaslandiginda
onerilen yontemin %16 daha fazla kiitleye sahip ¢6ziim
tirettigi ancak %63 daha az gomili karbon salinimi
elde ettigi belirtilmistir. Calismada sunulan 6rnek bir
koprii tasarimi Sekil 18’de gosterilmistir.

4m

Sekil 18. Van Lookeren Campagne (2022) tarafindan EKYO uygulanan 6rnek bir képrii tasarimi

Sohani, Nourzad ve Saghatforoush (2023) tarafindan
yapilan ¢alismada ¢ok katmanli bir EKYO prosediirii
onerilmistir. Yeniden kullanimi maksimize etmek i¢in
yapisal elemanlarla birlikte kaplama ve bodlme
elemanlarinin da optimizasyonu hedeflenmistir.
Onerilen yaklasimda ilk katmanda sirasiyla kiris ve
kolonlar iizerinde EKYO yaklasimi uygulanmaktadir.
Ardindan ikinci katmanda dis duvar tipi, kaplama
elemanlar ve c¢ati igin yeniden kullanim odaklh

optimizasyon uygulanmistir.  Optimizasyon igin
MATLAB programi iizerinden Genetik Algoritma
kullanildigr belirtilmistir. Amag¢ fonksiyonu olarak geri
kazanilmis elemanlarin tahsis orani kullanilmistir.
Tasarim degiskenleri ise ihtiya¢ duyulan bilesenler
olarak  belirlenmistir. Tasiyic1  sistemin cephe
kaplamalari ile uyumlu olarak atanabilmesi i¢in bir dizi
kisit tanimlandigi belirtilmistir. Olusturulan
optimizasyon siirecinde en uygun tasarimin stoktaki
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elemanlar1 en ¢ok kullanan tasarim olarak belirlendigi
bildirilmistir. Calismada bir adet hipotetik yap1
olusturularak ilgili yapinin elemanlar: kullanilarak insa
edilebilecek ii¢ farkli plan tzerinde EKYO uygulamasi
yapilmistir. Calisma, yapisal olmayan elemanlarin da
dahil edilmesi ile EKYO konseptini genisletmesi
bakimindan o6ncii olarak degerlendirilebilir olsa da
amag¢ fonksiyonu olarak sadece yeniden kullanim
oraninl esas alindig1 ve cevresel etki degerlendirme,
karbon salinimi gibi kabul gérmiis amag islevleri ile
genisletilebilecegi belirtilmistir. Ayrica ¢alismadaki
hikim bakis a¢isinin mimari odakli oldugu, yapisal
sistemin verimliliginin arttirllmas1 amaciyla yap1
mithendisligi acisindan sunulan g¢ercevenin gelisime
acik oldugu bildirilmistir.

Tomczac, Haakonsen ve Luczkowski (2023) tarafindan
yapilan c¢alismada EKYO prosedirlerinin 6ne ¢ikan
zorluklarindan birisi olan stok elemani ile atanacak
elemanin eslestirilmesi probleminin ¢6ziimii i¢in ¢egitli
algoritmalar onerilmistir. Kullanic1 tanimhi kisitlar ve
optimizasyon kriterlerini goéz o©niinde bulunduran,
istenen elemanlar i¢cin stok elemanlarini en uygun
sekilde atamayr amaglayan bir ara¢ olusturuldugu
belirtilmistir. Onerilen aracin stok elemanlar ile
tasarim yapmadigl, yapilmis bir tasarim ve sabit bir
topoloji iizerine optimum atamalar1 gerceklestirmek
tizere calistigl ifade edilmistir. Aracin giris verilerinin;
talep edilen tasarim, stok listesi, kisitlama listesi ve
amag islevinden olustugu bildirilmistir. Optimizasyon
slireci icin a¢gdzlii algoritma, maksimum iki pargali
grafik yontemi (Maximum Bipartite Graph Method -

Girdiler:
KISITLAR
& AMACLAR
DEGERLEMDIRME
ARZ Rastlantizal

matrisin kisitlara

kullamilabilir
elemanlar listesi gore

doldurulmas:

y === = =
| DONUSUM 1
istenen veri I
|

TALEP | ¥ERIEIna
istenen elemanlar A3 dniigtiirme !

[ ——

] ESOGU Eng. Arch. Fac. 2023, 31(4), 988-1012

MaxBM) ve karma tamsayr programlama (Mixed
Integer Programming - MIP) olmak tizere ii¢ farkl
metodolojinin Python ortaminda kullanildig:
belirtilmistir. Amac¢ fonksiyonu olarak kiiresel 1sinma
potansiyeli (GWP) degerlendirilerek minimizasyon
islemi yliritiilmustiir. Kisit olarak ise elemanlarin alani,
uzunlugu ve atalet momenti secilmis olup tasarimda
talep edilenden kiigclik olamayacagl belirtilmistir.
Problem ag¢gozlii algoritma icin stok elemanlarinin
parcalara ayrilarak birden fazla elemana atanabilecegi
sekilde, diger algoritmalar i¢cin ise her elemanin bir
elemana atanacagl sekilde kurgulanmistir. Onerilen
algoritmalarin basarimin1 degerlendirmek amaciyla
basit bir varsayimsal stok ve talep listesi lizerinde ve
gercek hayat kosullarina yakin bir ahsap cati makasi
lizerinde atamalar gercgeklestirilmistir. Yapilan testlerin
ardindan en basarili sonuglarin MIP ile bulundugu
ancak hesaplama maliyetinin yiiksek oldugu, tatbik
edilmesi en kolay yodntemin ise aggoézlii algoritma
oldugu raporlanmistir. Diger EKYO arastirmalarinda
bulundugu gibi; algoritmalarin verdigi optimal
coziimlerdeki kesitlerin olmasi gerektiginden biiyiik
elemanlardan olustugu ve bunun daha az verimli bir
¢6ziim sundugu ancak cevresel etkiler bakimindan
onemli Ol¢lide daha diisiik sonuglar elde edildigi
vurgulanmistir. Sunulan yontemin akis semas1 Sekil
19’da gosterilmistir.

Incelenen calismalarin amaci, tatbik edilen yapi tiiri,
optimizasyon metodolojisi, secilen amag fonksiyonu ve
kullanilan kisitlar Tablo 2’de 6zetlenmistir.

Ciktr:
AGIRLIK
Maliyet ESLESME SONUC
fonksiyenuna gére Optimal .
' atamalarin + E_5|F_‘_5m|_5

aZirlik hesaplama

- eleman ciftleri
[GWP) bulunmasi

[segilen yantem kullanilarak)

Sekil 19. Tomczac ve dig. (2021) tarafindan sunulan atama yénteminin akis semasi
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Tablo 2. Incelenen EKYO calismalari
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Yazar-Yil Amag Yap: Tiirii Optimizasyon Amag Fonksiyonu Kisitlar
Fujitani ve Cergeve sistemler i¢in EKYO Iki katl iki agiklikl Genetik Algoritma  Agirlik minimizasyonu Gerilme
Fuji (2000) prosediirii sunmak diizlem gergeve Birim sekil degistirme
Bukauskas ve EKYO i¢in atama problemi Diizlem kafesler On Siralamali Kesim kaybi Eleman kapasiteleri
dig. (2017) ¢ozimil sunmak First-Fit minimizasyonu Atamaya dair kisitlar
Algoritmasi
Briitting ve Kafes sistemlerde EKYO i¢in Howe Kafes MILP (Mixed Agirlik minimizasyonu Eleman kapasiteleri
dig.. (2018a) optimizasyon yontemi sunmak Warren Kafes Integer Linear Yerlesik enerji Burkulma
Pratt Kafes Programming) minimizasyonu Diigiim yer degistirmeleri
41 aday elemanl 2 NLP (Non-Linear Kesim atig1 Atamaya dair kisitlar
aciklikl koprii kafesi Programming) minimizasyonu
Bukauskas ve | EKYO i¢in teorik zorluklari ele Diizlem kafesler Polynomial-Time Kesim orani Eleman kapasiteleri
dig. (2018) almak. Heuristics minimizasyonu Atamaya dair kisitlar
Kesim atigina dayali yeni bir
amag fonksiyonu sunmak.
Briitting ve EKYO yontemiyle kafes yapilar 10 elemanl konsol kafes MILP Agirlik minimizasyonu Eleman kapasiteleri
dig. (2018b) igin gercek hayat problemleri ile Tren Istasyonu Gatis NLP Yerlesik enerji Burkulma
birlikte optimizasyon sunmak minimizasyonu Diigiim yer degistirmeleri
Kesim atig1 Atamaya dair kisitlar
minimizasyonu
Briitting ve Kafes yapilarin EKYO yontemi 10 elemanl konsol kafes MILP Agirlik minimizasyonu Eleman kapasiteleri
dig. .(2019b) igin tasarim prosediirii sunmak. Tren Istasyonu Catis NLP Yerlesik enerji Burkulma
minimizasyonu Diigiim yer degistirmeleri
Kesim atig1 Atamaya dair kisitlar
minimizasyonu
Briitting ve Kafes tipi yapilar igin yeniden 41 aday elemanli 20 metre ~ MILP Cevresel etki Gerilme
dig. (2019c) kullanilmak tizere optimum kit aciklikli diizlem kafes minimizasyonu Yer degistirme
eleman gruplari tasarlamak 200 elemanli 3B Kafes Agirlik Minimizasyonu Burkulma
Eleman Sayis1 Kuvvet dengesi
Minimizasyonu Geometrik uyumluluk
Briitting ve Cergeve sistemler i¢in EKYO 3 kat 3 agiklikl gergeve MILP Sera gazi Yer degistirme
dig. (2020) yontemi ile tasarim prosediirii 2 Katl ofis binasi (Gergek emisyonlarinin Gerilme
gelistirmek hayat problemi) minimizasyonu Birim sekil degistirme
Diigiim yer degistirmeleri
U¢ kuvvetler-dis yiik dengesi
Bukauskas Tasarim uzayini karakterize Howe Kafes Greddy Heuristic Kesim orani Eleman gerilmeleri
(2020) etmek i¢in analitik yontem Warren Kafes Method minimizasyonu Burkulmalar
gelistirmek Pratt Kafes Agirlik minimizasyonu Diigiim yer degistirmeleri
Kafes sistemlerin EKYO ile Yerlesik enerji Atama kisitlari
optimizasyonu minimizasyonu
Warmuth ve EKYO igin bir hesaplama arac1 [zostatik kafes MILP Cevresel etki Gerilme
dig.. (2021) gelistirmek Hiperstatik kafes Best-Fit Heuristic minimizasyonu Burkulma

Van Gelderen
(2021)

Kim ve Kim
(2021)

Van Lookeren
Campagne
(2022)

Sohani ve dig.
(2023)

EKYO i¢in cezaya dayali atama
sistemi ile kafes topoloji
optimizasyonu

Guriltii bariyeri tinellerinin Kirig
sistemleri i¢in EKYO yonteminin
uygulanmasi

Makaslh koprii tasarimi i¢in EKYO

prosediirii 6nerilmesi

Yapisal olmayan elemanlarin da
EKYO prosediiriine entegrasyonu

250 elemanli uzay ¢at1
22m agiklikl diizlem kafes
Ahoy Stadyumu ¢at1
sistemi

Gliriltii bariyeri tiineli

Makaslh kopri

Tek katl1 hipotetik bina

Lineer
Programlama

Genetik Algoritma

Grasshopper

Genetik Algoritma

Yapisal eleman hacmi
minimizasyonu

CO2 emisyonu
minimizasyonu
Maliyet minimizasyonu

GOmiili karbon
salinimi
minimizasyonu

Yeniden kullanim orani
maksimizasyonu

Eleman gerilmeleri

Ekstra cezalar:

Verim cezasi

Yeni eleman kullanma cezasi
Atama kisitlari

Geometrik kisitlar
Tasarim yonetmeligi kisitlar1

Yapisal elemanlar ile yapisal
olmayan elemanlarin uyumuna
iliskin kisitlar

Tomczac ve EKYO i¢in atama problemi Basit bir atama problemi Acgozli algoritma Kiiresel 1sinma Uzunluk
dig. (2023) ¢oziimi sunmak ve gergek hayati MaxBM potansiyeli Alan
yakinsayan bir ahsap ¢ati MIP minimizasyonu Atalet Momenti
makasl
oniindeki engeller ve c¢oziimler, literatiirde sunulan
6. Tartisma ve Sonuglar ; .
uygulama  incelemeleri ve vaka  ¢alismalari
Bu literatlir incelemesinde son yillarda yapisal Ozetlenmistir. Ardindan envanter kisith yapisal

optimizasyon disiplinin bir alt kolu olarak ortaya ¢ikan

envanter

kisith

yapisal

optimizasyon

(EKYO)

calismalarinin incelenmesi amaglanmistir. Envanter
kisith yapisal optimizasyon konusunun baglami geregi;
oncelikle yapisal elemanlarinin yeniden kullanimi,

ingaat sektoriiniin cevresel

etkileri

ve dongiisel

ekonomi, yapisal elemanlarin yeniden kullaniminin

optimizasyona dair literatiirde bulunan ¢alismalarin
genis incelemeleri aktarilmistir. Bu ¢alisma neticesinde

ulasilan

sonuglar

sunulmustur.

asagida

maddeler  halinde

o Insaat ve yikim sektérii atik olusumu, yerlesik
enerji kullanimi, sera gaz1 emisyonu gibi cevresel

etkiler

bakimindan

en bilyik paydaslardan
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birisidir. Karar verici pozisyondaki kurumlar ve
bilim diinyasi tarafindan ilgili olumsuz etkilerin
azaltilmas1 hususunda azimsanamayacak sayida
eylem plani, yontem ve uygulama sunulmustur.
Yap1 elemanlarinin yeniden kullanimi konusu da
giindemde olan dongiisel ekonomi stratejilerinden
birisidir. Artan cevresel kaygilar ile birlikte yap1
elemanlarinin  yeniden  kullanimina iliskin
baskilarin da artacagi ve uygulamalarin
yayginlasacagi anlasilmaktadir.

e Taramalar neticesinde elde edilen c¢alismalarin
ylllara gore dagilimlari incelendiginde, ulasilan ilk
calismanin ardindan takip eden on yedi sene
boyunca herhangi bir ¢alismaya rastlanmadig
gorilmektedir. 2017 yilindan sonra EKYO alanina
olan ilginin arttig1, 6nce konferans bildirileri takip
eden yillarda ise tezler ve makaleler sunuldugu
anlasilmaktadir. Bu durumun artan c¢evresel
kaygilar ve sektor tizerindeki baskilar ile AB eylem
planlarindaki kararlardan kaynaklandigi
diistinilmektedir.

e Yap1 elemanlarinin yeniden kullaniminin, geri
dontisim gibi stratejilere gore daha diisiik
cevresel etkilere sebep oldugu konusunda goriis
birligi oldugu anlasilmistir. Buna Kkarsin yap:
elemanlarinin yeniden kullanimina dair; Bélim
3'te sunulan maliyet, bulunabilirlik, yasal
bosluklar gibi engeller bulundugu bilinmektedir.
llgili engellerin asilmasi icin yapilmis cesitli
calismalar olsa da yapi elemanlarinin yeniden
kullaniminin  yayginlasmasi icin daha fazla
calismaya ve yasal diizenlemelere ihtiya¢ oldugu
sonucuna ulagilmistir.

¢ EKYO yontemlerinin teorik problemlerden gercek
hayat problemlerine kadar c¢esitli yapisal
sistemlere uygulandigi gorilmistiir.
Optimizasyon sonuglar irdelendiginde, EKYO’'nun
stok elemanlarinin yiiksek verimlilikle yeniden
kullamimi ve ¢evresel etkilerin en aza indirilmesi
gibi hedefleri gerceklestirerek yapisal elemanlarin
yeniden kullanimi ile beklenen fayday: maksimize
ettigi, buradan hareketle de kullanilabilir ve pratik
bir yaklasim oldugu anlasilmaktadir.

e Yapisal optimizasyon metodolojisinde yaygin
sekilde amag¢ fonksiyonu olarak tercih edilen
agirhk veya maliyet minimizasyonunun, EKYO
stireclerinin performansini tam olarak
degerlendiremedigi anlasilmaktadir. EKYO igin
yerlesik enerjiye, sera gazi emisyonlarina ve kesim
kayiplarina dayali ¢esitli amag¢ fonksiyonlar
onerildigi goézlenmistir. Literatiirdeki az sayida
calismadan  gorildigi  kadariyla, iizerinde
mutabakata varilan herhangi bir amag islevinin
bulunmadigi anlagilmaktadir.

] ESOGU Eng. Arch. Fac. 2023, 31(4), 988-1012

e EKYO igin tercih edilen optimizasyon
yontemlerinin yapisal optimizasyon literatiiriiniin
olduk¢a gerisinde oldugu gézlenmistir. Oyle ki
kutulama problemine 6zgii First-Fit, Best-Fit gibi
cesitli sezgisel yontemler ve dogrusal ya da
dogrusal olmayan programlama gibi gorece eski
tekniklerin tercih edildigi, metasezgisel
algoritmalardan ise yalnizca gorece eski bir
yontem olan genetik algoritmanin kullanildig:
gorulmistiir. Yapisal optimizasyon literattiriinde
basarisini  ispatlamis modern optimizasyon
yontemlerinin EKYO icin uygulanmas1 ile
basarimin artabilecegi diisiiniilmektedir.

e Taramalar neticesinde ulasilan g¢alismalarin
onemli bir kisminin birka¢g arastirma grubu
tarafindan yapildig1 goriilmustiir. Bu konuda daha
¢ok arastirmacinin ¢alisma yapmasiyla EKYO'nun
mithendislik  pratigine doniisim  silrecinin
hizlanacagi diistiniilmektedir.
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The development of human societies in different countries around the world is increasing
dramatically. High-rise buildings are being constructed as a response to the challenges of
limited and expensive urban land, and they are crucial for urbanization. Today, besides
serving as structures for economic growth in cities, high-rise buildings remain symbolic of
prestige and power for countries and companies. These buildings entail immense
architectural and engineering complexity, necessitating a comprehensive planning
approach for their design and construction. With the availability of numerous alternative
solutions for various aspects of building design and construction systems, there is a need for
an evaluation framework that is comprehensive, transparent in decision-making, and
reliable and practical in its application. The aim of the article is to create a framework for
the evaluation of construction systems, building materials, construction technologies, and
methods of high-rise buildings. The scope of the article is the 30 tallest buildings listed in
CTBUH (Council on Tall Buildings and Urban Habitat). After evaluating the effects caused
by the elevation of buildings and the application options for these effects, examining the
scope according to these application options and as a result creating matrices for each
building constitutes the method of the study.
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Diinya genelinde farkli iilkelerde insan toplumlarinin gelisimi dramatik bir sekilde
artmaktadir. Sinirlt ve pahali kentsel arazinin zorluklarina cevap olarak inga edilen yliksek
binalar kentsellesme icin hayati 6neme sahiptir. Yiiksek binalar, sehirlerde ekonomik
biiyiimeye hizmet etmenin yani sira, lilkeler ve sirketler icin prestij ve giictin simgesi de
olmaktadir. Bu binalar, kapsamli bir planlama yaklasimini gerektiren genis bir mimari ve
miihendislik karmasikligi icermektedir. Bina tasarimi ve insaat sistemlerinin cegitli yonleri
icin bir¢ok alternatif ¢éziim bulunmasiyla birlikte, kapsamli, karar vermede seffaf ve
uygulanmasi giivenilir ve pratik olan bir degerlendirme cergevesine ihtiya¢ vardir. Bu
makalenin amaci, yiiksek binalarin yapim sistemleri, yapt malzemeleri, insaat teknoloji ve
yéntemlerinin degerlendirilmesine yénelik bir ¢erceve olusturmaktir. Makalenin kapsami,
CTBUH’da (Council on Tall Buildings and Urban Habitat) listelenen en yiiksek 30 binadir.
Binalarin yiikselmesi ile olusan etkilerin ve bu etkilere yonelik uygulama seceneklerinin
degerlendirilmesinin ardindan kapsamin bu uygulama seceneklerine gdre irdelenmesi ve
sonug olarak her bina i¢in matrisler olusturulmasi, calismanin yontemini olusturmaktadir.
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Introduction

High-rise buildings stand out as the symbolic structures
of all modern cities because of the prestige they
represent and the strong emotional reactions they
evoke. Although high-rise buildings have been built for
religious purposes since ancient times, technologically,
high-rise buildings are an invention of the late 19th
century. With the developing technology after the
Industrial Revolution, these and similar structures
found the opportunity to develop vertically. "The first
true tall building was the Home Insurance Building of
1885, the brainchild of architect William LeBaron
Jenney who came up with the idea of using an internal
steel skeleton to carry the structural loads of the
building," (Noderer, 1952). This 11-story building has
been recognized as the world’s first skyscraper by the
CTBUH (CTBUH-1, 2023) and some other sources
(Domosh, 1987; Leslie, 2010; Preservation Chicago,
2006).

The practicability of high-rise buildings has been
possible with a series of technological developments.
The first of these is the progress in structural systems
and building materials. In the economic conditions
before the 1st World War, the use of stone, the
traditional structural system, became widespread, and
this, of course, was associated with problems. "As
buildings rose higher, the thickness of stone walls at the
base soon became untenable, a situation exemplified by
Chicago’s Monadnock Building of 1893, designed by
Daniel Burnham and John Root" (Nagelberg, 1967).
Another example is the Dakota Apartments, a residential
complex built in New York's Upper West Side in 1884.
While the thickness of the masonry perimeter walls on
the ground floor of the nine-story building is 7.1 m, this
thickness decreases to 4.1 m from the sixth floor
(Landau and Condit, 1996). This has led to a significant
reduction in the building's salable and leasable effective
areas. With the Industrial Revolution and the two world
wars that followed, the steel industry developed, and the
use of steel and concrete as building materials opened
the way for the construction of high-rise buildings.

However, the structural steel developments were
insufficient for the development and feasibility of high-
rise buildings. The period between 1885-1930 was the
invention of elevator systems that accelerated the
development of high-rise buildings. The elevator system
was also another innovation in Home Insurance
Building (Valente, 2012). Afterward, developments in
hydrophore, fire safety, heating, ventilation, and air
conditioning systems were also important factors, as
well as the elevator. In the 1910s, higher buildings such
as the Woolworth building (the highest building before
World War I), which consisted of 55 stories of a
reinforced concrete (RC) structure, symbolized the
Gothic style with a height of 241 meters, and 18 years
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later the Empire State Building with 102 stories, height
381 meters were built. In the early 1930s European
Modernists became interested in the typology can
change it forever. "Le Corbusier’s Cartesian Skyscraper
and Mies Van Der Rohe’s glass skyscraper foreshadowed
a movement in architecture that would last to this day"
(Abel, 2003).

Definition of the Problem

As the height rises with each new high-rise building, the
effects of vertical loads (such as live loads and dead
loads) and lateral loads (such as wind and earthquake)
on the structure have increased at the same rate. Thus,
innovative applications became necessary, both in the
establishment of the ground-building relationship and
in the design of the structure. These problems are
significantly solved with innovative structural systems,
and formwork systems which are used to construct tall
buildings. determining how the world's highest
buildings use these innovative applications and systems
has formed the research motivation of the paper.

Aim, Scope, and Method

This article aims to examine the relationships between
building height and the use of innovative applications
thatrespond to this need for elevation. Furthermore, the
study has focused on the analysis of the structural
systems, materials, and formwork methods employed in
the world's 30 tallest buildings listed by CTBUH. The
reasons for using the database in question, CTBUH;

= gives titles such as "World's Tallest Building" and
refereeing building heights;

= organizes annual conferences and global awards
programs on the subject;

= establishes academic collaborations for funded
research projects;

= recognized as a global authority with extensive
online resources and physical outputs (CTBUH-2,
2023).

After evaluating the effects caused by the elevation of
buildings and the application options for these effects,
examining the scope according to these application
options and as a result creating matrices for each
building constitutes the method of the study.

1. Definition of High-Rise Buildings

Looking at the history of American urban architecture at
the turn of the twentieth century, it is seen that high-rise
buildings emerged as a response to the rapidly
increasing urban population (Brown, 2011). Today,
many reasons, including the attempt to produce a
concept of the skyline, a national credit or pride, and
cultural identity, have made high-rise buildings an
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inevitable feature of urban development, (Al-Kodmany,
2013).

Since the emergence of high-rise buildings, many
definitions have been made in different parts of the
world, depending on different social, environmental,
cultural, and urban conditions, that can be taken into
account in the designation of high-rise buildings. For
example, the height and proportion of the building in
comparison to the urban built environment around it
are factors that can be taken into account in the
determination of high-rise buildings (Figure 1). A
building that is not particularly tall can be classified as a
tall building if it has sufficient slenderness. Another
consideration that can be taken into account in the
determination is whether typical technical solutions for
'tall buildings' are used. (Partovi and Svard, 2016).

On the other hand, high-rise buildings are referred to as
'tower buildings' and 'skyscrapers' (Hasol, 2003). They
are defined as "the building with a very high height
compared to the floor area" (Hasol, 1993) and "the
building whose height is at least 60.50 m at the lowest
elevation visible from any of its facades according to the
Zoning Regulation" (Hasol, 2017).

Height Relative to Context

“A 14-story building may not be considered a tall
building in a high-rise city such as Chicago or Hong Kong,
but in a provincial European city or a suburb this may be
distinctly taller than the urban norm.”

Proportion

“There are numerous buildings that are not particularly
high but are slender enough to give the appearance of a
tall building. Conversely, numerous big/large-footprint
buildings are quite high, but their size/floor area rules
them out of being classed as a tall building.”

Figure 1: CTBUH Height Criteria for Measuring &
Defining Tall Buildings (CTBUH-3), Source: CTBUH-3,
2023

According to (CTBUH-2021) a supertall building is
defined as a building over 300 m, and a mega-tall
building is defined as a building over 600 m. Another
definition states that high-rise buildings are "buildings
having many stories; sufficiently tall so that the use of an
elevator is essential” (Harris, 2000:472). As can be seen,
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different sources provide varying definitions of high-
rise buildings based on criteria such as proportion,
quantitative height, and/or number of floors.

From a global perspective, in terms of the countries with
the highest number of high-rise buildings, as shown in
Figure 2, three countries hold the record for the most
high-rise constructions, accounting for approximately
77% of all high-rise buildings completed and under
construction worldwide since 1980. China has the
highest number of high-rise buildings in the world,
accounting for 53%. Dubai, with iconic high-rise
buildings like Burj Khalifa and Marina 101, ranks as the
country with the second-highest number of skyscrapers,
accounting for 14%. The United States is the third
leading country, with 10% of the world's highest
buildings (CTBUH-4, 2021).

HIGH-RISE BUILDINGS WITH COMPLETED &
UNDER CONSTRUCTION STATUS (CTBUH, 2021)

Location %

Ic hina 53
United Arab Emirates 14
United States 10

‘ Others 23
TOTAL 100

Figure 2: The rate of “the high-rise buildings with
completed and under construction status” regarding
location. Source: CTBUH-4, 2021

As shown in Figure 3 the average height of a high-rise
building varies from year to year. According to the
(CTBUH-5, 2021) the average height of the 20 highest
buildings declined to 351 meters, down from 377
meters in 2019 (the highest figure recorded in 20 years).
The average height of all buildings 200 meters and
higher to complete in 2020 was 254 meters.

W e N i

tof World's 100 Talest 8- Average Height of 20 Tallest 200m+ Completions -8~ Average Height of All 200m+ Completions

Figure 3: World’s 100 Highest Average Building Height.
Source: CTBUH-5, 2021

As a result, as the high-rise building race in the world
continues, it is seen buildings that need more innovative
solutions are designed and built with both increasing
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height and different aesthetic concerns. Considering
that the evolution of structural systems is a process that
follows the rise of structures step by step, it is clear that
there will be more elegant solutions in the future.

2. Structural Systems in High-Rise Buildings

The structural systems of high-rise buildings are
determined based on the vertical and lateral loads they
experience. As the height of a building increases, various
factors contribute to the overall weight, including the
building's  structural components, architectural
elements such as walls, finishing works, technical
equipment, exterior systems, and more. These factors
collectively contribute to the vertical loads, commonly
referred to as dead loads. Additionally, as the building's
usage area expands, there will be an increase in the
number of occupants and movable items such as
furniture, which are considered live loads.

Furthermore, high-rise buildings are subjected to lateral
loads such as earthquakes and wind forces, which also
escalate with the building's height. Designing high-rise
structures typically involves intricate calculations and
computer simulations to ensure that the building can
safely withstand all anticipated vertical and horizontal
loads. These analyses are essential to guarantee the
structural integrity and safety of the building under
various loading conditions.

2.1. Vertical Loads on the Structure of High-Rise
Buildings

It is evident that a high-rise building is subjected to a
wide range of different loads, both external and internal,
which can be static or dynamic in nature. In this simple
classification, the direction of the loads is taken into
account, as previously mentioned.

"The weight of the building itself, along with the weight
of the occupant, furniture, and equipment inside the
building," are typically distributed through the columns
and beams of the structure, and ultimately transferred
to the foundation (Garrison, 2005). Beams are designed
to withstand bending stress. Columns are designed to
withstand the compressive forces resulting from the
building's weight and also shear forces resulting from
the lateral loads such as earthquake and wind effects,
while the foundation is constructed to safely distribute
these forces into the ground.

The distribution of vertical loads through the columns
and beams of a high-rise building is accomplished
through a specifically designed structural system. This
system typically comprises a network of columns,
beams, and slabs that collaborate to support the
building's weight and distribute it to the foundation.
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The columns, which transfer the load from the beams to
the foundation, are vertical elements typically made of
RC or steel. They are utilized to resist compressive
forces (Nakipoglu et al, 2022). The size and spacing of
the columns are determined by various factors,
including the building's height, the structure's weight,
and the expected loads.

Horizontal elements are known as beams span between
the columns and provide support for the slabs. Similar
to columns, beams are also constructed from RC or steel
and designed to resist bending and shear forces. The size
and spacing of the beams depend on factors such as the
distance between columns and the anticipated loadings
they will carry (Nakipoglu et al, 2022).

Slabs, on the other hand, are the horizontal elements
constituting the building's floors. Typically made of RC,
slabs are supported by beams. The size and thickness of
the slabs are determined by factors including the span
between beams and the anticipated loadings they will
bear (Abdulwahid et al, 2013). Through the collective
efforts of columns, beams, and slabs, a high-rise building
forms a load-bearing system capable of supporting the
structure's weight and distributing it to the foundation.
This meticulously designed system ensures the long-
term safety and stability of the structure.

2.2. Lateral Loads on the Structure of High-Rise
Buildings

A high-rise building is threatened by lateral loads
specifically due to its height. These lateral forces are the
load-bearing forces caused by elements such as wind,
earthquakes, live loads on the building or the equipment
carried by the building, and ground movements due to
various geological effects.

Wind load is the most intense and unpredictable lateral
load that has a great impact on high-rise buildings. As
the height of the building increases, the wind load also
increases. Wind load can be divided into both static and
dynamic loading depending on the period. “Static wind
effect primarily causes elastic bending and twisting of
structure. Dynamic wind effect for a high, long span and
slender structures requires a ‘dynamic analysis’ of the
structure” (Mendis et al., 2007).

A building is a barrier against the wind. When a building
is exposed to wind gusts, wind currents run parallel to
the center on either side of the building, which is called
a vortex shedding, this is especially true in high-rise
buildings (Figure 4). The reason for this effect is that the
high-velocity = wind spreads to both sides
simultaneously. Vortex shedding, causes alternating
whirling air folds to form at a certain frequency
(Krishnappa et al, 2022). This stimulates the structure
and creates periodic lateral forces that cause vibration.
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These vibrations can be harmful if they coincide with the
natural frequency of the building and eventually cause
the building to get tired.

Transverse periodic forces
at frequency, e

Wind Direction

Free stream velocity = V

In-line periodic forces at
frequency, 2f ,

Figure 4: Vortex Shedding Phenomenon on High-rise
Buildings. Source: MECA, 2023

Earthquakes, another lateral force, are also one of the
most dangerous and unexpected loads that cause a lot of
damage to structures in various ways. The ground plates
are constantly moving, the pressure increases as these
plates continue to move. When the pressure reaches a
critical threshold, it releases energy in the form of
seismic waves, and an earthquake occurs. The duration
of ground movements is usually a few seconds or even
minutes for large earthquakes. Earthquakes are
measured in terms of acceleration in both directions.

3. Precautions Against Lateral Loads

Recently, new ideas and designs have been proposed to
design earthquake reinforcement to improve structural
behavior during ground motion and replace traditional
designs. One suitable method is to use various
techniques to control structural vibrations (Chikmath et
al, 2022). Energy attenuating systems, different types of
dampers as well as base isolation devices can be used for
such purposes to prevent buildings from possible
damage by reducing the structural response during
earthquakes (Naderpour, et al., 2019). Apart from these,
there are ground improvements, deep foundation
systems, structural monitoring of lateral movements in
buildings, innovative arrangements in building
elements such as core and columns, and innovations in
building materials. Within the scope of the study,
building materials, structure systems and formwork
technologies used in the creation of these structural
systems will be discussed.

3.1. Materials Used in High-Rise Buildings

High-rise buildings can utilize different materials in
their structural systems, including reinforced concrete
(RC), steel, and composite materials that combine the
two. However, there are limitations to using wood as a
material for tall buildings due to factors such as cost,
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structural strength, and especially fire safety. Examples
of wooden high structures include Mjgstarnet in
Brumunddal, Norway, Limberlost Place in Toronto,
Canada, 503 on Tenth in Portland, USA, and Treet
buildings, but their heights are relatively limited.

Several designs for taller buildings, such as the W350
Tower in Tokyo, Japan with 70 floors and 350 m height,
Oakwood Tower in London, England with 80 floors and
300 m height, and River Beach Tower in Chicago, USA
with 80 floors and 228 m height, have remained at the
concept stage.

In the 1960-1970s, steel was commonly used in high-
rise buildings, but since the 1970s, the use of RC has
increased due to its high strength and performance
compared to steel. In recent years, composite structures
have gained popularity due to their combination of the
axial loads of concrete and the high resistance of steel
against horizontal loads. According to the CTBUH
database, 7 of the world's 100 tallest buildings have all-
steel structures, with the newest being 30 Hudson Yards
in New York, USA, completed in 2019. This indicates that
steel is not widely preferred in high-rise buildings
beyond a certain threshold due to structural and
economic considerations.

Concrete, although it has high compressive strength, has
low tensile stress capacity. To address this weakness,
steel reinforcements are added to concrete, resulting in
the emergence of RC as a building material. In the
CTBUH database, 27 out of the world's 100 tallest
buildings are constructed entirely with concrete, with
the newest being the Central Park Tower, a 98-floor
building with a height of 472.4 m, completed in 2020.
This building is currently the tallest all-concrete
building globally, ranked 13th among the top 100. Most
of the other all-concrete buildings (excluding the Central
Plaza in Hong Kong built in 1992) were constructed
after 2008.

Composite structures have gained popularity as
innovative structural systems because RC consumes less
usable floor area compared to steel. The combination of
concrete's axial load capacity and steel's resistance to
horizontal loads has led to the increased use of
composite elements in buildings. The prevalence of
composite structures has been observed in North
America, Japan, and Europe since the late 19th century.
In the CTBUH database, 63 out of the world's 100 tallest
buildings and 12 of the highest buildings have
composite structures, indicating that composite
solutions are a more suitable option for the growing
trend of tall buildings.
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3.2. Structural System Types of High-Rise Buildings

In the early 20th century, the primary focus of structural
systems in buildings was on withstanding vertical loads.
However, in the 1960s, significant changes were made
to the structural systems of high-rise buildings, leading
to the adoption of more suitable systems beyond the
widely used "rigid frame system" for large steel or
concrete buildings. Advancements in materials
research, aiming to discover materials with high
strength and low density, have made it possible to
increase the height of buildings while reducing their
weight. However, as mentioned earlier, horizontal loads
caused by wind and earthquakes pose significant
challenges. Therefore, particularly in high-rise
buildings, new structural systems are designed to
account for not only vertical loads (such as fixed loads
and live loads) but also lateral loads resulting from wind
forces and seismic waves. Starting from the 1960s,
research on classifying height-based load-bearing
systems began, and as a result, the load-bearing systems
of high-rise buildings were categorized into two groups:
exterior and interior structures. This classification was
established by Falconer in 1981;

3.2.1. Interior Structures

The systems in the interior structure group are;

e rigid frame system,

braced hinged frame,

shear wall hinged frame,

staggered truss,

shear wall (shear truss) - frame interaction,
core outrigger,

buttressed core.

The rigid frame system’, also known as the ‘moment-
bearing frame system’, is a structural system used in
steel or RC-constructed high-rise buildings consisting of
linear elements such as beams and columns, connected
to each other by nodal points based on moments.

The ‘braced hinged frame’, usually works by combining
two structural systems, one main and one subsidiary.
The goal is for buildings to show the lowest slope among
other domains against lateral loads. This system
consists of ‘steel shear trusses’ in addition to ‘steel
hinged frames’ that are constructed in a single diagonal,
cross bracing, k bracing, and v bracing.

The ‘shear wall hinged frame’, is used in RC buildings
and is an interconnected shear wall. The
interconnections of the elements of this system provide
stiffness beyond the overall strength of the shear walls.
This system is used for buildings within 10 -80 stories
or even higher buildings. The remarkable point of this
system is the location of the shear wall to carry the
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horizontal load and limit the horizontal displacement.
Therefore, the location of the shear wall in the design is
very important to choose correctly.

The ‘staggered truss’ system, is a type of structural steel
frame used in high-rise buildings. The system consists of
a series of high trusses arranged in steps on adjacent
column lines, covering the overall width between two
rows of outer columns, and can be built up to 40 stories.

The ‘shear wall (shear truss) - frame interaction’,
consists of two groups (braced rigid frame) and (shear
wall rigid frame). this system can provide the necessary
lateral strength in terms of bending mode, and a more
efficient console, and the internal core can be designed
for gravity loads. Shear walls and truss structures can
provide stiffness of up to 40 stories and allow for larger
openings.

The ‘core outrigger’ system, consists of a central core
with outriggers, connecting the core to the outer
columns. The central core contains either braced frames
or shear walls. The outrigger system considering the
advent of mega-columns for exceptionally high-rise
buildings in the perimeter structure can be built up to
150 stories.

The ‘buttressed core’ system, has a different plan
(applied with a Y-shaped or triangular plan with three
wings with a central core), the design of which uses
conventional materials and structural techniques with a
significant increase in height. It is a system with an
inherently stable form in which each wing is supported
by two other wings that together create shear strength
and increased moment of inertia. The core also provides
the torsional strength of the building. This system can
provide a height of over 1000 meters (200 stories).

3.2.2. Exterior Structures

External structure subsets are;

framed tube,
braced tube,
bundled tube,
tube-in-tube,
diagrid,
space truss,
superframe.

The ‘framed tube’, is an economical solution for high-
rise buildings. In this system, the peripheral parts of the
building are allocated for the installation of columns at
very close distances, which are connected to each other
by thick beams. This system consists of rigid frames, but
the difference between this system and rigid frames is
due to the following features: The columns are very
close to each other and contain rigid vertical elements
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(beam + slab), which work exactly like a tube and
appropriate for buildings having 40-100 stories.

The ‘braced tube’ system, is designed to increase the
user capacity in high-rise buildings and to locate a large
distance between columns. Therefore, the number of
columns is reduced, which is economically desirable.
The braced tube system is obtained by adding diagonal
elements that often intersect at the corner columns of
the tube structure. With this reinforced system, higher
buildings with 100-170 stories can be built (Ali and
Moon, 2018).

New construction systems are constantly being
developed to achieve a higher level and minimize the
“slip delay” phenomenon. One of the systems is the
‘bundled tube’ system. The stated structural system is
created by grouping two or more independent
interconnected tubes to obtain a single multicellular
tube. A bundled tube system is built to effectively resist
any external force, whether from the braced tube or
frame tube in general, and is appropriate for buildings
within about 110 stories. One of the most famous
examples of buildings using this system is the Willis
Tower (formerly Sears Tower) (Figure 5).

Figure 5: Willis Tower. (a) Shear Leg Behaviour. (b)
Modular Floor Configuration. Source: Marabi, 2016.

The ‘tube-in-tube’ system, also known as “hull and core”,
consists of a core tube inside the structure which holds
services such as utilities and lifts, as well as the usual
tube system on the exterior which takes the majority of
the gravity and lateral loads. The inner and outer tubes
interact horizontally as the shear and flexural
components of a wall-frame structure” (Sreevalli, et al.,
2017). This system can be constructed 90-150 per
different tube.

One of the structures that has recently emerged as a new
solution for high-rise buildings that combines structural
strength, decorative features, and morphological
adaptability is called ‘diagrid structures’. This system
can be built in these two groups; (1) ‘uniform-angle
diagrid’ (steel, concrete, and composite types are used)
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can be constructed up to 80-110 stories; (2) ‘varying-
angle diagrid’ (steel or composite) can be used up to 130
stories.

The ‘space truss’, emerged in search of light, fast, and
industrial solutions in high-rise building technologies.
This system ensures that large openings in buildings are
executed with a column-free and lightweight structure,
making the structures more flexible and efficient in
terms of performance. Up to 150 stories are mostly
constructed with composite.

The ‘super frame’, also known as ‘mega frame’, is
categorized into the stand-alone super frame and super
framed conjoined tower structure which is a conceptual
expansion and modification of the stand-alone
superframe. Conjoined supertall towers are a relatively
new architectural phenomenon. With this system,
height can be increased very efficiently up to about 250
stories.

3.3. Innovative formwork systems used in the
construction of tall buildings

In order to have a precise perception of how tall
structures are constructed it is needed to look at the
processes and techniques. Modern formwork systems
are widely used in the construction of tall buildings
which offer unique advantages and characteristics. Here
are some of the commonly used formwork systems
briefly introduced: slip form construction, jump form
construction, climbing formwork construction, table
form/ flying form construction, column system
formwork construction, and tunnel form construction.

In recent years, ‘slip form construction’ has been very
popular, especially for high-rise buildings with more
than 10 stories. However, for low-rise buildings, this
method is not economically viable. “Basically, this
method involves the continuous placing of concrete in a
shallow mold having the same plan as the building to be
constructed. This rigid mold, or ‘slip form’ as it is called,
forms the working deck which is jacked slowly upwards
at a controlled rate until the required elevation is
reached” (Tiwary, 2017). Sliding form construction is
used in three forms; vertical slip form, horizontal slip
form, and tapered slip forming.

Jump form construction’ is one of the methods of
structure cores (elevators, stairs, etc.) for high-rise
buildings. The structure of the formwork is cast in a set
of vertical sections called ‘lifts’. Typically, this type of
formwork is built of steel members and concrete form
panels are attached to this frame. After sufficient
strength of the concrete, the formwork is moved back
and then jumped to a higher level. The jump form is
generally used in three forms; normal jump/climbing
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form, guided-climbing jump form, and self-climbing
jump form.

‘Climbing form’ construction is a formwork system used
in the construction of vertically RC elements that allow
construction to proceed without interruption. This
formwork can be anchored to the structure at the
desired height and move vertically and horizontally for
each concreting unit. The size of the mold should be
equal to the height of the floor, otherwise, it will not be
economical and practical. Types of climbing form are as
follows; climbing formwork (crane-climbing), climbing
formwork (self-climbing), and gliding formwork.

“A table form/flying form is a large preassembled
formwork and falsework unit, often forming a complete
bay of suspended floor slab. It offers mobility and quick
installation for construction projects with regular plan
layouts or long repetitive structures” (Rupasinghe, etal.,
2007). This system is designed for high-rise structures
and heavy loads. The system includes the main frame,
diagonal members, jacks, and accessories that connect
them. The mainframes, which are the basic elements of
the system, can be manufactured in different sizes.

The ‘Column system formwork’ system has a modular
nature. An important criterion for the cost-effectiveness
of the column system formwork system is the quick and
easy adjustment of the cross-section and height with the
least effort and the least possible number of system
components. In addition, columns with the same cross-
section are often constructed in series and large
numbers so that the systems can be quickly moved to
the next use without any assembly effort.

The ‘Tunnel form’ system is used as a modern
innovation to create repetitive cellular structures. This
is a steel formwork that is used during the placing of the
concrete to form the floor and the wall at the same time.
They can be in different shapes, sizes, and modules. The
formwork system is supported by hot air blowers which
accelerate the setting of the concrete. This system
becomes more economical for symmetric construction
like mass housing projects and contains a huge quantum
of symmetrical work.

4. Results and Findings

The analysis of the structural evolution of high-rise
buildings worldwide was conducted using the synthesis
method. For this analysis, a selection was made of the 30
highest buildings constructed within the last 15 years.
These buildings were thoroughly examined, taking into
account factors such as the structural materials
employed, the type of structural system implemented,
and the formwork technologies utilized in their
construction. To ensure a comprehensive evaluation,
each of the 30 high-rise buildings in the sample
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underwent a detailed analysis. The data obtained from
this analysis were meticulously collected and organized
into evaluation tables specific to each building. These
evaluation tables served as valuable references for
studying and comparing the structural characteristics
and advancements exhibited by each high-rise building
within the sample.

1. Jeddah Tower
Location: Jeddah, Saudi Arabia

Height: 1.007 metres (3.281 ft)

Floors: 168

Architect: Adrian D. Smuth, Adrian S +
Gordon Gill Architecture

Completed date: unknown

Function: Residential/Serviced apartments

Building Information

Matenial: Concrete

» Reinforced concrete tube

» Double-layered wing-walls

Structural System

y

» Climbing formwork

Construction Techniques

Figure 6: One example of the tables for each of the 30 tall
structures.

Figure 6 provides an example of the evaluation tables
used for analyzing the structural materials, systems, and
construction techniques of the selected high-rise
buildings. These tables are organized according to
separate categories such as function, location,
construction date, formwork systems (which play a
crucial role in high-rise construction), structural
systems, and building materials. Through this
comprehensive examination, a comparative analysis
was conducted to assess the similarities and differences
among the high-rise buildings. Table 1, presents the final
matrix that summarizes the results of the evaluation
tables. This matrix encompasses materials inspection,
structural inspection, and formwork technology
inspection. The table, Specifically, highlights the usage
of reinforced concrete (RC) in 7 out of 30 surveyed
buildings, accounting for 23.33% of the sample. (Figure
7) The primary reasons for this choice include the ease
of procurement, minimal need for specialized detailing,
and lower cost associated with RC. On the other hand,
composite materials, such as steel over concrete and
concrete-steel composite, were observed in 23 buildings
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(76.67%) within the sample. It is worth noting that none years exclusively employed steel as the primary
of the 30 highest buildings constructed in the last 15 structural material.

Table 1: Comparative analysis matrix of the sample high-rise buildings.

STRUCTURAL SYSTEM
Extenor
[ 7| -
2 Elal| |2| | = 3|2
B 21 |E]e =N c E| &
g Ele|z2|B =R = = =8
SNEEHEEEEEE HNEEIELE
NN T ZEEEEE
E | 2||E|lellE|Z2|2|8||z|s| 2|2 = e = =
No. Name ; E éf 555%5555 f;?ggz:
1 |Jeddah Tower 1000| 167 Central
2 |Buj Khalifa 828|163 Central
3 |PNB118 Merdeka 644|118 Central
4 |Wuhan Greenland Center 636( 126 Central
5 |Shangai Tower 632|128 Central
6 |Chicago Spire Tower 610|150 Central
7 |Ping An Finance Center 599|119 Central
& |Goldin Finance 117 3971128 . Central
9 |Lotte World Tower 555123 Central
10 |One W.T.C. 5410 1 Central
11 |CITIC Tower 528|108 . Central
12 |Shangai World F.C. 4920101 Central
13 |Lakhta Tower 462 86 Central
14 |Vincom Landmark 81 461] 81 B | Central
15 |Zifeng Tower 450 66 Central
16 |Exchange 106 446 93 Central
17 |Nanning China Resorces Tower | 445 94 .: Central
18 |One Vandervilt 427 67 Central
19 |Dynamic Tower 420 80 Central
20 |Al Hamra Tower 414 83 Central
21 |China Resources Tower 393| 68 . Central
22 |PIF Tower 385 72 Central
23 |Federation Tower 374 93|l | Central
24 |Raffles City Chongging TAN 335| 74 B | Central
25 |Comcast Technology Center 342| 60 Central
26 |Shard Tower 309 95 Central
27 |Northeast Asia Trade Tower 305| 68 Central
28 |Hangzhou Wangchao Center 280( 32 . Central
29 |56 Leonard Street 250] 60 Central
30 |One Thousand Museum 215 a2 Central
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B Reinforced Concrete B Composite

Reinforced Concrete 7

Composite 23

Figure 7: The rate of construction materials of the 30
sample buildings.

The analysis of the selected high-rise buildings revealed
that the average height of buildings constructed with
reinforced concrete (RC) structures is 500.14 m, while
buildings with composite structures have an average
height of 473.65 m. These findings indicate that there is
no significant difference in the average height between
buildings constructed with these two building materials,
as shown in Table 1.

Out of the 30 buildings in the sample, 23 were built with
interior structures, while 7 were constructed with
exterior structures. The prevalence of interior
structures is attributed to their ease and cost-
effectiveness compared to exterior structures, despite
the aesthetic and similar benefits offered by the latter,
as illustrated in Figure 8.

Regarding the structural systems used in the buildings,
Figure 8 demonstrates that the outrigger system was
employed in 17 buildings (56.67%), the shear wall
frame system in 4 buildings (13.33%), the bundled
frame tube system in 2 buildings (2.7%), the diagrid
system in 2 other buildings (6.67%), the trussed tube
system in 2 buildings (2.7%), the buttressed core system
in 1 building (1.3%), and the mega form tube system in
1 building (1.3%). It is noteworthy that all of the sample
buildings incorporate a core system.

Furthermore, as part of the study, another assessment
focused on building materials has been conducted. The
evaluation revealed a consistent preference for
reinforced concrete (RC) structures across all 7
buildings. Notably, the analysis of Table 1 highlights the

] ESOGU Eng. Arch. Fac. 2023, 31(4), 1013-1027

utilization of various interior structure types in these
buildings (Figure 9).

Outriggered frame 17
e |Buttressed core
Sl Core + dynamic form
Shear walled frame

23

Trussed tube
2l Bundled frame tube

I El Ve oa frame tube

Diagnd frame tube

b = [ b | b [ e [ = [ =

® Interior Structure @ Exterior Structure

Interior Structure Exterior Structure
Trussed tube
Bundled frame tube
Shear walled

frame

Buttres | Core+
sed dynami | Diagrid frame | frame
core cform | tube

Figure 8: The rate of “the high-rise buildings with
completed and under construction status” regarding
structural systems of the 30 sample buildings.

42.86%

" 14.29%

14.29%

M Outriggered frame M Buttressed core

H Core + dynamic form & Shear walled frame

Outriggerad frame
Buttressed core

Core + dynamic form
Shear walled frame

tad [ = | = | 2

Figure 9: Types of interior structures used in RC
buildings.

Based on the analysis, among the 23 buildings
constructed with composite structures, 16 were
designed as interior structures while 7 were designated
as exterior structures. This indicates a prevalent use of
composite structures for interior configurations.
Additionally, it was noted that all exterior structures in
the sampled buildings were constructed using
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composite materials, as illustrated in Table 1 and
(Figure 10).

B Interior structures Exterior structures

Interior structures

Diagrid frame tube

Trussed Bundled
tube frame tube  Mega frame tube

=y |Outriggered frame | 15
Sl Shear walled frame

Trussed tube

3 Civ el Bundled frame tube
Sl \feoa frame tube
Diagrid frame tube

bod [ | b | b2 | [

Figure 10: Types of interior and exterior structures used
in composite buildings.

In accordance with the findings of this study (as
illustrated in Figure 11), it was determined that among
the examined examples, climbing formwork was
employed in the construction of 18 buildings,
accounting for 60.00% of the total. Moreover, the slip
form technique was utilized in one building (3.33%),
self-climbing formwork was employed in three
buildings (10.00%), jump lift self-climbing formwork
was used in two buildings (6.67%), and jump form
sliding formwork technique was utilized in one building
(3.33%). Unfortunately, the specific formwork types
used in the remaining 5 buildings could not be obtained
for this study.
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3.33%

6.67%

10.00%

3.33%

M Climbing formwork  m Slip form
m Self-climbing = Jump lift self-climbing

B Jump form sliding f.w. B Not obtained

Climbing formwork 18
Slip form
Self-climbing

Jump lift self-climbing
Jump form shding fw.
Not obtained

[ i R O

Figure 11: The rate of formwork type of the 30 sample
buildings.

The assessment of formwork technologies utilized in the
examined examples unveiled the application of five
distinct methods, as outlined in Table 1. Among these
methods, climbing formwork emerged as the most
prevalent, employed in 18 buildings (60.00%) (Figure
11). The widespread use of climbing formwork can be
attributed to the numerous advantages it offers,
including heightened productivity, time and cost
efficiency, enhanced safety measures, versatility,
improved concrete quality, flexibility, adaptability, and
improved construction planning.

Self-climbing formwork was employed in 3 buildings
(10.00%). This formwork technology, although
relatively newer compared to climbing formwork, is
gaining popularity due to its capacity to minimize labor
needs, enhance safety, and accelerate construction
timelines. Alongside these two technologies, jump lift
self-climbing formwork was utilized in 2 buildings
(6.67%), while slip form and jump form sliding
formwork were each used in 2 buildings (Figure 11).
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Figure 12: Comparison of building material and
formwork type

During the analysis of the correlation between
structural materials and formwork technologies, it was
noted that climbing formwork was extensively utilized
in both reinforced concrete (RC) and composite
structure buildings. Out of the 7 buildings with RC
structures, climbing formwork was employed in 5
buildings (71.42%), while slip-form technology was
utilized in one building. Unfortunately, data regarding
the formwork technology of one RC building could not
be obtained (Figure 12).

Regarding the composite structure buildings, climbing
formwork was employed in 13 buildings (56.52%) out
of the 23 analyzed. In addition, self-climbing technology
was used in 3 buildings (13.04%), jump lift self-climbing
in 2 buildings (8.69%), and jump from sliding formwork
in 1 building (4.35%). Information on the formwork
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technology of 4 composite buildings could not be
obtained (Figure 12).
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Figure 13: Comparison of structure type and formwork
type

In the analysis of formwork technologies used in
interior and exterior structures, it was found that
climbing formwork was predominantly employed in
both types of structures. Among the 23 interior
structure buildings in the sample, climbing formwork
was used in 16 buildings (69.56%). This indicates that
factors such as easy manufacturing and the cost-
effectiveness of climbing formwork play a significant
role in its selection. Furthermore, self-climbing
technology was used in 2 interior structure buildings,
slip-form technology was used in 1 building, and jump
lift self-climbing technology was used in 1 building. Data
on the formwork technology of 3 buildings with interior
structures could not be obtained (Figure 13). In
buildings with exterior structures, climbing formwork
was also the most frequently used method, with 2
buildings (28.57%) employing this technology.
Additionally, self-climbing technology was used in 1
building, jump lift self-climbing technology in 1 building,
and slip form technology in 1 building. Information on
the formwork technology used in 2 buildings with
exterior structures could not be obtained (Figure 13).
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Figure 14: Comparison of structure types and formwork
type

In the analysis of formwork types employed in different
structure types, it was observed that climbing formwork
is predominantly utilized in buildings with internal
structures. Among the internal structure types, climbing
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formwork was employed in 12 outriggered frame
buildings and 4 shear-walled frame buildings (refer to
Figure 14). Notably, outriggered frame buildings
exhibited a greater diversity of formwork technology
types compared to other interior structure types. Out of
the 5 formwork types used in the sample, 3 were
implemented in outriggered frame buildings, while the
remaining 3 structure types each preferred a single
formwork technology (Figure 14).

In contrast, there was no significant concentration of
formwork types observed in the subtypes of external
structures. Climbing formwork was used once in
bundled frame tube and mega frame tube structures.
Trussed tube buildings, on the other hand, showed a
preference for 1 self-climbing technology and 1 jump lift
self-climbing technology (Figure 14). Although the
number of exterior structure buildings is smaller than
that of interior structures, the dispersed use of
formwork types in the exterior structure category
suggests that more specialized solutions are employed
to address the unique nature of these structures.

5. Evaluation and Conclusion

As the population in cities grows, so does the demand
for high-rise buildings. Looking at the continuous
process of high-rise construction globally, it is evident
that large cities compete on the world stage to claim the
title of having the tallest building, symbolizing their
power, prestige, and global standing in the growing
economy.

The primary challenge in designing structural systems
for high-rise buildings is addressing the displacement
caused by lateral loads. As the height of the building
increases, lateral displacements also increase
proportionally. Consequently, the options for choosing
structural systems decrease with increasing altitude.
However, advancements in materials and technology
have made it possible to increase building height by
reducing the weight of the structure.

A new approach involves employing a hybrid structural
system, which combines two or more systems that
mutually reinforce each other. This enhances the
rigidity of the new structural system while minimizing
issues such as deformation due to lateral displacement,
which can lead to damage, structural errors, and
uncomfortable conditions for occupants.

Upon evaluating the 30 tallest buildings selected as a
sample from the CTBUH database, which were
constructed over the last 15-year period, the following
findings were obtained regarding their structural
materials, structure types, core types, and formwork
technologies:
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= Despite the increase in building height, the use of
interior structure is predominant.

= However, the need for elevation is met by the
increased use of composite, a relatively new
structural material.

= In the context of being a combination of these two
factors, outrigger frame buildings are mostly
preferred.

= Among the reviewed buildings, the use of a central
core is the only option in terms of stiffness.

= Although there are newer technologies, climbing
formwork technology is still mostly preferred in
high-rise buildings.

Innovative approaches extracted from technology have
led to the development of building systems and
structural processes. These rapidly changing systems
directly affect the design and construction process and
have led to optimizations in the construction industry.
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Beton teknolojisinde her gegen giin gelisen yeniliklerin uygulamaya girmekte oldugu
goriilmektedir. Bu makalede beton teknolojisinde son zamanlarda yaygin olarak
kullanilmaya baslanmigs yeniliklerin bazilart anlatilmigtir. Yeniliklerin bazilari beton
tiretiminde kullanilan malzemelerle, bazilari ise ozellikle gelisen dijital teknolojinin
betonlara uygulanmastyla ilgili olmaktadir. Uygulamada betonlarin islenebilirlik,
dayanim ve dayanikliiginda oldukca onemli gelismeler oldugundan bunlarin
ilgilenenlere tanitilmasit yararli olacaktir. Makalede yeni nesil cimento esasli betonlar
bashgi altinda sirasiyla, 3D yazici ile iiretilen betonlar, nano teknolojik ultra yiiksek
dayaniml betonlar, kendi kendini isitan ve sogutan betonlar, kendi kendini kiir eden
betonlar, kendi kendini tamir eden betonlar, atik agregali betonlar, Mars betonu, ultra
hafif betonlar, kendini temizleyen betonlar, biikiilebilir beton, eko beton (yesil beton),
yari saydam ve gecirgen beton, nesnelerin interneti (RIFID) teknolojili beton ve ¢imento
bulamaci emdirilmis lifli betonlardaki (SIFCON) konular hakkinda yeni gelismeler
literatiire bagh olarak aciklanmis, bu yeniliklerin getirdigi avantajlar tanitimaya
calisilmigtir.
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malzemeler iizerinde olmaktadir. Ozellikle beton

1. Giris icindeki bosluklart1 en aza indirmek igin nano
Teknolojinin son derece hizli gelisimi beton malzemelerin kullanildig1 goriilmektedir. Yine sismik
teknolojisini de olumlu yonde etkilemektedir. Cevre etkilere karsi hafifletilmis betonlarin kullanilmas: da
dostu karisim yontemlerinden, kelimenin tam yayginlasmaya baslamistir. Bununla birlikte betonlara
anlamiyla kendi kendini iyilestirebilen betona kadar, eklenen kimyasallarla betonlara yeni o6zellikler
yeni beton teknolojisi, insaatin gelecegi icin goriiniiste kazandirilmaya c¢alisilmistir. Depremlerden sonra
sinirsiz ~ olanaklar  sunmaktadir.  Gelisimin  ve ortaya ¢ikan yap1 enkazlarinin degerlendirilerek
yeniliklerin bazilar1 beton {iretiminde kullanilan yeniden betonda agrega olarak kullanilmasi biiyiik
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tasarruflar saglayabilmektedir. Ozel kimyasallarla ve
biyolojik materyallerin kullanilmas1 ile betonlarin
kendi kendini tamir etmesi, kendi kendini temizlemesi
ve kendi kendine kiir etmesi saglanabilmektedir. Ay ve
Marsta yapilmasi planlanan yapilar i¢in de (susuz
beton uygulamalarinin) 3D  baskili  yazicilar
kullanilabilir. Gevrek bir malzeme olan beton icine
katilan lifler yardimiyla siinek bir yapiya déniiserek
biikiilebilir hale getirilebilmektedir. Saydam betonlar
yardimiyla giines 1s1 ve 15181 beton icinden gecirilerek
enerji tasarrufu yaptiran betonlar {retilmeye
baslanmistir.  Yine gecirimli betonlarla sularin
toplanmast icin  yeni uygulamalar yapilmaya
baslanmistir. Burada agiklanan yenilikler disinda ¢ok
sayida gelisme oldugu da bilinmektedir. Bu derleme
makalesinde beton teknolojisinde yukarida sayilan
yenilikler incelenmeye calisilmistir. Bu yeniliklerin
insanlarin  smirsiz  ihtiyaglar1  diistinildiigiinde
teknolojinin beton izerinde kullanilmas: ile sosyo-
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kiltiirel yapilarin olusturulmasinda olduk¢a avantajh
gelismeler yaratacag diisiiniilmektedir.

2. Yeni Nesil Cimento Esasli Betonlar

Bu calismada; 3D yazia ile lretilen betonlar, nano-
teknolojik ultra yiliksek dayanimli betonlar, kendi
kendini 1sitan ve sogutan betonlar, kendi kendini kiir
eden betonlar, kendi kendini tamir eden betonlar, atik
agregali betonlar, Mars betonu, ultra hafif betonlar,
kendini temizleyen betonlar, biikiilebilir beton, eko
beton (yesil beton), yar1 saydam ve gecirgen beton,
nesnelerin interneti (RIFID) teknolojili betonlardaki
gelismeler ve ¢imento bulamaci emdirilmis lifli beton
(SIFCON) hakkinda genel bilgiler verilmistir (Sekil 1).
Giniimizde uygulama esasina ve gereksinimine gore
calismada bahsi gecen her tipte beton iretilebilmekte
ve teknolojik anlamda gelisimi devam etmektedir.

D - - I

‘n_

“_

[ vemmeo | venswdsmcesss | mmbreews

Sekil 1. inceleme yapilan 6zel betonlar

2.1. 3D Yazici ile Uretilen Betonlar

Beton tretiminde 3D yazicilarin kullanilmasi, gelecek
vaat eden beton yapi teknolojisi planlama asamasinin
hemen ardindan olusturulan dijital verilerin santiye
ortaminda uygulanmasini saglarlar (Mechtcherine ve
dig., 2020; Schutter ve dig., 2018; Mechtcherine ve dig,,

Sekil 2. 3D yazici ile beton tliretimi ve kullanim alanlari
(a)Biiytk olgekli 3DCP (Anjuma ve dig, 2017),
(b)PERI/COBOD ve Mense-Korte'de iki katli bir 3DPC
evi, (€)2021'in baslarinda Hollanda'nin ilk 3DP evi

(Kauppila, 2022), (d)Diinyanin en uzun 3DPC Képriist,
Sangay (edition.cnn.com, 2019).

3D yazia kullanilarak iretilen betonun {retim
asamalar1 ve 3D yazici kullanilarak insa edilmis bazi
yap1 ornekleri Sekil 2’de gosterilmistir. 3D yazicilar
kullanilarak tiretilen betonlar hem zamandan kazang
saglamakta hem de iscilik hatalarin1 neredeyse yok
denecek kadar azaltmaktadir. Maliyet olarak ise toplam
insaat maliyetinin yaklasik olarak yarisidir (Weilandt
ve dig., 2009). Le ve dig. (2012) 3D baskili beton
liretebilmek icin en biiyiik dane ¢apinin 2 mm olmasi
gerektigini belirlemislerdir. Baskili beton ayni zamanda
biiytlik 6l¢cekli imalatlarda tercih edilebilir (Gosselin ve
dig., 2016). Giiniimizde 3D yazicilar kullanarak
yaklasik 20 MPa basing dayanimina sahip betonlar
tretilebilmektedir. Lim ve dig. (2012) %54 kum, %36
reaktif toz ve su/¢cimento orani 0.28 olan 3D baskili
beton iiretmeyi basarmislardir. Gosselin ve dig. (2016)
%35 cimento, %45 silika kristalleri, %10 Kireg tasi tozu
%10 silis dumani katkil1 3D baskili beton liretmislerdir.
Yaptiklar1 deneysel calismalarda 11.7-16.9 MPa
arasinda basin¢ dayanimi elde etmislerdir.

2.2. Nanoteknolojik Ultra Yiiksek Dayanimli Beton

Nanoteknolojinin beton sektoriinde kullanilmaya
baslamas1 ile wultra yiiksek dayanimli betonlar
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iiretilebilmektedir (Sanchez ve Sobolev, 2010). Nano
boyutlu malzemeler beton icerisindeki bosluklar:
yliksek oranda doldurarak betonun kompasitesini
arttirmaktadir (Li ve dig., 2016). Cimentolu kompozit
malzemelerde kullanilan baslica nano malzemeler nano
cinko oksit, nano-fiberler, nano-karbon, nano-grafen
oksit, nano-titanyum oksit, nano karbon siyahi, nano-
silika, nano demir oksit vb.dir (Nanografi, 2023).
Literatiirde nano malzemelerin ¢imentolu sistemlerde
kullanilarak har¢ ve betonlarin fiziksel ve mekanik
dayanimlar1 arttirilmaya calisilmistir. Sefien ve dig.,
(2022) c¢imentolu sistemlerde %5 oraninda demir
oksitin ¢imento ile yer degistirilmesi sonucu basing
dayaniminin yaklasik olarak %7.96 oraninda arttigini
gozlemlemislerdir. Nik ve Bahari (2011) nano silika
katkili ¢cimento esasl har¢larin mikro yapisini ve nano
silikanin mekanik dayanim {izerindeki etkisini
incelemislerdir. Nano silika katkili harg¢larin mikro
yapiy1 fark edilebilir derecede iyilestirdigi, mekanik
dayanimi da arttirdigimm  goézlemlemislerdir. Bazi
arastirmalar, ¢imento bazli sistemlere grafen oksit
nano parcaciklary, nano montmorillonit, cok duvarh
karbon nanotiipler ve nano titanyum dioksit
eklenmesinin  basing ve egilme dayanimlarin
artirabilecegi sonucuna varmistir (Mousavi ve dig,
2021; Hocaoglu, 2022; Mousavi ve dig., 2022). Noee ve
Rajabli (2023) nano silikanin beton basing dayanimina
etkisini arastirmislardir. 28 giin kiir edilen betonlarda
cimento yerine %11 oraninda nano silika katilmasi ile
referans betona gore basing dayaniminda yaklasik
%300 oraninda artis gozlemlemislerdir. Giliniimiiz
teknolojisinde nano boyutlu malzemelerin ¢imentolu
sistemlerde kullanilmasi ile 120 MPa’'nin {zerinde
basing dayanima sahip beton tiretilebilmektedir. Chu ve
dig., (2021) karbon, celik ve cam nano parcacikl
betonlar lretmisler, nano fiber ¢elik katkili betonda en
ylksek dayanim elde etmislerdir (Sekil 3). Sekil 3’te X
ekseninde belirtilen simgeler, fiber tipi ve oranlarin
temsil etmektedir. Servatme ve Simsek (2018) farkh
oranlarda nano-aliminat, nano-kalsit ve nano-silikat
iceren betonlarin basing dayanmimlarini
arastirmiglardir. Cimento yerine %1 nano-aliiminat
konuldugunda 67.25 MPa basing dayanimi elde
etmislerdir (Servatme ve Simsek, 2018). Cimento
yerine %2 nano-kalsit konuldugunda 79.46 MPa basing
dayanimi elde etmislerdir (Servatme ve Simsek, 2018).
Cimento yerine %1 nano-silikat konuldugunda ise
97.86 MPa basin¢ dayanimina ulasilmistir (Servatme ve
Simsek, 2018).
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Basing¢ dayanimi, MPa

Kar1§1m numarasi

Sekil 3. Nano karbon-gelik-cam katkili betonlarda
basing dayanimi (Chu ve dig. 2021)

2.3. Kendi Kendini Isitan ve Sogutan Beton

Beton bilesenlerinden su ile ¢imento bir araya gelir
gelmez hidratasyon reaksiyonlar1 olusmaktadir. Bu
reaksiyonlar ekzotermik (1s1 ac¢iga ¢ikartan) kimyasal
tepkimelerdir. Kiitle betonlari, yiiksek metrajli beton
dokiimleri, sicak hava kosullarinda dokiilmesi gereken
betonlar ve soguk derz olusma potansiyeli bulunan
imalatlarda oldugu durumlarda hidratasyon 1sisini
diistirmek kritik 6neme sahiptir. Soguk havalarda
beton dokiimleri ve prefabrik eleman imalatlar1 vb.
durumlarda ise hidratasyon 1sisin1 ylikseltmek biiytik
oneme sahiptir (Hocaoglu, 2022).

Nano malzemeler beton teknolojisinde kullanilmadan
once, bilim insanlar1 c¢imento esasli malzemenin
hidratasyon 1sisin1 arttirma ya da azaltmada bazi
puzolanlar1 (mineral katki olarak) kullanmay1r ve
kimyasal katkilar eklemeyi tercih etmislerdir
(Pangdaeng ve dig. 2014, Mazari ve dig., 2020). Ancak
kullanilan  malzemelerle ¢ok yiliksek mekanik
dayanimlara ulasilamadigi  goériilmiigtiir.  Onceki
arastirmalar karbon bazli malzemelerin hidratasyon
reaksiyonlarina etkisini de arastirmislardir. Cimento
esasli kompozitlere bazi nano boyutlu malzeme ilave
edilmesi sonucu hidratasyon firiinleri olan CSH ve
Ca(OH)z2'nin olusumu hizlandirilabilmektedir.
Hocaoglu (2021) farkl s/¢ oranlarina sahip harglarda
¢imento yerine agirlikca %0.25 oraninda grafen oksit
katarak hidratasyon sicakligini bir giin siireyle
incelemistir. Grafen oksitin, hidratasyonun ilk
asamalarinda harg i¢ sicakligini arttirarak prizin daha
kisa siirede gerceklesebilecegi sonucuna ulasilmistir.
Hocaoglu (2023) grafen oksit katkili harglara bir giin
stireyle dogru akim uygulamistir. Grafen oksitin yiiksek
oranda elektrik iletkenligi nedeniyle priz siiresinin
yliksek miktarda kisaldigini gézlemlemistir (Hocaoglu,
2023). Onceki aragtirmalarda nano ¢inko oksit vb. gibi
nano boyutlu malzemelerin hidratasyon
reaksiyonlarini yavaslattigi, bu sayede prizi geciktirdigi
belirlenmistir. Gopalakrishnan ve Nithiyanantham
(2020), %1, %2, %3, %4 ve %5 oraninda nano ¢inko
oksit katkili har¢larda egilme dayanimi, basing
dayanimi ve priz siiresine etkilerini arastirmislardir.
Nano ¢inko oksitin ¢imentolu sistemlerde prizi 6nemli
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Olciide geciktirdigini, mekanik dayanimi ise yiiksek
oranda arttirdig1 sonucuna ulasmiglardir
(Gopalakrishnan ve Nithiyanantham, 2020).

Hocaoglu (2022) ¢imento yerine agirlikca %0, %0.25,
%0.50 , %0.75 ve %1 oranlarinda nano cinko oksit
konulan har¢larin hidratasyon sicakliklarini bir giin
slireyle incelemistir. Harg igerisindeki nano ¢inko oksit
oraninin artmasl ile hidratasyon sicakliginin azaldigin
ve priz siresinin 6nemli miktarda geciktigini
gozlemlemistir (Hocaoglu, 2022). Bu sayede kendini
sogutma ozelligine sahip yeni nesil ¢imento esash
malzeme iiretilebilecegi sonucuna ulasilmistir (Sekil 4).
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Sekil 4. Kendiliginden soguyabilen har¢ {retimi
(Hocaoglu, 2022)

2.4. Kendi Kendini Kiir Eden Beton

Beton sertlestikten hemen sonra en biyiik sorun
kiirleme islemidir (Chand ve dig., 2016). Ozellikle ilk 7
giinde hidratasyon reaksiyonlarinin ilerleyen giinlere
kiyasla daha fazla gerceklesmesi nedeniyle cesitli
onlemlerin alinmasi1 gerekmektedir. Cimento bazh
malzemelerin kiirlenme stireci genellikle zaman alicidir
ve ekonomik degildir. Ayrica kiiresel 1sinma sonucu
kisith su kaynaklar1 da her gecen giin tiikkenmektedir.
Bu sorunun istesinden gelmek icin arastirmacilar,
daha verimli kiirleme yontemlerini belirlemeyi
amaglayan kapsamli ¢alismalar yapmislardir. Umut
verici bir ¢6ziim, kiirleme islemi i¢cin gomiilii bir su
kaynaginin hazirlanmasini igerir (Bentz ve Weiss, 2011).

Onceki arastirmalarda ¢imentolu malzemelerin kendi
kendine kiirlenebilecegi belirlenmistir. Ghiasvand ve
dig., (2022) sertlesmis betonda hidratasyon suyu
icerigini arttirmak icin c¢esitli katki maddelerinin
kullanilabilecegini  belirlemislerdir. ~ Kendiliginden
sertlesen ¢imento esasli kompozit sistemler,
polimerler, siiper emici, hafif agregalar, ahsap tozlar1 ve
bliziilmeyi azaltan katki maddeleri Kkullanilarak
iiretilebilirler (Lokeshwari ve dig., 2021; ACI (308-213)
R-13, 2022; Kamal ve dig., 2018). Jieting ve dig., (2022),
betona siliper emici polimer eklendiginde, kontrol
numunelerine gore daha fazla CzS ve C3S olustugunu
gozlemlemistir. Kendini kiirleyen beton, daha etkili bir
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¢imento hidratasyonu i¢in cimento esash sistemlerde i¢
nem oranini artirabilecek yeni bir yéntemdir (Bentz ve
dig., 2005; Bilek ve dig., 2002; El-Dieb ve El-Maaddawy,
2020). Ayrica; ¢cimento bazl sistemlerde kendiliginden
kiirlenen katkilarin kullanilmasi su kaynaklarinin
korunmasi agisindan da biiyiik 6nem tasimaktadir (El-
Dieb, 2007). Seongwoo ve dig. (2022), ¢cimento esash
kompozitlerde agirlikca %0, %0.3, %0.6, %1.2 ve %3
oraninda kenaf seliilloz mikro elyaflarini ikame etmistir.
Karisim icerisindeki kenaf seliiloz mikro elyaf
miktarinin artmast ile rélatif nem oraninin da %3-30
arasinda arttigimi gozlemlemislerdir. Ozellikle beton
sertlestikten sonra nem oraninin artmasi ¢imentolu
kompozit malzemenin kendi kendini kiirleme o6zelligi
gosterebilmesi anlamina gelmektedir. Bashandy ve dig.,
(2017), kendi kendine kiirlenen betonlarin,
kiirlenmemis betona gore daha iyi mekanik 6zellikler
gosterdigi sonucuna varmistir. Ancak geleneksel kiir ile
kiirlenen betonlar kadar da iyi mekanik performans
gosterememektedir.

2.5. Kendi Kendini Tamir Eden Beton

Betonarme yapilar ¢atlak olusum egilimi yiliksek bir
malzemedir. Betonlarda ¢atlak olusmasi betonun servis
omriini kisaltmakta ve tamirati biliyilk maliyetler
gerektirmektedir. Betonda c¢atlak olusmasi ile 6zellikle
deprem gibi sismik hareketlerde yapilarin ileri
derecede hasar olusmasina hatta yapinin gé¢mesine
neden olabilmektedir (Song ve Saraswathy, 2007;
Elsener, 2005). Betonda ¢atlak olusumu ilk zamanlarda
betona ¢ok biiyiik zarar vermez, ancak; ileriki yaslarda
betonun dayanikhiligin1 biiyiik o6lciide azaltmaktadir
(Henk ve dig., 2010; Chahal ve dig., 2012; Samani ve
Attard, 2014; Pacheco ve Labrincha, 2012).

Betonda ¢atlak olusumunu engellemek amaciyla beton
icerisine kimyasal katkilar ve polimer malzemeler
eklemek gibi cesitli yontemler gelistirilmistir. Ancak;
gelistirilen bu yontemler genellikle kisa vadede etkili
olmaktadir. Bu nedenle; ¢atlak olusumunu uzun vadede
onleyecek  yodntemler gelistirilmesine ihtiyac
duyulmustur (Li ve Habert; 2012). Glinlimiizde ¢atlak
olusumunu azaltmak icin nanoteknoloji modifiye
edilmis kompozit malzeme kullanimi, kendini tamir
eden sistemlerin olusturulmasi vb. yontemler
gelistirilmistir. Betonda kendi kendine tamir etme
mekanizmasi otojen iyilesme (Edvadsen, 1999),
malzemenin polimerik kapsiil i¢ine alinmas1 ve
mikrobiyal Ca(CO)s tiretimi olmak tizere ii¢ sekilde
yapilmaktadir (Edvadsen, 1999).

Son yillarda belki de en tuhaf ama inanilmaz somut
yeniliklerden biri, kendi kendini iyilestirebilen betonun
gelistirilmesidir. Biyobeton olarak isimlendirilen bu
betonlar, catladiginda veya hasar gordiigiinde tutkal
benzeri bir madde olusturarak o6zel bir bakteri
yardimiyla ¢atlaklar1 doldurulabilmektedir (Sekil 5).
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Sekil 5. Bakteriler kullanilarak ¢atlamis betonun tamir
edilmesi (Althoey ve dig., 2023).

Proteinlerin ve sekerlerin bu salgisi daha sonra betonu
giiclendirmek ve boslugu tamamen kapatmak igin
sertlestiginde kirectasi veya kalsit olusturmaktadir.
Kendi kendini iyilestiren betonla, bakim ve degistirme
maliyetlerinde biiytik miktarda tasarruf saglayabilir ve
ayrica daha giivenli yapilar tiretilebilir.

Feng ve dig., (2019) Elyaf lif ve PVA lifli bakterilerin
betonun kendi kendini iyilestirme tizerindeki etkisini
arastirmislardir.  Yaptiklar1  arastirmada ortama
yetistirilen bakterilerin optik yogunlugunu elyaf iceren
cok islevli mikro plaka okuyucusu kullanilarak
Olciilmiislerdir. Bu durum PP elyafin ve PVA lifi bakteri
konsantrasyonunun azalmasina neden olmustur (Feng
ve dig., 2019). Bakteriyel elyaf takviyeli betonda, 300-
500 pm catlak genisligi elde edilmis ve otojen iyilesme
performansi degerlendirilmistir. Sonu¢ olarak bakteri
ve lifli numuneler i¢in ¢atlak alanin tamir oraninin hafif
olmasina ragmen sadece bakterilerde oldugundan daha
dusiik olmakta, su gecirmezlik ve egilme dayanimi geri
kazanma orani belirgin bir sekilde iyilestigini
gozlemlemislerdir. Patil ve dig., (2008) Mikrobiyolojik
olarak gelistirilmis catlak iyilesmesinin etkinligi ile
islem gormiis harglarin basing dayanimi ile kontrol
numunelerinin karsilagtirmasini yaparak
degerlendirmisler, ¢alismalarinda yapilan goézlemlere
dayanarak, gelistirilmis catlak iyilestirme etkinliginin
kiip numunelerin basing dayanimini %12-13 oraninda
arttirdigl ve beton catlaklar icin sizdirmazlik maddesi
olarak  kullanilabilecegi sonucuna ulasmislardir.
Wangap ve dig., (2014) Kapsiillenmis sporlarin canlilig
ve mikro kapsiillerin har¢ numuneler {zerindeki
etkilerini arastirarak, ¢cimento esaslhi malzemenin kendi
kendini iyilestirme kapasitesini, ¢atlak iyilesme oranini
ve su gecirgenligini incelemislerdir.  Sonucta
biyokapsiillii numunelerde iyilesme oraninin %48-80
daha yiiksek oldugunu belirlemislerdir. Vijay ve dig.,
(2017) bakteri kullamimi ile betonda mikro yapiya
etkisini arastirmislar ve bakteri enjekte edilen betonda
bosluklarin fark edilir derecede arttigi, CSH jellerinin
daha belirgin bir sekilde olustugunu gézlemlemislerdir
(Sekil 6).
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Sekil 6. Bakteri enjekte edilmis betonun mikro yapiy1
iyilestirmesi (Vijay ve dig., 2017) (a-referans beton, b-
bakterili beton, c-%5 RHA’li beton, d- %5 RHA’ll
bakterili beton)

2.6. Atik Agregal1 Beton

Giliniimiizde enerji maliyetlerinin yiiksek olmasi beton
tiretim maliyetini de olumsuz etkilemektedir. Ayrica;
dayaniklilik sorunlarindan dolayr bir yapinin émri
yaklasik 50 yildir (TBDY, 2018). Bu durum bilim
insanlarinin aklina agregalarin yeniden kullanma
fikrini getirmistir. Giiniimiizde atik agregalarin betonda
yeniden kullanilabilecegi gosterilmistir (Yang ve dig,,
2022; Topgu ve Giingan, 1995) (Sekil 7).

Concrete products

L
»@

Sekil 7. Atk  agregalarin  geri
(Ftmmachinery, 2023)

doniisimi

Atik agregalarin betonda yeniden kullanilmasi fikri,
¢evre dostu bir imalatin olugmasina oncilik
etmektedir (Uygunoglu ve dig, 2014). Geri
doniistiirilmiis beton tozu i¢in yaygin olarak kullanilan
¢ ana On islem yontemi bulunmaktadir. Bunlar:
mekanik aktivasyon (Sun ve dig., 2021), 1s1l aktivasyon
(Zhang ve dig., 2022) ve karbonasyon (Fang ve dig.,
2021)’dur. Hizlandirilmis karbonasyonun,
karbonasyon reaksiyonu yoluyla geri doniistiiriilmiis
tozun fiziksel aktivitesini iyilestirebilecegi ve
hizlandirilmis karbonasyon modifikasyonunun diisiik
maliyetli, basit islem, kolay uygulama ve karbon
absorpsiyonu ve fiksasyonu avantajlarina sahip oldugu
belirlenmistir (Qin ve Gao, 2019).
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Karbonatli geri donistirilmiis toz, betonun
dolulugunu iyilestirmek ve ardindan betonun mekanik
ozelliklerini iyilestirmek icin yiiksek kaliteli dolgu
maddesi olarak betona karistirilabilir (Tang ve dig.,
2020). Geri doniistiiriilmiis agrega ve tozun kullanima
sunulmasi, betonun hazirlanmast ve 0zellikleri
iizerinde oOnemli bir etkiye sahip oldugundan,
arastirmacilar, geri dontstiirilmiis betonun
ozelliklerinin  evrimi lizerine bir¢ok arastirma
yuritmistiir (Likes ve dig., 2022; Sasanipour ve dig,,
2020; Kazemian ve dig, 2019). Genel olarak, geri
dontstiriilmiis agrega, betonunun mekanik
ozelliklerinin (Elansary ve dig., 2021), uzun vadeli
biliziilme o6zelliklerinin (Chinzorigt ve dig, 2020) ve
dayaniklilik o6zelliklerinin (Kazmi ve dig., 2020), geri
dontstiiriilmiis agrega veya geri doniistiiriilmiis tozun
artan ikame oraniyla kademeli olarak azaldig1 ve biiyiik
bir dagilimin oldugu konusunda bilim insanlar
tarafindan fikir birligi bulunmaktadir.

Onceki arastirmalarda atik agregali betonlarda atik
agrega miktarinin artmasi1 ile betonun basing
dayaniminda diisiise neden oldugu belirlenmistir
(Topgu, 1997; Topgu ve Sengel, 2004). Bunun baslica
nedeni, geri doniistiriilmiis agregalarin, daha diisiik
kaliteli ve diizensiz dagilmis karmasik dzelliklere sahip
eski harci ortaya c¢ikarmasi, gozenek yapisini ve
betondaki gelisme modelini degistirmesi (Gonzalez-
Corominas ve dig., 2016; Martinez-Garcia ve dig., 2022)
ve ayrica betonda c¢oklu ara yiizey hasarlar ortaya
¢ikarmasidir (Memon ve dig., 2022).

Geri dontstirilmis tozun kullanilmasi ise ¢imento
klinkerini azaltarak hidratasyon triinlerinde azalmaya
yol agmaktadir (Duan ve dig., 2020). Glinlimiizde bilim
insanlart bu olumsuz etkinin azaltilmas1 konusunda
arastirmalarint siirdiirmektedirler. Pacheco ve dig,
(2019) geri doniistiiriilmiis kaba agreganin betonun
dagilimi lizerindeki etkisini incelemisler ve orta ikame
oranlarinda geri doniistiiriilmiis kaba agregali betonun
dagilimindaki artisin en bariz oldugu sonucuna
varmislardir. Geleneksel verileri bir malzeme bilesimi
perspektifinden incelemek ve algoritmalar1 optimize
etmek i¢in girisimlerde bulunulmasina ragmen, yiiksek
genelleme yetenekleri ile geri doniistiiriilmiis agregal
betonun dagilimimi karakterize etmek ve diizenlemek
icin hala bir yontem eksikliginin bulundugu
distinilmektedir.

2.7. Mars Betonu

Teknolojinin ilerlemesi ve dogal kaynaklarin azalmasi
bilim insanlarin1 Mars'in sert ortamina dayanabilecek
somut yeniliklerin arastirmaya itmistir (Sekil 8).
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Phoneix lander: Lower limit of water mass frac near surface G
CaCOs (~1-5%) [40] 2% 4% 6% 2% > 64% iypsum
dunes [20]

CRISM: Bassanite

veins [41]

Terrestrial
telescopy: CaCOs
o (<30 2

Spirit Rover:
Mars CaCOs (~3%)
Express: Opportunity Rover: Curiosity Rover: Bassanite [47] and
Gypsum Amorphous silica veins [45] and amorphous amorphous silica
reserves [43] (10-25%) [44] silica (up 10 48%) [46] (up to 90%) 48]

Sekil 8. Baglayic1 i¢in kaynaklarin secilmis gdzlemleri
tiretimi (PoP icin bazanit veya algitas;; OPC veya AAC
icin herhangi bir mineraloji; icin amorf silika AAC, GC
veya MSBB), bir harita lizerinde Mars yiizeyine yakin
su bulunmasi (NASA, 2008; Reches, 2019)

Kizil gezegende bolca bulunan malzemeleri kullanarak,
Diinya’da geleneksel olarak kullandigimizdan iki kat
daha gii¢lii bir beton tiiri gelistirilebildigi gézlenmistir.
Ornegin, Mars'ta su smurl bir kaynak oldugundan,
kikiirt, suyun yerini almaktadir. Mars betonu,
Diinya’da siklikla kullanacagimiz bir yenilik olmasa da,
insanlarin Mars’ta bir koloni olusturmaya calismasi
durumunda kritik olabilmektedir. Ayrica 3D yazicilarin
yaygin sekilde kullanilmaya baslanmasi Marsta beton
tiretimini kolaylastirabilecegi degerlendirilmektedir.

Wan ve dig., (2016) Mars topraginin beton iiretiminde
kullanilabilecegi sonucuna ulagsmislardir (Sekil 9). Sekil
9 incelendiginde Mars toprag ile iiretilen betonun
hemen hemen standart kumlu betonla benzer
mikroyapi olusturdugu gozlenmistir. Ayrica, en biiyiik
1 milimetre toplam boyutuna sahip %50 Mars
topragindan olusan karisimin, Mars’in daha az yogun
atmosferinde bir arada tutulacagini ve uzay
boslugunun neden olacagi Ay'da goriilebilecek
sorunlar1 ortadan kaldiracagimi da bulmuslardir (Wan
ve dig., 2016).
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*1 Withibars Soil
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Sekil 9. Mars toprag1 ve standart kum ile fiiretilen
betonun mikro incelemesi (Wan ve dig., 2016)
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2.8. Ultra Hafif Beton

Yap1 6l yiiklerini azaltmak deprem miihendisligi icin
oldukca onemlidir. Hafif betonlar iiretim sekilleri ve
kullanim alanlarina gore farkl siniflara
ayrilmaktadirlar (Topgu, 1988). Hafif betonlarin birim
agirliklar1 yaklasik 1800-2000 kg/m3’tir (Topgu ve
Isikdag, 2008). Bilim insanlar1 ¢ok daha diisiik birim
agirligina sahip beton iiretmeyi amaglamislardir. Bu
amagla beton birim agirhiginin 800 kg/m3e kadar
diisiiriilmiistiir (Spiesz ve Heidelberg, 2017). Uretilen
bu o6zel betona “Ultra Hafif Beton” (UHB) ismi
verilmistir. Ultra hafif betonlar yap: ytiklerini ytliksek
oranda azaltarak deprem giivenligi saglamaktadir
(Topgu ve dig., 2023). Ayrica; bosluk orani yiiksek bir
beton iiretilmesi sayesinde yalitim malzemesi olarak da
tercih edilebilmektedir.

Giliniimiizde UHB iiretimi i¢in genlesmis cam agregalari
ve genlesmis Kkiller vb. birim agirlhig1 diisik malzemeler
tercih edilmektedir (Spiesz ve Heidelberg, 2017; Yu
vd., 2015). UHB’ lerin en biiyiik dezavantaji, disiik
basing dayanimina (en yiiksek 10 MPa) sahip olmasidir.
Bilim insanlar1 UHB’ lerde daha yiiksek basing
dayanimi elde etmek icin arastirmalarini
stirdirmektedirler. Top¢u ve Uygunoglu (2007) hafif
agregalarin oktavlanmasi ile 28 giinliik dayaniminin
%75 oraninda artabilecegini gozlemlemislerdir.

2.9. Kendini Temizleyen Beton

Genel olarak bina yiizeylerinde zamanla olusan kirlilik,
insan kaynaklar1 ve dogal kaynaklar olarak ikiye
ayrilan atmosferik kirlilikten kaynaklanmaktadir (Unal
ve Canbaz, 2022). Nanoteknoloji, betonlarda kendi
kendini temizleme konusunda bilim insanlarinin
yardimina kosmaktadir. Titanyum dioksit (TiO2); gli¢lii
oksidasyon Kkabiliyeti, korozyona karsi uzun streli
direnci ve 1iyi dagilimi, hidrofobikligi, kimyasal
kararliligy, inert yapisi, toksik olmamasi, ucuzlugu ve
151k gecirgenligi nedeniyle ¢cimento esasli malzemelerin
temizlenmesi uygulamalarinda en ¢ok calisilan ve
kullanilan malzemedir (He ve dig., 2019). TiO: glinese
maruz kaldiginda sertlesmis betonda aktif hale gelir.
Aktivasyon, TiO2 elektrik yiikiinii degistirerek beton ile
beton ylizeyindeki kir ve kirleticiler arasinda itici bir
etkiye neden olur (Precast, 2020). Bir sonraki yagmur,
gevseyen kir parcaciklarini beton ylizeyden yikayarak
yapmin temiz goriinmesini saglar (Precast, 2020.
Betonda kullanilan foto katalitik malzemeler, sikisik
sehirlerde  egzoz gibi havadaki Kkirleticilerin
ayristirlmasima da yardimcit olma konusunda umut
vaat etmektedir (Precast, 2020). Kendini temizleyen
beton uygulamalarindan bazilar1 arasinda Roma'daki
Jubilee Kilisesi, Roisyy-Charles de Gaulle Uluslararasi
Havaalani, Paris ve Bordeaux'daki Hotel de Police'deki
Air France Genel Merkezi bulunmaktadir (Sekil 10).
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Sekil 10. Paris’teki Hotel de Police Binasi (Precast,
2020)

Kendini temizleyen betonlarin bazi dezavantajlar1 da
bulunmaktadir. icerigindeki TiO: kendi Kkendini
temizleyen betonun yilizeyinde beyaz noktalar
olusturmaktadir. TiOz'nin kimyasal reaksiyona girmesi
icin 1518a ihtiya¢ duyulmaktadir. Bu nedenle i¢ mekan
uygulamalarinda kendini temizleyen betonlarin
kullanilmasi uygun degildir (Topgu ve dig., 2020).

2.10. Biikiilebilir Beton

Beton siinek bir malzeme olmayip gevrek yapidadir.
Ozellikle sismik hareketlerin fazla oldugu alanlarda
yapiin sinek olmasi deprem giivenligi anlamina
gelmektedir. Bilim insanlar1 stineklik kabiliyeti yliksek
beton tiretmeyi basarmislardir (Sekil 11). Biikilebilir
betonlar kisa liflerle gliclendirilen ¢imento esash
harglarla iiretilmektedirler. Onceki arastirmalarda
betonun esnekligini arttirmak i¢in elyafla birlikte cam
elyafinin da kullanilabildigi belirlenmistir
(Neeladharan ve dig., 2018). Biikiilebilir betonlar yol ve
koprii insaatlarinda genlesme ve biiziilme derzlerinin
kullanimini ortadan kaldirirlar (Theconstructor, 2023).

) g |

Sekil 11. Biikiilebilir betonda egilme deneyi (Malzeme
Bilimi, 2023)
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Siinek betonlarla insa edilen binalar daha fazla ¢cekme
gerilmesini karsilama o6zelligine sahiptirler. Bu da
deprem  kuvvetlerinin  karsilanmasinda  oldukg¢a
etkilidir (Theconstructor, 2023). Ayrica siinek betonlar
askeri amaclar i¢in yapilan beton brandalarin oldukg¢a
saglam ve dayanikli olmasim1 saglayabilmektedir
(Theconstructor, 2023).

2.11. Eko Beton (Yesil Beton)

Yesil beton, bilesenlerinden en az biri olarak atik
malzeme kullanan veya iiretim stireci ¢evresel hasara
yol agmayan veya performansi ve yasam dongiisi
strdirtlebilirligi ~ yiiksek  olan  beton  olarak
tanimlanmaktadir (Suhendro, 2014). Geleneksel betona
gore daha az CO: iiretir, ucuz ve dayamikliligi daha
yuksektir  (Specifyconcrete, 2023). Yesil beton
kullaniminin amaci, dogal kaynaklar tlizerindeki ytiki
azaltmak ve geri donistiirilebilir malzemelere
bagimliligr arttirmaktir. Cevre dostu beton yoluyla
sturdirilebilirligi saglamak icin kullanilan ¢oklu
stratejiler arasinda, su tiiketimini azaltmak i¢in yikama
suyunun yeniden kullanilmasi iyi bir tekniktir
(Specifyconcrete, 2023).

Enerji tiiketen c¢imentonun yeniden kullanilabilir
malzemelerle kismen degistirilmesi, ¢evre dostu insaat
malzemesi elde etmek i¢in kullanilan en iyi stratejiler
arasindadir. Ornegin, ¢cimento ucucu kiil, silis dumany,
odun talasi, Kkirectasi tozu vb. ile degistirilebilir

(Nielsen ve Glavind, 2017). Yesil betonun baz

avantajlar1 asagida maddeler halinde verilmistir

(Nielsen ve Glavind, 2017).

e Beton endiistrisinde COz emisyonununu yaklasik
olarak %30 oraninda azaltir. Beton endtistrisinin atik
triin kullanimini yaklasik %20 oraninda arttirir.

e Cevre kirliligini azaltarak, siirdiirtilebilirligi arttirir.
Daha az bakim ve onarim gerektirir.

¢ Konvansiyonel betona gore daha iyi islenebilirlige
sahiptir. Yiksek 1s1l diren¢ gostermesi sayesinde,
yangina karsi dayaniklhidir. Ayni s/¢ oraninda benzer
mekanik (basing ve egilme) dayanimina sahiptirler.

2.12.Yar1 Saydam ve Gegirgen Beton

Yar1 saydam (transparan) betonlar beton ¢
ylzeylerinin igerisine gémiilen 151k geciren elemanlar
sayesinde iiretilebilmektedir (Top¢u ve Uygunogluy,
2016). Losonczi (2010) beton icerisine optik malzeme
koyarak, gilines 15181 altinda, 15181n beton igerisinden
gecebilecegini gozlemlemistir. Juerge (2007) 80 MPa
dayanima sahip betona plastik optik fiberler koyarak
saydam beton iretmeyi basarmistir. Transparan
betonlar genellikle mimari a¢idan estetik bir goriinti
elde etmek icin kullanilmaktadir. Sekil 12 Almanya’ da
yarisaydam betondan insa edilmis Stuttgart Sehir
Kiitiiphanesinin bir fotografidir.
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Sekil 12. Almanya Stuttgart Sehir Kitiiphanesi
(Ekoyaps, 2022)

Yarisaydam betonlarin maliyeti, diger teknolojik
betonlarda oldugu gibi cesitli faktorlere bagli olarak
degisebilmektedir. Bu faktorler: cam veya diger
saydam malzeme kalitesi, liretim ydntemi ve siireci,
projenin buyiikliigii, talep edilen o6zellikler, yerel
malzeme ve is¢ilik maliyetleridir. Transparan betonlar
151k gecisine izin vermesi nedeniyle enerji maliyetini
diistirmektedir. Ayrica; bina o6li yiikini azaltarak
deprem giivenligi saglamaktadir. Ancak; yar1 saydam
beton, geleneksel betondan daha pahalidir. Ciinki
Uretiminde daha fazla ~malzeme ve iscilik
gerekmektedir. Ayrica, yar1 saydam betonun dogrudan
giines 15181 altinda daha fazla 1s1 liretmesi nedeniyle, i¢
mekanlarda kullanilmasi durumunda klima
maliyetlerini artirabilir. Yar1 saydam betonun su
gecirgenligi daha azdir. Bu nedenle suyun iceri
girmesini Onlemek icin 0zel O6nlemler alinmasi
gerekmesi dezavantajlar1 arasindadir (Ekoyapi, 2022).

Gecirimli  (poroz) beton ise ince agreganin
kullanilmadig), beton tliretiminin yalnizca iri agregadan
olustugu 6zel bir beton cesididir (Sekil 13). Kentsel
seller, diinyadaki bir¢ok sehir i¢in biiyiik bir sorundur.
Clinkii beton ve asfalt, suyun emilebilecegi yerin
altindaki zemine gegmesine izin vermez. Beton ve diger
insaat malzemelerinin suya karsi yalitilmasi gerekir. Bu
nedenle su betondaki bosluklara girerse ve donma-
¢oziilme dongiileri olusturursa, beton catlamaya ve
asinmaya baslar. Bu sebeple, gecirimli beton heniiz her
ortamda kullanilabilecek bir ¢6ziim degildir.
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Sekil 13. Gegirimli beton (Shah ve dig., 2017)

Gecirimli beton, taskinlar1 6nlemek ve cevreye daha
dost olmak i¢in suyun zemine kadar islanmasina izin
veren bir tir goézenekli betondur. Ne kadar ¢ok
gelistirilirse, soguk iklimlerde kullanim i¢in ¢éziime o
kadar yakin olabilir. Gegirimli betonlar otoparklarda,
bah¢e duvarlarinda, yiizme havuzu cevrelerinde ve
yaya gegcitleri vb. yerlerde su birikintilerini dnlemede
kullanilir (Shah ve dig, 2017). Bu beton bosluklu bir
beton oldugu i¢cin basing dayanimi diisiik oldugundan
tasiyici elemanlarda kullanilmasi uygun degildir.

2.13. Nesnelerin interneti (RIFID) Teknolojili Beton

Teknolojik gelismeler radyo frekans tanimlama (RIFID)
yonteminin  kullanilmasina  olanak  saglamistir
(Uygunoglu ve Topgu, 2020; Uygunoglu ve dig., 2021;
Uygunoglu ve Topgu, 2021). RIFID teknolojisinin
kullanilarak betonun i¢ nemi, i¢ sicakligi, betonun
bulundugu konum vb. takip edilebilmektedir.
Ulkemizde beton denetimi Cevre Sehircilik ve iklim
Degisikligi Bakanlig1 tarafindan yetkilendirilen kurum
ve kuruluslar tarafindan gergeklestirilmektedir.

2019’ dan itibaren beton imalati uygulamada devrim
niteligine sahip cipli betona geg¢ilmistir (4708 sayili
kanun, 2018). Cevre Sehircilik ve iklim Degisikligi
Bakanligindan temin edilen c¢ipler taze betonun
icerisine gomiildikten sonra, RIFID okuyucu el
terminali ile beton icerisindeki ¢ipler sisteme
tanitilmaktadir (Sekil 14). Boylelikle beton dokiim
asamasindan, test edilip, basin¢ dayanim raporu
hazirlanmasina kadar beton numuneleri takip altina
alinabilmistir. Gelecekteki ¢alismalar, daha karmasik
sensorlerin betonda kullanilmasi ve veri depolama gibi
ek islevlerin birlesimi ile yar1 aktif bir sistemin daha da
gelistirilmesini ve uygulanmasini hedeflemektedir.
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Sekil 14. Betonda RIFID uygulamasi (a- betonun
kaliplara doldurulmasi, b- ¢ipin beton igerisine
gomiilmesi, c- el terminali ile ¢ipin okutulmasi, d- ¢ipli
betonun test edilmesi) (Zekiyildirim, 2023)

2.15. Cimento bulamaci emdirilmis lifli betonlar
(SIFCON)

Lifli beton olarak iiretilen ¢cimento bulamaci emdirilmis
betonlar (SIFCON) yiiksek sicaklia ve patlama riski
bulunan ortamlar i¢in tretilen 6zel bir beton ¢esididir
(Canbaz ve Uniivar, 2016). SIFCON’un baslica
bilesenleri ¢cimento, puzolan, siiperakiskanlastiric, silis
dumani, su ve celik tel'dir (Yalcinkaya ve dig., 2013).
SIFCON celik tel icermesi nedeniyle yiiksek mekanik
dayanima sahiptir. Baz1 arastirmacilar SIFCON’ a silis
dumani ilavesi ile mekanik dayanimin degisip
degismeyecegini arastirmistir (Balaguru ve Kendzulak,
1986). Literatiirde SIFCON ile ilgili giincel ¢alismalarin
da yapildig1 gorilmistir. Nachiar ve dig., (2023) 5%,
6%, 7%, 8% ve 9% celik fiber katilmig SIFCON’un
basing dayanimi ve mikro yapilarimi incelemislerdir
(Sekil 15). Sekil 15 incelendiginde ¢imento esash
kompozit icerisinde fiber tel oraninin %8 olmasi ile en
yliksek basing dayanimi elde edilebilecegi gorilmiistiir.
Sekil 15’de HSF baglanmis ¢elik fiberi CSF ise kivrimli
celik fiberi temsil etmektedir.
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Sekil 15. SIFCON’da lif oraninin ve kiir siiresinin basing
dayanimina etkisi (Nachiar ve dig., 2023)

Nachiar ve dig, (2023) fiberlerle modifiye edilmis
betonlarin mikro yapilarini incelediginde ignemsi yapil
olan etrenjitlerin olustugunu gozlemlemislerdir (Sekil
15). Etrenjitlerin olusmasi1 daha bosluksuz bir mikro
yap!1 olusmasi anlamina gelmektedir.
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Sekil 16. %8 fiber tellerle giiclendirilmis SIFCON’un
mikro yapis1 (Nachiar ve dig. 2023)

3. Teknolojik Betonlarin Maliyet Analizi ve Etkiler

Teknolojik betonlar, geleneksel betonlardan farkh
ozelliklere sahip olan ve daha 6zel uygulamalara
yonelik olarak gelistirilen beton tiirleridir. Bu betonlar
genellikle yliksek dayaniklilik, uzun Omir, o6zel
kimyasal diren¢ oOzellikleri, hizli sertlesme gibi
avantajlara sahip olabilirler.

Teknolojik  betonlar, 0ozellikle yapisal glic ve
dayanikliligin ~ 6nemli oldugu projelerde tercih
edilmektedirler. Maliyetleri, geleneksel betonlardan
daha yiiksek olabilir. Clinkii iiretim siirecinde 6zel katki
maddeleri, lifler veya ilave islemler gerektirebilir.
Ayrica, ozel ozelliklere sahip olmalari nedeniyle, bazi
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teknolojik betonlarin, geleneksel betonlara gore
maliyetleri cok daha ytiksek olabilmektedir.

Literatiirde  teknolojik  betonlarin = maliyetlerini
inceleyen yaymlanmis kisith sayida arastirma
bulunmaktadir. Bu g¢alismada incelenen yeni nesil
betonlarin; teknoloji karmasiklari, baslangi¢
maliyetleri, yasam donglisi maliyetleri, c¢evre
duyarhiliklar1 ve beton teknolojisinin gelecekteki
etkilerini karsilastirmak icin Tablo 1 olusturulmustur.
Tablo 1 hazirlanirken Mehta, (1999) tarafindan
olusturulan kriterler kullanilmigtir. Tablo 1'de
belirtilen gelismekte olan betonlarin 6zellikleri diisiik,
orta, yiiksek ve cok yiiksek olarak kategorize edilmistir.

Tablo 1 incelendiginde teknolojik betonlarin genel
olarak maliyetlerinin ytliksek oldugu, ancak; gelecekteki
etkilerinin ve cevreye duyarliliklarinin da yiiksek
oldugu gozlenmistir. Dogal kaynaklarin korunmasi,

surdirilebilirlik,  enerjinin  tiketimi ve  CO2
emisyonunun azaltilmasi dahil olmak iizere yeni
teknoloji tekniklerinin kullanilmasi beton
endiistrisinde saglanabilir. Bununla birlikte,

cimentonun iretim teknolojisinin yakindan takibi,
¢imento katki malzemelerinin kullaniminin
artirllmasiyla gelistirilebilir. Beton, bilesenlerinin geri
doniistirilmesi ile maliyet disiirilebilir. Bu amagla
betonarme yapi elemanlarinin dontstiirtilmesinde
maliyeti diisiirecek yeni yontemlerin gelistirilmesi
biiylik 6nem arz etmektedir. Yapilarin servis dmrd,
dayanikli ve etkili yapr malzemeleri ile iiretilerek
artirilabilir. Beton endiistrisinde gelisen teknolojilerin
kullanilmasi, ingaat endiistrisinin istikrarli biytimesi
icin faydali olacag1 asikdrdir. Bu amagla, ytkleniciler
performansa dayali kodlar1 ve  sartnameleri
kullanmalar1 gerekmektedirler. Miiteahhitler, daha
diistik ilk maliyetli yaklasimlar1 degil, yasam doéngiisi
maliyetini  degerlendirmelidirler. Bu c¢alismada
incelenen teknolojik betonlarin tamami ¢evreye duyarh
oldugu gozlenmistir (Tablo 1). Ayrica gelecekteki
strdiirilebilirliklerinin de yiiksek olacagl sonucuna
varilmistir. Ozellikle yapay zekanin ingaat sektériinde
daha fazla kullanilmasi ile teknolojik betonlarin
gelistirilecegi diisiiniilmektedir.
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Tablo 1. Beton teknolojisindeki son gelismeler icin 6nerilen derecelendirmeler

. . - Teknoloji Baslangi¢c | Yasam Dongiisii Cevre Gelecekteki

Gelisen Teknoloji Cesidi Karmasikhigi Maliyeti Maliyeti Duyarhhig: Etkisi
?go{?gécg:)ll)g-t(];lsltarque 2020) Yiiksek Yiiksek Diistik Yiiksek Yiiksek
Nanoteknolojik yiiksek
dayanimli beton Yiiksek Cok yiiksek Diistik Yiiksek Cok yiiksek
(Nanografi, 2023)
Kendi kendini 1sitan-sogutan , , - . .
beton (Hocaoglu, 2022) Yiiksek Yiiksek Diisiik Yiiksek Yiiksek
Kendini kiir eden beton . , .
(Lokeshwari ve dig, 2021) Orta Diistik Yiiksek Cok yiiksek
gig:;:;i{{ngo‘i%‘;n beton Yiiksek Yiiksek Diisiik Yiiksek Cok ytiksek
?éill‘e;gefggsl‘é’lf;‘l’lnz 020) Yitksek Diisiik Yiiksek Yiiksek
l(\?;;:rsl Bstdoilgmz 016) Cok yiiksek Yiiksek Yiiksek Yiiksek Yiiksek
?Sl;g?alr:l‘f:: giegtozl 022) Diisiik Diistik Yiiksek Yiiksek
E(S(:::(rlll\l:; tﬁgn; z)el};e)n beton Yiiksek Yiiksek Diistik Yiiksek Yiiksek
?,;lelzgzﬁsigg 38;(;)1 Orta Orta Yiiksek Yiiksek
f;‘;:}i:;‘: ve dif, 2021) Diisiik Diisiik Yiiksek Yitksek
2{3;;;2’)?2‘2“82‘; gegirgen beton Orta Yiiksek Yiiksek Yiiksek Yiiksek
?J;;Eieglﬁ?glo%g;?ft; (1)1 20) Yiiksek Yiiksek Yiiksek Yiiksek Yiiksek

4. Sonuglar

Teknolojinin kanitlanmis bir ticari kaydi
bulunmaktadir. Bununla birlikte, malzeme tasarrufu
saglayan yapisal uygulamalar, daha karmasik ve yeni
tasarim yontemleri gerektirir. Endistriyel giiveni
artirmak ve daha yaygin bir sekilde benimsenmesini
saglamak icin basarili projelerin daha fazla
gelistirilmesi ve kanitlanmas1 gerekmektedir. Onemli
miktarda arastirma ve yenilik yapilmasina ragmen, bazi
o6nemli sorular hala devam etmektedir. Teknolojik
imkanlarin insaatin siirdirilebilirligini gelistirmeye
doniistiiriicii bir katkr saglayacaktir. Derleme makale
kapsaminda, 3D yazic1 ile fretilen betonlar, nano
teknolojik ultra yliksek dayanimli betonlar, kendi
kendini 1sitan ve sogutan betonlar (faz degistiren
betonlar), kendi kendini kiir eden betonlar, kendi
kendini tamir eden betonlar, atik agregali betonlar,
Mars betonu, ultra hafif betonlar, kendini temizleyen
betonlar, biikiilebilir beton, eko beton (yesil beton),
yar1 saydam ve gecirgen beton ile nesnelerin interneti
(RIFID) teknolojili beton, cimento bulamaci emdirilmis
lifli betonlar (SIFCON) hakkinda yeni gelismeler
incelenmistir. Betonun hangi amagla kullanilmasi
gerektigi iyi bilinirse, istenilen 6zellige sahip betonlarin
iiretilebilecegi sonucuna varilmistir. Bu incelemede

elde edilen sonuglar asagida maddeler halinde

0zetlenmistir.

e 3D yazicilarin ingsaat sektdriinde kullanilmasi ile
zaman ve is¢ilik masraflarinda tasarruf saglanabilir.

¢ Giiniimiiz teknolojisinde ultra yiiksek performanslh
betonlar tiretilebilmektedir.

¢ Nanoteknoloji ile liretilen nano boyutlu malzemelerin
¢imento esasli kompozitlerde kullanilmas: ile kendini
1sitan ve kendini sogutan beton tretilebilir. Kendini
1sitan  betonlar soguk havalarda priz sliresini
hizlandirmak, kendini sogutan betonlar ise sicak
havalarda priz siiresini kisaltmada kullanilabilir.

¢ Biyolojik betonlar iliretimi ile betonun servis émrii
uzatilabilir.

e Atitk agregalarin beton doéniisiimiinde yeniden
kullanilmasi ile ekonomik ve cevre saglhigina duyarl
yapilar insa edilebilir.

e Bilim insanlarinin ¢alismalarinda kendini kiirleyen
betonlar  ilizerine  yogunlasmasi ile santiye
ortamindaki en biiyiik sorunlardan bir tanesi ¢oziime
kavusturulabilir.

e Yeni nesil kendini temizleyen betonlar ile giin
1s181inda betonlarda temiz bir goriiniim elde edilebilir.

e Onceki calismalar Marsta beton iiretilebilecegini
gostermistir.
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e UHB’ nin basing dayanimi yaklasik 10 MPa oldugu
gozlenmistir.  Bu nedenle UHB’lerde basing
dayanimlarinin arttirllmasina yoénelik daha ¢ok
arastirmalarin yapilmasi 6nerilmektedir.

¢ Esnek beton, ¢ok ¢esitli beton yapilar olusturmak icin
kullanilmis ve heyecan verici yeni yapisal ve mimari
olanaklar tiretmistir.

e Transparan betonlar mimarlarin estetik goériinim
acisindan vazgecemedigi 6zel bir beton tiiridiir.

¢ Gecirimli beton bosluklu bir beton tiiri oldugu igin
basing dayanimi diistiktiir. Bu nedenle tasiyici
elemanlarda kullanilmasi uygun degildir.

e Ulkemizde yasanan depremler, ¢ipli beton
uygulamasinin dogru bir uygulama oldugunu
kanitlamistir.

Bu ¢alismada beton teknolojisindeki giincel gelismeler
genel hatlariyla incelenmistir. insanlarin ihtiyaglarinin
sinirsiz oldugu bilinmektedir. Bu dogrultuda yeni nesil
betonlarin kullanilmasi zorunlu duruma gelmektedir.
Ancak bu 06zel betonlarin da bazi dezavantajlarinin
bulundugu goézlenmistir. Bu nedenle gelismekte olan bu
teknolojik betonlar {tizerine daha fazla arastirma
yapilmasi dnerilmektedir.

Arastirmacilarin Katkisi

Bu makalede; Yazarl ve Yazar?2, literatiir arastirmasi ve
makalenin olusturulmasina katki saglamislardir.

Cikar Catismasi

Yazarlar tarafindan herhangi bir ¢cikar ¢atismasi beyan
edilmemistir.
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High rates of energy and goods consumption, combined with increasing population
growth and high living standards, lead to the ever-increasing production of solid waste.
The amount of solid waste generated today has reached a level that poses serious threats
to the environment and the sustainable management of the country's economies.
Although action plans are being prepared and implemented by countries, unions and
institutions for the environmentally friendly and sustainable management of solid waste,
it is seen that the threat still exists for the near future. Within the scope of solid waste,
management of household waste is undoubtedly one of the most important issues today.
The MSW EU average for 2021 reached 530 million tons. Similarly, a total of 104.8 million
tons of waste was generated in Turkey in 2020, 32.3 million tons of which were domestic
waste. Although, today, the most common method of solid waste control globally is
storage in open or controlled landfills, it is seen that Thermal conversion, MTB or
Liquefaction applications, which enable energy production especially within the cyclical
economy and production model, are increasingly increasing.

The aim of this compilation study, in which global and country-based statistics are briefly
presented, is to raise awareness of the increasing threat.

KATI ATIK ARITIMINA KISA BiR BAKIS VE TURKIYE'DEKI GUNCEL UYGULAMALAR

Anahtar Kelimeler

Oz

Kati atik
Stirdiirtilebilirlik
Atik aritimi
Evsel kat1 atik

Yiiksek orandaki enerji ve mal tiiketimi, artan niifus artisi ve yiiksek yasam standartlari
ile birlesince, kati atik tiretiminin stirekli artmasina yol agmaktadir. Giiniimtizde liretilen
kati atik miktari, cevre ve lilke ekonomilerinin stirdiiriilebilir yonetimi agisindan ciddi
tehdit olusturacak diizeye ulasmistir. Kati atiklarin cevre dostu ve siirdiirtilebilir
yénetimine yénelik iilkeler, birlikler ve kurumlar tarafindan eylem planlart hazirlanip
uygulaniyor olsa da yakin gelecek icin tehdit hala devam etmektedir. Kati atik
kapsaminda evsel atiklarin yénetimi siiphesiz giiniimiiziin en 6nemli konularindan
biridir. 2021 yih MSW AB ortalamast 530 milyon tona ulagsmistir. Benzer gsekilde
Tiirkiye'de de 2020 yilinda 32,3 milyon tonu evsel atik olmak tizere toplam 104,8 milyon
ton atik iiretilmistir. Giiniimiizde kati atik kontroliiniin diinya genelinde en yaygin
yéntemi acik veya kontrollii depolama alanlarinda depolama olmasina ragmen, ozellikle
déngiisel ekonomi ve iiretim modeli kapsaminda enerji iiretimine olanak saglayan
Termal déniisiim, MTB veya Sivilastirma uygulamalarinin giderek arttigi goriilmektedir.
Kiiresel ve iilke bazli istatistiklerin kisaca sunuldugu bu derleme ¢alismasinin amaci
artan tehdit konusunda farkindalik yaratmaktir.

Derleme Makale
Basvuru Tarihi
Kabul Tarihi

:11.10.2023
:15.11.2023

Review Article
Submission Date
Accepted Date

:11.10.2023
:15.11.2023

* Sorumlu yazar: hkurama@ogu.edu.tr

https://doi.org/10.31796 /ogummf.1374306

1. Introduction

Solid waste (SW) generation together with industrial
revolutions and increasing urbanization is not a new
concept. However, in recent years, the increasing
demand due to the increasing global population and
high living standards has led to more and more

(0 @

problems regarding the harmful effects of these wastes
on the environment and the complexity of their
management. Unless it is effectively disposed of or
recycled, threats to the environment and economy are
increasing. According to statistical evaluations, the
world population is estimated to increase to 8 billion in
2025 and 9.3 billion in 2050. The fact that a large part of
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this population lives in urban areas gives preliminary
information about the future burden of municipal solid
waste, MSW (Kaza et al., 2018). Rising energy prices and
increasing load on treatment facilities are also the
factors to be taken into consideration. Another factor to
consider is the increasing use of natural resources.
Global resource use has nearly quadrupled in the last 50
years. Considering that natural resources are limited, it
requires the use of production methods that will ensure
efficient use within the scope of the "green economy"
(less air pollution, food security, water scarcity).

In general terms, solid waste can be defined as a non-
liquid, insoluble material. However, in this definition a
wide range of materials such as domestic, sanitary,
commercial, institutional, catering, biomedical and e-
waste can be cited. Therefore from past to present,
institutions, countries and unions have created and
implemented many legislations, regulations, laws and
action plans for definition, classification and prevention
of the SW. An example of this is the Resource
Conservation and Recovery Act (RCRA), passed in the
United States in 1976. In this law, "solid waste" is
defined as industrial (mining, metallurgy, agriculture,
water treatment plants, etc.) or social activities
(garbage). Although hazardous wastes are among the
materials that meet the definition of solid waste,
detailed regulations have been developed to determine
which materials will be considered solid, industrial or
hazardous waste due to their special emphasis (Criteria
for the Definition of Solid Waste and Solid and
Hazardous Waste Exclusions, 2023). Later, many
classifications of waste were developed depending on
their source (domestic/industrial), composition
(organic/inorganic) and suitability for recycling or
reuse. Broad classification of SW and developments on
this subject can be found in above web site. Effective
waste management is undoubtedly an important
concept in reducing the amount of SW or its impact on
the environment. Today, the areas where solid waste
management (SWM) is under the most pressure are
urban areas where high population density is
concentrated and, as a result, garbage generation is
observed. Although the role of SWM in achieving
sustainable development has been clearly emphasized
in many action plans, it continues to dominate as an
important social and governance issue. In this context,
strategic target models (sustainable development
strategy goals, SDG) created by the United Nations (UN)
such as access to clean water (SDG6), sustainable and
inclusive urbanization (SDG11), control of climate
change (SDG13), land protection (SDG15) and
sustainable consumption and production
(SDG11/SDG12) is important. These models can be
given as supporting regulations that promote the
reduction of consumption of limited resources and a
circular urban economy (Abubakar et al., 2022). Current
information on this subject can be found in the 2023

J ESOGU Eng. Arch. Fac. 2023, 31(4), 1045-1059

Global Sustainability report published by the UN
available at https://sdgs.un.org/goals.

As it mentioned above, with increasing living standards
(especially for developed and developing countries), the
advancement of technology, combined with consumers'
desire to have more personal devices and population
growth around the world, not only leads to an increase
in waste amount, but also increases the complexity of
the collection and pre-classification of waste. This
situation requires special attention, precautions and
treatment methods for municipal solid waste, MSW
(Chen et al., 2020). The increase in the average amount
of MSW measured per capita in the EU over just three
years (from 2018 to 2021) can be given as one of the
indicators showing the importance of this issue. The
MSW EU average for 2021 reached 530 million tons. The
average amount produced by each of the approximately
448 million people living in the European Union has
increased from 477 kg per year in 2015 to 1,180 kg per
yearin 2021 (Waste Management in the EU: Infographic
with Facts and Figure, 2023). This clearly demonstrates
the difficulty of MSW control. In the recent article
published by Meng et al. 2020, “Compositional Bayesian
Regression” analyzes were conducted to predict, past
and future waste generation and its impacts on the
environment. The authors reported that although the
share of waste treated in landfills will decrease from
28% to 18% in 2050 and more recycling, composting
and energy recovery attempts will expect to increase,
the burdens on environment will keep their importance.
Itis suggested that current projections will not meet the
UN goals for waste reduction. New regulations should be
made in this regard. In this context, for the transition
from the linear economic model to the circular model
and the reuse of waste generated within this scope or
the use of secondary metal in production cycles, the
evaluation of the latest experiences gained in
classification, pre-enrichment  and enrichment
processes (process development, clean production),
including hydrometallurgy, which is generally used for
the enrichment of primary ores, for the reuse of solid
waste will have positive effects on both reducing the
amount of waste, sustainable management of natural
resources and less energy use.

1.1. Linear versus Circular Economy model

The linear economy model (Figure 1-a) is a model
developed in the 30 years following World War 11
(Aggeri, 2021). However, during this period, possible
limitations in the future projections of rapidly growing
economies in accessing raw material resources,
increasing raw material prices, increasing production,
consumption and the large increases in waste amounts
have created high pressure on decision makers,
practitioners and the entire public. This situation led to
the beginning of research on the development of new
economic models since the 1970s. As seen in Figure 1-b,
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the circular economy is based on the idea of
continuously recycling and reusing raw materials after
use, rather than recreating them from limited resources.
Compared to linear production/economy, the circular
economy model uses a more efficient route and green
production rout that allows resources to be created over
time in a way that ensures their long-term use.

Goods and

services ‘*\

{ Natural Res} — (Producnoﬂ—. @

Labour

(a)

Goods and

/_' services '_\

T w
Resour avo ervice
Supply supply

Waste
Assimilatio

(b)

Figure 1. Schematic view of linear (a) and circular
economy models (b),

The Strategy for the “Sustainable Use of Natural
Resources” can be defined as "developing a framework
that allows the sustainable use of input resources in an
environmentally friendly manner" while maintaining
the 3% economic growth rate targeted in the Lisbon
strategy. The concept of 'Sustainability’, which we use
frequently today, dates back less than 30 years. It was
first put forward in 1987 in the famous Brundtland
Report (titled 'Our Common Future'), prepared by the
UN with the contribution of many countries. In this
report, sustainable development is defined as 'meeting
the needs of today without compromising the ability of
future generations to meet their own needs'.

As can be seen, although production/consumption
waste has been on the agenda as a problem for many
countries since 1798, it is important to underline the
need to manage resources more efficiently for the first
time on a global scale (Report of the World Commission
on Environment and Development Our Common Future,
United Nations, 1987).

] ESOGU Eng. Arch. Fac. 2023, 31(4), 1045-1059

When the linear economic model and the circular model
are compared in terms of step plan, the linear model is
in the form of "Take-make-dispose”, while the circular
model targets "Reduce-reuse-recycle". Both models can
be considered "Eco-efficiency”. However, while the
linear model includes "short term from purchase to
sales"”, the cyclical model covers the long term consisting
of many sub-cycles. The benefits of circular economy
can be found at Tablel.

Table 1. Benefits of circular economy
Economic and social | Environmental benefits
benefits
Resource/raw material | Reduction of greenhouse gas
savings emissions,
Economic growth Decrease in global climate

temperature
Increase on employment Ecosystem conservation
Increased consumer | Protection of nature
awareness reserves and resources

Sustainable innovations

In this context, the first EU-SDS was accepted and
released by the European Council in 2001. The overall
aim of this SDS was defined as supporting and
promoting actions that enable the EU to continuously
improve both current and existing quality of life.
Benefiting from environmental and social advantages as
well as the innovation potential of the economy to future
generations through the effective management of
resources. Later, the EU Directives 2006/12 and revised
version of 2008/98 on waste management has
generated practical actions on the matter of waste
regulations in landfill disposal. This regulation strongly
recommends that preventing landfill disposal should be
the first priority of waste management. It has also been
recommended that promoting reuse and recycling is the
best ecological option to improve both the protection of
natural resources, human health, the environment and
energy recovery. Landfilling not only takes up more and
more valuable land space, but also causes the release of
carbon dioxide (COz) and methane (CH4) into the
atmosphere, the leaching of chemicals and pesticides
into the soil, resulting in the contamination of water, soil
and groundwater. With this regulation, the main long-
term obligations expected from producers regarding
waste management are to revise their SWM systems to
reduce greenhouse gas (GHG) emissions and increase
energy recovery. In this context, developing waste
prevention programs through separate collection of bio-
waste is another recommended practice.

A report released by European Technology Platform on
Sustainable Mineral Resources (ETP SMR), Strategic
Research Agenda-March 2009, was also support the
above statement and advised that the “Thematic
Strategy” on the sustainable use of natural resources
should be based on three pillars to manage the
implementing of the strategy in securing access to raw

1047



ESOGU Miih. Mim. Fak. Dergisi 2023, 31(4), 1045-1059

materials (Fourth status report on European technology
platforms harvesting the potential, 2009; Being wise
with waste - The EU's approach to waste management,
2010). These are;

° Open access to raw materials in world markets,

e Establishing frameworks for sustainable raw
material supply within the EU

e Increasing natural resource efficiency and
encouraging recycling.

Commission Decision 2011/753/EU and Commission
Decision (EU) 2019/1004. The targets have been
updated as follows;

e By 2020, increase the use of reusable materials
in MSW (such as paper, metal, plastic and glass)
in production processes to at least 50% by
weight,

e Preparing non-hazardous construction and
demolition waste for reuse by 2020, and
increasing the usage rate in different sectors to
at least 70%,

e Increasing recycling rates for MSW to a
minimum of 55%, 60% and 65% by weight by
450,000
400,000
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300,000
250,000
200,000

o
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2025, 2030 and 2035, respectively.
(Sustainable  Development Guidance on
Municipal Waste Data Collection, 2016;
Sustainable Development Guidance for the
Compilation and Reporting of Data on
Municipal Waste According to Commission
Implementing Decisions, 2019 )

1.2. Present Situation

Today, an estimated 11.2 billion tons of solid waste are
collected globally in every year. The increasing volume
and complexity of waste, and the relatively low
recycling/re-use rates that still continue in developing
and underdeveloped countries, which negatively affect
ecosystems and human health and pose a serious threat
for the future projections (Solid Waste Management,
2023).

The latest statistics data’s published by the Organization
for Economic Co-operation and Development, OECD for
some countries is presented at Fig. 2. When the data’s
are evaluated, it is seen that countries with high income
produce more solid waste (OECD Stats, 2023).

m 2010
m 2020

G Q; \’b c)Q
S S

Figure 2. Total amount of SW’s generated by selected countries by years 2010 and 2020 (OECD Stats, 2023)

The latest report released by the World Bank for MSW
also exhibits similarity with OECD (Figure 3). It was
reported that as globally, approximately 2.01 billion
tons of MSW is produced annually, and only 67 % of it is

managed safely, 33 % still creates environmental
problems (kaza et al., 2018)
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Recyclable materials make up only 20 % of the waste
stream (Fig.4-a).
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Figure 3. Total amount of MSW generated by countries
(a) and unions (b) (Kaza et al,, 2018).

These countries/unions try to balance this with the
developments in the implementation of efficient
collection and disposal techniques, however,
considering that the problem is global, it necessitates
that these countries should increase their
responsibilities to include other regions. In this report it
was also stated that the amount and the composition of
waste varies according to income level and reflects
various consumption patterns. Although they make up
only 16% of the world's population, high-income
countries produce approximately 34% of the world's
waste, or 683 million tons. These countries produce
relatively less organic waste (32% of total waste) and
more dry waste that suitable for recycling, such as
plastic, paper, cardboard, metal and glass (51% of total
waste), while the wastes generated from middle or low-
income countries are completely different, consisting of
food (53%) and green waste (57%), respectively.

cardboard
17% Glass

Recycling
14%

Contrd
Incineration landfill3
11% 4%

Sanitery,
landfillerd
8%

(b)

Figure 4. The shares of MSW contents (a) and the control
methods (b) (Kaza et al.,, 2018).
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As can be seen from Figure 4-b, the most preferred
method for waste management worldwide is currently
dumping or disposal in some form of landfill.
Approximately 37% of waste is disposed of in some
form of landfill, while 8% of this is stored in regular
landfills with gas collection systems. Of the waste stored
in open areas (about 31%), 19 % is recovered by
recycling and composting, and 11 % is incinerated for
final disposal. When these values are examined, the
most striking point is that they once again clearly show
the impact of income differences on the controlled
disposal/stocking of waste. Applications that provide
adequate waste disposal or treatment, such as
controlled landfills, appear to be concentrated almost
exclusively in high- and upper-middle-income
countries. Another striking statistic is that 36% of
landfill goes to recycling and composting, and 22 % goes
to incineration, compared to 39 % for high-income
countries. According to the 2021 statistical value, the
proportion of MSW recycled or turned into compost in
the EU has reached 49.6%. This corresponds to a 3.6
percent increase compared to 2017. Within the same
framework, it is aimed to reduce the landfill rate to
below 10 percent by 2035 and to increase the
reuse/recycling rate to 60% by 2030.
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On the other hand, within the scope of waste
management, the EU also exports some of the waste
collected within its own body. For 2021, EU's waste
exports to non-EU countries reached 33 million tons.
The majority of these exported waste mainly consists of
ferrous and non-ferrous metal scrap as well as paper,
plastic, textile and glass wastes. Approximately, 45% of
these waste was sent to Turkey (14.7 million tons),
followed by India (2.4 million tons), Egypt (1.9 million
tons), Switzerland (1.7 million tons) and 1.5 million tons
went to England. The share of ferrous metal waste (iron-
steel) in total exports was 59% (19.5 million tons).
Turkey was the main route in this export with 13.1
million tons (Waste management in the EU: infographic
with facts and figures, 2023).

A brief assessment of EU waste management shows that
on average a European produces around 5 tons of waste
every year. Statistical data show that only 38% of this
waste is recycled. As can be seen in Figure 5, composting
practices for the recovery of precious metals from waste
and energy production have improved greatly.
However, material recycling for secondary metal use is
still far from targets and below consumption rates.

Composting Other
100 11
202 -53

Figure 5. Evaluation practices of collected MSW waste (Waste management in the EU: infographic with facts and figures,

2023)

An overview of MSW waste globally, the importance of
stockpiling techniques for controlling these wastes, and
further information on landfill classifications can be
found in the references that follow (Nanda and Berruti,
2021).

2. Featured applications that serve for effective
MSW management / Outstanding practices in
service of effective MSW management

An effective waste management system is a prominent
issue in the transition to a circular economy, which was
developed as an alternative to the linear economic

model defined as make-use-dispose. Today, the most
common method of solid waste control globally is
storage in open or controlled landfills. Although open
landfilling is the simplest and least costly method, the
use of controlled waste sites, which eliminate
undesirable harmful effects on human and
environmental health and allow the recovery of
reusable/recyclable materials in waste, is increasingly
becoming a method adopted by many countries.
Classification, shredding and compaction operations are
the supporting activities for this type of storage. Some
applications are also supported by units that include the
collection of leachate and gases. Although these

1050



ESOGU Miih. Mim. Fak. Dergisi 2023, 31(4), 1045-1059

processes are positive in terms of reuse, what remains
after this separation process is of great importance in
terms of allowing the generation of electricity and
thermoelectric energy from non-fossil sources and the
use of thermal energy in an environmentally friendly
manner in the residue consisting largely of organic and
inert mineral fraction (Panepinto and Zanetti, 2021).
Alternative methods, depending on the characteristics
of the waste material, are given in the table to achieve a
general improvement.

Table 2. Methods used instead of or in combination with
controlled storage

Main Process Process outcomes
Thermal e Gasification | Lower quality SynG
conversion e Pyrolysis High quality SynG, oil
e Combustion | Fuel gas
Residues
MTB e Mechanical RDF
treatment Bio-gas
e Biological
conversion
Anaerobic
digestion
Liquefaction | Indirect 0il
liquefaction Bio-alcohol
Methanation

A Mechanical Biological Treatment (MTB) system is
basically a treatment method based on composting or

anaerobic digestion. MTB is the most preferred
application type by many countries as it allows the
processing of commercial and industrial waste as well

] ESOGU Eng. Arch. Fac. 2023, 31(4), 1045-1059

as mixed domestic waste (Mechanical Biological
Treatment, 2023).

The general application flow chart of this method is
given in the Figure 6.

In this applications, "Mechanical treatment” refers to a
mechanical sorting step, usually automated, where
materials suitable for recycling are separated.
Conveyors, industrial magnets, eddy current separators,
drums and shredders are the most used devices for this
process. In addition, some systems may include
enrichment elements that are separated according to
material density differences (gravity separation) and
physicochemical surface properties differences
(flotation). Additionally, MBT systems can alternatively
produce waste-derived fuel (RDF), which consists of
organic wastes with high calorific value and can be used
in many areas from cement kilns to thermal power
plants. Additionally, composting, instead of incineration,
can be considered an environmentally acceptable way to
help sustainably manage large amounts of organic waste
by converting it into useful products such as fertilizer or
soil conditioner. The basic criteria, applications and
kinetics of the composting process can be found in the
review article published by Onwosi et al, 2017. In
general "Biological Treatment" means one of the
following:

» Anaerobic digestion
¢ Composting
* Bio-drying

+ Waste input

Recyclables or refuse
derived fuel

Rejects to landfill

Compost or refuse Biogas & energy
derived

Figure 6. A schematic view of Mechanical biological treatment system
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Figure 7. A typical flow-sheet of generating power from waste (waste to energy),

The possible products of this system can be given as
follows;

» Biogas that can be use several systems

* Secondary metal, reusable paper, plastic, glass, etc. .
¢ An organic fertilizer and soil improver

* RDF

« Final safeable residual material

Waste-to-energy (WTE) plants are basically
applications in which both domestic and industrial
wastes are converted into heat and/or electrical energy.
Although the most common application is incineration,
pyrolysis and plasma gasification applications for
generating electricity from MSW stand out as
incineration techniques that have become widespread
in recent years. In the incineration process, the main
reaction is to burn the product obtained from the waste
by contacting it with oxygen. The combustion process
can be applied as stoichiometric combustion, excess air
combustion and non-stoichiometric combustion.

The process is an exothermic reaction. While the heat
generated during the combustion process allows the
reaction to proceed, it can also be used to convert water
into steam. This drives the turbine and electric
generator (Figure 7).

Among thermal conversion processes, pyrolysis is one
of the alternative processes that attract attention due to
its various advantages such as flexibility in storage,
transportation, turbines and different combustion
devices. Basically, pyrolysis is similar to combustion,
however in this way, decomposition is performed under
inert condition in oxygen-deficient environment. The
main output of the pyrolysis process is to produce
usable high-value energy products instead of non-

renewable fossil fuels. Basically, depending on the
product properties to be obtained, the pyrolysis process
is classified into two types: slow (only heat and biochar)
and fast pyrolysis (biochar and bio-oils) (Zaman et al,,
2017). However, in recent years, attempts to obtain
better quality products by using some catalysts in the
conversion process have been continuing with great
momentum.

Cellulose

Moisture Syn-gas, bio-oil,
removal bio-char

200°C 300°C 400°C 500°C

Hemicellulose de-composition ,
syn-gas

Lignin decomposition, bio-oil, bio-char

Figure 8. Decomposition reactions at different
temperature

The plasma gasification process, in which the waste
material is heated at a much higher temperature, differs
from other WTE processes with this feature. This
temperature is hot enough to break down the waste into
its basic components.

« Fuel gas - producer gas or syngas
« Slag

Plasma gasification applications are still developing as a
relatively new technology. Their biggest advantage is
ability to produce more kilowatt hours of electricity per
ton of MSW fed to the facility than incinerators.
(Malinauskaite et al., 2017).

1052



ESOGU Miih. Mim. Fak. Dergisi 2023, 31(4), 1045-1059

3. Waste Treatment Practice in Turkey

Turkey is one of the countries that has shown rapid
economic growth in recent years. The annual GDP
growth rate is 5% for 2021. However, this rapid growth
also points to environmental challenges, intensive use of
natural resources, waste production and an increase in
energy demand. This situation clearly shows that in
order for Turkey to continue its growth in the long term,
it must switch to a cyclical growth model as part of the
transition process (Technical Assistance for Assessment
of Turkey’s Potential on Transition to Circular Economy,
2022).

Environmental protection actions were first addressed
in national development programs starting from the 5th
Development Plan covering the years 1985-1989. In the
11th Development Plan (2019-2023), it is addressed in
a broad framework with additional protocols that make
environmental benefits and sustainable environmental
management even more important in parallel with
increasing economic and social benefits. Nevertheless,
as mentioned above, the increasing amount of SW in
Turkey along with the increase in the level of production
and consumption makes urban areas increasingly
dependent on and at the same time suffering from
landfills. The current Turkish waste management
infrastructure is insufficient to meet the country's
needs, which necessitates the development of more
efficient waste and resource management. In 2020, 226
million tons (Mt) of MSW was produced in the EU27. In
2020, 76% of municipal waste in the EU27 was
recovered through composting/digestion (18%),

120000
S 100000
v
S 80000
=
E 60000
'_
<
& 40000
2
w m
o 20000 B ; -
[*%]
: 1 1
< 0 m_
z Amount of
waste Industry Thermal PP
generated
m Total 2018 94870 22881 26127
Total 2020 104848 23867 24375
Hazardous 2018 15078 3677 13805
Hazardous 2020 30876 4597 10022
M Non-Hzardous 2018 79792 19203 26113
= Non-Hazardous 2020 73972 19270 24365
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recycling (31%) and incineration (energy recovery)
(27%), while 24% was landfilled (23%). and is recycled
through incineration, (Without energy recovery) (1%).
Countries such as Germany and Denmark have
particularly increased their recycling practices, reaching
recovery rates of 99 percent. On the other hand, Turkey
sent 87% of the 32 million tons of MSW produced in the
same year to landfill. According to Turkish Statistical
Institute data TURKSTAT (Waste Statistics 2020). A
total of 104.8 million tons of waste was generated in
Turkey in 2020, 30.9 million tons of which was
hazardous. The distribution and change of the total
amount of waste by sectors for 2018 and 2020 is
presented at Figure 9. As can be seen, the total amount
of waste increased by 10.5% compared to 2018. The
high rate of increase in the amount of hazardous waste,
reaching approximately 49 % compared to 2018, shows
serious threats to human health and environment are
not far away if the same trend will continue. The
increasing amount of waste observed in the mining
sector in the last two years is seen as another source of
concern. When compared to other sectors, the mining
sector stands out from other sectors and attracts
attention with the increase in the total amount of waste
by 63 % and approximately 26 M tons of it being
included in the hazardous waste class. This situation
clearly shows that existing or new techniques within the
sustainable production concept for the mining sector
should be taken into consideration for both production
and reuse, and production plans should be revised.

il

Mining Organicind HealthInst House hold

17387 286 89 28099
27581 279 109 28635
11176 111 86 12218
26044 116 106 1352
6210 175 3 28085
1537 152 3 28633

Figure 9. Distribution and change of the total amount of waste by sectors for 2018 and 2020 (Waste Statistics 2020)
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Figure 10. Change and distribution and of the total
amount of waste by sectors for 2018 and 2020 (Waste
Statistics 2020)

For house hold wastes, the change is relatively stable
(Fig 10-a). In 2020, a total of 32.3 million tons of
municipal waste was collected by 1,387 municipalities.
Apart from this, approximately 0.4% was disposed of
through other methods such as open burning, burial and
dumping into rivers/land. The MSW collection area
characteristics and recovery shares produced wastes
are given in the Figure 9-b.

The waste disposal and recovery facilities and the
amounts processed are given in Table 3. When the table
is examined, it is seen that although it is positive that the
amount of MWS processed has reached 127400 tons in
proportion to the increase in the facility, a large part of
the collected waste is still stocked in controlled waste
areas.

The change in waste amounts according to production
sectors for 2018 and 2020, given in Table 4, indicated
that larger shares in the distribution consist of basic and
fabricated metal products, chemicals, and chemical
products, basic pharmaceuticals, rubber and plastic and
electronic waste, respectively. It is clear that increasing
the precautions to reduce the amount of waste in these

] ESOGU Eng. Arch. Fac. 2023, 31(4), 1045-1059

sectors in practical applications will make significant
contributions to reducing the total amount of industrial
waste

Table 3. Waste disposal and recovery facilities in Turkey

2018 2020 Total
amount of
waste
treated

tons

Waste disposal and 2223 2752

recovery facilities

Controlled landfill 159 174 77762

site

Incineration plant 7 10 570
Total
78333

Waste recovery 2057 2568

facilities

Composting plant 8 9

Co-incineration 40 50

plant

Other recovery 2009 2509

facilities
49067

The amounts of manufacturing industry waste by
treatment methods, for 2018 and 2020 (tons) is
presented at Table 5. Compared to 2018, the amount of
waste generated increased by approximately 5% in
2020.

Table 4. Generated waste according the sectors

2018 2020
tons tons
Manufacturing Indy 22 881 144 23 867 886
Food beverage and 1599 234 1192000
tobacco
Textiles 614739 642514
Wood 455474 190157
Pulp and paper 806156 1112229
Manufacture of coke and 49450 51582
refined petroleum product
Chemicals, chemical 4592012 5565 587
products, basic
pharmaceutical, rubber
and plastic
Non-metallic products 1317 365 1205416
Basic and fabricated metal 11 689 737 12 075949
products
Electronics 1607 510 1588996
Furniture and insulation 149468 243815

Approximately 57% of the waste produced is sent to
licensed treatment facilities while 249% of total waste is
sent to controlled land sites. When the composition of
waste stored in controlled waste sites is examined, it is
seen that it reach to 3 474 185 tons, up from 2 436 308
tons stated for 2018. This increase, which corresponds
to approximately 42%, is remarkable when compared to
the total increase.
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3.1. Hazardous Wastes:

There is no doubt that the disposal of hazardous wastes
without harming nature and human health is the most
fundamental issue of waste management. The Basel
Convention on "Control of Transboundary Movements
and Disposal of Hazardous Wastes", which was adopted
on 22 March 1989 and officially entered into force on 5
May 1992, is undoubtedly an important milestone for
the sustainable management of HW’s without harming
the environment and human health (Basel Convention,
1992). In Turkey, the Basel Convention was accepted in
1989 and came into force in 1992. The main purpose of
this contract is; to eliminate the dangers that may arise
from the cross-border transportation, disposal and
recycling of hazardous and other wastes. The
transportation of waste from industrialized countries to
developing countries is the most important element that
the Convention focuses on (Waste Management in
Turkey, 2007). In order to maintain compliance with
both the requirements of the Basel Convention and the
EU acquis and to establish international standards,
important steps have been taken in this regard by
publishing/modifying many acquis and implementation
plans, with the work carried out with the contributions
of relevant organizations. However, the disposal of HW
often requires the use of special technologies.

J ESOGU Eng. Arch. Fac. 2023, 31(4), 1045-1059

The high costs of these technologies, in some cases, this
results in being stockpiled in landfills along with other
types of waste, despite legal sanctions. Following
establishment of legal framework affords for
implementation, various plants have been built and
introduced to meet the demand for processing capacity.

Currently, there are 5 main HW treatment facility
outlets in Turkey for the disposal of both own waste and
off-site waste; these:

« iIZAYDAS
« PETKIM

« TUPRAS

« ERDEMIR
« [SKEN

In these plants, iZAYDAS is the biggest HW disposal
plant in Turkey with a capacity of 65,000 tons of
controlled landfills and 35,000 tons of incineration.
Other plants, such as PETKIM, have a capacity of 7,750
tons/year, TUPRAS (17,500 tons /year respectively.
ERDEMIR and ISKEN have land-filling capacity of 6,084
tons/year, and 11,000 tons /year (Akkoyunlu etal.
2017)

Table 5. Amounts of manufacturing industry waste by treatment methods, 2018, 2020 (tons)

2018 2020
Total Hazardo Non- Total Hazardo Non-
us Hazardous us Hazardous

Amount of waste 22881164 | 3667320 | 10203824 | 23867866 | 4597 19270593
generated 274
Amount of waste
by treatment
methods
Recovery within 2100077 776 2099 300 1677 695 12 324 1665371
facility
Solid sent to 13109284 | 1187410 | 11921873 | 13438779 | 1055 12 383 025
licensed treatment 755
facility
Used as filling 93038 93038 97 53-55 - 97 555
material
Co-incinerated/ 465 615 45010 420 605 400955 47 481 353474
incinerated
Collected by 1023502 3613 1019 888 763 534 1073 662 481
municipality/orga
nized industrial
zones
Sent to controlled 4794 790 2436308 | 2358482 5776936 3474 2302751
land sites 185
Stored within the 1257 265 4202 1253063 1693 288 6 456 1686831
establishment
Disposed with 37575 37575 19 124 - 19124
other methods
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3.2. Used Batteries and Accumulators:

Although there has been a rapid increase in Turkey in
recent years, battery usage per capita in 2018 is below
the European average (110 g/year) (Yesiltepe and
Sesen, 2019). Legislation on “Battery Use and
Collection” is controlled within the scope of the
Regulation on the Control and Control of Waste
Batteries (Regulation, 2019). According to 2018
statistical data, battery usage in Turkey is 110
grams/person per year (Eurostat 2018, Directive,
2019). However, it is clear that the consumption rate
will increase, especially in recent years, with the
increase in the use of other technological equipment,
especially in the electric automotive industry, and the
contribution of new initiatives initiated to meet the
battery demand from domestic sources. This situation
indicates the need for a more stringent and effective
recycling action plan. Currently, the legislation on
battery use and collection is regulated by the Regulation
on the Control of Waste Batteries and Accumulators
(Regulation, 2019).

On the other hand, the annual amount of accumulators
put on the market in Turkey is 74,000 tons. The amount

[ Regulation on the Control of ]
End of Life Tyres
. i3 Receive environment should be i)
prevented direct or indirect hazardous
L act. 7

Collection,transportation, recovery and
T disposal of ELTs are obligatedto be ina
ki ratio of quota.

~
L Manufacturers must attempt to extend
the life oftyre

\ J

i A system should be establised on the .
principles of collection and

L transportation of ELTs. o
B It is essantial to recycle ELTs.
. J
~ =N
disposed.
& V.
Basel Convention regarded for
L transporting or exporting of ELTs.
& Itisforbidden to import ELTs. )
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of waste batteries collected is approximately 67% of the
batteries put on the market.

3.3 End of Life Tyres (ELT)

One of the sectors that has shown rapid production and
consumption growth in recent years is the rubber
industry. These materials, whose natural disposal is
quite limited due to their structural characteristics after
use, are an important environmental problem for both
municipalities and governments. Used tires, which are
approximately 14,106 tons/year, constitute
approximately 2% of the world's total solid waste
production. In 2018, 27,269 tons of end-of-life tires
were collected in Turkey.

ELT management in Turkey is protected by two main
legal regulations. Environmental Law and Regulation on
the Control of End-of-Life Tires (RCELT). These
arrangements are summarized in Figure 11. In this
context, relevant facilities are required to obtain a
recycling license in accordance with the provisions of
the regulation.

[ Environmental Law ]

f= =\ W
It should be prevented from waste
directy orindirectly.

- J

~

(" Manufacturers, importers and those
launch product to the market are
responsible of collecting, transporting,
- disposing ofthem. )

J

~

Waste producers are required to
minimize their wastes.

o
~ ™
It is essantial to recycle wastes.

. >
= =)
disposed.

" s
s ™
Importing hazardous wastesis
prohibited.

" =

Figure 10. End-of-Life Tires regulations (Karaagac et al., 2017)
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3.4. Packaging / Plastic Waste

As discussed before, changing consumption habits,
population growth, rising living standards cause
changes in packaged product sales and, as a reflection of
this, changes in the amount of plastic materials in the
solid waste composition. For example, in the last 50
years, the role of plastic in the EU economy has greatly
increased. 58 million tons of plastic are produced every
year in European countries, and 40% of this consists of
packaging. Therefore, under the European Green Deal
and the new Circular Economy Action Plan, a new
European Plastics Strategy for the revision of Directive
94/62/EC on Packaging and Packaging Waste was
launched in 2018 for products used, produced and
recycled in the EU. This regulation mainly aims to
strengthen the basic requirements for packaging to
ensure the reuse and recycling of packaging, the receipt
of recycled content and to improve its applicability
(...)-Similar to EU countries, the solid waste composition
has been changing in Turkey in conjunction with the
changing consumption patterns. In general, Packaging
waste constitutes 30% of the waste by weight and 50%
by volume. The principles regarding the collection,
transportation, separation and recycling of packaging
waste within a specific management system are
determined by the "Packaging Waste Control
Regulation" prepared by the Ministry of Environment
and Urbanization. This Regulation was published in the
Official Gazette No. 30283 dated 2017 and entered into
forceon1/1/2018.

Material Based Recycling Rate of Turkey was 54 % in
2019. The distribution of this ratio for packaging waste
is given in the Table. (6 th. State of Environment Report
for Republic of Turkey, 2020, available at
https://webdosya.csb.gov.tr/db/ced/icerikler/tc-

dr 2020 -ng-1-zce-20210430143751.pdf)

Table 6. Packaging waste recycling rates

Years Glass | Plastic | Metal | Paper / | Wood
% % % Cardboard | %
%
2018 54 54 54 54 11
2019 54 54 54 54 13

4., Conclusions

In fact, sustainable development is not a new concept
and has been discussed since the late nineteenth
century. The driving force behind these
discussions/regulations is undoubtedly the pressure on
managers to manage the increasing solid waste in an
environmentally friendly manner due to limited natural
resources, increasing production costs with increasing
energy costs, and increasing urban population densities.
When the approaches adopted in this regard are
examined, it is seen that the solutions mainly focus on
changes in production processes or new techniques,
efficient production using low cost and less raw

] ESOGU Eng. Arch. Fac. 2023, 31(4), 1045-1059

materials, new material production and recycling. In
fact, itis a huge field that brings together the concepts of
sustainable development/economy, environmental
management, material management, green production,
renewable and clean energy technologies, and water
and air management under one roof. In this context, it
seems inevitable that producers and managers, as well
as governments, should increase consumer
responsibility  through informative publications
regarding solid waste management, the amount of
which is expected to increase gradually according to
future projections.

Implementation efforts continue to increase in Turkey,
thanks to the laws, directives and action plans blended
with existing EU waste management legislation and the
national Zero Waste Program. According to the National
Waste Management Action Plan, Turkey aims to store a
maximum of 65% of municipal waste and recycle 35%.
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Keywords Abstract

Ultra-fine Grinding Ultra-fine grinding refers to the process of reducing materials to extremely small particle
Energy sizes, typically in the micron or submicron range. It is commonly used in various
Grindability industries such as mining, pharmaceuticals, ceramics, and chemicals, where the

production of fine particles with specific properties is required.

Energy plays a significant role in ultra-fine grinding processes. The reduction of
materials to such small sizes requires a considerable amount of energy input. The energy
consumption in ultra-fine grinding is typically higher compared to conventional grinding
methods due to the higher surface area and increased particle-particle interactions.

In the mining sector, with the depletion of high-grade ore deposits, it has become a
necessity to operate very low-grade ore deposits with very small particle liberation sizes.
In the enrichment of these ores, most of the energy required is spent on grinding. In
micronized grinding, conventional mills (such as rod and ball mills) lose their efficiency
and become uneconomical.

most of the energy spent in conventional mills is used directly in size reduction, and a
significant portion is lost as heat and sound without doing any useful work (size
reduction). In addition, for grinding below 75 um, the efficiency of conventional mills is
greatly reduced (energy consumption increases excessively), and grinding becomes
uneconomical.

In this study, alternative fine and ultrafine grinding mills for ore dressing plants are
introduced, and information about their working principles is presented. Unlike other
studies, information on particle and grinding energy calculations is given. The reasons
for the lack of a theory or model to perform newly developed calculations for ultrafine
grinding theories are tried to be explained.

ULTRA INCE OGUTMEDE ENER]Ji - TEKNOLOJi GELiSIMININ INCELENMESi

Anahtar Kelimeler Oz

Ultra-ince Ogiitme Ultra ince dgiitme, malzemeleri genellikle mikron veya mikron alti araliginda son derece
Enerji kii¢iik tane boyutlarina indirme islemini ifade eder. Madencilik, ilag, seramik, kimya gibi
Ogiitiilebilirlik belirli 6zelliklere sahip ince tane tiretiminin gerekli oldugu ¢esitli endiistrilerde yaygin

olarak kullanilmaktadir.

Enerji, ultra ince 6giitme islemlerinde 6nemli bir rol oynar. Malzemelerin bu kadar kiigctik
boyutlara indirgenmesi ciddi miktarda enerji girdisi gerektirmektedir. Ultra ince
dgtitmede enerji tiiketimi, daha yiiksek yiizey alani ve artan tane-tane etkilesimleri
nedeniyle geleneksel 6giitme yontemleriyle karsilastirildiginda genellikle daha yiiksektir.
Madencilik sektoriinde ytiksek tenérlii cevher yataklarinin tiikenmesiyle birlikte, cok
kiiciik tane boyutlarina sahip, ¢ok diisiik tenérlii cevher yataklarinin isletilmesi bir
zorunluluk haline gelmistir. Bu cevherlerin zenginlestirilmesinde ihtiya¢ duyulan
enerjinin biiyiik bir kismi 6giitme islemine harcanmaktadir. Mikronize dgiitmede
konvansiyonel degirmenler (cubuk ve bilyali degirmenler gibi) verimlerini kaybederek
ekonomik olmaktan cikarlar. Bilindigi lizere konvansiyonel degirmenlerde harcanan
enerjinin biiyiik bir kismi dogrudan boyut kiictiltmede kullanilmakta, 6nemli bir kismi ise
herhangi bir faydali is yapilmadan (boyut kiigiiltme) 1s1 ve ses olarak kaybolmaktadir.
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Ayrica 75 pm’nun altindaki égiitmelerde konvansiyonel degirmenlerin verimi biiyiik
oranda diiser (enerji tiiketimi asir1 artar) ve 6gtitme ekonomik olmaz.

Bu ¢alismada cevher zenginlestirme tesisleri icin alternatif ince ve ultra ince dgiitme
degirmenleri tanitilarak, ¢alisma prensipleri hakkinda bilgi verilmistir. Diger
calismalardan farkli olarak tane ve égiitme enerjisi hesaplamalarina iliskin bilgiler
verilmektedir. Ultra ince dgiitme teorileri igcin yeni gelistirilen hesaplamalari
gerceklestirecek bir teori veya modelin bulunmamasinin nedenleri agiklanmaya

calisiimaktadir.
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1. Introduction

Grinding operation is a unit operation that needs a
significant amount of energy. In this procedure, grinding
is responsible for just 2%-20% of the entire energy
consumption, according to what has been indicated
(Batterham, 2011; Jeswiet and Szekeres, 2016). The
remaining energy disappears into the surrounding
environment as heat, sound, and vibrations. In
engineering projects, researchers are looking at
potential solutions that can make mills more energy
efficient. In this case, operational variables are used to
study both new technologies and ways to improve
systems that are already in place.

Important shifts in the technology were used to reduce
particle size occurred in the 16th, 19th, and 20th
centuries. In each instance, an influx of copious new
income prompted an increase in the use of resources,
investments in new plants, and the creation of new
processes and machinery. As a consequence of this,
there was a rise in the need for the size-reduction
equipment that had higher levels of both productivity
and energy efficiency.

The conventional method of grinding takes place in
tumbling mills, in which the ore is fed into a horizontal
mill that is then spun by a motor to cause the cylindrical
body of the mill to tumble with the mill charge, which
consists of the ore and various grinding media. The ore
is broken down by the processes of impact, attrition, and
abrasion when it is subjected to the free motion of
disconnected media like steel rods, steel or ceramic
balls, or coarse ore pebbles. This is known as grinding.

Ultrafine grinding, also known as ultrafine milling or
ultrafine comminution, is a technique used to reduce
materials to extremely small particle sizes. It is
commonly used in various industries, including
pharmaceuticals, chemicals, minerals, food processing,
and materials science.

The primary goal of ultrafine grinding is to produce
particles with a specific size distribution or to achieve a

desired level of particle fineness. By reducing the
particle size, a larger surface area is exposed, which can
enhance the material's reactivity, dissolution rate, and
overall performance.

Calculations of the energy consumed in grinding from
the past to the present have been made. In addition,
models capable of calculating grain size distributions
have been developed. However, no equation or model
has been developed for fine grinding (-5 pm) that can
calculate energy or predict particle size distribution.
The main reason for this can be stated as the inability to
describe the motion and behavior of very fine grains.
Within the scope of this article, research has been
carried out on these issues, and solutions have been
discussed in detail in the conclusion part.

2. Equipment for Ultra-Fine Grinding

There are several methods employed for ultrafine
grinding including:

e Ball Milling: Ball mills use rotating cylinders filled
with balls as a grinding media. material is fed into
the cylinder and subjected to the impact and
attrition caused by the balls' movement. By
controlling the milling parameters such as
rotational speed and ball size, ultrafine particles
can be obtained.

e Vibratory Mills: Vibratory mills utilize vibrations
or oscillations to generate collisions between the
grinding media and the material. These mills are
particularly suitable for fragile or heat-sensitive
materials.

e Stirred Media Mills: Stirred media mills, such as the
famous "IsaMill," use a series of rotating discs or
pins within a chamber to agitate the grinding
media. This agitation generates high-energy
collisions, resulting in particle size reduction.
These mills are well-suited for ultrafine grinding of
minerals and ores.
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e Jet Milling: In jet milling, high-pressure gas or air is
used to accelerate particles and cause them to
collide with each other, resulting in particle size
reduction. Jet mills can achieve particle sizes in the
submicron to nanometer range.

e  Fluid Energy Milling: Fluid energy mills, such as
spiral jet mills, utilize compressed gas or
superheated steam to create high-velocity streams
that impact and disintegrate the particles. The fine
particles are carried away by the gas stream, and
the oversize particles are recirculated for further
grinding.

e Nano Milling: Nano milling techniques provide
reducing particle size to the nanometer scale,
typically below 100 nm. Various methods,
including high-energy ball milling and stirred
media milling, are used to achieve nano-sized
particles.

It is important to note that the choice of ultrafine
grinding method depends on factors such as the
material being processed, desired particle size, required
throughput, and equipment availability. Additionally, it
is essential to consider the potential challenges, such as
heat generation, particle aggregation, and equipment
wear, associated with ultrafine grinding processes.

2.1. Ball Milling

Ball milling is a technique for reducing particle size and
mixing materials by grinding them together in a ball mill.
The ball mill is a cylindrical device that rotates around
its axis and is partially filled with grinding media such as
balls made of steel, ceramic, or other materials. The
material to be milled is loaded into the ball mill along
with the grinding media, and as the mill rotates, the
grinding media cascades and collides with the material,
reducing its particle size. The process of ball milling
involves the following steps:

Loading: The material to be milled and the grinding
media are added to the ball mill. The ratio of the material
to the grinding media can vary depending on the desired
outcome and the properties of the materials involved.

Milling: The ball mill is set into motion, typically by
rotating the cylinder. As the mill rotates, the grinding
media cascade and impact the material, causing it to
break and reduce in size. The collision and friction
between the grinding media and the material result in
particle size reduction.

Mixing: Ball milling can also be used for mixing or
blending materials. In this case, multiple materials with
different properties can be loaded into the ball mill
together, and the milling process helps in achieving a
homogeneous mixture.

Duration: The duration of the ball milling process can
vary depending on the desired fineness and the

J ESOGU Eng. Arch. Fac. 2023, 31(4), 1060-1076

properties of the materials. It can range from minutes to
several hours.

The advantages of ball milling include its versatility,
scalability, and relatively simple operation. It can be
used for both dry and wet milling processes. Ball milling
is widely used in various industries such as
pharmaceuticals, chemicals, minerals, paints, ceramics,
and more. It is commonly used for grinding and refining
materials, producing fine powders, and creating
homogeneous mixtures.

dust collection

feed material

feed material

grinding balls

adjustable
discharge slots finished product

Figure 1. Ball Mills Are Used In Industry
(https://www.hiimac.com/)

Conversion of energy given when materials undergo
size reduction; It was stated by Orr (1966) that it
depends on the inter-particle effects of the crushing
machine and the crushed material. For inter-particle
effects with a crushing machine; While friction, sound,
electrical effects and kinetic energy are given, it is stated
that the crushed material is due to the rearrangement of
the cage structure, surface energy, elastic deformation
and plastic deformation. It has been stated that heat
arises due to plastic deformation, elastic deformation,
friction and kinetic energy. Therefore, electrical effects
can be added to the relevant section.

However, it is important to note that ball milling has
certain limitations. It may generate heat during the
milling process, which can affect heat-sensitive
materials. It can also lead to contamination from the
grinding media or the mill itself, particularly when
milling reactive or abrasive materials. Care should be
taken to select appropriate grinding media and milling
conditions to achieve the desired results while
minimizing any potential drawbacks.

2.2. Vibratory Mills

Vibratory mills also known as vibratory ball mills or
vibratory grinding mills, are a type of milling equipment
used for fine grinding and mixing of materials. These
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mills utilize vibrations or oscillations generated by an
eccentrically mounted shaft or an electromagnetic drive
to impart energy to the grinding media and the material
being processed.

Here's how vibratory mills typically work:

Design: Vibratory mills consist of a cylindrical or conical
container that holds the grinding media and the material
to be processed. The container is mounted on springs or
other vibration-damping elements to isolate the
vibrations from the surroundings.

Figure 2. Vibratory Mills Are Used In Industry
(https://ballmillssupplier.com/product-center/
vibration-ball-mill/)

Vibratory Motion: The mill is set into vibration by an
eccentrically mounted shaft or an electromagnetic drive
system. The vibrations cause the grinding media and the
material to move in a circular or elliptical motion within
the mill.

Grinding and Mixing: As the mill vibrates, the grinding
media, which can be balls, rods, or cylpebs, collide with
the material, resulting in impact and attrition. The
energy generated by the vibrations fractures and
reduces the particle size of the material. The mixing
action is also facilitated as the particles and grinding
media move around and interact.

Control: The intensity and frequency of the vibrations
can be adjusted to control the milling process. This
allows for fine-tuning the grinding energy and
optimizing the particle size distribution and mixing
efficiency.

Vibratory mills offer several advantages, including:

Efficient Grinding: The vibratory motion provides
intense and rapid grinding action, resulting in high
grinding efficiency and shorter processing times
compared to some other milling methods.

Gentle Processing: Vibratory mills are suitable for
processing fragile or heat-sensitive materials that may
be damaged or undergo unwanted chemical reactions
under more aggressive milling conditions.
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Scalability: Vibratory mills are available in various sizes
and capacities, allowing for scale-up from laboratory-
scale mills to industrial production.

Versatility: Vibratory mills can be used for dry or wet
grinding and can handle a wide range of materials,
including minerals, ores, chemicals, pigments, ceramics,
and more.

Despite their advantages, vibratory mills also have some
limitations. The high-energy vibrations can lead to
increased wear of the mill components, necessitating
regular maintenance and replacement of parts.
Additionally, controlling the particle size distribution
and achieving narrow size ranges can be challenging
with vibratory mills.

Overall, vibratory mills are a valuable option for fine
grinding and mixing applications, especially when
gentle processing and efficient grinding are required.

2.3. Stirred Media Mills

Stirred media mills also known as stirred bead mills or
stirred mills, are a type of grinding equipment used for
fine and ultrafine grinding of materials. These mills
utilize a rotating stirrer, typically composed of discs or
pins, to agitate the grinding media and the material
being processed.

Here's how stirred media mills typically work:

Design: Stirred media mills consist of a cylindrical or
conical container that holds the grinding media and the
material to be processed. The container is typically
equipped with a central shaft with discs or pins attached
to it. The shaft and the grinding media are driven by a
motor, causing them to rotate.

Grinding and Mixing: As the shaft and grinding media
rotate, the grinding media (beads or cylinders) move in
a highly energized and agitated manner. The
combination of rotational and radial movements causes
intense collisions and shearing forces between the
grinding media and the material, resulting in particle
breakage and size reduction. The mixing action is also
promoted as the particles and grinding media move
around and interact.

Size Reduction and Classification: The grinding action in
stirred media mills occurs primarily by shear and
impact forces rather than by the cascading action found
in ball mills. The high-energy collisions and agitation
lead to efficient particle size reduction, achieving finer
and more uniform product sizes. In some designs, the
mills also incorporate a classification system to separate
particles of the desired size from the oversized ones.
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Recycle pump
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Figure 3. Stirred Media Mills Used in Industry (Mpsi
Vertimill).

Control: The rotational speed of the stirrer and the
residence time of the material in the mill can be adjusted
to control the grinding process. Additionally, the size,
shape, and density of the grinding media can be tailored
to achieve specific grinding objectives.

Stirred media mills offer several advantages, including:

High Efficiency: The intense agitation and high energy
imparted to the grinding media result in efficient
grinding, leading to faster processing times and finer
particle size distributions.

Versatility: Stirred media mills can handle a wide range
of materials, including minerals, ores, chemicals,
pigments, ceramics, and nano-sized particles. They can
be used for both wet and dry grinding.

Scalability: Stirred media mills are available in various
sizes, from laboratory-scale mills to large industrial
units, allowing for scale-up and adaptation to different
production requirements.

Improved Energy Efficiency: The grinding mechanism in
stirred media mills consumes less energy compared to
traditional tumbling ball mills, making them more
energy-efficient.

Despite their advantages, stirred media mills also have
some limitations. High-energy grinding action can lead
to increased wear on the mill components, requiring
regular maintenance and replacement. Additionally, the
selection and optimization of the grinding media and
operating parameters can be crucial to achieve the
desired product quality and minimize the generation of
fines.
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Overall, stirred media mills are effective tools for fine
and ultrafine grinding, providing efficient size reduction
and mixing capabilities across a wide range of materials.

2.4. Jet Milling

Jet milling also known as fluid energy milling, is a
method used for reducing the particle size of materials
by utilizing high-velocity jets of compressed gas or
steam. It is commonly used for micronization and
producing fine powders of various materials.

Here's how jet milling typically works:

Feed Material: The material to be milled is introduced
into the jet mill through a feed inlet. This can be a dry
powder or a suspension of particles in a liquid.

Grinding Chamber: The material enters a grinding
chamber, where it encounters a high-velocity stream of
gas or steam, typically air or nitrogen. The gas is
accelerated to high speeds by passing through a series
of nozzles or jets.

Particle Size Reduction: As the high-velocity gas or
steam jets collide with the material, they create intense
collisions and shearing forces, causing the particles to
fracture and reduce in size. The particles are accelerated
and dispersed within the grinding chamber, undergoing
multiple collisions with each other and the gas jets.

Classification: After the grinding process, the fine
particles are carried along with the gas or steam flow out
of the grinding chamber. The gas stream containing the
fine particles enters a classifier, which separates the
particles based on size. The oversized particles are
returned to the grinding chamber for further milling,
while the fine particles are collected as the desired
product.

Collection: The fine particles are typically collected
using cyclone separators, bag filters, or other types of
collection devices, depending on the application. The
collected product can be further processed or used as-is.

Jet milling offers several advantages:

Particle Size Control: Jet milling allows precise control
over the particle size distribution of the milled material.
By adjusting the gas flow rate, pressure, and nozzle
configuration, a wide range of particle sizes can be
achieved.

High Efficiency: Jet milling can achieve high grinding
efficiencies due to the intense collisions and impact
forces generated by the high-velocity gas or steam jets.
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Figure 4. Modular Jet Mill (Lamartino P., Mercuri S,
Murdocco A, Crivelli D., Malorgio S. and Joost B., 2018).

Minimal Contamination: Since jet milling does not
involve mechanical grinding media, there is minimal
risk of contamination from abrasive materials or
wearing of grinding media. This makes it suitable for
processing sensitive materials such as pharmaceuticals
or food products.

Versatility: Jet milling can be used for various materials,
including pharmaceuticals, chemicals, pigments,
minerals, and ceramics. It can handle both dry and wet
materials.

However, jet milling also has some limitations. It may
not be suitable for materials that are heat-sensitive or
prone to degradation at high temperatures.
Additionally, the high-energy collisions in the jet mill
can generate heat, potentially requiring cooling systems
to maintain product integrity.

Overall, jet milling is a versatile and efficient method for
reducing particle size, offering precise control over the
final product's characteristics. It finds applications in
industries such as pharmaceuticals, chemicals,
cosmetics, and materials science.

2.5. Fluid energy milling

Fluid energy milling also known as fluid energy grinding
or micronization, is a technique used for reducing the
particle size of materials by utilizing high-velocity
streams of compressed gas or superheated steam. It is a
type of jet milling that employs gas as the grinding
medium.
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Here's how fluid energy milling typically works:

Feed Material: The material to be milled is introduced
into the fluid energy mill through a feed inlet. This can
be a dry powder or a suspension of particles in a liquid.

Grinding Chamber: The material enters a grinding
chamber, where it encounters a high-velocity stream of
gas or steam, typically air or nitrogen. The gas is
accelerated to high speeds by passing through a series
of nozzles or jets.

Particle Size Reduction: As the high-velocity gas or
steam stream collides with the material, it creates
intense collisions, impact forces, and shearing actions,
causing the particles to fracture and reduce in size. The
particles are accelerated and dispersed within the
grinding chamber, undergoing multiple collisions with
each other and the gas stream.
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Classification: After the grinding process, the fine
particles are carried along with the gas or steam flow out
of the grinding chamber. The gas stream containing the
fine particles enters a classifier, which separates the
particles based on size. The oversized particles are
returned to the grinding chamber for further milling,
while the fine particles are collected as the desired
product.

Collection: The fine particles are typically collected
using cyclone separators, bag filters, or other types of
collection devices. The collected product can be further
processed or used as-is.

Fluid energy milling offers several advantages:

Particle Size Control: Fluid energy milling allows precise
control over the particle size distribution of the milled
material. By adjusting the gas flow rate, pressure, and
nozzle configuration, a wide range of particle sizes can
be achieved.

High Efficiency: Fluid energy milling can achieve high
grinding efficiencies due to the intense collisions and
impact forces generated by the high-velocity gas or
steam streams.

Minimal Contamination: Since fluid energy milling does
not involve mechanical grinding media, there is minimal
risk of contamination from abrasive materials or
wearing of grinding media. This makes it suitable for
processing sensitive materials such as pharmaceuticals
or food products.

Versatility: Fluid energy milling can be used for various
materials, including pharmaceuticals, chemicals,
pigments, minerals, and ceramics. It can handle both dry
and wet materials.

However, fluid energy milling also has some limitations.
It may not be suitable for materials that are heat-
sensitive or prone to degradation at high temperatures.
Additionally, the high-energy collisions in fluid energy
milling can generate heat, potentially requiring cooling
systems to maintain product integrity.

Overall, fluid energy milling is a versatile and efficient
method for reducing particle size, offering precise
control over the final product's characteristics. It finds
applications in industries such as pharmaceuticals,
chemicals, cosmetics, and materials science.

2.6. Nano milling

Nano milling also known as nano grinding or nanoscale
milling is a process used to produce nanoparticles or
nanoscale particles from materials by reducing their
size to the nanometer range. Itis a specialized technique
employed to achieve extremely small particle sizes,
typically below 100 nm.

Nano milling can be performed using various milling
methods, including:

J ESOGU Eng. Arch. Fac. 2023, 31(4), 1060-1076

Bead Milling: Bead mills, also called media mills, utilize
grinding media, such as beads or balls, to achieve
particle size reduction. The material to be milled is
suspended in a liquid or a solvent, and the milling beads
are agitated within the mill, causing the particles to be
ground down to the nanoscale.

Figure 6. a) Nano Milling (https://www.root-
asia.com/root-technology/).

High-Energy Ball Milling: High-energy ball milling is a
mechanical milling technique that utilizes high-energy
collisions between balls and the material to be milled.
The balls, typically made of metal or ceramics, are
impacted and ground against the material, resulting in
particle size reduction to the nanoscale.

Jet Milling: ]Jet milling, as mentioned earlier, can also be
used for nano milling by employing high-velocity gas or
steam streams to grind the material to the desired
particle size. The intense collisions and shearing forces
generated by the gas jets facilitate the reduction of
particle size to the nanoscale.

‘Compressed Air

Figure 6. b) Typically Work Shape Of Nano Milling
(https://www.root-asia.com/root-technology/).
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Planetary Ball Milling: Planetary ball mills consist of
multiple grinding jars that rotate around their axis while
also making planetary motions around a central axis.
This combination of rotation and revolution creates
high-energy impacts between the grinding balls and the
material, leading to size reduction to the nanoscale.

Nano milling offers several advantages and applications:

Enhanced Properties: Nanoscale particles often exhibit
unique properties due to their small size and high
surface area-to-volume ratio. Nano milling enables the
production of nanoparticles with  enhanced
characteristics, such as improved reactivity, optical
properties, mechanical strength, and more.

Nanomaterials Synthesis: Nano milling is used to
produce nanomaterials for various applications,
including electronics, catalysis, energy storage, coatings,
pharmaceuticals, and advanced materials.

Nanocomposites: Nano milling is employed to disperse
nanoparticles or nanofillers into a matrix material to
create nanocomposites with tailored properties. This is
particularly relevant in industries like polymer
composites and coatings.

Drug Delivery Systems: Nano milling plays a crucial role
in the formulation of nanoscale drug delivery systems,
such as nanoparticles, liposomes, and nano emulsions.
The reduced particle size allows for improved drug
dissolution, bioavailability, and targeted delivery.

It is important to note that nano milling can be a
challenging process due to the increased tendency of
particles to agglomerate at the nanoscale. Proper milling
conditions, such as appropriate milling time, speed,
media size, and stabilizers, are essential to achieve well-
dispersed nanoparticles.

Overall, nano milling is a vital technique for producing
nanoparticles and nanoscale materials with unique
properties and diverse applications in various
industries.

Today, grinding mills use about 2% of the electricity
generated in the world, and dry-grinding processes
consume about 75% of this energy. Note that some of
the major size-reduction processes that consume a great
deal of energy, such as the grinding of trees to produce
wood pulp cellulose, are beyond the scope of this article.

3. Energy Equations Used in Comminution

Scientists and inventors have long worked to develop
and improve size-reduction processes and machines to
solve the engineering challenges associated with
grinding. Size reduction—used in every mineral-
processing operation—has been a continuing field for
scientific inquiry and has contributed to more efficient
size-reduction processes in many areas (Beke, 1981):

e Design of better machines
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e Modeling and simulation techniques to optimize
circuits

e Control techniques to ensure that products meet
tight specifications

e Laboratory techniques to measure material and
process characteristics.

Grinding presents several difficult technical problems,
and researchers and inventors have spent a significant
amount of time and effort trying to design and enhance
size-reduction techniques and equipment. The process
of size reduction, which is used at every stage of mineral
processing, has been studied for a long time. This has led
to the development of more effective size-reduction
methods in some fields, including (Beke, 1981):

¢ Development of more efficient mechanisms

¢ Modeling and simulation methods for optimizing
circuits

¢ Control strategies for ensuring that products fulfill
stringent standards

e Laboratory procedures for measuring the
properties of materials and processes

There are several models used to estimate the energy
consumed in grinding processes. Here are some
commonly used models (Rhymer, Ingram, Sadler and
Windows- Yule, 2022).

3.1. Bond's Law

Bond's Law developed by F.C. Bond (1961) is a model
used to estimate the energy required for size reduction
in grinding processes, particularly in ball and rod mill
grinding circuits. It is based on the concept of work
index, which is a parameter that characterizes the
material's grindability.

According to Bond's Law, the energy consumption (E) in
kilowatt-hours per ton (kWh/ton) can be calculated
using Eq. 1:

Wi
E=10 [—— (1)
Pso - P0
Where:
E is the energy consumption (kWh/ton)

Wi is the work index of the material being ground
(kWh/ton)

Py is the size of the product (um) corresponding to 80%
passing the feed size.

Pgo is the size of the product (um) corresponding to 80%
passing the final desired product size.

The work index (Wi) is determined through laboratory
testing using a standardized procedure. It represents
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the energy required to reduce a unit mass of the material
from a reference size to the desired size. The work index
values for different materials can be found in reference
tables or determined experimentally.

Bond's Law provides an estimate of the energy
consumption based on the work index and the particle
size distribution. However, it does not consider other
factors that may affect energy consumption, such as mill
design, operating conditions, and specific material
properties. Therefore, it is important to consider the
limitations of Bond's Law and validate the estimated
energy consumption through experimental data or use
more sophisticated models when necessary (Beke,
1981).

3.2. Hukki’'s Law

Finland’s R.T. Hukki reviewed data from many industrial
operations and concluded that the three energy-size
reduction theories referred to different regions on the
curve relating energy used to particle size produced, as
shown in Figure 7 (Hukki 1961).
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Figure 7. Relationship In The Process Of Breaking
Between The Amount Of Energy And The Particle Size
(Hukki 1961)

Figure 7 makes it clear why Bond's work was so
successful and why it will continue to be used to design
circuits that grind to about 200 um. His work covered a
product range of 25,000 to 20 um, and most applications
will continue to fall in this range. However, extending
this work to products less than 5 um is incomplete.

After Bond retired in 1964, the engineers at Allis-
Chalmers continued to develop the Bond equation and
publish their results. The book Design and Installation of
Comminution Circuits, published by the Society of Mining
Engineers in 1982, was dedicated to Bond.

In the days before digital computers, sizing distributions
were often simplified to a single value, typically the size
in microns through which 50% or 80% of the material
passed.
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This was good enough for Bond’s work on circuit design
but not good enough for understanding breakage
mechanisms or identifying how problems in breakage
occurred. Complete size distributions were needed, and
it was Paul Rosin and Erich Rammler in Germany who
showed that sieve analyses of pulverized coal could be
fitted by a simple negative exponential equation
(Morrell, 2004).

In a talk that he gave to the Fine Particle Society in
England in 1976, Rumpf discussed some of the work that
had been done at the laboratory (Rumpf 1977). During
the lesson, he remarked the lines of, "In comminution,
the particles will respond individually in a bigger
amount than in any other process." The reason for this
is because the defect and dislocation structures play a
crucial role in the creation of the fracture. As a
consequence of this, the behavior of breaking, for
instance, will change a great deal depending on the kind
of material and the particle size, but it may also change
a significant amount even when using the same material
and the same particle size. Only by conducting
methodical testing with single particles will it be
possible to ascertain the actual amount of energy that
may be saved.

In his research, Rumpf and Miiller (1962) studied the
amounts of specific energy used by materials when they
were crushed into single particles and when they were
fractured in industrial comminution operations. Figure
8 illustrates his findings, which suggest that there is
theoretical potential for a tenfold increase in energy
efficiency (although it would be less in practice). One of
the results of Rumpf's work was the invention of high-
pressure grinding rollers (HPGRs), which is considered
one of the most significant achievements in the creation
of new grinding equipment throughout the 20th
century.
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3.3. Population Balance Models (PBM)

Population Balance Models are mathematical models
used to describe and simulate the behavior of
particulate systems, particularly in grinding and other
particle size reduction processes. These models
consider the distribution of particle sizes within a
system and track the evolution of this size distribution
over time.

In the context of grinding, population balance models
aim to predict the changes in particle size distribution as
particles are subjected to grinding forces and break into
smaller sizes. These models provide insights into
important parameters such as particle size distribution,
residence time distribution, and breakage rates.

The general form of a population balance equation
(PBE) is as follows:

ON/dt = d(B[N])/dx - d(S[N])/dx (2)

Where:

N(x, t) is the number density of particles with size x at
time t.

B[N] represents the breakage term, which describes the
rate of particles breaking into smaller sizes.

S[N] represents the source term, which describes the
rate of particles being generated by breakage.

The breakage term (B[N]) and source term (S[N])
depend on various factors, including the properties of
the material being ground, the grinding mechanism, and
the specific grinding equipment employed. These terms
can be defined using empirical relationships,
experimental data, or theoretical models.

Solving the population balance equation provides
information on how the particle size distribution
changes over time during the grinding process. The PBE
can be solved using numerical methods, such as finite
difference or finite element techniques, to obtain the
evolution of the particle size distribution.

Population balance models allow for the prediction and
optimization of grinding processes, aiding in the design
of more efficient grinding systems and the development
of grinding circuits. They provide insights into the
effects of operating parameters, such as feed rate,
grinding media size and distribution, and mill residence
time, on the resulting particle size distribution.

It's worth noting that population balance models can be
computationally demanding, and their accuracy relies
on the quality of the model parameters and
assumptions. Experimental validation and calibration
are often necessary to ensure the reliability of the model
predictions.

] ESOGU Eng. Arch. Fac. 2023, 31(4), 1060-1076

3.4. Discrete Element Method (DEM)

Discrete Element Method (DEM) is a numerical
simulation technique used to model and analyze the
behavior of a collection of discrete particles. It is
particularly useful for studying granular materials and
particle systems in various engineering and scientific
applications, including grinding, milling, powder mixing,
and particle-fluid interactions (Mhadhbi, 2021; Rhymer
etal, 2022).

In the context of grinding, DEM is employed to simulate
the motion, interactions, and collisions of individual
particles within a grinding mill. By considering the
behavior of each discrete particle, DEM provides
insights into the dynamic aspects of grinding, such as
particle breakage, energy transfer, and the resulting
particle size distribution.

Here's an overview of how DEM works in the context of
grinding:

Particle Representation: In DEM, each particle is
represented as a discrete entity with its own set of
properties, such as size, shape, mass, and material
characteristics. These particles interact with each other
and with the surrounding environment.

Contact Detection: DEM algorithms determine the
contacts between particles based on their positions and
shapes. Contact detection algorithms consider factors
such as particle overlap, shape matching, and
interparticle forces to identify the interactions between
particles.

Force Calculation: Once the contacts between particles
are identified, the forces acting on each particle are
calculated. These forces include normal forces (due to
particle-particle contact) and tangential forces
(frictional forces).

Integration of Equations of Motion: Using Newton's laws
of motion, the equations of motion for each particle are
integrated over time. This integration accounts for the
forces acting on the particles and updates their positions
and velocities.

Time Stepping: DEM simulations progress through small
time steps, where the positions, velocities, and forces of
the particles are updated at each time step. The
simulation continues until a specified endpoint is
reached or until a desired level of convergence is
achieved.

By simulating the motion and interactions of individual
particles, DEM provides valuable information about
particle trajectories, energy transfer, and particle
breakage during grinding processes. It can help
optimize mill design, study the effects of operating
parameters, and understand the mechanisms of particle
breakage.
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However, it's important to note that DEM simulations
can be computationally intensive and require
substantial computational resources. The accuracy of
the results depends on the accuracy of input
parameters, including particle properties, contact
models, and material properties. Validating the DEM
results with experimental data is essential to ensure the
reliability of the simulations.

Overall, DEM is a powerful tool for studying the behavior
of particulate systems, including grinding processes,
and provides detailed insights into particle motion,
interactions, and breakage that are difficult to obtain
through experimental means alone (Mhadhbi, 2021;
Rhymer et al,, 2022).

4. Grindability of Materials

As a property of the material, grindability needs to
indicate whether or not it is appropriate for size
reduction. The outcome of the grinding process must be
reflected in its value in terms of the amount of energy
that was expended per unit. Here is where we run into a
problem: the procedure produces a new particle size
distribution that cannot be characterized by a single
value. As a result, grindability cannot be expressed as
the difference between two numbers or as the quotient
of two numbers. In the industrial world, however,
grindability is defined as the relationship between
specific surface increase (measured by the Blaine testin
cm?/g) and energy use (measured in kWh/g by the Jig).
This standard was developed by Lehmann and Haese
(1975).

The use of industrial experience consequently
significantly simplifies the situation. The grindability of
a material is measured in kwh/t, whereas the grinding
resistance of a material is characterized in kg/j for a
known grinding process (for example, grinding cement
in a ball mill to a grinding fineness of 3000 cm?2/g
Blaine). It is hardly unnecessary to point out that the
grinding equipment also affects these figures since it is
so obvious. Therefore, to grind raw cement meal,
various values will be achieved depending on whether
the grinding takes place in a ball mill, an autogenous
mill, or a roller mill (Menéndez-Aguado, Dzioba and
Coello-Velazquez, 2005; Menéndez-Aguado, Coello-
Velazquez, Dzioba and Diaz, 2006).

Grindability tests are standardized laboratory tests used
to quantify the grindability or ease of grinding of a
material. These tests provide valuable information for
process optimization, equipment selection, and energy
consumption estimation in grinding operations. In order
to assess the kWh/t material properties, many test
procedures are used in industrial practice, considering
the aforementioned restrictions. All of these
methodologies include the process of grinding under
carefully controlled laboratory circumstances to
replicate real-world commercial scenarios. The
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obtained outcomes often need adjustments based on
empirical evidence. The existence of three commonly
used approaches in industrial practice, namely
Hardgrove, Zeisel, and Bond, is well acknowledged
(Beke, 1981; Deniz, 1996).

Bond Work Index (BWI) Test: The Bond Work Index test
(1961) is widely used for determining the grindability of
brittle materials, such as ores and minerals. It measures
the energy required to grind a material from a specified
feed size to a target product size. The test involves
grinding a specified amount of material in a laboratory
ball mill for a specified duration. The resulting product
size distribution is measured, and the Bond Work Index
is calculated based on the energy input and the size
reduction achieved (Tavares, L.M., R.M, D.C., Guerrero,
J.C.,2012).

Hardgrove Grindability Index (HGI) Test: The HGI test
(Remenyi, 1966) is primarily used for assessing the
grindability of coal. It measures the energy required to
grind a coal sample in a standardized grinding machine,
called the Hardgrove Grindability Index tester. The test
involves grinding a fixed-weight of coal sample under
specified conditions of grinding speed, grinding
duration, and air flow. The resulting product fineness
and HGI value are determined, with higher HGI values
indicating better grindability.

Zeisel Grindability Test: The Zeisel grindability test
(1953) is used for evaluating the grindability of various
materials, including cement, raw materials, and solid
fuels. It measures the energy required to grind a
material in a tumbling mill under specified conditions.
The test involves grinding a fixed amount of material for
a set grinding time, followed by sieving to determine the
amount of material finer than a specified size. The Zeisel
index is calculated based on the energy input and the
amount of fine material produced.

SAG Grindability Index (SGI) Test: The SAG Grindability
Index test (Amelunxena, Berriosb and Rodriguezb,
2014) is specific to assessing the grindability of ores in
semi-autogenous grinding (SAG) mills. It measures the
energy required to grind an ore sample in a laboratory
SAG mill to a specific size distribution. The test involves
grinding the ore sample in a small-scale SAG mill under
controlled conditions, and the resulting product size
distribution is measured to determine the SGI value.

These are just a few examples of grindability tests
commonly used in the industry. The specific test used
depends on the material being tested and the grinding
application of interest. It's important to note that
grindability tests provide relative measures of
grindability and are typically used for comparative
purposes or as a guide in process design. The actual
energy consumption and performance in industrial
grinding operations may vary due to differences in
equipment, scale, and operating conditions.
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4.1. Hardgrove grindability test

The Hardgrove Grindability Index (HGI) test (Deniz.
1996; Bilen, 2021) is a standard method used to assess
the grindability of coal and lignite, particularly for
pulverized coal-fired boilers. The HGI test measures the
relative grindability or ease of grinding of a coal sample
compared to a standard coal reference.

Here's an overview of how the HGI test is conducted:

Sample Preparation: A representative coal sample is
collected and prepared for testing. The sample is
typically crushed and sieved to obtain a particle size
range suitable for testing.

Test Equipment: The HGI test requires a specialized
grinding machine called the Hardgrove Grindability
Index tester. This machine consists of a grinding bowl
and a set of grinding balls. The grinding machine is
designed to simulate the grinding of coal in a pulverizer.

Grinding Procedure: A weighed coal sample is placed in
the grinding bowl of the HGI tester. A specified number
of grinding balls are added to the bowl. The bowl is then
rotated at a set speed for a specified duration.

Grinding Duration: The coal sample is ground for a
predetermined period, typically 60 revolutions, to
achieve the desired level of grinding.

Sieve Analysis: After grinding, the ground coal is sieved
through a set of standard sieves to determine the
particle size distribution. The sieves used typically have
mesh sizes ranging from 75 to 200 mesh (200 to 75 um).

Calculation of HGI: The HGI is calculated using formula
Eq. 3:

HGI=13+6.93xG (3)

where: HGI is the Hardgrove Grindability Index,

G is the weight of the ground coal sample passing
through a 200-mesh sieve, expressed as a percentage of
the total sample weight.

The HGI represents the relative grindability of the coal
sample, with higher HGI values indicating easier
grinding. A standard reference coal with an HGI of 100
is often used for comparison.

It's important to note that the HGI test is specific to coal
and cannot be directly applied to other materials. The
actual grinding performance in industrial coal
pulverizers may differ from the HGI results due to
differences in equipment design, coal properties, and
operating conditions.

The Hardgrove method can characterize only a very
coarse grinding. This means that Hardgrove test results
can be applied to commercial fine grinding operations
only based on experimental data related to similar
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materials and similar fineness. But it should not be
forgotten that the Hardgrove test is a simpler and
quicker method -than the two others (Beke, 1981).

4.2, Zeisel test

The Hardgrove mill was first designed to grind coal
(Zeisel 1953). Zeisel made modifications to the
equipment to accommodate hard materials, and also
implemented the use of the metric system. However, the
primary characteristic of his actions was that he did not
cease the rotation of the mill after 60 revolutions; rather,
he persisted in operating the grinding unit until the
desired level of fineness was achieved. The power usage
was evaluated by the measurement of torque.

The grinding of coal was the initial purpose for the
creation of the Hardgrove mill. In addition to
introducing the metric system, Zeisel altered the
machinery to work with hard materials. The most
essential thing to note, however, is that he did not stop
the mill when it reached 60 revolutions; rather, he
prolonged the grinding unit until it reached the desired
fineness. The measurement of the torque served as the
basis for calculating the power usage (Beke, 1981).

According to Zeisel, the quantity of energy required for
commercial operation is twice as much as the amount
indicated by the laboratory test. This conclusion was
reached after extensive research was conducted using a
broad variety of materials. This assertion was correct
for the dry grinding that was done in ball mills back in
the early 1950s.

Recent research conducted by Ellerbrock (1975)
suggests that the technique was carried out using a
semi-technical 0.63 m x 0.63 m laboratory ball mill
rather than the Zeisel.

4.3.Bond Tests

The aforementioned two approaches replicate the open
grinding process. Contrary to popular belief, Bond
created his system to model closed-circuit processes in
conformity with the solely used business practice in the
United States. The experiment is conducted using a
laboratory ball mill with dimensions of 12 inches by 12
inches (305 mm x 305 mm). The procedure involves a
series of phases, whereby the undersized fractions
obtained through sieving are consistently replaced with
an equivalent number of fresh original feed. The
condition of steady equilibrium is achieved when the
replacement of mass G occurs consistently throughout
the subsequent phases. The substitution of the mass in
question may be regarded as indicative of the
grindability under actual circumstances. The work index
may be determined using the empirical formula
(Kannewurf, 1957; Bond, 1961; Wasmuth, 1969).

1071



ESOGU Miih. Mim. Fak. Dergisi 2023, 31(4), 1060-1076

16 | h

== +]—= KWh/sht 4
"G V100 ®

h is the mesh size in microns of the test sieve.

The energy demand of the commercial operation can be
calculated according to Eq. 5:

Wle\/\/{\/I—\/I} KWh/ sht (5)
P \F

where P is the undersized 80% of the product, F is that
of the feed. Bond later modified somewhat the above
formulae and recommended Eq. 6:

W, = 44.5/ h°#GP™ ug - \/g J kWh/t (6)

Here P is the value in microns which 80% of the last
cycle sieve undersized product passes, and F is the size
which 80% of the new ball mill feed passes.

Eq. 6 is equivalent to (5/2) in the case of sieve mesh 150
(h =105 pm).

The Bond test is widely regarded as the most effective
method for simulating contemporary closed-circuit
grinding operations in ball mills, with the size of the mill
playing a crucial role in determining outcomes.
Nevertheless, moving beyond contemplation. The
recommended circuit coefficient of Eq. 6 corresponds to
a screen oversize of around 70% in the mill, indicating a
very coarse grinding fineness, particularly in closed
circuit processes such as cement grinding.

The conversion of Hardgrove grindabilities to Bond's
work indices may be achieved with a sufficient level of
approximation by using the empirical formula proposed
by Bond in 1961:

W =435/ H%" (7)

In conclusion, it may be said that there is no singular,
definitive value that can fully characterize grindability.
The estimation of energy requirements for commercial
grinding processes often relies on laboratory testing,
which must be supplemented by adjustment factors
derived from extensive practical knowledge. The
feasibility of three testing procedures for the grinding of
raw cement material was examined by Haese, Scheffler
and Fasbender (1975).

] ESOGU Eng. Arch. Fac. 2023, 31(4), 1060-1076

4.4. Bond Mill Used Fast Methods
4.4.1. Smith and Lee Method (1968)

In 1968, Smith and Lee determined the grindability of
different materials of different sizes in a standard
closed-circuit Bond grindability test. Using the same
Bond mill and the same grinding conditions, they
determined appropriate batch grindability values for
different sizes. A direct correlation between the two
grindability values was found for the finer sizes of the
grind, and the batch tests were performed for less than
300 revolutions of the mill. Using this form of
correlation, it is possible to estimate the Bond
grindability very simply. In reality, the correlation curve
thus determined can be usefully used for a particular
type of similar material. If an unknown sample has a
different mineralogical structure or different grain size,
another reference curve is needed. In addition, it
requires the use of a Bond mill and similar preparation
of the material as in the standard test. Therefore, the
method is considered impractical (Deniz, 1996).

4.4.2. Kapur Method (1970)

In 1970, Kapur created a general algorithm for the
simulation of the Bond grindability test that was based
on linear grinding kinetics. It is a method of estimating
the Bond work index and Bond grindability in the first
two cycles of a Bond test.

In addition to the disadvantage that this method
requires the use of a Bond mill, which is not available in
some laboratories and especially not in most plants, it is
also impractical to use separate experimental equations
for the determined work indices. The help of a skilled
technician is needed rather than complex calculations
that are not easily understood (Deniz, 1996).

As a result of Kapur's research on 19 ores, the average
error between experimental and calculated work
indices was found to be 9.37.

4.4.3. Karra Method (1981)

In 1981, Karra modified the Kapur method. Here, a
quantity of material much finer than the grinding size is
fed for grindability testing. This material is discarded
and replaced with the same amount of fresh feed. This
mixed feed is used for the first cycle of grindability tests.
Kapur's demonstration has been modified to take this
special case into account. In addition, Karra is a new
representation, and this representation, which takes
into account the effect of the cyclic load, can also
represent difficult meals of the feed material. Therefore,
there is a very low rate of grinding. In this new
representation, a statistical fitting method is also used
to determine the value of the work index.

This method also guides for the first two periods of
Bond's standard grindability in determining the values
of the grinding parameters needed in the simulation.
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After determining the grindability values for the first
and second experimental periods, the calculation of the
Bond grindability for the subsequent grinding periods
up to the equilibrium state is performed according to the
assumptions of the demonstration.

This method follows a similar approach to Kapur's
method but also inherits the disadvantages of this
method, as mentioned earlier (Deniz, 1996).

As a result of Karra's research on 15 ores, the average
error value between experimental and calculated work
indices was found to be 4.77.

4.4.4. Magdalinovic Method (1989)

This method is based on linear grinding kinetics. It
differs from the other methods in that the two-period
grinding experiments are performed with a specially
prepared feed material, which aims to simulate the Bond
test experimentally.

The work index is calculated by substituting the
grindability value (G) directly into the Bond work index
equation. The fact that the calculation of the work index
requires the use of an empirical equation specific to the
method is another feature that distinguishes this
method from others. It has also been suggested that the
standard method can be shortened by using the number
of cycles in the second period of this method, Nc, as the
initial cycle of the standard Bond method (Deniz, 1996).

In a study conducted by Ersayin and Kirsan (1995), it
was suggested that the Magdalinovic method gave the
best result in the comparison of Kapur, Karra, and
Magdalinovic methods.

The average error value between the experimental and
calculated work indices obtained as a result of
Magdalinovic's research (2012) for 4 different sizes of 3
ores was determined as 4,77.

4.4.5. Kose and Ko¢ Method (1990)

The method developed by Kose and Kog (1990) is based
on the principle that determining the number of turns
for the first period of the standard test based on the
proportion of material finer than the test sieve in the
feed can shorten the total number of periods.

As a result of the research conducted by Kése and Kog
on 4 ores, the average error value between the
experimental and calculated grindability was
determined to be 1,22.

4.4.6. Sonmez and Demirel Method (1992)

Sonmez and Demirel (1992) used a cumulative base
kinetic model. In this model, there are two methods for
calculating the breakage rate values. The first is to
determine the particle size distributions of the product
by performing batch grinding experiments at varying
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grinding times, plotting the cumulative sieve top values
for each particle size against time, and determining the
breakage rate values from the slope of the lines
obtained. The second method is the linear regression
method.

The advantage of this method is that it takes much less
time than the standard Bond method in terms of the
number of experiments and the results that can be
obtained for different size values. However, the
disadvantage of this method is the need for a Bond mill.

As a result of the research conducted by Sénmez and
Demirel on 3 ores, the average error value between the
experimental and calculated work indices was
determined to be 2,7.

4.5. Methods to Determine the Work Index Without
a Mill

4.5.1. Yashima et al. (1970-1977)

Yashima, Morohashi, Awano, and Kanda presented a
completely unique, non-standard method of work index
determination in 1970. Using dimensional analysis,
Yashima and Fujita (1977) developed an empirical
correlation relationship between work index and
mechanical properties of materials with seven different
hardnesses.

The method of Yashima et al. can be applied to brittle
materials with hardnesses ranging from 2 to 6 mohs.

Although this method is an approach that takes into
account the mechanical properties of the material, its
applicability does not seem to be very practical. This is
because a large part of the work goes into determining
the properties needed for the correlation. This is
particularly true for inhomogeneous materials such as
ores. These properties, which differ from sample to
sample, need to be determined for each ore.

As a result of the research conducted by Yashima et al.
on seven ores, the average error value between the
experimental and calculated work indices was
determined to be 7,27.

4.5.2. Deniz and Ozdag Approach (2003)

The method developed by Deniz and Ozdag (2003) is a
new approach that can eliminate the difficulties in
determining Bond grindability and work index values,
which are important parameters in the selection of
crushing and grinding equipment.

The basic element of this approach is to determine the
physicomechanical parameters that are thought to
affect the grinding of a material and that is determined
by static methods by dynamic methods, which can be
obtained more easily, and to reveal the relationship with
grindability.
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It has been determined that the dynamic bulk modulus
gives the best result between dynamic parameters and
grindability. When the grindability and work index
values determined experimentally and calculated from
the dynamic bulk modulus are compared, the general
average error value is around 9%. The most important
result of this study is that, for the first time, a
relationship between grindability and seismic velocities
has been established.

4.5.3. Deniz et al.'s Approach (1996)

The method developed by Deniz, Balta, and Yamik
(1996) is an approach based on the excavation
mechanics parameters in determining the Bond
grindability and work index values, which are important
factors in the selection of transfer media type grinding
elements.

The basis of the study was to determine the relationship
between Bond grindability and work index and Point
Load Index (Is), Impact Strength Index (ISI), and
Friability Index (FD) values obtained from point
loading, impact strength, and drop tests.

These relationships show that it is possible to determine
Bond grindability and work index approximately by
point loading, impact strength, and drop tests used in
excavating.

When the experimentally determined grindability
values calculated by point loading, impact strength, and
drop tests were compared, the average error values
were determined as 11.46% for ISI, 6.01% for Is, and
9.27% for FD. These error values are acceptable in terms
of obtaining quick and easy results from point loading,
impact strength, and drop tests.

The most important result of this study is that, for the
first time, a relationship between coal grindability and
work index and the point loading, impact strength, and
drop tests used in coal excavation has been
demonstrated.

5. Conclusion and Suggestions

While very fine grinding cannot be realized in
conventional milling equipment due to the use of
coarser grinding media, the mills developed in recent
years make it possible to grind economically even below
10 um due to the very high amount of energy released
per unit time and volume.

Considering that the need for very fine-sized materials
in different branches of industry such as ore dressing,
plastics, ceramics, paint, food, and cosmetics will
increase in the future, it is seen that the use of the latest
mills will increase even more with lower energy
consumption compared to conventional mills.

Grinding, one of the mineral processes, is still the most
energy-intensive process stage; more than half of the
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total energy used is in this area. This is why facilities
must be improved, equipped with the right equipment,
and implemented with energy-saving methods. In this
context, the selection of an unsuitable mill is based on
the properties of the ore. It is certain to increase
operating costs even more. Today, depending on the
properties of the ore and the desired alternative mills
depending on particle size, mills have been designed and
continue to be designed.

For example, with a classic ball mill, it takes both time to
make milling to a micron level and an excessive increase
in costs, which leads to a lot of problems. Instead, it
should be stirred for a very short time in a mill to lower
the cost of grinding to the level of a few microns.
Similarly, for dry ingredients with a crunchy texture,
such as the classic higher capacity, instead of drum mills,
the use of roller mills for the operation will be in your
best interest. Also, after grinding, the beneficiation
method to be applied to the ore plays an important role
in mill selection.

According to the findings of Mosher and Tague (2001),
it was determined that enhancing the repeatability and
reproducibility of Bond's grindability test could be
achieved by closed-loop criteria and accurately
establishing the size distributions of the feed and
product.

Energy calculations can be made for very fine grinding,
just as they can be made for coarser grinding processes.
However, there may be specific challenges or
complexities associated with energy calculations for
very fine grinding that make them more difficult or less
accurate compared to coarser grinding processes. Here
are some reasons why energy calculations for very fine
grinding may be challenging:

Particle Size Distribution: In very fine grinding, the
particle size distribution may be close to the particle
sizes of similar-sized particles. Measuring the energy
required to grind particles in this size range accurately
can be challenging due to the small size of particles.

High Surface Area: Very fine grinding often results in a
high surface area of the ground material. This increased
surface area can lead to increased energy consumption
because of the additional surface energy that needs to be
overcome during grinding.

Particle Interactions: Fine particles may exhibit
different behaviors, such as agglomeration or surface
interactions, which can affect the energy required for
grinding. These interactions may not be accounted for in
simplistic energy calculations.

Equipment Limitations: The instrumentation and
equipment used to measure energy consumption during
grinding may have limitations in accurately capturing
fine grinding processes, especially when dealing with
small quantities of material.
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Heat Generation: Fine grinding can generate more heat
due to increased friction and energy input. This heat
generation needs to be accurately accounted for in
energy calculations.

Adaptive Grinding: In some fine grinding processes, the
grinding conditions may change dynamically based on
the material properties and desired particle size. This
adaptability makes it challenging to define a single
energy consumption value.

Data Variability: Fine grinding can exhibit more
variability in terms of energy consumption because of
the sensitivity to factors like particle size, hardness, and
moisture  content. Gathering  accurate  and
representative data may require more effort.

Specific Models: Fine grinding may require more
complex and specific models to accurately predict and
calculate energy consumption. These models can be
computationally intensive.

Despite these challenges, energy calculations for very
fine grinding are conducted in research and industrial
settings. Researchers and engineers use various
techniques and instruments, such as grinding mills
equipped with power meters or calorimeters, to
measure energy consumption accurately.

It's essential to acknowledge that while energy
calculations for very fine grinding are possible, they may
require more specialized methods and equipment
compared to coarser grinding processes. Additionally,
practical experience and empirical data from similar
processes or materials can complement energy
calculations to optimize very fine grinding operations.
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1. Giris

Elektrik-Elektronik miihendisligi, saglam matematik ve
fizik bilgisi gerektiren, farkli konularda ¢alisma imkani
olan ve her yil bircok gelismenin gerceklestigi bir
miihendislik daldir. Eskisehir Osmangazi Universitesi
Elektrik-Elektronik Miihendisligi boliimii bu gergekler
cercevesinde Ogrencileri is hayatina hazirlamak igin
miifredatini giincellemekte, laboratuvarlarini mimkiin
oldugunca yenilemektedir. Bu derleme makalede B6liim
2’de Elektrik-Elektronik Miihendisliginin kisa tarihcesi
verilmekte, calisma alanlar anlatilmaktadir. Boliim 3’te
ise Eskisehir Osmangazi Universitesi Elektrik-Elektronik
Miihendisligi boliiminiin  kurulusundan giiniimiize
gelisimi, bolim  laboratuvarlari ve  arastirma
laboratuvarlar1 anlatilmaktadir. Bolim 4’te gomiilii
sistemler konusunda teknolojik gelismeler anlatilmakta
ve bu gelismeler dogrultusunda bdliimde yapilan

(0 @

iyilestirmeler anlatilmaktadir. Sonuglar ise Boliim 5’te
verilmistir.

2. Elektrik Miithendisligi ve Elektronik Miihendisligi
Tarihgesi

Elektrik Miihendisligi elektrik ve elektromanyetizma
iizerine ¢alisan ve bunlari kullanarak gesitli donanim ve
sistemlerin tasarimi ve gelistirilmesi ile ilgilenen
kapsamli bir miihendislik disiplinidir. 19. yiizyildan
itibaren telefon, telgraf, elektrik enerjisinin tretimi,
dagitimi ve genis olcekte kullanimiyla birlikte ayri bir
disiplin olarak ortaya ¢ikmistir. 20. yiizyilda yar1 iletken
teknolojisinin gelisimi, transistorun icadi,
mikroislemcilerin ve bilgisayarlarin gelisimi ile daha
kapsamli bir disiplin haline gelmistir.

Elektrigin bilim diinyasinda bir arastirma alam olarak
yer almasi 17. yiizyilda gerceklesmistir. Ilk elektroskobu
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icat eden William Gilbert Ilk elektrik miihendisi olarak
kabul edilebilir (Britannica). 18. ylizyilda, elektrikle ilgili
bilgiler hizla artmistir. Benjamin Franklin’in ugurtma
deneyi (1752) (Mehter, 2019), elektrigin yildirimla
iliskisini anlamamiza katki saglamistir. Ayrica, Luigi
Galvani'nin (Kiziltan ve Dalkilic, 2022) hayvan kaslari
lizerinde yaptig1 deneyler, bioelektrik alaninda dnemli
gelismelere yol agmistir. 19. ylizyilin baslarinda, elektrik
mithendisligi endiistriyel devrimle birlikte patlama
yasamistir.  Michael Faraday’'in elektromanyetik
indiksiyonu kesfi (Bentli, 2007), elektrik enerjisinin
donlisimiine olanak tanimistir. Thomas Edison
(Barnham, 2018) ve Nikola Tesla (Coskun, 2010) gibi
onemli kisiler, elektrik enerjisinin iletimi ve kullanimi
konusunda ¢esitli buluslar yapmislardir. Elektrik
mithendisligi, 20. yiizyi1lda hizla gelismeye devam etmis
ve bilgisayar teknolojisinin yiikselisiyle birlikte dijital
elektronik ve iletisim sistemleri gibi yeni alanlara
genislemistir. Elektrik enerjisinin genis 6l¢ekli tiretimi ve
dagitimi, modern toplumlarin vazgecilmez bir pargasi
haline gelmistir.

Elektronik miihendisliginin kokenleri, 19. ylzyilin
sonlarina dayanmaktadir. Elektrik miihendisligi ile
baslayan bu yolculuk, elektrik enerjisinin kontrolii ve
iletimi konularinda gelismeleri icermistir. Ancak, gercek
elektronik devrelerin ve bilesenlerin ortaya gikisi, 20.
ylzyilin baslarina rastlamaktadir.

20. ylzyihin baslarinda, elektron tiipleri elektronik
devrelerin temelini olusturmustur. Lee De Forest'in
1906’da icat ettigi “triode” adli elektron tiipii (Hijiya,
1992), sinyalleri kontrol etme ve kuvvetlendirme
konusunda biiytik bir adimdi. Bu adim radyo iletisimi ve
ses kuvvetlendirme gibi alanlarda 6nemli gelismelere
olanak tanimistur.

1930’larin sonlarina dogru, yar iletken teknolojisinin
gelisimiyle birlikte, transistor icat edildi. Bell Labs’te
calisan William Shockley (Lojek, 2021), John Bardeen ve
Walter Brattain tarafindan gelistirilen bu kiicilk ama
giclii cihaz, elektronik mihendisliginde devrim
niteliginde bir ilerleme sagladi. Transistorler, elektronik
devrelerin daha kii¢iik, daha dayanikli ve daha giiclii
olmasini saglar.

1960’larda, tiimlesik devre (IC) teknolojisinin ortaya
¢ikisy, bircok transistori kiiciik bir yonga lizerine entegre
etme olanagini sunarak elektronik bilesenlerin
yogunlugunu artirdi. Bu, bilgisayarlar, mikrocipler ve
diger karmasik elektronik sistemlerin gelisimine dnciiliik
etti.

1980’ler ve sonrasinda, mikro-elektronik teknolojileri
hizla evrim gecirdi ve nanoteknoloji, optoelektronik ve
mikrogip tasarimi gibi alanlarda biiylik ilerlemeler
kaydedildi. Bugiin, elektronik mithendisligi,
telekomiinikasyon, bilgisayar sistemleri, tibbi cihazlar ve
otomasyon gibi bircok alanda genis bir uygulama
yelpazesi sunmaktadir.
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2.1. Calisma Alanlari

Elektrik ve elektronik miihendisleri genis bir yelpazede
farkli alanlarda calisabilirler. Elektrik ve elektronik
mithendislerinin ¢alisma alanlarindan bazilar1 asagida
verilmistir.

1. Enerji Sektori: Elektrik miithendisleri enerji iiretimi,
iletimi ve dagitimi  konularinda c¢alisabilirler.
Yenilenebilir enerji  projeleri, enerji verimliligi
calismalar ve elektrik sebekelerinin gelistirilmesi gibi
alanlarda gorev alabilirler.

2. Elektronik ve Haberlesme: Elektronik miihendisleri,
bilgisayarlar, telefonlar, televizyonlar, radyolar gibi
elektronik cihazlarin tasarimi, iiretimi ve bakimiyla
ilgilenirler. Ayrica, haberlesme sistemleri, kablosuz
iletisim teknolojileri ve fiber optik aglar gibi alanlarda da
calisabilirler.

3. Otomotiv Sektorii: Elektrik ve elektronik miihendisleri,
otomotiv endistrisinde arac ici elektronik sistemlerin
tasarimi, kontrol sistemleri, otomotiv gii¢ sistemleri gibi
alanlarda calisabilirler.

4. Kontrol ve Otomasyon: Elektrik miihendisleri
endiistriyel otomasyon sistemleri, kontrol sistemleri ve
slirec otomasyonu gibi alanlarda uzmanlasabilirler. Bu,
iretim tesislerinde verimliligi artirmaya yonelik
calismalari igerir.

5. Bilgisayar ve Yazilim: Elektrik ve elektronik
mithendisleri, bilgisayar ve gomiili sistem donanim
tasarimi ve yazilim gelistirme alanlarinda ¢alisabilirler.

6. Tibbi Elektronik: Elektrik ve elektronik miihendisleri,
tibbi cihazlarin tasarimi ve gelistirilmesi, biyomedikal
teknolojiler ve saglik sektoriindeki elektronik
uygulamalar gibi tibbi elektronik alaninda c¢alisabilirler.

7.Uzay ve Havacilik: Elektrik ve elektronik miihendisleri,
savunma sanayi, uzay arastirmalari, uydu tasarimi, roket
kontrol sistemleri, radar sistemleri ve havacilik
elektronigi gibi uzay ve havacilik sektorlerinde gorev
alabilirler.

8. Arastirma ve Gelistirme (Ar-Ge): Yeni teknolojilerin
kesfi ve gelistirilmesi, inovasyon ve patent calismalari,
endistriyel arastirma laboratuvarlarinda ¢alisma imkani
bulabilirler.

Elektrik ve elektronik miihendislerinin bu genis
alanlarda c¢alisabilme esnekligi, teknolojinin hizla
degisen dogasina uyum saglama ve cesitli endiistrilerde
kariyer firsatlarina erisme imkani saglar.

3. Eskisehir Osmangazi Universitesi Elektrik-
Elektronik Miihendisligi Boliimii

Eskisehir Osmangazi Universitesi Elektrik-Elektronik
Miihendisligi Bolimiiniin kurulus calismalar1 Eskisehir
Devlet Miihendislik Mimarlik Akademisinde 06gretim
iiyesi olan Dr. Atalay BARKANA tarafindan 1974 yilinda
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baslatilmistir. Dr. Atalay BARKANA'nin agabeyi Dr. Atila
BARKANA'nin da akademiye katilmasiyla b6liimiin
kurulus ¢calismalar1 hiz kazanmis ve 1979 yilinda Elektrik
Miihendisligi Boliimii kurulmustur. B6lim 1980 yilinda
25 ogrenci ile Bademlik kampiisiinde egitim-6gretime
baslamistir. izleyen yillarda Tiirkiye’de yiiksekoégretim
kurumlarinin yeniden yapilandirilmasi sonucunda 1983
yilinda Anadolu Universitesi, Miihendislik Mimarlik
Fakiiltesi icine alinmistir. izleyen yillarda béliimiin adi
izledigi miifredata uygun olarak Elektrik-Elektronik
Miihendisligi olarak degistirilmistir. B6liim, 1993 yilinda
Anadolu Universitesinin  béliinmesiyle olusturulan
Osmangazi Universitesi biinyesine ge¢mis, bulundugu
Bademlik yerleskesinde egitim-6gretim faaliyetlerine
devam etmistir. 1995 yilinda da Meselik yerleskesine
tasinmistir.

Bolim kurucular1 Dr. Atalay BARKANA ve Dr. Atila
BARKANA lisans 06grenimlerini Robert Kolej'de
yapmislar, University of Virginia’da doktora derecelerini
almiglardir. Kurulus yillarinda Elektrik ve Elektronik
alanlarinda mevcut Tiirk¢e kaynak kitap kitlig1 nedeniyle
ve mezunlarin alanlarinda ortaya ¢ikan diinya ¢apindaki
giincel gelismeleri izleyebilmeleri i¢in, miifredata ¢ok
sayida Ingilizce dil dersi konmustur. Bu amagla, birinci
yilda haftada 20 saat, ikinci yilda ise haftada 10 saat gibi
hazirlik smifin1 andirir bir program olusturulmustur.
Dersler Ingilizce kaynaklardan Tiirkge olarak anlatilmis,
fakat notlar tahtaya Ingilizce olarak yazilmigtir. Bunun
sonucu égrenciler iyi bir diizeyde Ingilizce bilerek mezun
olmuglardir. Daha sonra 1993 yilinda, ingilizce ders
verebilecek ogretim {yelerinin sayisinin artmasiyla,
Boliimde Ingilizce egitime gecilmistir.

Ik yillarda baz1 dersler icin Ankara ve Bursa'daki
liniversitelerden misafir 6gretim iyelerinden destek
alinmistir. Dr. Halil EYUBOGLU, Dr. Veli Hiisnii TOKMEN,
Dr. Dogan CALIKOGLU ve Dr. Ali OKTAY bu
akademisyenler arasindadir. Daha sonra ODTU
Gaziantep yerleskesinden Dr. Hamdi ATMACA kadroya
katilmistir. Dr. Siddik YARMAN ve Dr. Faruk YARMAN da
bolimde bir silire ogretim {yesi olarak gorev
yapmislardir.

1980’li yillarin basinda bélimde O.D.T.U. ve LT.U.
mezunu asistanlar istihdam edilmistir. Bu asistanlardan
bir kismi lisansiistii egitimlerini bitirince béliimden
ayrilmis, bir kismi (Dr. Osman Parlaktuna, Dr. M. Bilginer
Giilmezoglu ve Dr. Salih Fadil) ise halen boliimde 6gretim
liyesi olarak gorev yapmaktadir. Bu asistanlara ilave
olarak 1980'li yillarin ortalarinda kendi
mezunlarimizdan asistanlar istihdam edilmis ve bu
asistanlar daha o6nce alinanlar ile yurtdisina gilincel
alanlarda doktora yapmak {izere gonderilmislerdir.
Boliime doktorali olarak dénen bu egitimciler arasinda
Dr. Osman PARLAKTUNA, Dr. Auf CAY, Dr. Salih FADIL,
Dr. Nihat ADAR ve Dr. Erol SEKE de bulunmaktadir. Ayni
yilarda kendi istekleriyle Eskisehir'e gelen Dr. Altug
IFTAR, Dr. Abdurrahman KARAMANCIOGLU, Dr. Hasan
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Hiiseyin ERKAYA, Dr. Dogan Gokhan ECE ve Dr. Odilea
Rocha ERKAYA ile boliim kadrosu zaman icinde
gliclenmistir. izleyen yillarda Dr. Rifat EDIZKAN, Dr.
Biinyamin TAMYUREK, Dr. Semih ERGIN, Dr. Hakan
CEVH(ALP, Dr. Hasan Serhan YAVUZ, Dr. Helin
DUTAGACI, Dr. Gokhan CINAR, Dr. Ozge YANAZ CINAR,
Dr. Faruk DIRISAGLIK, Dr. Gokhan DINDIS, Dr. Burak
URAZEL, Dr. Kemal KESKIN, Dr. Burak KALECI, Dr. ipek
CETINBAS, Dr. Atabak NAJAFI, Dr. Giilin ELIBOL SECIL,
Dr. Sezgin SECIL ve Dr. Kaya TURGUT akademik kadroya
katilmiglardir. Zaman zaman c¢evre il ve Universitelerden
O0gretim iiyeleri bolimde ders vermeye davet
edilmislerdir.

Boliimde egitim-68retim modeli olarak 6zellikle Ingilizce
egitime gecilmesiyle Amerikan miihendislik boélimleri
ornek alinmistir. Amerikan akreditasyon kurulusu olan
ABET gereksinimleri gz oniinde tutulmus, donemlik 18
kredi civarinda ders yiikii esas alinmis, ikinci siniftan
itibaren her yariyil bir adet teknik olmayan se¢meli ders
onerilmis, dordinci smif derslerinin tamami teknik
secmeli derslerden olusturulmustur. Teknik secmeli
dersler sayesinde giincel teknolojik konular ve
gelismeler sinif ortamina tasinabilmektedir. Devre
analizi, lojik devreler, elektronik devreler, haberlesme ve
kontrol  sistemleri  gibi temel laboratuvarlar
olusturulmus ve zaman i¢inde laboratuvar donanimlari
giincellenerek teorik dersler uygulamalarla
desteklenmistir. Mezun olan 6grencilerin yiiksek gerilim
projelerine imza atmasi i¢cin gerekli SMM belgesini
alabilecekleri dersler de teknik segmeli dersler arasinda
bulunmaktadir.

Son sinif dgrencilerinin daha 6nce aldiklar1 derslerde
edindikleri bilgi ve becerileri kullanarak yapacaklari
“Mezuniyet Projesi” 3 veya 4 kisilik gruplar olusturularak
ve 2 donemlik bir slirecte gerceklesmektedir. Projenin ilk
doéneminde o6grenciler Design Processes dersinde
yapacaklari projenin bilimsel arastirmasini yapmakta,
isterleri, kullanilacak metot ve malzemeleri belirleyerek
ilk tasarim1 yapmaktadirlar. ikinci dénem ise Electrical
Engineering Design dersi icinde projenin
gerceklestirilmesi c¢alismalar1 yapilmaktadir. Projelere
mali destek alinmasi amaciyla égrencilerin TUBITAK
proje  desteklerine  bagvuru yapmalar1  tesvik
edilmektedir. Bircok proje grubu TUBITAK proje
desteginden faydalanmistir.

Bolimde boéliimiin varlik nedeninin egitim-6gretim
oldugu diisiincesiyle dersler siirdiiriilmektedir. Ogretim
iiyeleri ogrenciler tarafindan kolayca
erisilebilmektedirler.

Elektrik-Elektronik Miihendisligi Bolimi 2004-2019
yillar1 arasinda ikinci 6gretim lisans programina égrenci
kabul etmistir.

1079



ESOGU Miih. Mim. Fak. Dergisi 2023, 31(4), 1077-1086

3.1. Boliim Laboratuvarlar:

Boliimde egitim amagh olarak Elektrik Makineleri ve Giig¢
Elektronigi, Kontrol, PLC, isaret Tanima, Elektronik,
Devre, Bilgisayar, Haberlesme laboratuvarlari
bulunmaktadir. Mevcut laboratuvarlar ders saatleri
disinda da 6grencilerin kullanimina aciktir. Ayrica Digital
Systems Laboratory, Control Systems Laboratory,
Advanced Digital Systems Design with HDL, Computer
Programming ve Engineering Graphics derslerine kayit
yaptiran 6grencilerimiz uygulamalarini ileri Bilgisayar
ve Yazillm Laboratuvar1 ile diger bilgisayar
laboratuvarlarinda  gergeklestirmektedir.  Bunlarin
disinda fakiiltemiz bilinyesindeki biitlin bodliimlerde
acilan Physics Lab I, Physics Lab II derslerinin
laboratuvar uygulamalaryi, fakiiltenin fizik
laboratuvarlarinda ytriitiilmektedir.

3.1.1. Devre Laboratuvari

Bu laboratuvar devre analizi, sayisal devreler ve
elektronik devreler laboratuvari olarak kullanilabilecek
donanima sahiptir. Laboratuvarda her birinde ayn1 anda
iki 6grencinin calisabildigi 10 adet deney masasi
bulunmaktadir. Deney masalarinin her birinde, 1 adet
osiloskop, 1 adet isaret lireteci, 1 adet DC gii¢ kaynagi ve
uygulama devrelerinin monte edilip, gerekli giris
beslemelerinin saglanabildigi 1 adet elektronik deney
seti bulunmaktadir.

3.1.2. Bilgisayar Laboratuvari

» o«

Bu laboratuvar “Computer Programming”, “Engineering
Graphics”, “Object Oriented Programming” ve
“Numerical Methods” gibi bilgisayar tizerinde uygulamali
anlatilan derslerde kullanilmaktadir. Laboratuvarda 50
adet bilgisayar bulunmaktadir. Bilgisayarlar Intel Core i5
2320 CPU islemcili olup; 3 GHz 4 GB RAM”
konfiglirasyonuna sahiptir. Bu bilgisayarlara temel
altyapi, gilivenlik yazilimlar1 ve egitimde kullanilacak
yazilimlar: yliklenmistir.

3.1.3. Elektronik Laboratuvari

Elektronik Laboratuvarinda béliimde agilan “Electronics
Laboratory”, “Circuits Laboratory”, “Digital Systems
Laboratory” derslerinin deney uygulamalari
gerceklestirilmektedir. Ayrica Bilgisayar Miihendisligi
Boliimiinde agilan “Digital Systems Laboratory” dersi de
bu laboratuvarda yiiriitilmektedir. Laboratuvarda her
birinde ayni anda iki 6grencinin ¢alisabildigi 10 adet
deney masasi bulunmaktadir. Aktif olarak kullanilan 9
adet deney masasinin her birinde, 1 adet dijital osiloskop,
1 adet sinyal lreteci, uygulama devrelerinin monte
edilip, gerekli giris beslemelerinin saglanabildigi 1 adet
elektronik deney seti ve 1 adet DC gii¢ kaynagi
bulunmaktadir. Ayrica laboratuvarda diger ¢alismalarda
kullanilmak tzere osiloskoplar, sinyal {retegleri,
elektronik deney setleri, dijital ve analog multimetreler
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ile havya setleri, baski devre el matkabi, el aletleri vb.
techizat da bulunmaktadir.

3.1.4. Haberlesme Laboratuvari

Bu laboratuvar, “Communications Laboratory” dersinde
kullanilmaktadir. Laboratuvarda genlik modilasyonu
(AM), frekans modiilasyonu (FM), darbe genlik
modiilasyonu (PWM) vb. temel analog ve sayisal
haberlesme konularini iceren deneyler yapilmaktadir.
Haberlesme laboratuvarinda her birinde ayni anda bir
O6grencinin calisabilecegi 25 adet deney masasi
bulunmaktadir. Aktif olarak kullanilan bu 25 adet deney
masasinin her birinde, 1 adet dijital osiloskop ve 1 adet
modiiler elektronik deney seti mevcuttur. Bu deney
setlerinin her biri i¢in, yapilacak uygulamaya gore
gerektiginde takilip c¢ikarilabilecek sekilde iiretilmis,
6’sar adet modiil bulunmaktadir.

3.1.5. Kontrol Sistemleri Laboratuvari

Kontrol sistemleri Laboratuvart “Control Systems
Laboratory”, “Linear Control Systems Laboratory” ve
“Digital Control Systems Laboratory” derslerinde
kullanilmaktadir. Laboratuvarda, kontrol sistemlerinde
kullanilan temel bilesenlerin anlasilmasina doniik 6 adet
DIGIAC 1750 kontrol deney seti, 6l¢ciim cihazlari ve 1 adet
ters sarkac¢ deney seti bulunmaktadir. Ayrica 10 adet top-
ylzey denge deney diizenegi ve 10 adet tek serbestlik
dereceli helikopter diizenegi ile denetleyici tasarimi ve
deneme deneyleri yapilmaktadir. Deneylerin bazilarinda
MATLAB ve  SIMULINK tabanli  uygulamalar
yapilmaktadir.

3.1.6. PLC Laboratuvari

PLC Laboratuvarinda “PLC Automation Systems
Laboratory” dersi deneyleri gercgeklestirilmektedir. Bu
laboratuvarda o6grencilerin PLC ile yapilan kontrol
uygulamalar1 konularinda pratik deneyim kazanmalari
amaglanmaktadir. Bu deneyimi Ogrencilere
kazandirabilmek icin cesitli laboratuvar
uygulamalarinda kullanilmak {izere, Siemens S7-200
CPU 212, CPU 222 ve CPU 1212C PLC’ler, EM235 analog
digital cevirici modiiller, Siemens TD200 metin ekrani,
Simatic HMI Panel, cesitli cisim sensorleri ve diger
envanterler laboratuvarda o6grencilerin kullanimina
sunulmustur. Bu laboratuvarda bir béliim biyomedikal
alaninda sinyal toplama, sinyal isleme, oriintii tanima
calismalar1 icin tahsis edilmistir. Ayrica 6grenciler
dénem sonu projelerinde de bu laboratuvardan
faydalanmaktadirlar.

3.1.7. Mikroislemciler ve Tasarim
Laboratuvar

Sayisal

Mikroislemciler Laboratuvarinda, 24 adet PIC 877 Egitim
Kiti, 10 adet Texas Instruments C2000 Microcontrollers
Development Tools donanimyi, 40 adet Xilinx Spartan II1E
Gelistirme kitleri bulunmaktadir. PIC Kkitleri
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“Microcomputer Laboratory” dersinde kullanilmaktadir.
“DSP System Design” dersinde 6grenciler, DSP donanim
ozelliklerini 6grenmekte ve bu donanim tizerinde ¢esitli
sayisal isaret isleme yontemlerinin gercek zamanl
gerceklenmesi iizerinde pratik ¢alisma yapmaktadirlar.
FPGA kitleri “Introduction to VHDL-FPGA” dersinin
laboratuvar uygulamalarinda kullanilmaktadir. Bu
derste 6grenciler VHDL ile tanimlanan sayisal devreleri
FPGA donanimi uzerine yiiklemeyi ve test etmeyi
o6grenmektedir. Ayrica dersin donem projeleri i¢in, yine
ogrencilerce kullanilmak iizere birer adet, Virtex-7,
Basys-2-Spartan, Basys-3-Artix, Mercury-FPGA, Altera-
DE2 ve UmTRx-SDR egitim kitleri bulunmaktadir.

3.1.8. Elektrik Makineleri ve Gii¢ Elektronigi
Laboratuvar

Elektrik Makineleri ve Gili¢ Elektronigi Laboratuvari
kapsam olarak Energy Conversion, Electric Machinery ve
Power  Electronics derslerinin  pratik  ¢alisma
gereksinimlerini karsilayacak sekilde bir donanima
sahiptir. Laboratuvarda ii¢ adet Elektrik Makineleri Test
seti, bu testlerde kullanilacak ¢esitli tiplerde DC ve bir ve
i¢c-fazli AC motorlar, mekanik ve elektriksel yiikler
bulunmaktadir. Ayrica Gii¢ Elektronigi laboratuvarinda
kullanilmak {izere c¢esitli motor siiriiciileri ve darbe
genislik modiilasyon (PWM) eviriciler de mevcuttur.

3.1.9. Gomiilii Sistemler Laboratuvari

Gintimiizde genel amach kisisel bilgisayar sistemlerini
ve sunuculari bir kenara koysak bile, programlanabilir
teknolojiler hemen hemen tiim elektronik sistemlerde
yaygin olarak kullanilmaktadir. Bu programlanabilme ve
ayrica siirsiz biiyiitiilebilme esnekligi saglayan sayisal
elektronik  sistemleri Gomiilii Sistemler olarak
adlandirilmaktadir.  Elektrik ~ Makinelerinde,  giig
elektroniginde, haberlesme sistemlerinde, kontrol
sistemlerinde ve sayabilecegimiz bir¢ok teknolojide hem
kolay kullanilabilir ara yiizleri hem de uzaktan algilama
ve miidahale imkanlar1 sunmaktadir. Sinyal isleme ve son
giinlerin popiiler konusu olan yapay zeka sistemlerinde
bile en azindan sinyalin eldesi ve dogru tekniklerle
sayisallastirilarak islenecek veriye doniistiiriilmesi yine
gomiilii sistemlerle rahatlikla ger¢eklenebilmektedir.
Internetin hayatimizda her tiirlii algilama ve kontrol
islemlerinde kullanilabilmesi de yine gomiilii sistemler
sayesinde miimkiin olabilmektedir.

GOmiilii sistemler laboratuvarinda bulunan 15 adet ARM
STM32F4 egitim kartlar1 kullanilarak temel donanimsal
ve yazilimsal mimari yapilar tizerine deneysel calismalar,
elektrik ve elektronik proje oOrnekleri {iizerine
uygulamalar yapilmaktadir.

3.2. Arastirma Laboratuvarlari

Egitim-6gretim yaninda bdlimde ¢esitli alanlarda
arastirma ve yayin faaliyetleri de yapilmaktadir.
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Bolimde elektromanyetik ve akustik dalgalar, kontrol
sistemleri, robotik, isaret isleme, gorinti isleme,
biyomedikal sistemler, elektronik malzemeler ve
aygitlar, gii¢ elektronigi, enerji sistemleri optimizasyonu,
karma enerji sistemleri, mikro sebekeler, elektrik
makinalar1 ve fotovoltaik sistemler alanlarinda
arastirmalar yapilmaktadir.

3.2.1. Yapay Zeka ve Robotik Arastirma Laboratuvari

Yapay Zeka ve Robotik Arastirma Laboratuvari lisans
programlarinda se¢meli derslerin uygulamalarinda ve
bitirme projesi ¢alismalarinda; ytliksek lisans ve doktora
programlarinin uygulama ve ileri robotik
arastirmalarinda, gezgin robot ve insansiz hava araglari
konularinda kullanilmaktadir. Laboratuvarda, c¢esitli
algilayicilar (lazer, sonar, elektronik pusula, yiiksek
¢ozinirlikli kamera, vb.) ve yerlesik bilgisayar ile
donatilmis 3 adet Pioneer 3-DX ve 1 adet Pioneer 3-AT
gezgin robot sistemi, tiim laboratuvar1 gorecek sekilde
yerlestirilmis 3 adet kamera, robotlar ile kablosuz
haberlesme imkanina sahip masatstii bilgisayarlarin
bulundugu ¢alisma odalari, projeksiyonlu sunum ve
toplant1 yapilabilecek alan bulunmaktadir. Robotik
uygulamalarinin, goriintii islemeden dagitik sistemlere
kadar cesitli arastirma konularini kapsamasi nedeniyle,
laboratuvar farkli konulara ilgi duyan dgrenciler
tarafindan ortak kullanilabilmektedir. Arastirma grubu
halihazirda 5 6gretim iiyesi, doktora ve yliksek lisans
6grencilerinden olusmaktadir. Kuruldugu 2004 yilindan
bugiine kadar 6 doktora ve 20’den fazla yiliksek lisans
mezunu verilmistir. Laboratuvarda bulunan robotlar
Sekil 1’de gosterilmektedir.

Sekil 1. Yapay Zeka ve Robotik Laboratuvarinda
Bulunan Robotlar

3.2.2. Biyomedikal
Laboratuvari

Teknolojiler  Arastirma

Bu laboratuvarda, biyomedikal teknolojiler konusunda
arastirmalar yapilmaktadir. Yapilan calismalar; fizyolojik
sinyaller kullanilarak siiriiciilerin saghik durumlarinin
izlenmesi, mamogram goriintiilerinde meme kanseri i¢in
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stipheli bolgelerin tespiti ve bu bélgelerin meme kanseri
acisindan degerlendirilmesi, X-Isin1 (X-Ray), Manyetik
Rezonans (MR), Bilgisayarli Tomografi (CT) ve EEG
sinyallerinin analiz ve siniflandirilmasi seklindedir.
Laboratuvarimizda tasinabilir EKG 6l¢iim cihazi, EKG
elektrot setleri, EEG kafa bashgl ve elektrotlari,
Elektromekanik film ve sensorleri (algilayici)
bulunmaktadir. Bu laboratuvarda c¢alisan akademik
personel, ESOGU Tip Fakiiltesi Radyoloji, Noroloji ve
Kardiyoloji boliimleri ile gesitli ortak proje ve akademik
makale ¢alismalar yuriitmektedir.

3.2.3. Makine ile Ogrenme ve Bilgisayarll Gorii
Laboratuvari

Bu laboratuvarda makine 6grenmesi ve bilgisayarl gorii
ile ilgili teorik ve uygulamali arastirmalar yapilmaktadir.
Laboratuvarda ogretim elemanlari, yiiksek lisans ve
doktora ¢alismasi yapan Elektrik-Elektronik
Miihendisligi ve Bilgisayar Miihendisligi o6grencileri
calismaktadir. Lisans 6grencileri de proje ve bitirme
odevi ¢alismalarini burada yapabilmektedir.
Laboratuvarda 6 adet ¢alisma istasyonu, gomiili sistem
donanimlari, web kameralari, gelismis IP kameralar, 151k
kaynaklari, fotograf makineleri ve veri toplama amaciyla
kullanilan bir stiidyo mevcuttur.

3.2.4. Gii¢ Elektronigi Arastirma Laboratuvari

Yiiksek lisans ve doktora égrencilerinin uygulamali tez
calismalar1  yapmalarina  olanak  saglamaktadir.
Laboratuvarimizda, IGBT ve SiC gibi modern yar1 iletken
anahtarlama elemanlarinin kullanildig yiiksek giris giic
faktorlii dogrultucu, yiiksek frekans trafo tasarimi ve
uygulamalari, yiiksek performansh Kkesintisiz gli¢
kaynagi, 400 Hz frekans doniistiiriicii ve kompakt Solar
invertor gibi bir¢ok konuda arastirma ve gelistirme
faaliyetleri yapilmaktadir.

Laboratuvarimizda hassas gii¢ analizéri, ayarli DC gii¢
kaynagi, dijital osiloskop, multimetre, LCR metre gibi test
ve Ol¢ciim cihazlari mevcuttur.

3.2.5. Elektromanyetik Arastirma Laboratuvari

Arastirma laboratuvarinda genel olarak elektromanyetik
dalgalarin sag¢ilmasi kapsaminda uygulamalar iizerine
calisilmaktadir. Bunlarin arasinda, halen yiirtimekte olan
“beyin  goriintiileme”, “anten  tasarrm1”, “SIW
uygulamalar1” arastirmalar1 sayilabilir. Bunlarin yani
sira, akustik dalgalarin yayilimini ilgilendiren jet motor
giriiltiisi gibi baz1 uygulamalar ve kuantum kodlama
konularinda ¢alismalara da yer verilmektedir. Bu
calismalarda hem Wiener-Hopf ve Mod-Eslestirme
teknigi gibi analitik yontemler hem de niimerik
yontemler kullanilmaktadir. Sekil 2’de akiskanli ortamda
akustik dalgalar, Sekil 3’te Radar kesit alani ve Sekil 4’'te
Bir SIW anteninin 1s1ma diyagrami gosterilmektedir.
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Arastirma grubu halihazirda 3 6gretim iyesi ve 3’
doktora olmak tizere 12 lisansiisti 06grenciden
olusmaktadir. Kuruldugu 2015 yilindan bugiine kadar 2
doktora ve 7 yiiksek lisans mezunu verilmistir

Sekil 2. Akiskanli ortamda akustik dalgalar

Sekil 3. Radar kesit alani

o
o

s NOOWLWEES =
POINI DO RO D O,

I
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Sekil 4. Bir SIW anteninin 151ma diyagrami
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3.2.6. Yasam Bilimleri icin Goriintii isleme
Laboratuvari

Yasam Bilimleri icin Gériintii isleme Laboratuvari, 2022
yilinda kurulmustur. Laboratuvarin odaklandig: alanlar
2B renkli imgeleri ve 3B nokta bulutlarin1 igeren
bilgisayarla gorii problemleridir. Laboratuvar ekibi,
Eskisehir =~ Osmangazi  Universitesi'ndeki  Makine
Ogrenmesi ve Bilgisayarla Gorii Laboratuvarn ve Ziraat
Fakiiltesi'nden Bahge Bitkileri uzmanlarn ile is birligi
icinde calismaktadir. Laboratuvardaki gilincel arastirma
ilgi alani botanik ve tarim uygulamalari i¢in bilgisayarla
gori c¢oziimleri lretmektir. Yiirimekte olan projeler,
bitki modelleme, bitki nokta bulutlarinin bélitlenmesi,
renkli imgelerden meyve tespiti ve aga¢ nokta
bulutlarindan meyve tespiti problemlerini konu
almaktadir. Sekil 5’te nokta bulutu formunda 3B bitki
modelleri gosterilmektedir. Laboratuvarda bu tiir bitki
modellerinin  karakteristiklerinin  otomatik olarak
cikarilmasi i¢in bilgisayarla gorii ve makine 6grenmesi
teknikleri gelistirilmektedir. Belirtilen konularda bir
Tibitak 1001 projesi tamamlanmaktadir ve bu konuda 1
doktora tezi tamamlanmistir.

Sekil 5. Ug boyutlu bitki modelleri

3.2.7. Akill1 Kontrol Sistemleri Laboratuvari

Laboratuvarda yiiriitiilen arastirma faaliyetlerinin temel
ilkesi, karmasik dinamik sistemler i¢in giincel ve orijinal
tanimlama ve kontrol ¢dziimlerinin gelistirilmesine
yonelik analitik ve akilli araglarin etkin biitiinlesmesidir.
Geleneksel kontrol yontemleri, zorlu ve koti
tanimlanmis durumlarin etkili bir sekilde ilistesinden
gelmek icin genellikle yetersizdir. Yapay zeka
tekniklerini biiylik tasarlanmis sistemlere uygulamak ve
test etmek icin gereken matematiksel titizlik eksiktir.
Endistri  tarafindan  kabul edilen performans
gerekliliklerine uygun olarak performans gosterilebilen
algoritmalar olusturmak icin her iki stratejinin giiclii
yanlarini birlestirilmektedir. Calisilan arastirma konulari
asagida belirtilmistir.

Akilli Ulasim Sistemleri

Demiryolu Cekis Kontrolii

Trafik Sinyal Kontroli

Enerji verimli Ulasim Uygulamalari
Otonom Ara¢ Uygulamalari

Su Dagitim Sistemleri
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e Pompa Programlama

e SuDagitim Sebekesinin Analizi ve Kontrolii

e Ekonomik Yiik Dagitimi, Mikro Sebeke, Optimal
Glg Akisi

e  Siire¢ kontrolii

3.2.8. Mekatronik Laboratuvari

Mekatronik Laboratuvari lisans programlarinda secmeli

derslerin  uygulamalarinda ve  bitirme projesi
calismalarinda; yliksek lisans ve doktora
programlarindaki  uygulamali  arastirma-gelistirme

calismalarinda kullanilmaktadir. Sabit ve hareketli
mekatronik sistemler {lzerine programlanabilir, yari-
otonom, otonom ve uzaktan kumandali elektromekanik
tasarim ve gercekleme calismalar1 yapilmaktadir. Bu
kapsamda laboratuvarda sabit olanlarinin yanisira
hareketli kara, hava ve su robotlari ¢alisilan konulardir.
Mekatronik sistemler tizerine yapilan ¢alismalar konsept
ve detayli tasarim asamalariyla baslayip, test ve prototip
gelistirme gibi asamalar ile devam edebilmektedir.
Algilayicilar  konusunda oldugu kadar eyleyiciler
konusunda da c¢alismalar icerildiginden her tiirli
elektronik ve ozellikle gomiili elektronik konulari,
arayliz gelistirme ve kontrol yazilimlari da laboratuvarda
yapilan yaygin ¢alismalar arasindadir. Laboratuvar farkl
konulara ilgi duyan ogrenciler tarafindan

kullanilabilmektedir. Laboratuvarda c¢esitli amaglara
yonelik elektronik giic kaynaklar1 ve o6l¢ii aletlerinin
yanisira CNC freze (Sekil 6) ve 3B yazicilar (Sekil 7)
bulunmaktadir.

Sekil 6. CNC Freze
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Sekil 7. 3B Yazicilar

3.3. Lisansiistii Egitim

Elektrik-Elektronik ~ Miihendisligi Boélimi  1980’li
yilardan beri Fen Bilimleri Enstitiisii'niin bir anabilim
dali olarak Elektronik, Haberlesme, Kontrol ve Kumanda,
Enerji, Elektromanyetik Alanlar, Sinyal Isleme,
Biyomedikal dallarinda ytliksek lisans ve doktora
6gretimi de vermektedir. 2022 yilinda Tiirkge lisanststi
programlara ek olarak Ingilizce yiiksek lisans ve doktora
programlari da agilmistir.

3.4. Akreditasyon

Elektrik-Elektronik Miihendisligi Bolimiiniin egitim-
dgretim programi 2012-2020 yillar1 arasinda MUDEK
tarafindan  akredite edilmistir. Izleyen yillarda
akreditasyon i¢in basvurmama karar1 alinmistir. fhtiyag
duyuldugunda bolimiin  egitim-6gretim programi
giincellenmekte ve gelisen teknoloji yakindan takip
edilmektedir.

3.5. Mezun sayis1

Elektrik-Elektronik Mithendisligi B6limii kurulusundan
2023 Kasim ayina kadar 3505 lisans, son 24 yilda da 195
ylksek lisans ve 46 doktora 6grencisi mezun etmistir.
Tiirkiye’de pek ¢ok firmada ¢alisan mezunlar oldugu gibi
diinyanin pek c¢ok iilkesinde de c¢alisan mezunlar
bulunmaktadir.

4. Teknolojik Gelismelerin Takibi ve Miifredatin
Gelismelere Uyarlanmasi Calismalari

Elektrik Elektronik miihendisligi siirekli teknolojik
gelismelerin oldugu bir mithendislik dalidir. B6liimtimiiz
giincel  teknolojik  gelismeleri  izlemekte  ve
ogrencilerimizin bu gelismelerden bilgi sahibi olmasi icin
gerekli mifredat degisikliklerini yapmakta, ders
iceriklerini giincellemekte ve laboratuvarlar
olusturmaktadir. Bu béliimde géomiilii sistemler 6zelinde
teknolojik gelismeler anlatilmakta, bu konuyla ilgili
miifredat degisiklikleri ve laboratuvar calismalari
anlatilmaktadir.

] ESOGU Eng. Arch. Fac. 2023, 31(4), 1077-1086

Giinlimiizde elektrik-elektronik mithendislerinin 6nemli
bir ¢alisma sahasi gomiilii sistem tasarimi ve yazilimidir.
Gomiili sistemler, genellikle bir cihazin veya makinenin
icine entegre edilmis, cihaz/makine ic¢in gerekli
gorevlerin bazilar1 ya da timiini yerine getirmek tzere
tasarlanmis cogunlukla islemci iceren sistemlerdir. Bu
sistemler genellikle kullanici tarafindan fark edilmezler.
Ornegin, ev aletleri, otomobiller, dijital termostatlardan
tibbi cihazlara kadar bir¢ok farkli alanda gomili
sistemler kullanilabilir. Bu sistemler genellikle enerji
verimliligi, performans ve 06zel gorevlere odaklanarak
tasarlanir. Gomiili sistemlerin, islemci igeriyorlarsa,
programlanmasinda genellikle C/C++ ve Pyhton
programlama dilleri kullanilmaktadir. Bir gémiilii sistem
elektronik ve bilgisayar miihendisligi disiplinlerine ek
olarak makine miihendisligi ve kontrol miihendisligi
disiplinleri de iceriyorsa bu durumda mekatronik sistem
olarak da isimlendirilmektedir (Alciatore ve Histand,
2011).

Gomiili sistemlerde kullanilan bilgisayarlar, genellikle
mikrodenetleyiciler ~veya mikroislemciler olarak
adlandirilir. Mikrodenetleyiciler, genellikle bir islemci,
bellek, giris/¢ikis birimleri ve zamanlayic1 gibi temel
Ogeleri icerir. Mikrodenetleyiciler, diisiik gii¢ tiiketimi,
kiigciik boyut, diisiik maliyet ve 6zel bir uygulama i¢in
optimize edilmis ozellikler gibi avantajlara sahiptir.
Arduino ve Raspberry Pi tek kart bilgisayar
platformlarina 6rnek olarak verilebilir. Bu platformlar
gliniimiizde gomiili sistem gelistiricileri arasinda yaygin
olarak kullanilmaktadir. Gomiuli sistemlerde sikca
kullanilan islemci tiirlerinden bazilar1 asagida
belirtilmistir.

1. ARM Islemciler: ARM mimarisi, diigiik gii¢ tiiketimi,
kiicik boyut ve yiiksek performans kombinasyonu
nedeniyle bir¢cok gémiilii sistemde tercih edilir. Ozellikle
mobil cihazlardan IoT cihazlarina kadar genis bir
yelpazede kullanilir.

2.PIC ve AVR Mikrodenetleyiciler: Microchip Technology
tarafindan iiretilen PIC ve Atmel tarafindan iiretilen AVR
serisi, 6zellikle hobi elektronigi, otomasyon ve gomiilii
sistem uygulamalarinda yaygin olarak kullanilir.

3. Intel Atom ve Celeron: Diisiik gii¢ tliketimi ve ylksek
entegrasyon Ozellikleriyle bilinen Intel Atom ve Celeron
islemcileri, gomiilii sistemlerde 6zellikle yiiksek bellek
kapasitesi, kapsaml cevre elemanlari ve
zenginlestirilmis  bir arayiiz iceren endiistriyel
uygulamalarda tercih edilebilir.

4. Raspberry Pi ve Arduino: Raspberry Pi, ARM tabanl
bir mikroislemci iceren tek kart bilgisayar platformudur.
Arduino ise genellikle ATmega serisi mikrodenetleyiciler
iceren bir gelistirme karti platformudur. Her ikisi de
ozellikle 6grenme amagl gomiilii sistem projelerinde
popiilerdir.

5. TI MSP430 ve STM32: Texas Instruments'in MSP430
serisi ve STMicroelectronics'in STM32 serisi gibi
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mikrodenetleyiciler, enerji verimliligi ve genis baglanti
secenekleri nedeniyle [oT ve tasinabilir cihazlarda tercih
edilir.

6. NXP/Freescale i.MX: NXP Semiconductors tarafindan
iiretilen i.MX serisi, genellikle medya oynatma ve grafik
performanst  gerektiren  gomiili  uygulamalarda
kullanilir.

7.DSP (Digital Signal Processors): Ger¢ek zamanli sayisal
sinyal isleme uygulamalarinda tercih edilmektedir
(Dogan 1. Ve Davies A, 2019). Bu islemciler
telekomiinikasyon, motor kontrol, gii¢ elektronigi,
hassas olgme ve algillama, yenilenebilir enerji,
aydinlatma ve  diger elektronik  sistemlerde
uygulamalarinda kullanilmaktadir. DSP’lerde sayisal
islemler sabit-noktali (fixed-point) veya kayan noktal
(floating-point) formata gore yapilabilmektedir. Sabit-
noktali DSP islemcilerinin boyutlar kiictiktiir ve daha az
giic harcarlar. Sabit-noktali islemciler, kayan-noktal
islemcilere gore daha ucuzdur. Bu islemciler 6zellikle
yuksek miktarda iretim yapilan driinlerde tercih
edilmektedir. Uygulama alanlarina o6zellestirilmis
DSP’ler  bulunmaktadir. Analog Device, Texas
Instruments, Cirrus Logic ve Infineon DSP islemcisi
iireten firmalardan bazilaridir.

Endistride gomiili sistem uygulamalar1 oldukga
cesitlidir ve bir¢cok farkl sektérde kullanilmaktadir. Bu
sektorlere 6rnekler asagida verilmistir.

1. Ev Aletleri: Mikrodalga firinlar, gamasir makineleri,
buzdolaplar gibi ev aletleri genellikle gomiilii sistemleri
icerir.

2. Otomotiv Sektori: Otomobil motor kontrol sistemleri,
fren sistemleri, giivenlik sistemleri, bilgi ve eglence
sistemleri gibi bir¢ok gdmiilii sistem igerir.

3. Tibbi Cihazlar: EKG cihazlari, tansiyon olgerler,
tomografi makineleri gibi tibbi cihazlar gomiili
sistemlerle ¢alisir.

4. Enerji Yonetimi: Akilli sebekeler, enerji sayaglar,
giines enerjisi invertorleri gibi enerji yodnetimi
uygulamalarinda gomiili sistemler kullanilir.

5. Endistriyel Otomasyon: Fabrika otomasyon
sistemleri, robot kontrol sistemleri, otomasyon kontrol
panolar1 gibi uygulamalarda gomiilii sistemlere sikca
rastlanir.

6. Telekomiinikasyon: Baz istasyonlari, yonlendiriciler,
modemler ve diger telekomiinikasyon ekipmanlari
gomiilii sistemleri igerir.

7. Tasima Araclari: Ucaklar, trenler, gemiler ve diger
tasima araglari, gémili sistemleri kontrol ve iletisim
amaglari i¢in kullanir.

8. Askeri Uygulamalar: Askeri araglar, gilivenlik
sistemleri ve iletisim ekipmanlar1 gibi bircok askeri
uygulama gomiili sistemleri igerir.
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9. Akilli Ev Teknolojileri: Akilli termostatlar, giivenlik
kameralari, akilli aydinlatma sistemleri gibi akilli ev
uygulamalarinda gomiilii sistemler kullanilir.

10. Tarim Teknolojileri: Otomatik sulama sistemleri,
tarim makineleri kontrol sistemleri gibi tarim
uygulamalarinda gdmiilii sistemlere rastlanir.

Bu ornekler, gomiili sistemlerin genis bir yelpazede
uygulama alanina sahip oldugunu géstermektedir.

Eskisehir Osmangazi Elektrik-Elektronik Miihendisligi
boliimii olarak o6grencilerimizin gomiilii sistemler
konusunda uzmanlagsmasi amaciyla miifredatimizda
diizenlemeler yapilmistir.

Birince yariyilda agilan “Introduction to Electrical and
Electronics Engineering” dersinde 6grencilere Arduino
veya Rasberry Pi kullanabilecekleri projeler verilerek
mikrodenetleyicilerle egitim hayatlarinin baslangicinda
tanisma imkani saglanmaktadir.

Birinci ve ikinci yariyilda acillan “Introduction to
Programming” ve “Computer Programming” dersleri ve
laboratuvarlari ¢ergevesinde programlamanin temelleri
C dili kullanilarak 6gretilmektedir.

Dordiincii  yariyilda agilan “Logic Design” ders ve
laboratuvarinda sayisal tasarimin temelleri
anlatilmaktadir. Besinci yariyilda acilan "Introduction to
Microcomputers” dersi ve laboratuvar dersinde
ogrenciler mikrobilgisayar i¢ yapisini ve c¢evre
elemanlarini, entegre gelistirme ortami (IDE: Integrated
Development Environment) iizerinde kod gelistirmeyi ve
hata ayiklamay1 ve gelistirme platformu tzerinde cevre
elemenlarini kullanmayi1 6grenmektedir.

Bolimiimiizde DSP egitimi 2001 yilinda agilan “DSP
Fundamentals” dersi ile DSP baslanmistir. Bu egitime
“DSP System Design” dersi ile devam edilmektedir. Ders
kapsaminda 6grencilere Texas Instruments
TMS320F28335 DSC(Digital Signal Controller) ile gercek
zamanli sayisal isaret isleme uygulamalarinin nasil
gelistirildigi, bunun icin hangi donanim ve yazilim
araclariin kullanildig1 gésterilmektedir. Laboratuvar ve
proje c¢alismalar1 ile ogrencilerin teorik bilgileri
pekistirmeleri ve DSP’lerin kullanimi hakkinda beceriler
kazanmalar saglanmaktadir. TMS320F28335, C2000
DSP ailesinden olup 32-bit sayisal mikrodenetleyicidir.
Bu islemci hem DSP hem de mikrodenetleyicide olan
ozelliklere sahiptir. TMS320F28335 ile 32-bit hem sabit
noktali hem de kayan-noktali sayisal islemler
yapilabilmektedir. TMS320F28335 kontrol, gii¢ elektrigi,
yenilebilir enerji, motor kontroliinde ve askeri elektronik
devre uygulamalarinda kullanilmaktadir.

Boliimiimiizde “Introduction to Embeded Systems” dersi
kapsaminda ST Microelectronics tarafindan iiretilen 32-
bit mikrodenetleyiciler anlatilmaktadir. Ogrenciler
tarafindan ders ve hobi kapsamlarinda yaygin olarak
kullanilan Microchip Technology tarafindan tiretilen PIC
ve ATMEL tarafindan iiretilen Atmega328 serisi 8- bit
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mikrodenetleyiciler ile donanmimsal ve yazilimsal
karsilastirmalar yapilmaktadir. Sayisal ve analog cevre
elemanlar;, zamanlama ve denetim donanimlari
incelenmekte, ardisil ve ¢ok gorevli yazilimsal mimariler
ile Uiretilebilecek ¢oziimler anlatilmaktadir. Laboratuvar
calismalarinda STM32F103/STM32F407 deney setleri
ile drnek uygulamalar yaptirilmaktadir.

Ayrica “Object Oriented 1” ve “Object Oriented 2” dersleri
ve laboratuvarlarinda nesne tabanli programlama
kavrami Python dili kullanilarak 6gretilmektedir.

Gomiuli  sistemler konusunda béliimde islenen
konulardan biri de FPGA (Field-Programmable Gate
Array) ve VHDL (VHSIC Hardware Description
Language) dir. FPGA gomiili sistemlerde kullanilan
ancak geleneksel mikroislemcilere benzemeyen bir tir
timlesik  devre  (IC)  teknolojisidir. =~ FPGA'lar,
kullanicilarin 6zel mantiksal devreleri tasarlamak ve bu
devreleri programlamak icin esnek bir platform saglar.
Bu nedenle FPGA'lar i¢ine kapasitesinin elverdigi sayida
islemci ve/veya mikrodenetleyici ve ilgili ¢evre
elemanlari tasarim ile gdmiilebilir. SoC (System on Chip)
hedefli FPGA'lar bu amaca oldukg¢a uygundur. Boylelikle
farkli  tiimlesik  devrelerin  bir kart iizerinde
birlestirilmesiyle olusturulacak sistemlerden ¢ok daha
yiksek bir performans gosterirler. FPGA'lar genellikle
donanim tabanli paralel isleme i¢in uygundur ve genis bir
uygulama yelpazesi icin 6zellestirilebilir. VHDL (VHSIC
Hardware Description Language) ise bir donanim
tanimlama dilidir. FPGA'lar gibi programlanabilir mantik
cihazlari i¢in tasarim yapmak i¢in kullanilir.

Boliimiimiizde acillan “Inroduction to VHDL-FPGA”
dersinde HDL mantig1 anlatilmakta, VHDL 6gretilmekte
ve uygulama kisminda 6grencilerin bizzat FPGA lizerinde
istenilen sayisal devreleri VHDL ile tasarimlamasi/test
etmesi saglanmaktadir. Her hafta yapilan uygulamalara
ilave olarak kiiciilk gruplara farkli dénem projeleri
atanmaktadir. Bu projelerde 6grenciler problem-¢éziim-
tasarim-test-sonug-raporlama olarak belirlenen
stregleri 6grenmekte ve bu siireclere uygun olarak
projelerini yapmaktadirlar.

5. Sonug

Eskisehir Osmangazi Universitesi Elektrik-Elektronik
Miihendisligi Boliimii 43 yili asan bir siiredir Eskisehir
yerelinde egitim-6gretim ve arastirma yapmakta, tiim
Tiirkiye’de ve diinyanin pek ¢ok iilkesinde hizmet lireten
mithendisler yetistirmektedir. Boliimiizde 6grencilere
elektrik, elektronik, haberlesme, enerji ve Kkontrol
alanlarinda giincel konular se¢meli dersler aracilig: ile
aktarilmaktadir. Mesleki dersler yaninda 6grencilere
proje ¢alismalari yaptirilarak is hayatina hazir olmalari
saglanmaktadir.
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1.Giris: Jeoloji Bilimine Genel Bir Bakis

“Cekic, pusula ve harita ile arazi iizerinde dolasan jeolog,
ferah ve sevingli bir 6miir siirer. Onun goézlem kuvveti
kendisini her an tazeler, doga sevgisini gittikce
koklestirir ve c¢esitli buluslar, kesifleri onun heyecan
dolu yiireginde daima bir alev gibi yanar” ifadesi ile
anlatir Jeoloji tutkusunu Arthur Holmes (1890-1965
yillarinda yasayan iinlii Ingiliz Jeolog). Jeoloji, yerkiireyi
anlamaya c¢abalayan bir bilimdir. Jeolojik ¢alismalarin
biytik bir bolimi arazide yiiritilen o6l¢iimler,
gozlemler ve deneylere dayanmaktadir (Sekil 1a-1e).
Odak noktasinda yerkiirenin gelisimi olmakla birlikte,
evrendeki bir mineral tanesinden gezegenlere kadar
degisik dlgeklerdeki bilesenlerin 6zelliklerini, gelisimini
ve dinamizmini inceler. Buradan elde ettigi verileri goz
o6ntinde bulundurarak, yeryiiziindeki hayatin gelisimini
kesfetmeyi hedefler.

James Hutton 1700'li yillarin sonlarinda yayinladigi
“Diinya’nin Teorisi” adl1 eserinde, giiniimiizde jeolojinin

(0 @

temel dayanagi olan liniformitarianizm (tek 6rneklilik)
ilkesini ortaya koymustur. Modern jeolojinin en {inli ve
temel ilkelerinden biri olan “bugiin, ge¢misin
anahtaridir” ilkesi, jeolojik ge¢misteki olaylarin modern
olaylarla ayni etkiye sahip oldugu kabulii ile yola ¢ikar
ve birka¢ milyar yillik gegmise yanit saglamaya calisir.

Jeologlar ¢ok uzun zaman araliklari ile ilgilenirler. 100
milyon yil 6nce meydana gelen bir olay, Diinya'nin 4,6
milyar yillik gecmisi géz oniline alindiginda, bir jeolog
tarafindan “yakin tarihli” olarak tanimlanabilir, jeolojik
slireglerin cogunda 6nemli degisikliklerin olusmasinda
uzun zamana ihtiya¢ oldugundan, jeoloji egitiminde
jeolojik zamanin biyiikliginin farkinda olmak c¢ok
onemlidir (Giingdér, 2014).Radyoaktivitenin Kkesfi ile
Diinya’nin yasini dogru olarak saptamaya yarayacak
yontemler ancak 1826 yilinda baslamis ve ilk kez 1905
yilinda radyoaktivite yas analizlerinde kullamilmistir
(Giingor, 2014). 19. ylizy1l boyunca, giivenilir sayisal yas
verilerinin saptanmasina olanak veren radyoaktivitenin
kesfinden uzun siire dnce, goreceli yas tayini ile jeolojik

Bu eser, Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/)
hiikiimlerine gore ag¢ik erisimli bir makaledir.
This is an open access article under the terms of the Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0/).
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zaman cizelgesi gelistirilmistir (Sekil 2). Goéreceli yas,
olaylarin dogru sirada ve diizende belirlenmesi
prensibine dayanarak yaslarin yil olarak bilinmeden
tespitidir. Bu prensip basitce en gen¢ katmanin iistte ve
en yasli katmanin en altta oldugunu belirtmektedir. Bu
dizilimde herhangi bir zaman dilimi fosil igerigi ile
tanimlanabilmektedir. Jeolojik zaman c¢izelgesi sayisiz
kaya katmanlarindan fosiller toplanarak
olusturulmustur.

e ) 'y
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Sekil 1. Jeolojik Saha Calismalarina Ornekler. Bir Antiklinoryum Yapis1 Uzerinde (a) ve

Tabakali Kayaclarda Konum Olgiimleri (b). Mikrotopografik Haritalama Calismalar1 (c). Gl
Tabaninda Paleoiklim Kayitlar1 icin Karot Alimi (Ocakoglu, Tunoglu, Dénmez ve Acikalin,

2011) (d).
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Sekil 2. Jeolojik Zaman Cizelgesi (www:. stratigrafi.org.)

2. Miihendislik Dal1 Olarak Jeoloji

Genel olarak ifade etmek gerektiginde, Jeoloji
Miihendisligi ise, jeolojik verileri toplumsal hizmete
sunmayl amaglayan miihendislik dalidir. Yerkiirenin
baslangicindan giiniimiize kadar gecirdigi yapisal
degismeleri, yerkabugunun yiizeyini ve altinin bugtinkii
durumunu inceleyen, yerlesim alanlar1 ve her tiirli
mithendislik yapilarinin  yer sec¢imi, yer alt
zenginliklerinin kazanilmasi ve dogal afet tehlike ve risk
calismalarinin yiiriitilmesi ile ilgilenmektedir. Tiim bu
alanlarda egitim uygulanirken ihtiyag¢lar dogrultusunda
birgok alt uzmanlik dallar1 olusmustur. Bu dallar, Genel

3. Tiirkiye’de Jeoloji Egitimi ve Ozelinde ESOGU
Jeoloji Mithendisligi Boliimii

Ulkemizdeki jeolojik bilgileri iceren yayinlar 19. Yiizyila
dayanmaktadir. 4 ciltlik Mecmua-y1 Ulum-1 Rizaziye
(1834) adh “Hoca Ishak Efendi”’nin eserinde jeolojik
degerlendirmeler yer almistir. ilk jeoloji dersleri
Mekteb-i Tibbiye-i Sahane’de verilmeye baslanmistir.
Dartlfiinunu Sahane icinde Ulum-1 Tabiiye ve Riyaziye
(Doga ve Matematik Bilimleri) b6limiintin kurulmasi ile
liniversitede jeoloji egitimine ilk adimlar atilmis, {Im-i
Arz ve Maadin (Yer ve Maden Bilimi) dersi okutulmaya
baslanmistir (Erguvanl;, 1978). Bir siire Balkan Savasi
nedeni ile ara verilen egitim, [stanbul Dariilfununu

Jeoloji, Maden Yataklar1 ve Jeokimya, Mineraloji- C L

Petrografi ve Uygulamal Jeoloji olarak (1933‘ten sonra Istanbul Universitesi) Fen Fakiiltesi

simiflandirilabilir. biinyesindeki Jeoloji Enstitlisii'nde ve Istanbul Teknik
e . . o B Universitesi Maden Fakiiltesinde jeoloji egitimine

Gintimiizde  teknolojinin  geligmesi ile Jeoloji devam edilmistir. Bugiin yaklasik 28 farkli ilde 32

Mithendisligi ¢alisma konular1 olduk¢a genislemistir. fakiltede Jeoloji Mihendisligi Bolimi egitimini

Dogal kaynaklar, endiistriyel hammaddeler, ¢evre ve siirdiirmektedir.

afet yonetimi, metalik madenler, enerji hammaddeleri,
soguk ve sicak su kaynaklarinin aranmasi, kaya diismesi,
sivilasma, heyelan, deprem, arazi kullanim planlarinin
hazirlanmasi, su baskin1 afet tehlike ve risk
degerlendirmeleri, jeolojik - jeoteknik etiitler, kiitle
hareketleri analizleri, yer se¢imi kararlari, tibbi jeoloji
calismalari, baraj, demiryoluy, tiinel, kara yolu, boru hatt,
enerji santrallerinde Jeoloji Mithendisleri aktif gérevler
almaktadir.

18 Ekim 2006 tarihli 26323 sayili Resmi Gazete de
yayimlanan Tirk Miihendis ve Mimar Odalar1 Birligi
Jeoloji Miihendisleri Odasi (JMO) serbest jeoloji
mithendislik ve miisavirlik hizmetleri uygulama, biiro
tescil ve mesleki denetim yonetmeligine gore Jeoloji
mithendisleri aktif gorev aldigi calisma alanlar1 su
sekilde belirtilmektedir: Genel jeoloji ve saha jeolojisi,
jeolojik harita alimi, jeotermal kaynak jeolojisi,
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paleontoloji, sedimantoloji-stratigrafi, tektonik, jeolojik
kesit hazirlanmasi, mineraloji-petrografi, jeokimya,
amaca yonelik olarak jeolojik modelleme, endiistriyel
hammaddeler, degisik 6l¢ceklerde jeolojik harita tiretimi,
maden jeolojisi, komiir jeolojisi, petrol ve dogalgaz
jeolojisi, hidrojeoloji, miihendislik jeolojisi, jeoteknik
calismalar ~ kapsamindaki  jeoloji = miihendisligi
hizmetleri, kiy1 ve deniz jeolojisi, ¢cevre jeolojisi, tibbi
jeoloji, dogal afetler/dogal tehlikeler, siis taslari
jeolojisi, jeo-sit, jeolojik miras, jeoarkeoloji, sondaj
uygulamalarinda jeoloji miihendisligi hizmetleri, jeoloji
egitimi, laboratuvar hizmetleri, is riski, glivenligi ve
yonetimi, egitim, arastirma-gelistirme ve miisavirliktir
(https://www.resmigazete.gov.tr/eskiler/2006/10/20
061018.htm).

Eskisehir Osmangazi Universitesi Jeoloji Miihendisligi
Boliimii 1994-1995 egitim-6gretim yilinda kurulmus ve
ayni yil Yiksek Lisans 0gretimine baslamistir. 1997-
1998 6gretim yilinda 1 Profesor, 1 Dogent ve 2 Yardimci
Dogent kadrosuile ilk lisans 6grencilerini kabul etmistir.
Boliimiin, 2023 y1l1 sonu itibariyle, 700’e ulasan mezunu
bulunmaktadir. ESOGU Jeoloji Mithendisligi Boliimii'niin
akademik performansi ve egitim seviyesi oldukca
yiiksektir. En dikkat ¢ekici yani, butik yapisina ragmen
bilimsel arastirma performansi yoniinden bdlim
Ogretim elemanlarinin basarili bir grafik ¢izmesidir.
2023 yili sonu itibariyle 6gretim elemani kadrosu 5
Profesér, 1 Docent, 2 Doktor Ogretim Uyesi ve 4
Arastirma Goérevlisinden olusmaktadir. Ulkemizdeki
Jeoloji Miihendisligi Boliimleri arasinda ilk siralarda yer
almaktadir. Boliim, ana bina ve laboratuvar binasindan
olusmaktadir.

4. Gelecege Yonelik Yaklasimlar ve Oneriler

Gelecek perspektifinde bir dngéri yapildigr takdirde
Jeoloji Miihendisligi mesleginin evrilecegi alanlar
giderek artmaktadir. Bu alanlardan birkag1 sdyle
Ozetlenebilir:

4.1. Dijital Doniisiim ve Yapay Zeka

Modern Jeoloji Miihendisligi uygulamalarinda yapay
zeka aktif olarak kullanmaya baslanmistir. Bu durum,
yeralti kaynaklarmmin daha etkili bir sekilde
kesfedilmesi, zemin o6zelliklerinin daha hizli analiz
edilmesi ve risk degerlendirmelerinin daha dogru
yapilabilmesi icin kullanilmaktadir (Zhang, Feng, Long,
Karagiannidis ve Nallanathan (2019). Yapay zeka
analizleri ile Cografi Bilgi Sistemleri (CBS) ve Uzaktan
Algillama (UA) yazilimlar1 kullanarak farkli jeolojik
problemlere ¢6ziim bulunmaktadir (Siiner, 2020).

4.2. Jeotermal Enerji Arastirmalari

Jeotermal enerji yenilenebilir enerji kaynaklarinin 6nem
kazanmasi ile birlikte 6énemli bir arastirma konusu
haline gelmistir. Ozellikle, 1smin etkili bir sekilde
yenilebilir enerji kaynagi olarak kullanilmas1 igin

] ESOGU Eng. Arch. Fac. 2023, 31(4), 1087-1093

gliniimiiz teknolojileri ile yeni teknikler ve yontemler
gelistirilmistir. Jeotermal kaynak aramalarinda toprak
gaz1 Olciimleri (Sekil 3), termal uydu goriintiilerinin
kullanilmasi bu tekniklere 6rnek olarak verilebilir.

Sekil 3. Toprak Gazi Ol¢iimleri

4.3. Sayisal Modelleme Calismalari

Sayisal modelleme calismalart son 50 yil igerisinde
mithendislik tabanl ¢alismalarda sikilikla kullanilmaya
baslanmistir. Bu c¢alismalarin giinlimiizde jeolojide
onemi  giderek  artmaktadir. Fay  mekanigi,
metamorfizma, magmatizma, s1§ ve derin yer
yapilarinin statik ve dinamik kuvvetler altindaki
davraniglarinin incelenmesi, giincel ve zamana bagh
olarak tanimlanmasi, mithendislik ¢alismalarinda aktif
bicimde kullanilmaktadir (Tiirkiye Jeoloji Biilteni,
Yerbilimlerinde Sayisal Modelleme Ozel Sayisi
(https://dergipark.org.tr/tr/pub/tjb/page/15084).
Jeoloji, jeofizik ve miihendislik ¢alismalarina ilaveten
saylisal modelleme yaklasimlari yer bilimleri
problemlerine anlamhi ve kapsamli ¢6ziimler
saglamaktadir. Ornegin son teknolojik ilerlemelerle
birlikte 3D yeralti modellemesi daha dogru ve detayh
bilgiler saglamaktadir ki bu durum mihendislik
projelerini daha giivenilir ve etkili hale getirmektedir
(Berg, Olivier ve Havard (2017). Jeoloji miihendisleri
icin dogal kaynaklarin kesfedilmesi, yeralti sularinin
yonetimi, madencilik faaliyetleri gibi alanlarda
calisirken genellikle {i¢ boyutlu yeralti modellemesi
onem kazanmistir. Bu modelleme, bir bélgenin jeolojik
yapisini, kayag tiplerini, katmanlarin derinliklerini, su
kaynaklarini ve diger yeralti bilesenlerinin daha iyi
anlasilmasina yardimci olan bir tekniktir. Bunlara ek
olarak, modelleme c¢alismalari, dogrudan goézlemleme
imkani bulunmayan ve jeolojik zamanda uzun
donemlerle ifade edilen jeodinamik ortam ve olaylarin
yorumlanmasinda da oOnemli bir yontem niteligi
kazanmstir (Sekil 4).
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Sekil 4. Volkanik Bélgelerde, Kabuk Icerisinde Yerlesmis
Magma Odalarinin Modellenmesi (Karaoglu, Erkiil,
Erkiil ve Lustrino 2022)

4.4. Karbondioksit Depolama (CCS)

Karbondioksit depolama, iklim degisikligi ile miicadele
etmek ve sera gazi emisyonlarini azaltmak igin
kullanilan bir yodntemdir. Bu yodntemde, sanayi
tesislerinden salinan karbondioksit gazi yeraltina
enjekte edilmekte ve jeolojik formasyonlarda kalici
olarak depolanmaktadir. Jeoloji Miihendisleri, bu islemi
gerceklestirmek i¢in uygun formasyonlari belirlemekte,
jeolojik ve hidrolik o6zelliklerini analiz etmekte ve
enjeksiyonun giivenli bir sekilde gerceklestirilebilecegi
yontemleri  gelistirmektedir.  Kiiresel 1sinmanin
etkilerini azaltma cabalan dogrultusunda,
karbondioksitin yeraltina depolanmasina yo6nelik
calismalar artmistir. Bu teknoloji, atmosfere salinan CO2
miktarin1 azaltmay: amaglamaktadir (Benson ve Cole,
2008). CO2, yerin derinliklerinde yer alan tuz igerigi
yuksek olan formasyonlar, isletilemeyen komiir
damarlari, petrol ve dogal gaz rezervuarlari gibi jeolojik
yapilarda depolanabilmektedir (Sekil 5) (Karakurt,

Aydin ve Aydiner, 2009).
Petrol .{j? ;
Uredimi
.

Rezervuarlar

Metan

T -IJ_—

!

Ko [Diowariar

[ Dertn Tuehe Formasyonlar |

Sekil 5. CO2 Depolama Segenekleri (Karakurt ve dig.,
2009)
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4.5. Uzaktan Algilama Teknolojileri

Yeni uzaktan algillama teknolojileri (jeodezik,
fotogrametrik ve jeofizik), jeoloji miihendisligindeki
arastirmalarda siklikla ~ basvurulan  teknolojik
yontemlerden birini olusturmaktadir. Bu teknolojiler
sayesinde, yer ylizeyi ve yeralti yapilar1 hakkinda daha
detayl bilgilere ulasilabilmektedir (Mushore, 2018).
Ornegin jeolojik yap1 kontroliinde gelisen yiizey
ozelliklerinin kantitatif olarak belirlenmesi, ilgili
yapinin  karakteristik  6zelliklerine ait  veriler
saglamaktadir. Bu amagla, sahada yersel o6l¢gme
yontemleri ve hava fotogrametrisi gibi geleneksel
yontemler kullanilarak jeoloji kontroliinde gelisen
fizyografik ozellikler ortaya konulmaktadir. Gelisen
teknoloji ile aktif uzaktan algilama sistemleri ise
(RADAR, LIDAR, SONAR gibi) genellikle daha karmagik
alanlardan, geleneksel yontemlere gore cok daha yiiksek
hiz ve ¢oziiniirliikkte veri iliretilmesini saglamaktadir.
Boylece, dijital ortamda sayisal ylizey goriintiisii
olusturulabilmekte ve noktalarin siniflandirilmasi yolu
ile sayisal yiizey modelinden (DSM) sayisal arazi
modeline (DTM) gecis saglanabilmektedir (Glimis ve
Erkaya, 2007; Petrie ve Toth, 2009). Topografik
haritalar, yonlii kesitler, temel yerdegistirme dl¢iimleri,
li¢ boyutlu ytizey modelleri gibi veriler elde edilen nokta
bulutundan saglanmaktadir.

4.6. Derin Deniz Madenciligi

Okyanuslarin derinliklerindeki madencilik potansiyeli
lizerine c¢alismalar hizlanmistir (Hein, Mizell,
Koschinsky ve Conrad, 2013). Derin deniz madenciligi,
okyanus tabaninda yer alan minerallerin ¢ikarilmasi igin
yapilan islemleri kapsamaktadir. Jeoloji Miihendisleri,
derin deniz madenciligi projelerinde minerallerin
arastirilmasi, depolama alanlarinin se¢imi, ¢evresel
etkilerin degerlendirilmesi, deprem, heyelan veya diger
jeolojik olaylara karsi calismalar yaparak, jeolojik
risklerin degerlendirilmesinde gorev almaktadir.

4.7. Uzay Madenciligi ve Arastirmalari

Uzay madenciligi ¢alismalar,, uzayda bulunan
asteroidlerin, Ay'in veya diger gezegenlerin kaynak
potansiyellerini incelemeyi kapsamaktadir.
Asteroidlerden ve diger gok cisimlerinden degerli
minerallerin  ¢ikarilmas1  konusunda  ¢alismalar
hizlanmaya baslamistir (Lewis, 1996)

4.8. Dogal Afetler ve Kentsel Direnglilik

Birlesmis Milletler tarafindan “afetlere karsi kentsel
direnglilik”, yerlesimlerin stirdiiriilebilirliginin
saglanmas1 ve iklim degisikligi gibi kiiresel olaylar
karsisinda uyum saglanmasi yoniinde tedbirler alinmasi
ile tanimlanmaktadir (https://www.jmo.org.tr).

Heyelan, taskin, deprem, yangin, kuraklik gibi doga
olaylar1 sonucunda meydana gelen afetler, iilkemizde ve
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Diinya’da son yillarda 6nemli ekonomik, sosyal ve
cevresel zararlara sebep olmaktadir. Ornegin; 18.
yuzyilin ortalarindan giiniimiize hizla artmakta olan CO2
emisyonunun temel kaynagini olusturdugu kiiresel
iklim degisikligi artan sicaklik, yagis miktar1 ve deniz
seviyesi degisimi gibi faktorler ile dogal afetlerin siklig1
ve siddeti lzerinde etkili olmaktadir. Jeoloji
mithendisleri, bu degisikliklerin nedenlerini ve
sonuglarint inceleyerek, insan yasamina etkileri
anlaminda ilgili riskleri belirlemeye c¢alismaktadir
(IPCC, 2018).

Ulusal ve uluslararasi kurum ve kuruluslar tarafindan,
bilimsel ve teknolojik gelismelere bagl olarak risk
degerlendirme, afet yonetimi ve afet zararlarinin
azaltilmasina dayali ¢alismalar hiz kazanmistir. Buna
ragmen gelismislik seviyelerine bagli olarak, mevcut
uygulamalar esit sekilde paylasilamamakta ve afet
zararlari istenilen diizeyde azaltilamamaktadir. 6 Subat
2023 Kahramanmaras depremleri bunun somut
orneklerindendir (Sekil 6). 2023 yili igerisinde
Tiirkiye'nin glineydogusunda ve Suriye’nin
kuzeybatisinda meydana gelen yikici bir deprem dizisi
ile karsi karsiya kalinmistir. Bolgedeki Neotektonik
yapilar son yiizyilda kitasal kabukta meydana gelen en
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yikici depremlerden birini de igeren bir dizi yiizey
kirigini olusturmustur. Dogu Akdeniz Cografyasinin bir
kez daha karsi karsiya kaldigi bu katastrofik yikim,
gelecek  nesillerimize  giivenli yasam alanlan
birakabilmek adina oncelikli olarak afete direncli
kentler  olusturmamiz gerekliliginin 6nemini
gostermistir. Bu nedenlerden dolay1 jeoloji tabanh
calismalarin 6nemi bir kez daha giindeme gelmistir.

4.9. Siirdiirilebilirlik ve Cevre Bilinci

Jeoloji miihendislerinin ¢evresel etkileri azaltma ve
strdiirtlebilir yontemlerle dogal kaynaklarin kullanimi
konusunda daha bilingli ve etkili olmalan
beklenmektedir (Banga, Klingelhéfer ve Wolkersdorfer
2018). Jeoloji miihendisleri, yeralti ve yeriisti
kaynaklarinin korunmasi, yeralti suyu ve yiizey suyu
kaynaklarindaki kirlilik, atik yonetimi ve yenilenebilir
enerji kaynaklar1 gibi konularda da c¢alismalar
yapmaktadir. Sirdiirilebilir bir c¢evre icin, jeolojik
risklerin analiz edilmesi ve bu risklere kars1 6nlemlerin
alinmasi biiytik 6nem tasimaktadir.

Sekil 6. 06 Subat 2023 Depremlerinde Olusan Afetin Boyutlar1 ve Kentsel
Etkilerine Ornekler. Adiyaman Gélbasi ilgesinden Zemin Sivilasmasina Bagh Bir
Yap1 Hasar1 (a). Kahramanmaras Sekeroba Tren Yolunun Fay Tarafindan
Otelenmesi (b). Gaziantep Nurdag: ilcesinde Deprem Sirasinda Géken Bir Otoyol
Ust Gegiti (c). Hatay Déver Koyiinde Kaya Diismeleri (d).
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5. Sonuc ve Oneriler

Insanoglunun eski caglarda cevresi ile olan merakiyla
baslayan jeoloji bilimi binlerce yildan beri 6nemini
korumus ve bes temel bilim arasinda yer almistir. Jeoloji
bilimi sanayilesme, kentlesme ve modernlesme
slireclerinde uygulamaya aktarilmasi anlaminda
sonrasinda miihendislik nosyonu kazanmistir. Jeoloji
Miihendisligi, gelecek perspektifinde dogal kaynaklarin
strdiirilebilir kullanimi, dogal afetlerin yonetimi ve
cevre koruma gibi 6nemli alanlarda tiim diinyada artan
bir 6neme sahiptir. Teknolojiye dayali yeniliklerle
birlikte stirekli olarak gelisen bir alandir. Bu anlamda
iilkemiz, gelismis diinyada s6z sahibi olmak icin Jeoloji
Miihendisligi egitimini stratejik olarak 6n planinda
tutmalidur.
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1. Giris

Endiistri Miihendisligi, kokeni 19. ylzyilin sonlarina
dayanan bir miihendislik disiplinidir. Disiplin,
baslangi¢ta sanayideki iiretim stireglerini, sistemleri ve
kaynaklar1 daha etkili ve verimli hale getirmek amaciyla
ortaya c¢ikmistir. Endistri Devrimi ve {retim
stireclerinin =~ karmasikliginin ~ artmasiyla  ivme
kazanmistir.

Ik olarak Amerika'da gelisen Endiistri Miihendisligi,
zamanla diinya genelinde yayilmis ve evrimlesmistir.

Endiistri Mihendisligi, Frederick Taylor'un o6nciiliik
ettigi  bilimsel yo6netim hareketiyle (Scientific
Management) etkilesime girmis, bahsedilen dénemde is
stureglerinin analitik bir gsekilde incelenmesi ve
eniyilenmesi 6nem kazanmistir. Sonrasinda, Frank ve
Lillian Gilbreth cifti, iscilerin hareketlerini inceleyerek
(Motion Study) is siire¢lerini eniyilemeye ¢alismistir. Bu
calismalar, Ergonomi ve Is Giivenligi konularinda
Endiistri Miihendisligi'ne katkida bulunmustur. Ikinci
Diinya Savasi sirasinda, istatistiksel yontemlerin tiretim
stureclerinde kalite kontrolinde ve operasyonel
problemlerin ¢6ziimiinde kullanilmasiyla birlikte
Endiistri Mithendisligi daha da gelismistir. 20. yiizyilin
ikinci yarisinda bilgisayar teknolojisinin gelisimi,
Endistri Miuhendisligi'ni biytik o6lciide etkilemis,
Benzetim, modelleme ve eniyileme gibi konular,
streglerin daha etkili bir sekilde yonetilmesine olanak
tanimistir.  1980-1990'larda, kalite odakli ydnetim
anlayis1 ve Toplam Kalite Yonetimi (Total Quality
Management-TQM) anlayisiyla  birlikte  Endiistri
Miihendisligi siireclerin sadece verimliligi degil, aym
zamanda Kkalitesini de artirmaya odaklanmistir. Son
yillarda gorilen karmasik tedarik zinciri yapilar,
stregleri kiiresel diizeyde yonetmeyi zorunlu kilmistir.
Giinlimiizde Endiistri Mithendislerinin en ¢ok ilgilendigi
konulardan biri de Tedarik Zinciri Yonetimi ve Lojistik
alanidir (Kula, Torkul ve Taskin, 2006).

Ayni zamanda, Yapay Zeka (YZ), blyiik veri analizi,
nesnelerin interneti gibi teknolojik gelismeler, Endiistri
Miihendisligi'ni akilli ve otomatize edilmis stirecleri
yonetmeye yonlendirmistir. Endiistri 4.0 kavrami,
iiretim siire¢lerinde dijital doniisiimii temsil etmektedir.
Endiistri Miihendisligi, zaman icinde bilgisayar
teknolojisinin gelismesi, veri analizi ydntemlerinin
ilerlemesi ve YZ gibi yeni teknolojilerin kullanimi ile
biliytik bir doénilisim gecirmistir. Bu gelismeler, daha
karmasik siireglerin yonetilmesi, liretim hatlariin
otomasyonu ve karar alma siireglerinin daha verimli
hale getirilmesi gibi alanlarda endiistri miihendislerinin
roliinii genisletmistir (Oztemel, 2020).

Ilk bilgisayarlarin iiretilmesinden bu yana gelisen bilgi
teknolojilerinin, YZ temelli yaklasimlarin da etkisiyle,
giiniimiizde artik her alandaki uygulama 6rneklerinin
otonomi kazanarak ¢ok daha zeki ve insan gibi davranis
gosterebilir hale doniistiiklerini gozlemlemekteyiz. Her
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gecen giin farkli bir uygulama alaninda yeni bir
orneginin hayata gectigine sahit oldugumuz bu zeki
yaklasimlar, Endiistri 4.0 ile birlikte, tasarimindan
gelistirilmesine,  planlanmasindan  uygulamasina,
gozlemlenmesinden Kkontroliine, iyilestirilmesinden
eniyilenmesine kadar liretim ve servis sistemlerinin her
alaninda da yer bulmaktadir. El is¢iligine dayanan emek
yogun lretim ve servis faaliyetlerinin, otonom
robotlarin ve yuksek teknolojili zeki donanimlarin
kullanildig1 ortamlara devredilmesi ve insansiz ¢alisma
ortamlarinin hayata gecirilmesi ¢abalari tarihsel agcidan
farkl endiistri devrimleri ile ifade edilmektedir (Sekil
1).

Karmagiklik, Uretkenlik

Endiistri 4.0
Dijitalizasyon  Endiistri 3.0

El iggiligi Elektirifikasyon Endiistri 2.0

1800 1900 1960 Bugun Zaman

Sekil 1. Endiistri Devrimleri (Gomez, Guardia, Mantari,
Coronado ve Reddy, 2022)

1.1. Birinci Endiistri Devrimi

18. ylizyilda buhar giicliniin kullanilmas1 ve {iretimin
makinelesmesiyle baslamistir. O dénemde buhar giicii
zaten bilinmekteydi. Endiistriyel amaglarla kullanilmasi,
el isciligine ve insan giiciine dayali insan iiretkenligini
arttirmada en biiyiik atiim olmustur. Ornegin Kkas
giiciiyle calisan dokuma tezgahlari yerine, gli¢ icin buhar
motorlar1 kullanilabilir hale gelmis, daha 6nce tizerinde
iplik tretilen basit ¢ikriklarin mekanize hale getirilen
versiyonlariyla ayni anda sekiz kat daha fazla iiretim
hacmine ulasilabilmistir. Zaman i¢inde buhar enerjisi ile
¢alisan gemi ve buharla ¢alisan lokomotif gibi gelismeler
de hem giinliik hayatta hem de ¢alisma hayatinda ¢ok
biiyiik degisikliklere yol ag¢mistir. Boylece hem
insanlarin hem de mallarin daha kisa siirelerde ¢ok daha
uzun mesafeler kat edebilmesi miimkiin hale gelmis,
ulastirma, tasimacilik ve servis hizmetlerinde ¢ok biiyiik
katkilar saglanmistir (Desoutter, 2023).

1.2. ikinci Endiistri Devrimi

19.yiizy1lda elektrigin kesfi ve buhar enerjisinin elektrik
enerjisi ile yer degistirmesi ile baslamistir. Bu ddnemde
Henry Ford’'un (1863-1947) seri iiretim fikrini otomobil
lretimine tasimasiyla birlikte, elektrik motorlarinin
tiretimde kullanilmasi ve montaj hatlar1 kavrami hayata
gecmis ve Uretim hacimlerinde, liretim siirelerinde ve
liretim maliyetlerinde dramatik katkilar elde edilmistir.
Oncesinde her bir is istasyonunda bir otomobilin
tamaminin montaji yapilirken, artik montaj hatlar ile
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araclar tasima bandi iizerinde hareket ettirilerek farklh
is parcalarinin yerine getirildigi farkl is istasyonlarinda
iretilmeye baslanmis ve seri liretim kavrami klasik
iretime bakis tarzini bastan sona degistirmistir
(Swamidass, 2000).

1.3. Ugiincii Endiistri Devrimi

20. ytzyihn ikinci yarisinda 1970’lerde baslayan
Endiistri 3.0 ile insanlik sadece transistorler ve
mikroislemciler ile elektronigin yiikselisine degil, aym
zamanda telekomiinikasyon ve  bilgisayarlarin
ylkselisine de tanik olmustur. Bu devrim, iki biiyiik
bulus sayesinde liretimde yiiksek diizey otomasyon
cagini  dogurmustur: Otomatlar (programlanabilir
mantiksal  kontroloérler-PLC) ve Robotlar. Bu
teknolojilerin kullanilmasi ile saglanan otomasyon
stiregleri hizla gelisen Bilgi ve iletisim teknolojileriyle
birlikte insana olan bagimhlig1 azaltmis, Endstri 4.0’a
giden yolda, kismi insansiz calisan lretim ve servis
sistemlerinin temellerini de olusturmustur
(CoReceptionist, 2023).

1.4. Dordiincii Endiistri Devrimi

Ik kez 2011 yilinda Almanya’da dile getirilen Endiistri
4.0 kavrami, halihazirda bilgisayar teknolojilerine sahip
olan tretim sistemlerinin, lojistik sistemlerini de icine
alarak, ag baglantilariyla genisletilmesi ve otonom
olarak birbirleriyle haberlesebilen Siber-Fiziksel Uretim
Sistemlerinin (CPPS) ortaya ¢ikartilmasini ifade
etmektedir (Gomez ve dig., 2022). Nesnelerin interneti
(IOT) ve Servislerin Interneti (10S) kavramlariyla da
anilan bu ileri diizeyde gelismis yap1 Verinin interneti
(IOD) ile birlikte nerdeyse tiim iiretim ortaminin kendi
kendini yo6netebilmesini hedeflemektedir (Siskon,
2023).

Giliniimiiz konvansiyonel liretim ve servis sistemleri, bas
dondiiriici  bir sekilde gelisme kaydeden YZ ve
teknolojilerinin de etkisiyle, Endiistri 4.0 kavramiyla
hedeflenen, tamamiyla insansiz ve otonom c¢alisan
iiretim ve hizmet sistemlerine dogru kaginilmaz bir
sekilde yol almaktadir. Bu gerceklige paralel olarak her
alandaki arastirmaci ve uygulamacilar da zeki ve
otonom sistemlerin tasarlanmasi, gelistirilmesi ve
hayata gecirilmesi ¢abalarina katki saglamak adina
arastirmalarina hiz vermislerdir. Bu kapsamda, izleyen
bolimlerde, tretim ve servis sitemlerindeki son
gelismelere deginilmektedir.

Endiistri Miithendisligi'nin gelisim siireci ve gelecegi ile
ilgili eserlerden daha detayll bilgilere erismek
miimkiindiir (Oztemel, 2020; Davenport ve Short, 2003;
Bhambri ve Rani, 2024 ).

Calismanmin ikinci ve {ciincii béliimiinde Uretim ve
Servis Sistemleri ile Yoneylem Arastirmasindaki (YA)
gelismeler ve YZ etkilesiminden bahsedilmistir. izleyen
béliimlerde ise Uretim ve Servis Sistemlerinin alt dalh
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olan Kalite Yonetimi, Ergonomi ve Insan Faktorleri
alanlarindaki gelismelerden ve YZ uygulamalarindan
s6z edilmis olup sonu¢ boéliimiinde Endiistri
Mihendisligi disiplininin buginii ve yarin1 genel
hatlariyla degerlendirilmistir.

Bu ¢alismada Arastirma ve Yayin Etigine uyulmustur.

2. Uretim ve Servis Sistemlerindeki Gelismeler

Endiistri Miithendisligi, liretim ve servis sistemlerinin
degisen ihtiyaglarini karsilamak icin siirekli gelisen ve
uyarlanan bir alandir. Geleneksel olarak iiretim ve
servis sektorlerinde karmasik slireglerin  veya
sistemlerin eniyilenmesi ile ilgilenmektedir. Sistemlerin
daha verimli ve etkili hale getirilmesi i¢cin tasarim,
planlama, kontrol ve yonetim fonksiyonlarinda gorev
alir. Ancak YZ uygulamalarinin kullanima sunulmasiyla
birlikte bu gorevler yeniden tanimlanmakta ve
sekillenmektedir.

YZ'nin verilerden 6grenme, oriintiileri belirleme ve
minimum insan miidahalesiyle karar verme yetenegi,
endiistri mihendislerinin islerine yaklasimini da
degistirmektedir. YZ, kurumlarin ve isletmelerin veriye
dayali etkili ve akilli kararlar almasina, karmasik
slirecgleri otomatiklestirmesi ve iyilestirmesi sonucunda
operasyonel maliyetleri azaltmasina olanak tanir
(Panda, Mishra, Balamurali ve Elngar, 2021).

YZ, Endistri Miihendisligi calisma alanlarinin gesitli
yonlerini gelistirmek i¢in biiylik veri analizinden,
Makine Ogrenimi (ML) ve Derin Ogrenmeden (DL),
Meta-Sezgisel algoritmalardan yararlanan bir dizi
teknik ve ara¢ sunar. YZ'nin Endiistri Miithendisligi karar
verme slrecine yardimci olabilecegi bazi1 alanlar
sunlardir:

e Kestirimci Bakim: YZ, ekipman arizalarini ve bakim
ihtiyaclarini proaktif bir sekilde tahmin etmek igin
sensor verilerini ve ge¢gmis bakim kayitlarini analiz
edebilir. Bu yaklasim, bakim programlarinin
optimize edilmesine, ariza siirelerinin azaltilmasina
ve makinelerin 6mriiniin uzatilmasina yardimci
olur.

e Siire¢ Eniyileme: YZ algoritmalari, verimsizlikleri,
darbogazlar1 ve siire¢ degisikliklerini belirlemek
icin liretim verilerini analiz edebilir. YZ, is akislarini
ve kaynak tahsisini optimize ederek iiretkenligi
artirabilir ve operasyonel maliyetleri azaltabilir.

e Tedarik Zinciri Yénetimi: YZ, tedarikgilerden,
miisterilerden ve  ¢esitli  tedarik  zinciri
digiimlerinden gelen verileri analiz ederek
envanter seviyelerini, talep tahminini ve lojistigi
optimize edebilir.

e Kalite Kontrol: YZ, uiretilen Griinlerdeki kusurlar:
ve anormallikleri belirlemek icin goriintiileri veya
sensoOr verilerini analiz ederek denetim ve Kkalite
kontrol siireclerini otomatiklestirebilir. Bdylece,
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urin Kkalitesinin artmasi1 ve israfin azalmasi
sayesinde verimlilik artar.

e Planlama ve Kontrol: YZ algoritmalari, iretim
teslim siirelerini ve iscilik maliyetlerini en aza
indirmek icin cesitli kisitlamalar1 ve hedefleri
hesaba katarak iiretim programlarini ve is giici
planlamasini optimize edebilir.

e Insan-Robot Is Birligi: YZ, fabrika ortamindaki
insanlar ve robotlar arasinda daha giivenli ve daha
verimli is birligine olanak saglayabilir. YZ destekli
robotlar tekrarlayan veya tehlikeli gorevlerde
yardimci olabilirken, insanlar daha karmasik karar
alma siireclerine odaklanabilir.

e Benzetim ve Modelleme: YZ tabanli benzetim
araclary, karmasik sistemleri ve siiregleri
modelleyebilir, miihendislerin farkli senaryolari
denemesine ve gercek lretim siirecini aksatmadan
bilingli kararlar almasina olanak tanir.

e Karar Destek  Sistemleri: YZ, kapasite
planlamasindan ekipman bakim stratejilerine kadar
cesitli karar verme siirecleri i¢in veriye dayali
icgoriller ve Oneriler saglayarak endiistri
miithendislerine yardimci olabilir.

e Siirekli lyilestirme: YZ destekli analitik, devam
eden siirecleri izleyebilir ve gercek zamanlh geri
bildirim saglayarak endiistriyel ortamlarda stirekli
iyilestirme girisimlerini kolaylastirabilir.

YZ'nin Endiistri Mithendisliginde karar alma siirecine
biliyiik 6l¢lide yardimci olma potansiyeli olmasina
ragmen, insan uzmanliginin ve yargisinin yerini
alamayacagini belirtmek 6nemlidir. Bu hayati gorevi
yerine getirmesi icin bir bilgisayara glivenmek icin
gereken giliven diizeyini olusturmak biraz zaman
alacaktir. YZ, alan bilgisini, deneyimini ve sezgisini YZ
algoritmalarindan elde edilen veri odakli iggoriilerle
birlestirmek icin insan Kkarar vericilerle entegre
edildiginde en iyi sekilde ¢alisir. YZ, biiyik miktarda
verideki oriintiileri insanlardan ¢ok daha hizhi tespit
etme yetenegi nedeniyle iiretimde daha yaygin ve
o6nemli hale gelse de, YZ'nin bir uzman insan ile igbirligi,
daha bilingli ve etkili karar alma siireciyle sonug¢lanarak
Endistri Miihendisligi uygulamalarinda iretkenligin,
verimliligin ve genel performansin artmasina yol agar.

Endistri Miihendisleri problemleri ¢6zmek igin
benzetim, karar verme araglari, algoritmalar, eniyileme
teknikleri ve yazilimlar1 kullanirken, Yo6neylem
arastirmacilar1 bu araglarin arkasindaki yéntembilimi
tizerinde calisir, yeni algoritmalar gelistirir, yeni
eniyileme yontemleri tasarlar, sistemleri analiz etmek
icin etkili araclar tasarlarlar.

2.1. Uretim Sistemlerindeki Giincel Calismalar

YZ temelli algoritmalar, bir¢ok alanda oldugu gibi
iretim  sistemlerinin = ydnetiminde ve  karar
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problemlerinin ¢éziimiinde kullanilmaya baslanmistir.
Verilerin analiz edilmesi ile liretim sistemlerinde talep
tahminleme, planlama ve ¢izelgeleme, kaynak tahsisi,
stok yonetimi, slre¢ otomasyonu, gercek zamanl
iretim siireclerinin goézlemlenmesi ve denetlenmesi,
kalite kontrol, kestirimci bakim, ara¢ rotalama, aktarma
ve lojistik, tedarik zincirinin eniyilenmesi gibi
faaliyetlerin yerine getirilmesinde, YZ teknikleri ile artik
daha karli, daha verimli ve maliyet etkin ¢6ziimlerin ¢cok
daha kisa surelerde iretilmesine imkan
saglanabilmektedir. izleyen kisimda yukarida siralanan
tretim faaliyetlerinde, 6zellikle son yillarda, yapilan
¢alismalara deginilmektedir.

Esteso, Peidro, Mula ve Diaz-Madrofiero (2023) kaynak
planlamasi, kapasite planlama, satin alma ve tedarik
yonetimi, tiretim planlama ve stok yonetimi konularinda
takviyeli 6grenme tekniklerinin  kullanimi ve
uygulanabilirligini arastirmislardir. Castafié, Dolgui,
Kousi, Meyers, Thevenin, Vyhmeister ve Ostberg (2023)
uyarlanabilir (adaptive) iiretim ortamlar1 icin karar
destegi saglamak tizere iiretim planlamasi ve kontrolii
ile biitlinlesik ve YZ tabanlh dijital ikizlerin
gelistirilmesine odaklanmislardir. Dehghan Shoorkand,
Nourelfath ve Hajji (2023) DL ve matematiksel
programlamayi kullanarak, entegre kestirime dayali, bir
bakim ve {retim planlama c¢erceve modeli
gelistirmislerdir. Amaglari, gelecekteki tiim triinlere
yonelik talebi karsilarken, bakim, kurulum, bekletme, 6n
siparis ve liretim maliyetlerinin toplamini en aza
indirmek seklindedir. Singh ve Mishra (2023) yesil
yatirim teknolojisi kapsaminda bozulan irtnleri ele
almak amaciyla ML tekniklerini birlestirerek stok
yonetimine yonelik Bulamik Mantiga dayali yeni bir
yaklasim onermisledir. Jiang (2023) ML ile gelistirilmis
katmanh iiretim teknolojilerinin mevcut durumuna
iliskin kapsamli bir arastirma sunmustur. Bai, Chen,
Chen, Cui, Gong ve Zhang (2023) Ara¢ rotalama
probleminin modellenmesi ve eniyilenmesinde ML
algoritmalarinin  analitik  tekniklerle bir arada
kullanildigr  hibrit  yaklasimlar1  arastirmislardir.
Calismalari, analitik tekniklerin ML araglaryla
birlestirildigi hibrit yodntemlerin ilk ve kapsamh
incelemesini sunmaktadir. Abualsauod (2023) ML
kullanarak zeki imalat endiistrisinde hata tespiti ve
kalite kontrol yonetimi i¢in yeni bir teknik énermistir.
Girdi verileri nesnelerin interneti (IoT) modiilii
tarafindan iretim hatast geg¢mis verileri olarak
toplanmistir. Bu veriler giiriiltiiniin  giderilmesi,
normallestirilmesi ve diizgiinlestirilmesi icin islenmis
ve islenen verinin 6zellikleri de, cekirdek temel vektor
bilesen analizi kullanilarak g¢ikarilmistir. Carl May,
Nestroy, Overbeck ve Lanza (2023) tiretimde karmasik
atolye iretim sistemleriyle ugrasmanin getirdigi
zorluklarl, zaman ve maliyet Kkayiplarim1 ortadan
kaldirmak amaciyla liretim sistemlerinin malzeme akisi
benzetimine yonelik otomatiklestirilmis bir model
(ASMG) cergevesi sunmuslardir. Bu c¢ergeve, olaya
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dayali verilerden yonlendirme, kontrol ve zamansal
hususlar ¢ikarmak i¢in siire¢ madenciligi (PM) ve ML
yontemleri kullanmaktadir. Maiti ve Muthuswamy
(2023) Evrisimsel Sinir Ag1 (CNN) ve Destek Vektor
Makinesi (SVM), Karar Agaglar1 ve k-En Yakin Komsu
gibi ML ve goriintii isleme tekniklerini kullanarak takim
tezgahlarinin bilissel yeteneklerini gelistirmek amaciyla
malzeme tanimlama ve smiflandirma goérevini
otomatiklestirmeye yonelik genel bir yo6ntem
onerisinde bulunmuslardir. Feizabadi (2022) ML ve
sinir ag temelli hibrit talep tahmin yoéntemi
gelistirmistir. Yontem c¢elik i{ireten bir firmada
uygulanmis ve degerlendirilmistir. Yamamura, Santana,
Masiero, Quintanilha ve Berssaneti (2022) genis egitim
veri kiimelerine olan ihtiyaci ortadan kaldirabilmek
amaciyla bir uzmanin alan bilgisini kullanarak, iiriin
gelistirme faaliyetlerini desteklemeye ve pazar payini
tahmin etmeye yonelik uzman alan bilgisini ve ML’yi
birlestiren karmasik artimli yeni bir yéntem onerisinde
bulunmuslardir. Yasir ve dig. (2022) tekstil endistrisi
icin, i¢csel ve digsal gostergeleri kullanan, ML temelli bir
talep tahmin yontemi oOnerisinde bulunmuslardir.
Zhang, Zhu, Tang, Zhou ve Gui (2022) dinamik atdlye tipi
iiretim ortamlarinin cizelgelenmesi i¢in, kendi kendine
organizasyon mekanizmasi ile kendi kendine 6grenme
stratejisini birlestiren derin takviyeli 6grenmeye (DRL)
dayali ¢ok ajanli bir yap1 6nerisinde bulunmuslardir.
Deneysel sonuglar, oOnerilen yontemin, c¢esitli
performans olciitlerini karsilayan planlama ¢éziimlerini
liretmesinin yani sira, faaliyet kesilmeleriyle de, verimli
ve otonom bir sekilde basa ¢ikabildigini gostermistir.
Sharma, Zhang ve Rai (2021) imalatta ML igin
yorumlayici bir ¢erceve imalat modeli gelistirmislerdir.
Lolli ve dig. (2019) Kkesikli talep durumunda
uygulanacak cok kriterli envanter siniflandirmasina
yonelik bir ML yaklasiminda bulunmuslardir. Calisma
sonuglart ML smiflandiricilarinin  gelismis envanter
siniflandirma sistemlerinde uygulanabilirligini
onaylamistir. Priore, Ponte, Rosillo ve de la Fuente
(2019) hizla degisen tedarik zinciri ortamlarinda stok
yenileme politikalarinin dinamik se¢imine yonelik ML
algoritmalarini uygulamislardir. Sonuclar statik secim
alternatiflerine gore isletim maliyetlerini 6nemli 6l¢iide
diistirebilecegini gostermistir. Kousi,
Dimosthenopoulos, Matthaiakis, Michalos ve Makris
(2019) montaj hatlarinda, insan operatorler ve robot
kaynaklar1 arasinda dinamik is dengelemeyi hedefleyen
YZ tekniklerine dayali ¢ok seviyeli bir karar verme
cercevesi sunmuslardir. Sonuglar 6nerilen yaklasimin,
kaynak tahsisi dengesini gozetirken ayni zamanda
verimli goérev c¢izelgeleri olusturmaya da olanak
sagladigini gostermistir.

2.2. Servis Sistemlerindeki Giincel Calismalar

Clark-Fisher hipotezinde belirtildigi tizere, endiistri
sonrast toplumlarda, servis sistemlerinin ilke
ekonomisine katkis1 imalat sistemlerine kiyasla ¢ok
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daha fazladir (Clark, 1957). Bu yoniyle
degerlendirildiginde yeni gelisen teknolojilerin servis
faaliyetlerinde de kullanilmasi ve servis hizmetlerindeki
kalitenin, miisteri tatmininin, etkinligin ve verimliligin
bu teknolojilerle arttirilmasi ¢abalar1 da kaginilmaz
olarak ortaya cikmaktadir. Her ne kadar YZ temelli
teknolojilerin ilk somut 6rnekleri imalat sistemlerinde
ortaya ¢ikmis olsa da artik saglik sektoriinden, turizme,
finans sektoriinden egitime, pazarlama sektdriinden
ulasima, bankacilik sektoriinden iletisime, yiyecek
sektoriinden sigorta hizmetlerine, guvenlik
hizmetlerinden lojistik yonetimine kadar servis
sektoriinlin neredeyse her alaninda YZ temelli
uygulamalara rastlamaktayiz. Izleyen kisimda servis
faaliyetlerinde 6zellikle son yillarda yapilan YZ temelli
calismalara deginilmektedir.

Norzelan, Mohamed ve Mohamad (2024) Planh
Davranis Teorisi (TPB) ve Birlesik Teknoloji Kabulii ve
Kullanimi Teorisi'ni (UTAUT) kullanarak, paylasimli
hizmet sektdriindeki finans ve muhasebe birimlerinin
baskanlar1 arasinda YZ'nin teknoloji kabuliini
arastirmayl amaglamislardir. Bulgular, isletmelerin
ozellikle finans ve muhasebe alanlarinda YZ'yi
kullanirken onceliklendirilmesi gereken 6nemli alanlar
hakkinda fikir verdigini gostermistir. Rasheed, Chen,
Khizar ve Safeer (2023) konaklama sektdriinde
Pakistanli miisteriler arasinda YZ hizmetlerinin
benimsenmesini etkileyen faktorlerin anlasilmasi
amaciyla davranissal nedenlerin ve duygusal zekanin
roliinii arastirmiglardir. Boff Medeiros, Fogliatto, Karla
Rocha ve Tortorella (2023) kaynak kullanimina iliskin
karar verme silirecine yardimci olmak amaciyla
hastanelerdeki pediatrik hastalarin hastane kalis
stirelerini tahmin etmeyi amaglamislardir. Toplam
pediatrik hasta kalislarina ait veri setlerinin
modellenmesindeki zorluklar1 asmak ve daha yiiksek
tahmin dogrulugu elde etmek amaciyla ML
algoritmalarin1 kullanmis ve yeni bir tahmin modeli
gelistirmislerdir. Balasubramanian, Shukla, Islam,
Upadhyay ve Duong (2023), ML’'den bilgisayarh
gormeye (Computer Vision) kadar farkl YZ tekniklerini
ve bu tekniklerle beslenen c¢esitli veri girisi tirlerini
kapsayan ¢alismalarinda, saglik hizmetleri i¢cin kapsaml
bir YZ c¢ercevesi Onerisinde bulunmuslar ve bunun
Birlesik Arap Emirlikleri saglik sektori icindeki
etkinligini degerlendirmislerdir. Tseng ve dig. (2023)
merkezi olmayan rejeneratif tip tedarik zincirlerinde
dinamik kapasite planlamasi igin derin takviyeli
dgrenme yaklasimi 6nermislerdir. Onerilen yaklasimda,
etkili kapasite planlama politikasin1 6grenmede, bir
lretim  benzetim modeli ve DRL yontemi
kullanilmaktadir. Adhikari, Joshi ve Basu (2023) YZ
inovasyonuna yatirim yaptigl varsayilan bir saghk
iiriind dreticisi, bir dagitic1 ve bir satin alma ajansindan
olusan 1ii¢c seviyeli bir tedarik zinciri yapisin
birlestirerek cok seviyeli, YZ destekli bir saglik hizmeti
tedarik zinciri tasarlamislardir. Giudici ve Raffinetti

1098



ESOGU Miih. Mim. Fak. Dergisi 2023, 31(4), 1094-1111

(2023) finans alanindaki YZ uygulamalarinin
givenilirligini 6lcmek amaciyla, Lorenz Zonoidlerine
dayali 6l¢iim metriklerini kullanmiglardir. Du ve dig.
(2023) akilli bir ulasim sistemi i¢in o6zellestirilmis
tiriinlerin teslim siireleri boyunca lojistik THA'larin
toplam enerji maliyetini en aza indirmeyi hedeflemistir.
Lojistik IHA'larin rotasini ve hizmet tahsisini ortaklasa
eniyileyen isbirlikeci bir yol planlama formiilasyonu
onermistir. lgili formiilasyonda [HA'larin enerji
tilketimi degisimini, misterilerin karisitk zaman
pencerelerini ve eszamanli teslimat ve teslim almayi
dikkate almislardir. Xia, Muskat, Li ve Prayag (2023)
turizmde, cihaz, islem ve kullanic1 tarafindan devasa
hacimlerde tretilen biiyiik verinin, turizmle ilgili sosyal
olgular1 daha iyi anlamak ve daha iyi kararlar almak
amaciyla, YZ algoritmalarin1 kullanarak analizini
yapmislar ve turizm literatlirindeki potansiyel
nedensel iliskileri ortaya ¢ikarmak icin yeni bir yontem
onerisinde  bulunmuslardir. Tamasiga, Onyeaka,
Bakwena, Happonen ve Molala (2023) gida
kesintileriyle miicadele etmek i¢in kiiresel deger
zincirindeki aksakliklari tahmin etmede ve yonetmede
YZ'nin roliini incelemislerdir. Ortaya ¢ikan arastirma
egilimlerini, etkili yayinlari, 6nde gelen kurumlari, is
birliklerini, temalari, politika sonuglarini ve gelecekteki
arastirma yollarim1 kesfetmek icin Scopus ve Web of
Science'taki kapsamli verileri kullanarak bir analiz
gerceklestirmislerdir. Yaiprasert ve Hidayanto (2023)
Gida dagitim isinde dijital pazarlama stratejilerini
gelistirmek icin, miisteri verilerini analiz etmek, musteri
tercihlerini belirlemek, miisteri davranisini tahmin
etmek ve YZ tabanl 6neriler sunmaya yonelik farkli ML
algoritmalarini kullanmislardir. Doumpos, Zopounidis,
Gounopoulos, Platanakis ve Zhang (2023) son on yilda
bankacilik sektoriine yonelik YA ve YZ tabanli
calismalara iliskin kapsamli ve yapilandirilmis bir
bibliyografik  arastirma  sunmuslardir.  Yapilan
calismalar banka verimliligi, risk degerlendirme,
performans degerlendirme, birlesme ve satin almalar,
bankacilik diizenlemeleri, miisteri ile ilgili calismalar ve
teknik analiz konularini igermektedir. Liu, He, Wang ve
Shen (2022) YZ destekli hizmet robotlarinin, yavas
yavas saglik sektoriinde popiiler aracilara doniismekte
oldugundan hareketle, hastalarin hastanelerde YZ
destekli hizmet robotlarini kullanmaya devam etme
niyetlerini hastalarin ozellikleri acisindan
degerlendirmislerdir. Ahmed, Alshater, El Ammari ve
Hammami (2022) finans alamindaki YZ ve ML
literatiiriinii gézden gegirmislerdir. Bibliyometrik bir
yaklasim kullanarak Scopus veritabaninda indekslenen
dergilerden 2011-2021'de yayinlanan 348 makaleyi
inceleyerek bir derleme ¢alismasi yapmislardir.

3. Yoneylem Arastirmasi, Gelismeler ve Yapay Zeka
Etkilesimi

YA, sibernetik, sistem miihendisligi, ¢cevre bilimleri,
sistem bilimleri gibi II. Diinya Savasi’ndan sonra dogup
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gelisen bir bilimdir (Ackoff, 1972). Biitiinlesik yaklasim,
bilimsel yontem ve disiplinleraras1 yaklasim olarak
siralanan li¢ temel Ozelligiyle, gercek hayat
problemlerine eniyi ¢o6ziimler arar (Kara, 1985).
Endiistri Miithendisliginin temel disiplinlerinden olan
YA wyillardir, tretim planlama, malzeme ve stok
yonetimi, liretim cizelgeleme, ulagstirma ve atama, proje
yonetimi, isglicli planlama, yatirim planlama, tesis yer
sec¢imi ve tesis yerlesimi, benzetim ve stokastik siirecler
gibi orneklenebilecek pek ¢ok problem ile ilgilenir.
Matematiksel modeller yardimiyla belirli bir amag ya da
amaglar icin eniyi ¢6ziimii bulmaya doniik binlerce
bilimsel ¢alismaya konu olmustur. Temel olarak
problemleri deterministik (problemde yer alan
parametrelerin degerlerinin bilindigi) ya da stokastik
(problemde yer alan parametrelerin degerlerinin
olasilikli olarak bilindigi) olarak iki ana kategoride
incelemektedir. Problem alanlarinin yukaridaki gibi ¢ok
genis kapsamli olmasi ve disiplinlerarasi yaklasimyi,
YA’'nin diger Endiistri Mithendisligi temel alanlari ile ve
diger temel bilim dallar1 ile her zaman igice olmasim
gerektirmektedir.

Giinlimiizde hizla tiretilen y181n ve degisken veriler, YA
problem alanlarinda da kararlarin hizli ve dogru
olmasina yonelik stirekli artan bir ihtiya¢ yaratmis, bu
durum yeni bilisim sistem ve tekniklerinin gelisimini
zorunlu kilmistir (Gupta, Modgil, Bhattacharyya ve Bose,
2022). Artik sistemler, bulut yapilari (cloud), gesitli
internet platformlar1 ve kapsamli veri olusturma
araclar1 ile karst  karsiya  kalarak = oldukcga
karmasiklasmistir. YA tekniklerinin bu yeni alanlara
hizli entegrasyon zorunlulugu dogmus, bilgisayar
tabanl karar verme mekanizmalari, YZ teknolojisi ile
birlikte bu alanda da yayginlasmistir.

YZ'nin tahmin ve akil yliriitme (reasoning) alanlarindaki
teknikleri YA i¢in olduk¢a yardimcidir. YZ tekniklerinin,
gecmiste yaygin kullanilan Prolog, Lisp, Bayesian gibi
kural tabanli yaklasimlar ile karsilastirildiginda,
mantiksal akil ylriitme, fonksiyonel ve betimleyici
programlama gibi olduk¢a zengin ve yetenekli, bilgi
tanimlama, gorsellestirme ve kodlama kapasitesi
bulunmaktadir (Gupta ve dig., 2022). Ancak bu zengin
gosterimlerin bazi agilardan esnekligi azalttigi ve gercek
problemlere ¢ok uygun olmadigi durumlar ortaya
¢ikabilmektedir. YA ise iyi tamimlanmis bir problem
uzayinda eniyi ¢dziimleri belirleyebilen ve dogrusal
programlama yapilarinda oldugu gibi daha izlenebilir
olan gosterimleri kullanmaktadir. Bu nedenle YZ ve YA
biitiinlesmesinin gercek hayat problemlerinin yeterli
diizeyde ve giliclii gosterimlerle temsil edildigi ve
boylece hizli ve rekabet edebilen c¢oziimlerin
tiretilebildigi durumlarda olduk¢a basarili olacag
goriilmektedir. Swarnkar ve Swarnkar (2020) yapmis
olduklar literatiir taramasi ¢alismasinda 1975-2020
yllar1 arasinda, YZ tekniklerinin YA calismalarindaki
kullanimlarin1 derlemis ve bu kapsamda Genetik
Algoritmalar, Karinca Kolonisi Algoritmalari, Pargacik

1099



ESOGU Miih. Mim. Fak. Dergisi 2023, 31(4), 1094-1111

Siirlisii Optimizasyonu ayrica son yillarda gelistirilen Fil
Siirtisii Algoritmasi, BAT Algoritmasi gibi yeni sezgisel
tekniklerle gerceklestirilen ¢ok sayida YA
uygulamalarina yer vermistir.

YZ teknolojilerindeki ilerleyise paralel olarak YA
alanindaki mevcut c¢oziicliilerde de gelismeler ortaya
cikmis, ticari ¢oziiciilerin maliyetli olmalar1 ve lisans
gereksinimleri, a¢ik kaynak kodlu ¢dziiciilerin
gelismesine olanak saglamistir. Ticari ¢o6ziiciiler
arasinda XPRESS, CPLEX ve GUROBI, acik kaynak kodlu
¢ozlcller arasinda ise CLP, LP_SOLVE ve GLPK 6rnek
gosterilebilir. Hemen hemen tiim agik kaynak kodlu
coziicliler herhangi bir yazilim irini ve bir ¢oziici
arasinda veri aligverisi i¢in kullanilabilecek bir cesit
yapilandirilmis API'ye bir baska deyisle iki uygulamanin
birbiriyle konusmasina olanak taniyan bir yazilim
aracisl olan uygulama programlama arayiiziine sahip
olmaktadir.

Bu kapsamda kullanilan araglar arasinda yer alan
Python; veri bilimi, ML ve DL gibi konularla ilgili
arastirma ve endiistri projelerinde tercih edilen bir
programlama dili haline gelmistir (Blanc ve Deb, 2020).
Dinamik alt yapisi ve anlasilir sade dili kullanim
kolaylig1 saglamaktadir. YA, bagh olarak eniyileme bu
arastirma alanlarinin dogal bir pargasi oldugundan,
Python-YA iligkisi giliclenerek devam etmektedir.
Python’un modiilleri, paketleri, kiitiiphaneleri ve ¢atilar
bulunmaktadir. Bir modiil basitce, bir konuda yazilmis
ve.py uzantisi ile kaydedilmis bir dizi koddur. Paketlerin
(packages), biiyiik bir uygulama programi gelistirirken,
yonetmesi zor birden fazla modiil oldugunda bunlarin
bir arada toplandig1 modiillerin birlesiminden olustugu,
kitiiphanelerin (libraries) belirli bir problem alanina
doniik olarak bir araya getirilmis paket ve yine
modiillerden olustugu soylenebilir. Catilar
(frameworks) ise kiitliphanelere benzer sekilde paket ve
modiillerden olusmakla birlikte, program gelistirme
slirecinin daha hizli izlenmesi i¢in kullanilan ve
kitiiphanelere gére daha karmasik olan yapilardir.

Bu kisimda YA calismalarinda sik¢a kullanilmasi
nedeniyle Python kiitiiphanelerine kisaca
deginilmektedir. Python'un olduk¢a ¢ok sayida
kiitiiphanesi bulunmakta olup her kiitiiphane farkl bir
islev icin gelistirilmistir. En yaygin kullanilan
kitiiphaneleri arasinda, ML gibi pek ¢ok uygulama
oncesi verilerin analizi, islenmesi ve uygulamaya hazir
hale getirilmesi i¢in kullanilan Pandas gelmektedir.
Pandas’a alternatif olarak kullanilabilecek, 6zellikle ¢ok
biiyliik veri setlerinin analizinde ayni amacla tercih
edilen Polars bir diger kiitiiphanedir. ML modellerinin
olusturulmasi i¢in kullanilan ve simiflama, regresyon
analizi, kiimeleme gibi yaygin makine 6genmesi
islemlerini yapabilen Scikit-Learn de sik kullanilan
kiitiiphanelerdendir.

Eniyileme alaninda gerek yukarida anlatilan
coziiciilerde gerek programlama dillerindeki gelismeler,
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bunlarin birlikte uygulanmalarina olanak saglayan
cesitli kiitiiphaneler ya da biitlinlesik yapilar1i da
beraberinde getirmistir. Ornegin bu kapsamda
Gurobipy, Gurobi ile kolayca arayiliz olusturabilecek
modelleri tanimlayan bir Python ¢ercevesidir (Yildirim,
2023).

YZ tekniklerinin YA alanindaki uygulamalarini kisitli bir
dokiimanda o6rneklemek ya da siniflamak neredeyse
imkansizdir, ¢iinkii YA alanina girebilecek sadece tek bir
problem tiriinde yapilmis ¢alismalar i¢in bile literatir
taramasi makalelerine erismek miimkiindiir. Ornek
verilecek olursa Ciccone, Bacciaglia ve Ceruti (2023)
tiretim sektoriindeki, Zhang, Ge ve Tong (2022) arag
rotalama alanindaki, Bahroun, Tanash, As’ad ve Alnajar
(2023) proje cizelgeleme alanindaki YZ uygulamalari
icin literatiir taramasi ¢alismalaridir. Hatta YZ teknikleri
YA alaninda o kadar hizli kullanilmaya baslanmistir ki,
bu tiir literatiir ¢alismalarina daha eski yillardan beri
rastlanmaktadir (Charalambous ve Hindi,1991; Wiers,
1997)

Ancak Tablo 1'de 6rnek olmasi agisindan, son yillarda
YA alaninda gerceklestirilen ve YZ tekniklerinin
kullanildig birka¢ calismaya yer verilmektedir.

Tablo 1. YA Calismalarinda YZ Kullanimina Ornekler

YZ Teknigi  Kullanim Yazarlar
Alam
Pargacik Arag rotalama  Hsieh, You ve Chen
Siiriist problemi (2021)
Genetik Aragrotalama  Hsieh ve dig. (2021)

Algoritmalar problemi

Derin Planlama ve Hatami ve Franz

Ogrenme Cizelgeleme (2021)

Pargacik Tedarik Zinciri Hassouna, El-

Siirtisi YoOnetimi henawy ve Haggag
(2022)

YA, kit kaynaklarin gittikce tiikenmekte oldugu kiiresel
diinyada, en ¢ok ihtiya¢ duyulan kavramlar olan diisiik
maliyet, yiiksek verimlilik, siirdiriilebilirlik gibi
konularin yaninda, ¢evre ve insan saglg, hizla
gelismeye devam eden teknolojik ilerlemeler arasinda
onemli yerini korumaya devam edecek bir bilim dalidir.

4. Diinyada ve Ulkemizde Kalite Alamindaki
Gelismeler ve Yapay Zeka Uygulamalari

Isletmeler, iiretim planlama, iyilestirme ve Kkalite
kontrol faaliyetlerinde YZ teknolojilerini kullanarak
verimliliklerini artirmay1 ve mevcut sorunlara hizh
¢oziimler iretmeyi hedeflemektedir (Buchmeister,
Palcic ve Ojstersek, 2019). YZ destekli kalite yonetim
sistemlerinin endiistrilerde yaygin olarak tasarlanmasi
ve uygulanmasi, kaliteye yonelik faaliyetlerin
iyilestirilmesine olanak tanir. Bu sayede hatalarin erken
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tespiti ve ortadan kaldirilmasi ile kalite maliyetleri
azaltilabilir (Ever ve Demircioglu, 2022).

Endiistri 4.0, robotlar ve YZ kullanarak veri toplayan ve
tekrarli islemleri otomatiklestiren farkli teknolojik
araglart tesvik etmektedir (Souza, Corsi, Pagani,
Balbinotti ve Kovaleski, 2021). YZ teknolojileri, tiretim
ve hizmet sektoriinde kaliteyi ve verimliligi artirmak
amaciyla uygulanmaktadir (Lee, Lee ve Kim, 2019). YZ,
Uzman Sistemler (US), Genetik Algoritmalar (GA),
Bulanik Mantik (BM), Yapay Sinir Aglari (YSA), ML ve DL
gibi yontemleri icerir (Stancheva-Todorova, 2018). ML,
programlanmis algoritmalar ve istatistiksel modeller
araciliglyla verilerden o6grenmeyi icerirken, derin
6grenme, ¢cok katmanli sinir aglari iceren bir sistemdir
(Du-Harpur, Watt, Luscombe ve Lynch, 2020). YZ,
uzmanlik bilgisinden yoksunluk, karar verme
stireglerindeki belirsizlik ve karmasiklik gibi bir¢ok
zorlugun lstesinden gelmeyi kolaylastirir (Buchmeister
ve dig., 2019).

Kalite 4.0 ise Endiistri 4.0 tekniklerini kalite yonetimine
uygulayan bir yaklasim olarak tanimlanir (Bolatan,
2020). Makine @grenmesi, biiytik veri, bulut bilisim,
artirilmis gergeklik gibi teknolojileri kullanarak Kalite
Yonetimi siirecini dijitallestirmeyi ifade eder (Chiarini,
2020; Gimiisoglu, 2018). Uretimde YZ kullanimi ile
iretim hatalar;, ekipman arizalari ve hammadde
degisiklikleri 6nceden tahmin edilip 6nlemler alinarak
liretim strecleri iyilestirilir.

YZ teknolojileri, isletmelerin rekabet avantaji elde
etmelerine yardimci olabilir. Kaliteli triinlerin diisiik
maliyetle ve miisteri taleplerine uygun bir sekilde
iiretilmesini hedefleyen isletmeler, Kkalite ve siire¢
iyilestirmelerine odaklanmalidir (Kesici ve Yildiz,
2016). YZ, isletmelere yiiksek verimlilik, diisiik maliyet,
cevre dostu liretim ve rekabet glicii kazandirabilir (Li,
Hou, Yu, Lu ve Yang, 2017). Bu teknoloji, kalite kontrol
faaliyetlerini kolaylastirabilir, tasarim siireglerini
kisaltabilir, malzeme israfini azaltabilir ve operasyonel
maliyetleri en aza indirebilir.

Son yillarda, Kkalite alanindaki gelismeler ve YZ
uygulamalari, Kalite lyilestirme ve Siire¢ Eniyileme,
Kestirimci Bakim ve Ekipman Y6netimi, Anomali Tespiti
olmak lizere li¢ ana baglik altinda ele alinmistir.

4.1. Kalite Iyilestirme ve Siirec Eniyileme

Giliniimiizde BM, GA, YSA ve US'un yanisira (Kaya ve
Engin, 2005), ML ve DL algoritmalar1 da Kkalite
iyilestirme ve siire¢ eniyileme yaygin olarak kullanilan
araglar haline gelmistir. Kontrol Grafikleri (KG) ve
Istatistiksel Siire¢ Kontrol (iSK), Deney Tasarimi (DT)
teknikleri  (Taguchi, Yanit Yiizey Metodolojisi,
Tam/Kesirli Faktoriyel Tasarim, Plaket Burman
Tasarimi  vb.) ile parametre eniyileme, Kabul
Orneklemesi, Hata Tiirii ve Etkileri Analizi (HTEA),
Kalite Fonksiyon Yayilimi (KFY) arastirmacilarin YZ
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tekniklerini uygulandigi kalite baglklar1 olarak
siralanabilir.

BM, GA ve YSA'nin yanisira, ML ve DL algoritmalarim
kalite iyilestirme siireclerinde kullanan ¢alismalardan
bazilar1 Tablo 2, Tablo 3 ve Tablo 4’te konu temelinde
kronolojik olarak o6rneklenmistir. Calismalar
tablodakiler ile sinirh degildir.

Tablo 2. Bulanik Mantigin Kalite lyilestirme Siirecinde
Kullanimi

YZ Teknigi Kullanmim Alam Yazarlar

Testik ve Unlii (2023),
Behnia, Ahmadabadi,
Schuelke-Leech,
Mirhassani (2023),
Ivancan ve Lisjak
(2021), Geremian ve
Abraham (2021),
Murad ve dig. (2020),
Geramian, Abraham ve
Ahmadi Nozari (2019),
Hassan, Purnomo ve
Anugerah (2019),
Geramian, Shahin,
Minaei ve Antony
(2020), Gholizadeh,
Javadian ve
Fazlollahtabar (2020),
Reda ve Dvivedi
(2022),
Mariajayaprakash,
Senthilvelan ve
Gnanadass (2015)
Reda ve Dvivedi
Bulanik (2022), Beseiso ve
Mantik Kumar (2021), Singh
ve Kumar (2021),
KFY Aouag, Soltani ve
Mouss (2021),
Jafarzadeh, Akbari ve
Abedin (2018)
Kaya, Ilbahar ve
Karasan (2023), Al-
Refaie, Abbasi ve
Ghanim (2021),
Decker, Leite, Giommi
ve Bonacorsi (2020),
Geremian ve dig.
(2020), Cisar ve
Maravic-Cisar (2019),
Aslam, AL-Marshadi ve
Khan. (2019), Teksen
ve Anagun (2018)
Garcia-Alcaraz ve dig.
Parametre (2022),
Optimizasyonu | Mariajayaprakash ve
dig. (2015)
Kabul Chukhrova ve

HTEA

KG ve ISK

Orneklemesi Johannssen (2018)
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Tablo 3. Genetik Algoritmalarin Kalite Iyilestirme
Siirecinde Kullanimi

YZ Teknigi | Kullamm

Alam Yazarlar

Gholizadeh ve dig.
(2020),
Mariajayaprakash
HTEA ve dig. (2015),
Gojkovi¢, burié,
Tadié¢, Nesti¢ ve
Aleksi¢, (2021)

Genetik KEY Beseiso ve Kumar
Algoritmalar (2021)

KGveSK | Wan (2020)

Wan, Chen ve Zhu
(2023), Nitnara ve
Parametre Tragangoon
Optimizasyonu | (2023),
Mariajayaprakash

ve dig. (2015)

Tablo 4. Yapay Sinir Aglari, Makine Ogrenmesi ve Derin
Ogrenmenin Kalite Iyilestirme Siirecinde Kullanimi

YZ Teknigi Kullamm

Alam Yazarlar

Na'amnbh, Salim,
Husti ve Daroczi
(2021), Ma ve Wu
(2019)

HTEA

Patil, Husain ve
Halegowda (2018),
Kang ve Wang
(2022)

KFY

Yeganeh, Abbasi,
Shongwe, Malela-
Majika ve Shadman
(2023), Sabahno ve
Niaki (2023), Azmat
ve dig. (2023),
Yeganeh,
Johannssen,
Chukhrova, Abbasi
ve Pourpanah
(2023), Alwan,
Ngadiman, Hassan,
Saufi ve Mahmood
(2023), Kurt (2022)

Yapay Sinir
Aglar,

Makine

o . KG ve ISK
Ogrenmesi,

Derin
Ogrenme

Chaouch, Ben
Khalifa, Zitoune ve
Zidi (2023), Yoo ve
Parametre dig., (2023), Nitnara
Optimizasyonu | ve Tragangoon
(2023), Garcia-
Alcaraz ve dig.

(2022)
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4.2. Kestirimci Bakim ve Ekipman Yénetimi

Geg¢miste insanlar tarafindan yiiriitiilen kalite kontrol ve
onleyici bakim faaliyetleri, YZ ve bilgi teknolojilerinin
gelismesi ile kestirimci bakima déntsmiistiir (Lee ve
dig., 2019). Kestirimci bakim, iiretim tesislerinin ve
ekipmanlarinin  durumunu  nesnelerin  interneti
araciligiyla gercek zamanli olarak izler; sinyal isleme,
biiytlik veri analitigi ve akilli sensorler gibi teknolojileri
kullanarak kalan faydali 6mrii tahmin eder ve eniyi
bakim dongilisiinii belirler. Bu sayede, ekipmanlarin
kalan kullanim 6miirlerini uzatirken plansiz duruslari
engeller (Lee ve dig., 2019). Ayrica zorunlu bakim
durumlarinda, bakim teknisyenleri, YZ temelli
sistemlerin ongorisiine dayanarak onceden
bilgilendirilir ve devre dis1 kalan ekipman yerine ikame
ekipmanla tretimin siirekliligi saglanir. Bu yaklasim,
sifir hata hedefi dogrultusunda ariza siirelerini, bakim
maliyetlerini ve iretim kayiplarin1 en aza indirmeyi
amaclar (Giirsoy, Colak, Gokge, Akkulak ve Otles, 2019).

Kalite yo6netiminde, "kestirimci" bakim, "6nleyici"
bakimdan farklilik gésterir. Onleyici bakim, gelecekte
ortaya cikabilecek sorunlari tanimlamaya ve dnlemeye
odaklanirken, kestirimci bakim, gelismis dijital
teknolojileri kullanarak bir iiriiniin pargalarinin tam
olarak ne zaman sorunlara neden olabilecegini
belirleyip, tam zamaninda degistirme veya onarim
yaparak maliyet diisiirmeye ve arizalarin olusumunu
onlemeye odaklanir (Lee ve dig., 2019). Kestirimci
bakimin periyodik bakimdan farki, bakimin zaman degil
durum temelli olmasidir (Giirsoy ve dig., 2019). Onde
gelen teknoloji sirketleri, tretim hattindaki ani
duraksamalarin, makine arizalarinin ve {retim
stiresindeki gecikmelerin, YZ destekli yazilimlar
sayesinde kolayca tespit edilebilecegini ve YZ tarafindan
olusturulan raporlar sayesinde 6nceden miidahale
edilebilecegini belirtmektedir (Ever ve Demircioglu,
2022).

4.3. Anomali Tespiti

Giintimizde, irin kalite denetimi alaninda yaygin
olarak kullanilan bir teknik olan Anomali Tespiti,
verideki asir1 ucglar1 ve beklenmeyen istisnai durumlari
belirlemeyi saglar (Zhang, Peng, Liu ve Zhang, 2019).
Ayn1 zamanda, {liretim stirecindeki hatalar1 veya
anormallikleri tespit etmek i¢cin de kullanilabilir (Sahan,
2020). Biiyiik boyutlu ve dengesiz dagilima sahip iiriin
verilerinin islenmesinde ortaya ¢ikan zorluklar goz
online alindiginda, triin kalite denetimi siirecinde
o6nemli bir rol oynar (Zhang ve dig., 2019). Anomali
tespit teknigi, teknik aksakliklari, makine arizalarini,
tiiketici davranmisindaki degisiklikleri belirleyerek iirtin
kalitesini artirmaya, kestirimci bakim uygulamalarim
gelistirmeye ve kullanici deneyimini iyilestirmeye
yonelik bircok farkli alanda kullanilabilir. Anomali
tespiti, genellikle MLalgoritmalarini iceren bir alan
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olarak 6ne cikar (Bayraktar ve Gokcen, 2020; Chandola,
Banerjee ve Kumar, 2009).

Yogunluk tabanl algoritmalar (6rnegin KNN-K-Nearest
Neighbour, DBSCAN), kiimeleme tabanli algoritmalar
(6rnegin K-Means) anomali tespitinde yaygin olarak
kullanilan algoritmalar arasindadir (Chandola ve dig.,
2009). Ayrica Destek Vektdr Makineleri, Bayes Aglari,
Markov Modelleri, YSA ve BM de anomali tespitinde
kullanilabilmektedir. Cisar ve Maravic-Cisar (2019),
bulanik mantik ve EWMA kontrol grafiklerini anomali
tespitinde kullanmistir. Decker ve dig. (2020), anomali
tespiti ve kestirimci bakim i¢in bulanik kural tabanh
siniflama ve Kkontrol grafiklerinden yararlanmistir.
Apaydin-Ozkan (2022), ev aleti gii¢ profillerini
anormallik tespiti i¢in kullanan ¢alismalara katkida
bulunmak amaciyla YSA tabanli kontrol grafiklerini
kullanarak yeni bir Ev Aleti izleme ve Anormallik Tespit
Sistemi (AM-ADS) 6nermistir. AM-ADS, bir ana kontrol
birimi, bir veritabani, Nesnelerin interneti (Io0T) tabanl
iletisim birimleri, ev aletleri ve aletlere monte edilmis
gii¢ 6l¢ctim birimlerinden (akilli prizler veya 6zel 6l¢iim
ekipmanlar1) olusmaktadir.

5. insan Faktérlerinin Bugiinii ve Gelecegi

Endiistri Mihendisligi, sistemlerin tasarimi,
gelistirilmesi ve iyilestirilmesiyle ilgilenen bir
disiplindir. ~Teknolojinin hizla evrim gecirdigi
gliniimiizde, sistemlerin etkili bir sekilde tasarlanmasi
ve yonetilmesi agisindan 6nemli bir role sahiptir. Bu
slirecte insan faktorleri, dzellikle isgiicii verimliligine
odaklanmasi yoniiyle Endiistri Miihendisliginin temel
taslarindan birini olusturur.

Insanlik var oldugundan beri kendi rahatini, giivenligini
ve kolay is gorebilmesini dnceliklendirmistir. Endiistri
mithendisleri, ergonomik prensipleri kullanarak is¢i
performansin1 artirir, hatalar1 en aza indirir ve is
stireclerini iyilestirir. Insan odakh yaklasimlarla
ylkseltilen is giicii verimliligi ve g¢alisan performansi
sayesinde kaynak tiiketimleri diiser, maliyetler azalir ve
isletmeler rekabet avantajini yakalar. Dolayisiyla sanayi
devrimiyle hiz kazanan insan faktorleri ¢alismalar: her
yeni donemde, her yayginlasan yeni teknolojiyle ilgi
alanin1 genisleterek glinlimiize kadar gelmistir. Yeni
teknolojiler yeni liretim yaklasimlarini, yeni yaklasimlar
da insanlarin calisma performansiyla ilgili yeni firsatlari
beraberinde getirmektedir. Bu firsatlarin bir bedeli
olarak da elbette yeni riskler ve ¢oziilmesi gereken
problemler dogmaktadir.

Baslangicta ozellikle insanin fiziksel limitlerine
odaklanan insan faktorleri zamanla; o0zellikle de
bilgisayar teknolojilerinin yayginlasmas1 sonucu
insanin biligsel limitlerine de odaklanmaya baslamistir.
Hatta ndroergonomi alt disipliniyle insanlarin beyin
dalgalarinin bile ¢alisma performanslarina etkisini
incelemektedir.
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Insanm1 ve organizasyonlarindaki insan faktérlerini
makro (yonetimsel) ve mikro (kisi bazinda fiziksel ve
bilissel) sekilde ele almaya devam eden insan
faktorlerinin baslangi¢ noktas: 6zellikle kaza ve kayip
onleme yaklasimlarina odaklanan; gozlemleme ve veri
toplamaya dayali cesitli yontemlerin uygulandig1 bir
alan olmasiydi. Zamanla miisterilerin, son kullanicilarin
ve biitiin olarak organizasyonlarin Ergonomisi de 6ne
¢ikmaya baslamistir. Doganin ve teknolojinin evriminin
getirdigi dogal gelismelerden paymmi alan insan
faktorleri gliniimiizde, gozleme dayali yaklasimlarin
yerine yavas yavas sensorlerle toplanan verilere dayali
yaklasimlara kaymaktadir. Benzetim ve modelleme
platformlariyla da desteklenen; hizli ve ¢ok sayida veri
toplama avantajini getiren bu yeni yaklasimlar elbette
verilerin analiz imkanlarini da genisletmektedir.

Bu noktada insan faktorleri ile YZ'nin yollar1 kesisir. ML
algoritmalari ve Goriintii isleme teknikleriyle daha hizl,
tutarl ve siirekli veri toplanabilmekte ve kisi bazinda
anlik analizler yapilabilmektedir. Risk analizleri gibi
insan faktorleri agisindan 6nem arz eden konularda
daha dogru ongoriilerde bulunabilmek ve yiiksek
sapmalara sahip olan insan performansina dair
tahminleri tutarhiligl agisindan bu gelismeler oldukg¢a
kritiktir.

Yakin gelecekte insan faktdrlerinin dijital ikiz
uygulamalari ile de yollarinin kesismesi
beklenmektedir. Tipki makineler gibi insanlarin da
dijital ikizlerinin olusturulmasiyla modelleme ve
benzetimde yeni bir ¢aga gecilecek ve basta saglk
sektori olmak iizere her sektor insan odakli olarak bu
teknolojiyi de kullanmaya baslayacaktir.

insan faktorleri ve YZ iliskisine bakildiginda, 6zellikle
son on yilda bilimsel arastirma ve yayinlarda dikkat
cekici bir artis goriilmektedir. Petrat (2021) YZ ile insan
faktorleri iliskisinin akademik yoniini 3 smif ve 7
diizeyde ele almay1 6nermistir. {lgili diizeyler ve anahtar
kelimeler maddeler halinde siralanmistir:

Smif 1- Diizey 1-3: YZ ve Fiziksel Ergonomi
Sinif 2- Diizey 4-5: YZ ve insan Makine Etkilesimi
Smif 3- Diizey 6-7: YZ ve Endiistriyel Yonetim

Bu yaklasima gore birinci smiftaki calismalar, YZ ve
ozellikle ML araciligiyla fiziksel zorlanmalarin ele
alindig1 ¢alismalary; ikinci sinif YZ ile insan-bilgisayar ve
insan-robot is  birliginin  etkinligini inceleyen
¢alismalary; Ggtinci sinif ise YZ ile verimlilik, karhilik ve
yonetimsel kararlar arasindaki etkilesimi inceleyen
calismalar1 kapsamakatadir.

Birinci sinifta yer alan calismalarin arasinda one
cikanlardan bir tanesi Wang, Li, Chen, Diekel ve Jia,
(2018) tarafindan yapilan ¢alismadur. lgili calismada bir
robotun insanlarla is birligi icerisinde ¢alisirken onlarin
calisma yontemini ve tarzini nasil Ogrenebildigi
irdelenmistir. Bu ¢alismada Kkelime isleme yaklasimi
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kullanilarak insanin robota 6grenme verisini sozli
olarak iletmesi insan faktorleri ve YZ iliskisi acisindan
onemli bir adimdir. Aym sinifin bir diger onemli
calismasi ise saglik sektoriinde yapilmistir. Ameliyatlar
esnasinda; kizil oOtesi isaretgiler araciligiyla insan
viicudunun  hareketlerinin =~ robotlar  tarafindan
Ogrenilmesi saglanarak insana 6zgii tecriibe, birikim ve
aliskanliklar  robotlara  aktarilmaya c¢alisiimistir
(Cavallo, Sinigaglia, Megali, Pietrabissa, Dario, Mosca ve
Cuschieri, 2014).

ikinci siifta yer alan calismalar 6zellikle dérdiincii
sanayi devriminin bir getirisi olarak is giicii egitimi ve
calisanin psikolojik beklentilerinin YZ ile tespitine
odaklanmaktadir. Bu sayede motivasyon ve verimlilik
arttirmanin diisik maliyetli yollar1 kesfedilmeye
calisilmistir (Ghislieri, Molino ve Cortese, 2018).

Ugiincii sinifta yer alan calismalar ise daha cok makro
problemlere ve yonetimsel kararlara odaklanmaktadir.
Ozellikle bilgi teknolojileri alaninda yeni pazarlama
araglar1 bulmaya ve mevcut araglarda insan ile dijital
streglerin is birligini en iyilemeye odaklanan ¢alismalar,
cesitli sektorler i¢in insan ve YZ'nin biitlinlesik katkisini
arttirmay1 hedeflemektedir (Majumder, 2016).

6. Sonugclar

Bu makalede Endiistri Miihendisligi'nin diinii, bugint
ve yarin hakkinda okuyucuyu, meslege yeni baslayan
gen¢  mihendisleri ve  miihendis adaylarim
bilgilendirmek amag¢lanmistir.  Anabilim  dallan
temelinde teknolojik gelismelerin Endiistri
Miihendisligi disiplinine etkilerini ele alan kapsamli bir
literatiir calismasidir. Calismada ifade edildigi gibi,
teknolojik gelismeler 1siginda Endiistri Miihendisleri
icin gerekli beceriler siirekli degismekte ve
giincellenmektedir. Gelecekte, Endiistri Miihendisligi
egitimi, daha fazla dijital beceri, analitik diistinme ve
problem ¢6zme odakli olacagi 6ngoriilmektedir.

Endiistri Miihendisligi, siiregleri eniyileme, verimliligi
artirma, maliyetleri azaltma ve kaliteyi iyilestirme gibi
hedeflere odaklanan bir miihendislik disiplinidir.
Gelecekte Endiistri Miihendisliginin nasil evrilip
degisecegini kesin olarak 6ngérmek zor olmakla birlikte
teknolojideki  gelismelerin  1s183inda  potansiyel
gelismeler alt maddeler halinde o6zetlenmeye
calisiimistir:

Dijital Déniisiim: Endistri Mihendisligi, dijital
teknolojilerin yaygin olarak benimsenmesiyle daha fazla
entegre olacaktir. Biiyliik veri analitigi, YZ, IoT
(Nesnelerin Interneti) ve geliskin bilgi sistemlerinin
tasarimi ile birlikte, karar alma siiregleri daha etkin ve
otomatik hale getirilecektir.

Akilli Uretim ve Fabrikalar: Endistri 4.0 kavrami,
iiretim siireclerini dijitallestirme ve akilli fabrikalar
olusturma fikrini icerir. Sensorler, otomatik kontrol
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sistemleri ve baglantili cihazlar sayesinde iiretim
sistemleri daha esnek, verimli ve 6zerk hale gelebilir.

YZ ve Otomasyon: YZ ve otomasyon, Endiistri
Miihendisligi alaninda daha fazla kullanilacaktir. ML ve
DLAlgoritmalari, Meta-Sezgisel Algoritmalar ve diger YZ
algoritmalar1 ile tahminleme, planlama, cizelgeleme,
sire¢ kontroli ve eniyilenmesinde daha etkin
¢alismalarin yapilacag1 6ngorilmektedir.

Siirdiiriilebilirlik Odakl Coziimler: Gelecekte endiistri
mithendisleri, cevresel etkileri azaltmaya yo6nelik
surdirtlebilirlik odakli ¢oziimler gelistirmeye daha
fazla odaklanabilir. Atik azaltma, enerji verimliligi ve
cevre dostu tretim siiregleri gibi konular 6nemli hale
gelebilir. Bu c¢ercevede tedarik zinciri yonetimi ve
lojistik yonetiminin 6nemini giderek attiran ¢alisma
alanlarindan biri olacag1 6ngoriilmektedir.

Insan-Makine/Robot Is Birligi: Her yeni teknolojik
devrimde oldugu gibi insan faktorleri YZ ¢agina da
adapte olmaya baslamistir. Bu sayede is goren
performanslarinda, saglik, giivenlik ve refahinda artis
beklenmektedir. Insanlar arasindaki is birliginin yani
sira, Endiistri Miihendisliginde insan-makine is birligi
de artabilir. insanlar ve robotlar, birlikte calisarak daha
karmasik gorevleri gerceklestirebilirler. Ozellikle
giyilebilir teknolojilerin gelistirilmesi ve sanal gerceklik
ortammin kullanilmas: ile Ergonomi, Is Saghg ve
Giivenligi, s 6ncesi egitim ve uyumlandirma alanlarinda
gelismelerin olacagi 6ngoriilmektedir.

Bu ongoriiler, genel egilimleri temsil etmektedir ve
Endiistri ~ Miihendisliginin  gelecegi,  teknolojik
gelismeler, ekonomik faktorler ve kiiltiirel degisimler
gibi birgok etkene bagl olarak sekillenecektir. Endustri
mithendisleri, bu degisimlere uyum saglamak ve yeni
teknolojilere adapte olmak i¢in siirekli olarak
giincellenen becerilere sahip olmalidir.

Arastirmacilarin Katkisi

Bu arastirmada; YAZAR 6, YAZAR 3 ve YAZAR 1, birinci
bolumiin; YAZAR 5 ve YAZAR 3 ikinci bolimiin, YAZAR
2, Ugiincii bolimiin, YAZAR 1 dordiincii boélimiin,
YAZAR 4 besinci boliimiin, YAZAR 6 ve YAZAR 1 altinal

bo6limiin olusturulmasi asamalarinda katki
saglamiglardir.
Tesekkiir

Boliimdeki tiim 6gretim liyelerimize olumlu katkilari ve
destekleri icin tesekkiir ederiz. Ayrica, Aras. Gor.
Mehmet Erol KARA’ya makalenin diizenlenmesi
asamasindaki Kkatkilarindan otiirii tesekkiirlerimizi
sunariz.

Cikar Catismasi

Yazarlar tarafindan herhangi bir cikar ¢atismasi beyan
edilmemistir.
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