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Keywords Abstract: The term "cognition" refers to all types of knowing and consciousness. In
Civil Engineering, cognitive engineering, information processing in a participant's or operator's mind
Question Order, or brain is often regarded to represent cognition. This study investigates whether
Normality Test,

presenting the same questions to students in different orders affects the exam
performance of university students. The exam performances of the students to the
multiple choice mid-term and final exam questions were evaluated. In this context,
"Engineering Management and Human Relations”, a final year course in the
curriculum of the Civil Engineering Department of Erciyes University in Tirkiye,
was examined. Within the scope of the course, a total of 1,342 students covered six
semesters between the 2016 and 2019 years. The questions were presented in the
same sequence as the weekly flow of the course, (S) as A-type and randomly
ordered (R) tests as B-type. The distributions of the answers given to the exam
questions were analyzed via normality test and one-way ANOVA, and no
significant differences between the test types were observed. This study covers
only civil engineering students and whether similar results can be obtained for
students in different disciplines should be examined in future studies.

Homogeneity Test,
One-way ANOVA

Soru Sirasinin Sinav Performansi Uzerindeki Etkisi: Ingaat Miihendisligi Ogrencileri
Uzerinde Alt Yanyillik Bir Calisma

Anahtar Kelimeler Ozet: “Bilis” terimi tiim bilme ve biling tiirlerini ifade eder. Bilissel miihendislikte,
Ingaat Mithendisligi, bir katihmcinin veya operatériin zihninde veya beyninde bilgi islemenin genellikle
Soru Siras, bilisi temsil ettigi kabul edilir. Bu calisma, 6grencilere ayni sorularin farkh

Normallik Testi, siralarda sunulmasinin iiniversite 6grencilerinin sinav performansini etkileyip
Homojenlik Testi, etkilemedigini aragtirmaktadir. Ogrencilerin goktan segmeli ara sinav ve final sinav
Tek yonlii ANOVA 8 > U8 ¢ ¢

sorularina yonelik smav performanslari degerlendirilmistir. Bu baglamda,
Tiirkiye'de Erciyes Universitesi insaat Mithendisligi Béliimii miifredatinda son simf
dersi olarak yer alan “Miihendislik Yonetimi ve insan iliskileri” incelenmistir. Ders
kapsaminda 2016 ve 2019 yillar1 arasinda toplam 1342 &grenci alti yariyih
kapsamistir. Sinav sorulari, dersin haftalik akisiyla ayni sirada, A tipi olarak sirali
(S) ve B tipi olarak rastgele sirali (R) testlerden olusmustur. Sinav sorularina
verilen cevaplarin dagilimlar1 normallik testi ve tek yonlii ANOVA ile analiz edilmis
ve test tiirleri arasinda anlamli bir farklihk gézlenmemistir. Bu calisma sadece
insaat mithendisligi 6grencilerini kapsamakta olup farklh disiplinlerdeki 6grenciler
icin benzer sonuglarin elde edilip edilmeyecegi gelecek c¢alismalarda
incelenmelidir.
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The Effect of Question Order on Exam Performance: A Six-Semester Study on Civil Engineering Students

1. Introduction

The term "cognition" refers to all types of knowing and consciousness [1]. More widely, cognition refers to a
person's knowledge, awareness, and opinions about an object, as well as that person's attitude toward the thing,
or more specifically, the facts, knowledge, and beliefs about the object [2]. In a variety of contexts, including
those found in the disciplines of linguistics, psychology, and education, the processes of cognition are examined
from numerous angles. In cognitive engineering, information processing in a participant's or operator's mind or
brain is often regarded to represent cognition [3].

Test anxiety in education is a problem frequently encountered by families, students, and educational institutions
[4]. Studies show that there is a positive relationship between test anxiety and cognition [5]. The most commonly
used exam type for large groups of students is multiple-choice tests [6]. When administering multiple-choice
tests, instructors often use alternative formats without taking into account the potential impact of item order on
test results [7]. Scientific research on organizing the order of exam items has a long history. Studies on this
subject are presented below in chronological order.

According to MacNicol (1956), as a pioneering study, ordering the exam questions randomly and from easy to
tough produced a considerably higher test score than ordering them from tough to easy [8]. Brenner (1964) on
the other hand pointed out that no significant differences were observed in terms of random, easy to tough,
tough to easy [9]. Moreover, Spies-Wood (1980) concluded that ordering the questions from easy to tough
produced a considerably higher test score than randomly prepared questions [10]. Laffittee (1984), from a
different perspective, ordered the questions in four different ways; tough to easy (in terms of section and in
general separately) and random (in terms of section and in general separately), and concluded that no significant
differences were observed [11]. Balch (1989) conducted a study examining the effect of item order on student
performance in multiple-choice tests. In this context, he administered a multiple-choice test consisting of 14
units with a total of 75 questions to students with three different ordering methods. The approaches he used in
ordering are as follows: (1) ordering the questions by the order in which they were covered in the course and the
order in the textbook (sequential), (2) randomly mixing the questions in each unit and changing the order of the
unit (section contiguity), and (3) completely random ordering of the questions. As a result, it was found that the
order in which the questions were arranged by the course and book order resulted in significantly higher test
scores compared to the others [7]. Neely, Springston, and McCann (1994) investigated the effects of sequenced
(S) and random (R) format tests as well as the test anxiety levels of the students. It was concluded that no
significant differences were observed for test formats. However, it was determined that there is a significant
common effect between the ordering of the questions and anxiety levels [12]. In terms of current studies,
Pettijohn II and Sacco (2007) investigated the effects of sequentially ordered, randomly ordered, and reverse-
ordered test exams on students’ exam performances, exam difficulty perceptions, and exam completion times.
Significant differences were observed only for exam difficulty perceptions and the order of questions [13]. Tan
(2009) investigated how question order affects item difficulty and item discrimination skills in multiple-choice
tests. The sample was 996 first-year students from the Faculty of Education at Uludag University. He found that
question order in multiple-choice tests can have a statistically significant effect on both item difficulty and item
discrimination. Significant differences were observed in 11 out of 50 questions in terms of item difficulty and
only three questions in terms of item discrimination difficulty [6]. Sad (2020), in his study examining the effect of
question order on test performance and item statistics, applied two different test forms in which the same
multiple-choice questions were ordered from easy to difficult and from difficult to easy for 554 students. As a
result, he found that item order did not have a significant effect on the achievement levels of test takers [14].

The aforementioned literature review indicates that there are no desirable studies on the effect of question order
on item statistics. In the context of measurement and evaluation, the impact of structural features of tests on
student performance is as important as the reliability and validity of tests. In this case, the order of test items is
one of the variables that has been emphasized for a long time but has not been sufficiently analyzed. This study
investigates whether there are significant differences in basic item statistics when multiple-choice test items are
presented to students in different orders. The findings of the study will not only provide an understanding of the
effect of question order on student performance but also provide recommendations for assessment and
evaluation experts, professionals preparing question banks, and academics involved in test preparation.
Furthermore, this study aims to make an original contribution by emphasizing whether the effect of question
ordering should be considered one of the possible reasons for unexpected item statistics. In this study, some
items obtained from classical test theory statistics, the effect of the order in which the questions were asked in
the test to put it into practice. One of the main features of the performed studies is that they are handled within
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the scope of a single exam. The present study, on the other hand, aims to examine both a 6-semester period and
both the mid-term and final exams in the same semester.

2. Material and Methods

The undergraduate course, "Engineering Management and Human Relations", is offered as an elective course in
both fall and spring semesters in the fourth and final year at the Civil Engineering Department of Engineering
Faculty, Erciyes University. The purpose of the course is to inform students about project management, human
resources management, and marketing management, ethics, business ethics besides the points to be considered
during presentations. The weekly content of the course is provided in Table 1.

Table 1. Weekly Course Content for Engineering Management and Human Relations Course

Week Topic

1 Project management

2 Project management

3 Morality, ethics, business ethics

4 Morality, ethics, business ethics

5 Entrepreneurship

6 Entrepreneurship

7 Marketing management

8 Marketing management
Mid-Term Exams

9 Successful management techniques

10 Successful management techniques

11 Decisive and ordering in management

12 Public relations in management

13 The concept of presentation and presentation techniques

14 The concept of presentation and presentation techniques
Final Exams

The research question that inspired this paper is “Does item order affect performance on multiple-choice
exams?” Two test forms (Forms A and B), namely sequentially ordered (S) as A-type and randomly ordered (R)
tests as B-type, were developed for this purpose. Please note that the questions in the same sequence as the
weekly flow of the course and considered as (S). The same questions were included in both test forms. In both
test forms A and B, the order of the questions (4, B, C, D or E) was not changed. Thus we focused on the mid-term
and final exam results of the "Engineering Management and Human Relations" course for 6 semesters. The
number of questions and student frequencies for each semester are presented in Table 2.

Table 2. Numerical Data on Examinations with Sequential and Randomised Test Forms

Mid-Term Exam Final Exam
NE. Type Numbgr of Frequency Frequency Numb?r of | Frequency | Frequency
Questions (A-type) (B-type) Questions (A-type) (B-type)

1 2016-2017 Fall 20 59 64 25 65 58

2 2016-2017 Spring 25 39 36 25 36 38

3 2017-2018 Fall 25 58 57 30 55 59

4 2017-2018 Spring 25 53 51 30 54 52

5 2018-2019 Fall 30 82 80 30 81 81

6 2018-2019 Spring 30 45 46 30 48 45
Sub-Total 336 334 339 333
TOTAL NUMBER OF STUDENTS 1,342

In the exam, the students made their answers in the optical form, the exam papers were read with an optical
reader and the data were transferred to the electronic environment. The distributions of the answers given to
the exam questions were analyzed and it was evaluated whether there were significant differences between the
correct answers given. The statistical analyses have been performed using IBM SPSS Statistics Version 15
software.
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3. Results
This section presents the results of normality analysis and ANOVA analysis. First, the suitability of the data set
for normal distribution was evaluated by calculating skewness and kurtosis values, and the results are presented

in Table 3.

Table 3. Results of Normality Analysis

Nr. Term Type Frequency Skewness Kurtosis

Mid-Term Exam 123 -0.387 -0.087

1| 2016-2017 Fall Final Exam 123 -0.358 -0.025
) Mid-Term Exam 75 -0.630 1.320

2 | 2016-2017 Spring Final Exam 74 -0.738 -0.347
Mid-Term Exam 115 -0.654 0.781

3 | 2017-2018 Fall Final Exam 114 -0.632 0.334
) Mid-Term Exam 104 -0.018 -1.034

4 | 2017-2018 Spring Final Exam 106 -0.611 0.347
Mid-Term Exam 162 0.055 -0.343

5 | 2018-2019 Fall Final Exam 162 -0.466 0.170
. Mid-Term Exam 91 -0.161 0.157

6 | 2018-2019 Spring Final Exam 93 -0.611 0.852

The previous studies indicate that the skewness/kurtosis values in the range of +2 show a normal distribution
[15, 16]. The skewness and kurtosis values were obtained for the current dataset as -0.738 to +0.055, and -1.034
to +1.320 respectively. These values confirm that the data ‘fit’ the normal distribution. The histograms of the
datasets for the skewness value of -0.018 and kurtosis value of -0.025, which are closest to zero, are presented in
Figure 1, respectively.

204

-
«
1

Frequency
3

Mean =£5,19
std. Dev. =12,

_| 989
o T : } T N =104
40,00 50,00 50,00 70,00 80,00 50,00

40

307
>
1]
=1
o
&

209
]
H
[

107 =1

Mean =72,21
std. Dev. =11,
078
= ——r—s| -12
0 N =123

T T
40,00 50,00 0,00 70,00 80,00 90,00

Figure 1. Histogram Distribution of A and B Group Exam Scores

The two categories of statistical tests are (i) Parametric tests (t-test, analysis of variance, Pearson correlation,
ANOVA, etc.) and (ii) Non-parametric tests (Mann-Whitney U, Kruskal-Wallis H, Wilcoxon, Spearman correlation
analysis, etc.), [17]. In this study, one-way analysis of variance (One-Way ANOVA), which is one of the parametric
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tests, was selected within the scope of the analysis since the data distribution is suitable for normal distribution.

In this context, the null hypothesis ‘Ho: There is no significant difference between the correct answers given to
Group A and Group B tests in the same exam’ was tested.

Table 4. Results of One-way ANOVA

Homogeneity | ANOVA
Nr. Term Type € .
P (sig) (sig)
1 2016-2017 Fall 1.1. Mid-Term Exam 0.883 0.204
a 1.2. Final Exam 0.300 0.670
. 2.1. Mid-Term Exam 0.576 0.479
2 | 2016-2017Spring 1= i ] Exam 0.730 0.592
3.1. Mid-Term Exam 0.034 0.319
3 | 2017-2018 Fall 3.2. Final Exam 0.115 0.659
4 2017-2018 Sprin 4.1. Mid-Term Exam 0.038 0.479
PrNg 14 2 Final Exam 0.035 0.798
5.1. Mid-Term Exam 0.147 0.490
2018-2019 Fall

5 | 2018-2019Fa 5.2. Final Exam 0.941 0.558
6 2018-2019 Sprin 6.1. Mid-Term Exam 0.674 0.096
PrNg 16 2 Final Exam 0.434 0.500

A homogeneity test should be performed to decide whether ANOVA can be used [18]. According to Table 4, since
the significance values for items other than items 3.1, 4.1, and 4.2 were greater than 0.05 (sig.>0.05), a
homogeneous distribution was observed. Therefore, ANOVA significance values for the related items are
important. According to Table 4, since the significance values for all items are greater than 0.05 (sig.>0.05), there
is no significant difference between the scores of the students and the test type. In other words, hypothesis Ho
(No significant difference between the correct answers given to Group A and Group B tests in the same exam) is
accepted.

4. Discussion and Conclusion

Classical test theory (CTT), one of the most widely used theories in measurement and evaluation, provides a
basic framework for examining the reliability and validity of tests. CTT, which is widely used in education,
psychology and other social sciences, is frequently applied to simplification and scale development [19, 20]. In
this study, examining the effects of presenting exam questions in the same order as the weekly flow on students'
exam performance, a field study was conducted covering 12 examinations over 6 semesters within the scope of
the 'Engineering Management and Human Relations' course in the civil engineering curriculum. The suitability of
the dataset for normal distribution was evaluated through skewness and kurtosis parameters, and it was
observed that the entire dataset belonging to 12 semesters showed a normal distribution. Within the scope of the
field research, examinations in the form of different types of tests were handled and it was investigated whether
there were significant differences between the answers given by the students to the exams prepared randomly
and according to the subject order in the course. The significance values of the related datasets were analyzed
and it was concluded that there was no significant difference between the correct answers given to Group A and
Group B tests in the same exam. In other words, it can be stated that question order does not affect student
scores. There are different results in the literature on the effect of question order on student performance. The
findings of this study, in line with Brenner (1964) and Laffitte (1984), suggest that question order does not affect
student performance. However, Balch (1989) found that the presentation of questions in the order of the course
and the book led to higher achievement levels than randomly ordered tests. Mean scores of 70.00% and 71.17%
were obtained from sequentially ordered (S) A-type and randomly ordered (R) B-type exams respectively.
Although this score difference is not statistically significant, it is thought that this difference may be
pedagogically significant and cannot be ignored. In this case, the possibility that item order may make a
difference, especially on test solution strategies and may have indirect effects on the student's cognitive process,
should be taken into consideration. The student's motivation, attention level or use of prior knowledge about the
subject may be affected by the test order. Although the close average scores obtained indicate that the effect of
question ordering may be limited, more pronounced effects may be observed at the individual level or in certain
subgroups (e.g. students with low achievement levels).

The findings of this study reveal that item order does not have a statistically significant effect on overall
achievement level. However, in a field such as project management, which requires multidimensional thinking
and decision-making skills and has a high cognitive intensity, the effects of test structures should not be limited
to statistical significance. In particular, project management education requires students not only to acquire

80



The Effect of Question Order on Exam Performance: A Six-Semester Study on Civil Engineering Students

knowledge but also to have the ability to structure this knowledge and apply it to different situations. In this
context, the order of test questions may indirectly affect the way students perceive conceptual integrity and the
way they associate information.

One of the most striking features of this study is that it differs significantly from previous studies in the literature
in terms of sample size. For example, while Laffitte (1984) included 82 participants in his study, Pettijohn and
Sacco (2007) included 66 participants in their study, and Sad (2020) included 554 participants in his study, the
present study analyzed the data obtained from 1342 university students. This increases the generalizability of
the findings and significantly increases the statistical power of the results. Therefore, this study has the potential
to make a valuable contribution to the literature.

However, the study has some limitations. The study covers only civil engineering students and similar research
can be conducted on larger sample groups, including students from different disciplines. Future studies can also
examine the effects of individual differences such as student achievement level, learning style and cognitive skill
levels on responses to question ordering. In terms of different test formats, open-ended questions, scenario-
based assessments and project-based assignments can be used to examine the effect of question ordering. This
method can help yield more meaningful data, especially in areas that require applied knowledge, such as project
management.
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Anahtar Kelimeler 0z: Bu calismada, sonlu eleman yéntemi kullanilarak uzun ve kisa konsol kiris ile

Sonlu Eleman Analizi, kiip yarma deneyi elemanlarinda diizlem gerilme degerleri hesaplanarak

Uzun ve Kisa Konsol Kirigler,  yarglagtinlmustir. ilk 6nce bu elemanlara ait rijitlik matrisi tiretilmistir. Diigim

Kiip Yarma Deneyi, noktalarinda iki serbestlik derecesine sahip olan diizlem gerilme elemaninin rijitlik
matrisi elde edildikten sonra, bilgisayar programi olan Mathematica kullanilarak
bu elemanlarda meydana gelen diizlem gerilme degerleri sonlu eleman yontemi
kullanilarak elde edilmistir. Serbest ucunda tekil yiik bulunan uzun ve kisa konsol
kirisler, diisey ve yatay yiiklere maruz perde duvarlar ile kiip yarma deneyi gibi
mithendislik problemleri irdelenmis ve analitik sonuglarla sonlu elemanlar
yonteminden elde edilen sonuglar karsilastirilmistir. Yapilan analizler sonucunda,
ilgili deplasman ve gerilme dagilimlar1 belirlenmis ve sonlu eleman agindaki
eleman sayisinin artirilmasiyla elde edilen ¢6ziimlerin, analitik ¢dziime yakinsadigi
gozlemlenmistir. Sonu¢ olarak uzun ve kisa konsol kiris ile kiip yarma arasinda
sonlu eleman yontemi kullanilarak elde edilen sonuglar karsilastirildiginda en
yakinsak sonug sirasiyla kiip yarma, uzun konsol ve kisa konsol probleminden elde
edilmistir.

Numerical Investigation of Long and Short Cantilever Beam and Cube Splitting Test
Problems Using Plane Stress Finite Element

Keywords Abstract: In this study, plane stress values in long and short cantilever beams and

Finite Element Analysis, cube splitting test elements were calculated and compared using the finite element

Long and Short Cantilever method. First, the stiffness matrices of these elements were derived. After

Beams, o obtaining the stiffness matrix for the plane stress element, which has two degrees

Cube Splitting Test, . .
of freedom at each node, the plane stress values were computed using the finite
element method through the Mathematica software. Engineering problems such as
long and short cantilever beams with a concentrated load at the free end, shear
walls subjected to vertical and horizontal loads, and the cube splitting test were
analyzed, and the results obtained by the finite element method were compared
with analytical results. As a result of the analyses, relevant displacement and stress
distributions were determined, and it was observed that the solutions obtained by
increasing the number of elements in the finite element mesh converged toward
the analytical solution. Consequently, when comparing the results obtained using
the finite element method for long and short cantilever beams and the cube
splitting test, the most convergent results were found respectively in the cube
splitting test, the long cantilever beam, and the short cantilever beam.
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1. Giris

Sonlu elemanlar metodu veya sonlu elemanlar yonteminin esasi bir sinir deger diferansiyel denkleminin
¢oziiminden ibarettir [1]. Bu yontem sayesinde mevcut problem sonlu elemanlara veya pargalara
ayriklastirilarak ¢oziiliir. Sonlu pargalar tizerinde diferansiyel denklemin ¢dziimiinii temsil eden interpolasyon
fonksiyonu secilir ve bu interpolasyon fonksiyonu sonlu parganin belirli noktalarinda ¢o6ziilmesi istenen
diferansiyel denklemin belirli noktalarda ki degerine odaklanir. Bu degerler ¢6ziilmesi gereken bilinmeyenlerdir.
interpolasyon fonksiyonunun eleman iizerindeki belirli noktalarda bilinmeyen degerleri ile idare eden
diferansiyel denklem arasindaki bagintilar eleman icin biinye denklemleri (gerilme sekil degistirme, moment
egrilik bagintilar1) vasitasiyla gergeklestirilir.

Clough [2] 1967 yilinda iicgen elemanlar kullanarak birkag¢ diizlem gerilme problemini ¢6zmek i¢in matris cebir
programini kullanmistir. Tim matrisler elle hesaplandigindan, basit bir yapinin analizi dahi 6nemli miktarda
zaman almistir. Bu nedenle, Sekil 1'de verilen agirlik barajinin analizi icin kullanilan ilk sonlu eleman agi’'ndan
anlasilacag iizere sadece kaba sonlu eleman ag ¢oziimleri miimkiindiir. Ancak, bu yaklasim, Clough tarafindan
Eylil 1960'ta 2. ASCE Elektronik Hesaplamalar Konferansi'nda sunulan Diizlemsel Gerilme Analizinde Sonlu
Elemanlar Yontemi adli makaledeki tiim 6rnekleri iiretmek icin kullanilmistir. Bu makale Berkeley Kampiist
disinda yayinlanan ve sonlu elemanlar terminolojisini kullanan ilk makale olmustur. Boylece, bu yapisal analiz
yonteminin siirekli ortamlardaki gerilmeleri ve deplasmanlarin hesabinda kullanilabilecegi gosterilmistir [2].
Sonlu elemanlarin tarihgesi ile ilgili daha detayl bilgiler sonlu elemanlarla ilgili 6ncii ¢alismalar isimli calismada
sunulmaktadir [3].

206'

63'

a7 187 ar

Sekil 1. Agirlik barajinin analizi igin kullanilan ilk sonlu eleman ag1 [2-3]

Atis [4] diizlem gerilme elemani ve plak egilme eleman lizerinde ¢alisma yaparak, uzay kabuk elemani rijitlik
matrisini elde edip, bunu kullanan Fortran dilinde bir program kodlamistir. Malzemenin lineer elastik ve
deplasmanlarin ¢ok kii¢iik oldugu kabulii ile birinci mertebe teorisi kullanilmistir. Calismada egrisel kabuk
yapilar, katlanmis plak ve kutu kesitli kirislerin ¢6ziimiinii yapmis olup, elde ettigi sonuglarin literatiirle uyumlu
bulunmustur.

Ciinedioglu [5], yapmis oldugu ytiksek lisans tezinde, sonlu elemanlar metodunu diizlemsel gerilme analizine
uygulamak icin licgen elemanlar kullanmistir. Uggen eleman se¢mesinin sebebi diizensiz sekillere sahip
elemanlarin iiggen elemanlarla temsilinin kolayhi1 ve matematiksel bagintilarinin daha basit olmasidir. Ornek
problemler olarak normal ¢ekme gerilmelerine bagh ¢esitli levhalar1 analiz etmistir. Bir levha probleminde
parabolik ¢ekme yiikii uygulayarak analiz etmistir. Ayrica, somun sikma anahtarina uygulanan yiik nedeniyle
somun sikma anahtan iizerinde o6zellikle u¢ kisimlarda gerilmelerin hesabimi yapmistir. Uggen eleman
kullaniminin bazi problemlerde iyi sonug¢ verdigini, bazi problemlerde ise dogru sonuctan 6énemli miktarda
sapma oldugunu belirtmistir. Eleman sayisini ise bilgisayar hafizasinin diisiik olmasindan dolay1 istenen diizeyde
ylksek tutamamistir.

Oztorun [6], diizlemi icinde moment tasiyabilen dikdértgen diizlem gerilme elemam icin sonlu eleman
formiilasyonu iizerine c¢alismistir. Bu eleman ve plak egilme elemanini birlestirerek {i¢ boyutlu yapi
problemlerini ¢6zmeyi hedeflemistir. Birlesik elemani kullanan bir bilgisayar programi kodlayarak tiinel kalip ile
tiretilen yapilarin statik ve dinamik analizini gerceklestirmistir. C6zdiigli 6rnek problemleri SAP2000 ve
literattirle kiyaslamis olup, sonuglarinin olduk¢a uyum i¢cinde oldugu sonucuna varmistir.
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Gazi [7], ylriittiigii yiiksek lisans tezinin konusu olarak tiggen diizlem gerilme sonlu eleman kullanarak, eleman
rijitlik matrisini elde etmistir. Bu elemani kullanan Fortran dilinde bir program kodlayarak, cesitli problemler
cozmiistiir. Uggen eleman kullanarak elde edilen sonuglarin dogrulugunun artmasi icin eleman sayisinin
artirilmasi gerektigi sonucuna ulasmistir.

Attealmanan ve Ali [8], sonlu elemanlar ile dikdértgen kirisin analizi ¢alismasinda dort noktali diizlem gerilme
elemanini kullanip, izoparametrik formiilasyon kullanarak rijitlik matrisini elde etmistir. Daha sonra yayil yiike
maruz basit mesnetli kirisi enine ikiye bolmiis boyuna ise 10, 12 ve 15’e bolerek Matlab ile kodladig1 kendi
programiyla ¢6ziimiinii yapmistir. Problemi ayni sonlu eleman aglar icin SAP2000 ile de ¢6zmistiir. Kiris
boyunca olusan deplasman grafiklerini cizerek karsilastirmistir. Elde ettigi sonuclarin SAP2000 ile uyumlu
oldugu sonucuna varmistir.

Rezaiee-Pajand vd. [9,10], diizlem yapilarin analizi i¢in birim uzama tabanl formiilasyonlar lizerine kaynak
taramasi yapmis, ¢alismanin birinci béliimiinde konu {izerine yapilan varsayimlar ve bu yontemin temelleri
tanmitilmustir. Ikinci béliimiinde ise incelenen elemanlarin cesitli problemlerin ¢dziimiinde kullanilmasi ve
gosterdikleri performans sunulmustur.

Sabah vd. [11], Oztorun’un [6] gelistirdigi dért noktall diizlem gerilme eleman ve klasik kiris eleman rijitlik
matrisini kullanarak yiiksek yapilarin statik analizi i¢in bir bilgisayar programi kodlamistir. Calismasinda yiiksek
yapilarin analiz sonuglar1 SAP2000 programindan elde edilen sonuglarla karsilastirilmistir. Elde edilen
sonuglarin uyum icinde oldugu sonucuna varilmistir.

Li vd. [12], ¢alismasinda Hellinger-Reissner varyasyonal prensibine bagli olarak sekiz noktali diizlem hibrit
eleman gelistirmis ve yap1 mekanigi problemlerine uygulamistir. Gelistirdigi diizlem elemanin cesitli yaygin
kesme Kkilitleme davraniglarinin listesinden geldigi sonucuna varmistir. Sekiz noktali elemanin makul ag sekli
cesitli egri kenarli egilme problemlerin detayli analizinde kullanilabilecegini ve sayisal dogrulugun iyilestigini
goOstermistir.

Yukarida, dikdortgen diizlem gerilme sonlu elemanina iliskin kisa bir tarih¢e sunulmus ve bu alanda daha énce
gerceklestirilen bazi ¢alismalar 6zetlenmistir. Bu alanda bir¢ok calisma yapilmasina ragmen hala dikdértgen
diizlem gerilme sonlu elemaninin incelenmesine yonelik yeteri kadar bir ¢alisma yapilmamistir. Bu ¢alismada,
yerel koordinat sisteminde rijitlik matrisinin analitik tiiretilisi detaylandirilmis ve elde edilen rijitlik matrisi
kullanilarak, serbest ucunda tekil yiik bulunan uzun ve kisa konsol kiris problemleri, perde duvari ve kiip yarma
deneyi problemleri ¢6zlilmiis ve sonuclar kendi icinde eleman bazinda degerlendirilmistir.

2. Materyal ve Metot
2.1 Rijitlik matrisinin olusturulma islemlerinde izlenen yol

Dikdortgen diizlem gerilme sonlu elemaninin rijitlik matrisinin ¢ikarilis1 asagida detayl halde verilmektedir.
Sekil 2’de, ¢alismanin konusu olan dikdértgen diizlem gerilme elemaninin yerel koordinatlarinda geometrisi ve
malzeme bilgileri verilmistir. Elemanin diigiim noktalar1 numaralandirilmis olup, her noktada iki serbestlik

derecesine sahip olup, hem “x” yoniinde hem de “y” yoniinde numaralandirilmis bilinmeyen deplasmanlar
mevcuttur. Elemanin Elastisite Modiilii “E”, Poisson orani “v” ve kalinligi ise "t” dir.

(x2, v2) (x4, y4)
V2 V4
LU 5w

b (El, v, 1)
a
Tow s
Vi V3
(x1, 1) (3, ¥s)

Sekil 2. Dikdortgen diizlem gerilme elamani ve parametreleri
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Rijitlik matrisinin ¢ikarilmasinda asagida verilen yol izlenmistir. Eleman iizerinde ¢6ziimii aranmakta olan sinir
deger diferansiyel denkleminin ¢6ziim fonksiyonu icin baz polinomlar: (Pu (d.1) ve Pv (d.2)) Pascal liggeninden
alinmis olup, diger arastirmacilarin kullandigi ile aynidir [4, 13]. Baz polinomlarinin katsayilar1 bilinmeyen

“«_n «w_n

olarak “a/” ile temsil edilmistir (d.3). Baz polinomlari ile “a” vektoriiniin ¢carpimi eleman i¢in ¢éziimii aranan

“«. n

deplasmanlarin fonksiyonu olan “u” ve “v” leri temsil eder (d.4 ve d.5). Bu fonksiyonlar diizlem elemanin her bir

. n «

diigiim noktasi i¢in elde edilebilir. 1 nolu diigiimiin “u” ve “v” deplasmanlar1 “u;” ve “vi” olarak”, “x” yerine “0” “y

“«, n . .n noan

yerine “0” konularak elde edilir (d.6 ve d.7). Ayni sekilde 4 nolu diigiimiin “u” ve “v” deplasmanlari “u4” ve “v4”, “x

«_n o n

yerine “a” “y” yerine “b” konularak elde edilir (d.12 ve d.13). Diger nokta deplasmanlari ise benzer sekilde
asagida elde edilmektedir (d.8, d.9, d.10, d.11).

Pu = {1,x,y,xy,0,0,0,0} (d.1)

Pv={0,0,0,0,1,x,y,xy} (d.2)
ai={aq, a,, az, a,,as, aq, a;, ag} (d.3)
u=Pu.ai’ ={1,x,y,xy, 0,0,0,0}.{a,, a,, a3, a,, as, ag, a;, ag}” (d.4)
v=Pu.ai={0,0,0,0,x,y,xy}{a,, a,, az, a,, as, ag, a,, ag}’ (d.5)

1 nolu diigiim i¢in x1=0 ve y1=0 degerleri, u ve v fonksiyonlarinda yerine konursa ui1 ve vi degerleri elde edilir.
u1={1,0,0,0,0,0,0,0}.{a,, a;, as, a4, as, ag, a,, ag}® (d.6)
v1={0,0,0,0,1,0,0,0}.{a,, a,, as, a4, as, ag, a,, ag}® (d.7)
2 nolu diiglim icin x2=0 ve y2=b degerleri, u ve v fonksiyonlarinda yerine konursa uz ve vz degerleri elde edilir.

u2={1,0,b,0,0,0,0,0}.{a,, a,, as, as, as, as, a;, ag}® (d.8)

v2={0,0,0,0,1,0,b, 0}.{a,, a3, a3, a,, as, ag, a;, ag}® (d.9)
3 nolu diiglim i¢in x3=a ve y3=0 degerleri, u ve v fonksiyonlarinda yerine konursa us ve v3 degerleri elde edilir.
us={1,a,0,0,0,0,0,0}.{a,, a,, as, as, as, as, a,, ag}’ (d.10)
v3={0,0,0,0,1, a,0,0}.{a,, a,, as, a,, as, ag, a;, ag}’ (d.11)
4 nolu diiglim icin x4=a ve y4=b degerleri, u ve v fonksiyonlarinda yerine konursa us ve vs degerleri elde edilir.
ws={1,a,b,ab, 0,0,0,0}.{a,, a;, as, a,, as, as, a,, ag}’ (d.12)
v4={0,0,0,0,1, 3, b,ab}.{a,, a,, as, a,, as, as, a;, ag}’ (d.13)
Yukarida elde edilen diigiim noktas1 deplasmanlar1 toplu halde asagida verilen matris notasyonunda yazilir.
Burada {de} eleman diigiim deplasman vektoriinii ve “a;”ler bilinmeyen katsayilar vektoriinii géstermekte olup,
bunlar1 birbirine baglayan kare matris ise [A] olarak tarif edilirse, {de} =[A].{ai} olarak ifade edilir. {a;} vektoriinii
elde etmek icin her iki taraf [A] ile boliiniir. Cebirsel islemlerde boyle ifade edilse de, matrislerde boliim olmadigi

icin her iki taraf [A] matrisinin tersi ile ¢arpilir. Bu ifadeden {a:}=[A]-1.{de}, bilinmeyen katsayilar matrisi eleman
diigiim deplasmanlari cinsinden elde edilir.

u1 1 0 0 0 0 0 0 0 a1
V1 0 0 0 0 1 0 0 0 az
uz 1 0 b 0 0 0 0 0 as
{de}= | v2 = |0 0 0 0 1 0 b 0 a4
us 1 a 0 0 0 0 0 0 as
V3 0 0 0 0 1 a 0 0 as
U4 1 a b a.b 0 0 0 0 az
Va 0 0 0 0 1 a b a.b as

(0]
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ikinci asamada sekil degistirmeler ve diigiim deplasmanlar1 arasindaki bagintilar kullanilir. Diizlem eleman icin
birim deformasyon ve deplasman fonksiyonlar1 arasindaki bagintilar asagidaki gibi verilmektedir [14, 15].

Ex du/dx
{e}= & = dv/dy
Yoy du/dy + dv/dx

Sekil degistirme ve deplasman fonksiyonlar1 arasindaki bagintilar deplasman fonksiyonlarinin tiirevlerini
icermektedir. Yukarida polinom olarak secilen deplasman fonksiyonlar1 olan “u” ve “v” nin ilgili tiirevleri birim
deformasyon bagintilarinda yerine konulur. Birim deformasyonlar baz polinomlar1 ve “a;” katsayilari cinsinden
matris formunda asagidaki hali alir.

ai

az

0 1 0 y 0 0 0 0 as
{eb= {0 0 0 0 0 0 1 X as

0 0 1 X 0 1 0 y as
ae
a7
as

“w_»

Bilinmeyen “a/” katsayilarinin birim deformasyona baglayan matris [C] olarak tarif edilsin. Birim deformasyon
ifadesi {g}=[C].{a;} halini alir, {ai} bilinmeyen katsayilar vektorii daha dnce digiim deplasmanlari cinsinden
{a;}=[A]1.{de} ifade edilmistir. Birim deformasyon ifadesinde yerine konulursa, birim deformasyon ifadesi
diigiim deplasmanlari cinsinden {&}=[C].[A]-1{de} olarak elde edilir. Burada, [B]=[C].[A]" tarifi yapilinca, birim
deformasyonlar {&}=[B].{de} seklinde diigiim deplasmanlarina baglanmis olur. [B] matrisine, birim deformasyon
matrisi de denilir. [B] matrisi asagida a¢ik olarak verilmistir.

iy 20 Ly 0 2 0
ab ab a ab ab
Bl=| 0 1, o 1. x o _X 0 x
b ab b ab ab ab
1 + x 1 + y 1 x Y X 1y x ¥y
b ab a ab b ab ab ab g ab ab ab

Ugiincii asamada ise sekil degistirme ve gerilme arasindaki iliskiler kullanilarak, gerilme degerleri eleman ug
deplasmanlar1 cinsinden elde edilir. Diizlem gerilme hali icin, gerilme-sekil degistirme iliskisinin ifadesi
asagidaki gibi verilmektedir [14, 16].

Ox 1 Y 0 &x
oy | = EI(1-v?) v 1 0 gy
Ty 0 0 (1-v)i2 Txy

Bu ifade kapal olarak {o}=[D].{¢} seklinde yazilabilir. Burada [D] matrisi malzeme ile ilgili katsayilar matrisi
olup, E elastisite modiilii, v ise Poisson oranidir. Birim deformasyonlari diigiim deplasmanlarina baglayan ifade
{&}=[B].{d.} idi. Sekil degistirme {e} ifadesi gerilme ifadesinde yerine konulursa, {o}=[D].[B].{de} gerilmeyi birim
deformasyona baglayan ifade elde edilir.

Doérdiincii asamada eleman rijitlik matrisinin ve yiik vektoriiniin elde edilmesi i¢in, virtiiel is veya minimum
potansiyel enerji yontemlerinden biri kullanilarak rijitlik matrisinin ifadesi asagidaki gibi elde edilebilir [14, 17].
Minimum potansiyel enerji yontemi sistemin toplam enerjisinin minimum oldugunu ifade eder. Burada, dis
kuvvetler {Q} ve onlara ait deplasmanlar {de} vektori ile gosterilirse; “W” dis kuvvetlerin isi (d.14) ve “U” i¢

“w_n

kuvvetlerin isi olmak tizere (d.15) potansiyel enerji “z” asagida verilmektedir (d.16).
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W = {Q}.{de)T (d.14)
u=[ {e}'.{0}.dv (d.15)
n = W-=U = min (d.16)

Yukarida bulunan gerilme ve deformasyon bagintilar1 yerine konar ve matris notasyonuna gore yeniden

“«_n

diizenlenirse i¢ kuvvetlerin isi “U” ve potansiyel enerji “n” asagidaki gibi elde edilir (d.17 ve d.18);

U=2J, {B)'{D}.{B}.{d.}?.dv (d.17)

n={Q).{de}’-U=; [, (B)(D}.(B}.{d,}*.dv (d.18)

Burada potansiyel enerji (n) deplasmanlarin fonksiyonudur. () fonsiyonunun minimum olmasi bagh oldugu

deplasmanlara gore tiirevinin sifir olmasini gerektirir. () fonsiyonunun {de} ye gore tiirevinin sifira esitlenmesi
sonucunda (d.19) elde edilir.

{ar=f {B}".{D}.{(B}.{d.} (d.19)
Burada, (d.20) tarifi yapilirsa, [K] rijitlik matrisi olarak (d.21) de verildigi gibi bulunur.

{Q} = {K}. {de} (d.20)
(K= [, {B}".{D}.{B}.dv (d.21)
Burada integral hacim integrali oldugundan ti¢ katli integrali temsil eder. [K] asagidaki gibi yazilabilir (d.22).

[KI= 5 [ 7 (B}".{D}.(B} dx dy dz (d.22)

&

Diizlem eleman kalinhig1 “t” oldugundan, z ye gore integral sonucu (d.22)asagidaki hali alir (d.23);

[KI=t f;' [ {B)".{D}.{B} dx dy (d.23)
Yukarida [B] matrisi, [D] matrisi, “a” ve “b” degerleri verilmistir. [B] birim deformasyon matrisi “x” ve “y” nin
fonksiyonudur. Bu degerler integral icinde yerine konar matris ¢arpimlar: yerine getirilir ve belirli integraller
alinarak [K] matrisinin elemanlari tespit edilmis olur. Bu yol haritasi izlendiginde [B] ve [D] matrisi yukarida a¢ik
olarak verildiginden [K] matrisinin elde edilmesi oldukg¢a kolaydir.

Yukarida verilen eleman rijitlik matrisi kullanilarak Mathematica ortaminda bir bilgisayar programi
kodlanmistir. Problemin sinir sarti bilgileri, serbestlik dereceleri, mesnetleri uygun olarak tarif edilmektedir.
Tekil kuvvetlerin diiglim noktalarina etkidigi diisliniilerek sonlu eleman ag1 tesis edilmektedir. Sonlu eleman
agini olusturan elemanlarin kdése diigiim koordinatlari girilmektedir. Elemanlarin hangi diigiim noktalarina bagh
oldugu tarif edilmektedir. Elemanlara ait malzeme bilgileri (E ve v) ayri ayr1 tanmimlanmaktadir. Bu veriler
program tarafindan kullanilarak, her bir elemanin rijitlik matrisi hesaplanmakta, kodlama teknigi yontemi ile
probleme ait ana rijitlik matrisi olusturulmaktadir. Diigiim noktalarina etkiyen tekil kuvvetler yardimi ile
sisteme ait ana yiik vektori belirlenmektedir. Esas rijitlik matrisi ve ytik vektoriiniin olusturdugu lineer denklem
takimi gauss-eliminasyon yontemi ile ¢oziilmektedir. C6zlim sonucunda diigiimlere ait “x” ve “y” yoniindeki
deplasmanlar elde edilmektedir. Her bir elemana ait gerilme matrisi eleman bilgileri kullanilarak
olusturulduktan sonra, eleman uglarinda bulunan deplasmanlar daha 6nce ¢6ziilen deplasmanlar arasindan
siiziilerek alinip, elemana ait gerilme matrisiyle ¢arpilmaktadir (¢ = [D].[B] d.). Bu ¢arpim sonucu eleman

“_n “

tizerinde gecerli olan gerilme degerleri “x” ve “y” cinsinden elde edilmektedir. Gerilme fonksiyonlarinda eleman
tizerindeki herhangi bir noktada gerilmeleri hesaplamak da miimkiindiir. “x” ve “y” yerine eleman diigiim noktasi
koordinatlar1 girildiginde diigiimde olusan gerilmeler hesaplanabilmektedir. Program kullanilarak asagida

verilen problemler ¢éziilmiistiir.
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3. Bulgular ve Tartisma

Bu kisimda yukarida belirtildigi izere kodlanmis bilgisayar programiyla gesitli 6rnek problemler ¢oziilerek elde
edilen veriler degerlendirilerek tartisiimistir.

3.1 Serbest ucunda tekil yiik bulunan uzun konsol Kiris

Serbest ucundan tekil ytik yiikli konsol kiris 6rnegi ele alinmistir (Sekil 3). Basit egilmeyi temsil agisindan konsol
boyu uzun secilmis olup L=8m alinmistir. Kesit yiiksekligi “h” ve kesit genisligi “b” (diizlem eleman kalinlig t) ise
“1” alimmistir. Malzeme elastisite modiiliit 100000 ton/m? alinmistir. P tekil yiikii “1” ton ve Poisson orani sifir
alinmistir. Kiris ekseni kesit agirlik merkezinde olup, kesit yiliksekliginin ortasindadir. Problem cesitli bélme
sayllar icin ¢oziilmiis olup, asagidaki Tablo 1'de ¢6ziim sonuglarindan bazi degerler sunulmustur. P ylikiiniin
uygulandigl noktada (3 nolu nokta) diisey deplasman degeri verilmistir. Ayrica, konsol mesnette kesit {ist
ylizeyinde (1 nolu nokta) olusan maksimum cekme gerilme degeri verilmistir. ilaveten kesit ekseni iizerinde
konsol (2 nolu nokta) hesaplanan kayma gerilmesi degerleri sunulmustur.

1

Sekil 3. Serbest ucundan tekil yiik uygulanan konsol kiris ve secilen noktalar

Tablo 1 incelendiginde, ¢6ziim no 1-8 i¢in “y” ekseni 2 ye boliinmiis fakat “x” ekseni 2 den 1024 de kadar
béliinerek ¢oéziim tekrarlanmistir. Bu ¢6ziimlerin sonunda “x” ekseni bolinme sayisi arttikca u¢ deplasman
degeri kesin sonuca yaklasmistir. Kayma gerilmesi ise basarili bulunmamistir. Cekme gerilmesi ise kesin sonuca
yaklasmistir. Co6ziim no 9-16 i¢in “y” ekseni 4’e boliinmiis fakat “x” ekseni 2 den 1024 de kadar boéliinerek ¢oziim
tekrarlanmistir. Bu ¢6zlimlerin sonunda x ekseni boliinme sayisi arttikca u¢ deplasman degeri kesin sonuca
yaklasmistir. Kayma gerilmesi ise basarili bulunmamistir. Cekme gerilmesi ise kesin sonuca yaklasmistir. Benzer
durum “y” ekseni 8 ve 16 ya boliiniip, “x” ekseni 2 den 1024 e kadar boliindiigiinde deplasman degeri kesin sonug
binde bir hata ile hesaplamistir. Kayma gerilmesi ise kesin sonuca ¢ok yaklasmistir. Cekme gerilmesi degeri ise
%4 hata ile hesaplanmistir. Tablo 1’den yapilan gdzlemlere gore, x ekseninde bélme sayisini artirmak ¢ekme
gerilmesi ve diisey deplasman degerini dogru sonuca yaklastirmakta olup, kayma gerilmesini de 6nemli

o

miktarda etkilemektedir. “y” eksenindeki bélme sayisinin artmasi hem diisey deplasman degerini hem de

“w

maksimum ¢cekme gerilmesi degerini ihmal edilecek derecede etkilemektedir. Buna karsin “y” eksenindeki bélme

sayisinin artmasi ¢alisilan diizlem gerilme sonlu elemaninin kayma gerilmesi performansini artirmaktadir. “y
ekseninin 16 ve x ekseni ise 8192 ye boliindiigiinde kayma gerilmesi degeri kesin sonuca esitlenmektedir.

3.2 Serbest ucunda tekil yiik bulunan kisa konsol kiris

Diizlem gerilme sonlu elemaninin kesme etkilerinin arttig1 kisa konsol probleminde gosterecegi performansi
degerlendirmek amaciyla kenar uzunluklari esit olan konsol problemi ele alinmistir. Kisa konsol problemi Sekil
4’te sunulmus olup, malzeme 6zellikleri, kalinlig1 ve P yiikii problem 1 deki ile aynidir. Konsolun boyu 1 metre
alinmistir. Cesitli sonlu eleman aglari i¢in 2x2 den baslayip, 128x128 sonlu eleman agi i¢in ¢6ziim yapilmistir.
Coziim sonucu elde edilen maksimum ¢ekme gerilmesi (nokta 1), maksimum kayma gerilmesi (nokta 2) ve
maksimum diisey deplasman (nokta 3) degerleri, Tablo 2’de sunulmustur.

1

Sekil 4. Serbest ucundan tekil yiik uygulanan kisa konsol kiris ve secilen noktalar
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Tablo 1: Farkli ag sayilar1 i¢in konsolda secilen noktalarda gerilme ve deplasman degerleri

Coziim No Xekseni Yekseni Noktal Nokta?2 Nokta 3

Bélme S. BélmeS. o max T max 8 max

1 2 2 4.00 3.67 -0.002293
2 4 2 14.00 6.99 -0.006881
3 8 2 30.00 7.99 -0.013762
4 16 2 41.33 6.00 -0.018350
5 32 2 45.81 3.82 -0.020019
6 64 2 47.25 2.46 -0.020485
7 128 2 47.72 1.74 -0.020608
8 1024 47.97 1.09 -0.020645
9 2 4 4.00 3.73 -0.002294
10 4 4 14.01 7.11 -0.006883
11 8 4 30.07 8.24 -0.013771
12 16 4 41.57 6.33 -0.018367
13 32 4 46.29 4.18 -0.020041
14 64 4 47.93 2.83 -0.020509
15 128 4 48.53 211 -0.020630
16 1024 4 48.92 1.47 -0.020670
17 2 8 4.00 3.74 -0.002294
18 4 8 14.01 7.14 -0.006884
19 8 8 30.10 8.31 -0.013775
20 16 8 41.66 6.42 -0.018373
21 32 8 46.47 4.27 -0.020048
22 64 8 48.24 293 -0.020518
23 128 8 48.98 2.21 -0.020640
24 1024 8 49.52 1.56 -0.020681
25 2048 8 49.56 1.52 0.020682
26 4096 8 49.58 1.49 -0.020682
27 2 16 4.00 3.74 -0.002294
28 4 16 14.01 7.15 -0.006884
29 8 16 30.10 8.32 -0.013775
30 16 16 41.68 6.44 -0.018375
31 32 16 46.53 4.29 -0.020050
32 64 16 48.37 2.95 -0.020521
33 128 16 49.19 2.23 -0.020644
34 1024 16 49.94 1.58 -0.020687
35 4096 16 50.03 1.52 -0.020688
36 8192 16 50.04 1.50 -0.020688
Basit Egilme - - 48.00 1.50 0.020480
Timeshenko - - 48.00 1.50 0.020672
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Tablo 2’de verilen degerler incelendiginde, maksimum ¢ekme gerilmesinin teorik olarak hesaplanan degerden
oldukga farkli oldugu goriilmiistiir. Sonlu eleman aginin artmasiyla ¢cekme gerilmesi degeri teorik degerden fazla
bulunmustur. Maksimum kayma gerilmesi degeri ise benzer sekilde olduk¢a farkli ¢ikmis olup, fazla bélme
sonucunda teorik degerin altinda ¢ikmistir. Maksimum diisey deplasman degerlerinin ise Timeshenko’nun
verdigi degerden daha fazla bulunmustur. Kullanilan dért noktali diizlem gerilme sonlu elemaninin performansi
kesme etkilerinin arttig1 kisa konsolda diisiik bulunmustur.

Tablo 2: Kisa konsol problemi icin secilen noktalarda elde gerilme ve deplasman degerleri

CozimNo  BolmesS. N::;t:; NT°II:::X2 N8°Il;t:x3
1 2x2 4.00 175  -0.0000568627
2 4x4 5.56 148  -0.0000662876
3 8x8 6.58 150  -0.0000723423
4 16x16  7.28 143 -0.0000772191
5 32x32 7.80 138  -0.0000817539
6 64x64 821 136  -0.0000861993
Basit Egilme - 6.00 1.500  -0.0000400000
Timeshenko - 6.00 1.500  -0.0000640000

Performansi artirmak amaciyla serbest uca etkiyen P diisey yiikii parabolik olarak yiikiin bulundugu ytizeye
dagitilarak ¢oziimler tekrarlanmistir. Tablo 3’te sunulan parobolik dagilim sonuclari incelendiginde, deplasman
degerlerinin Timeshenko’'nun [18] sonuglarina ¢ok yakin oldugu goriilebilir. Ayrica kayma gerilmesi performansi
da c¢ok iyi hale gelmis olup, 64x64 bolme icin kesin degere esitlenmistir. Cekme gerilmesinde ise iyilesme
gorilmemistir.

Tablo 3: Kisa konsolda yiikiin parabolik dagiliminin secilen noktalarda gerilme ve deplasman degerlerine etkisi

CoziimNo  BolmesS. N:rl;t:; N:‘S:XZ N;‘S:XS
1 2x2 3 130  -0.0000426471
2 4x4 5.21 152  -0.0000573471
3 8x8 6.47 158  -0.0000619453
4 16x16  7.25 155  -0.0000631946
5 32x32 7.80 152  -0.0000635170
6 64x64 820 150  -0.0000635987
Basit Egilme - 6.00 1500  -0.0000400000
Timeshenko - 6.00 1.500  -0.0000640000

3.3 Perde duvar 6rnegi

Ergun ve Ates [13], dikdortgen sonlu elemanlar kullanarak matris yer degistirme yontemi ile bir perde duvarinin
gerilme ve deplasman analizi i¢in eleman rijitlik matrisini elde etmistir. Calismalarinda asagida Sekil 5’te verilen
perde duvarinin iki eleman ile analizini yapmis olup, elde ettikleri sonuglari sekil tizerinde sunmuslar. Kullanilan
malzemeye ait Elastisite Modiilii 2.1x107 kN/m?, Poisson orani 0.2’dir. Perde kalinlig1 20 cm, perde duvarin uzun
kenar1 2 m kisa kenar1 1 m dir.
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Sekil 5. Perde duvar problemi [13]

Ayn1 problem bu calismada tekrar ele alinmistir. Ayni sayida eleman kullanilarak gerilme ve deplasman
¢oziimleri elde edilmistir. Elde edilen degerler Ergun ve Ates [13]’in ¢calismasi ile tam olarak ortlismiistiir. Ayni
deformasyon sekli elde edilmistir. Sayisal veriler burada tekrar verilmemistir. Yazarlarin sekillerinde bulunan

degerler elde edilmistir.

Burada tartisilmasi gereken konu iki elemanla perde duvarinin analizin yapilmasinda bulunan sakincalardir. Bu
problemi ¢ok sayida elemana boélerek yapilacak ¢6ziimiin daha iyi sonu¢ verecegi diisliniildiigiinden. Mevcut
¢alismada perde duvari x yoniinde 32 ve y yoniinde ise 32 elemana boliinerek fazladan ¢oziilmiistiir. Sekilde
goriilen 5 nolu noktada perde duvarin orta list noktasinda hesaplanan “x” yoniindeki deplasman 3.02 mm olup,
kaynakta 2.10 mm olarak verilmistir. “x” ve “y” yoniindeki normal gerilme degerleri 6526.46 ve 210.54 MPa olup,
kayma gerilmesi ise 1218.66 MPa dir. Bu degerler kaynakta sirasiyla 6336.7, 183.85 ve 1838.7 MPa dir. Verilen
degerler arasinda anlamli fark bulunmaktadir. Daha fazla eleman ile ¢éziim yapildiginda kesin sonuca

yaklasilmaktadir.

3.4 Kiip yarma deneyi yiiklemesi sonucu olusacak gerilmelerin hesabi

Kiip yarma deneyini temsil eden problemin sonlu eleman ag1 asagida Sekil 6’da verilmistir. Kiip yarma problemi
simetrik oldugundan burada kiipiin ¢eyrek kismi alinmis, mesnetlenme durumu buna gére ayarlanmistir. Kiip
ortasini temsil eden “x” ve “y” eksenlerinde kayici mesnetler konulmustur. Ceyrek kiiptin bir kenar1 7.5 cm olarak
alinmis olup, elastisite modiilii 10000 MPa, poisson orani sifir alinmistir. P yiikii 5 ton dur. Sekil 6’da kosede
bulunan sabit mesnetin diigiim noktas1 kiipiin ortasini temsil etmektedir. Bu noktada hesaplanan gerilme
degerleri Tablo 3’te sunulmustur. Mevcut problem x ve y yoniinde cesitli esit uzunlukta bélmeler yapilarak

¢6zliim yapilmistir.
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Pl

£

Sekil 6. Beton Kiip yarma deneyinin diizlem gerilme sonlu eleman agj, sinir kosullari ve yiikleme hali

Tablo 4’te verilen kiip ortasinda olusan maksimum yarma ¢ekme gerilmesi degerleri incelendiginde, elde edilen
¢O6ziimiin eleman sayis1 arttikca kesin sonuca dogru yaklastifi anlasilmaktadir. Kesin deger ise elastisite
formiiliinden [18, 19] elde edilmistir. Ceyrek kiipiin 64x64 elemana boliinmesi ile %1 hata ile yarma dayanimi
hesaplanmaktadir.

Tablo 4: Kiip yarma deneyi sonucu olusan yarma dayanimi (MPa)

Bo6lme Sayis1 Gerilme
4x4 2.598
8x8 2.731
16x16 2.782
32x32 2.796
64x64 2.800
Kesin 2.829

4. Sonug

Calismada dikdortgen diizlem gerilme sonlu elemaninin rijitlik matrisi elde edilmistir. Elde edilen rijitlik matrisi
kullanilarak ¢esitli dizlem gerilme elemani problemleri ¢6ziilmiistiir. Uzun konsol kiris probleminin

“ n

¢ozlimiinden, “x” ekseni (uygulanan yiike dik eksen) yoniindeki bolme sayis1 arttikca deplasman degeri ve cekme
gerilmesi degerleri iyilesmistir. Uygulanan yiike paralel olan “y” eksenindeki b6lme sayisinin artmasi ise kayma
gerilmesi degerini iyilestirmektedir. Kisa konsol probleminin ¢éziimiinde de ayni sonuglara ulasilmistir. Kisa
konsolda ise daha verimli bir sonug elde edilmesinde serbest uca etkiyen yiikiin parabolik olarak dagitilmasinin
o6nemli bir rolii olmustur. Kiip yarma deneyini temsil eden problemde gerilme degerinin diizlem gerilme sonlu

elemani kullanilarak hesap edilebilecegi anlasilmistir.
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Anahtar Kelimeler 0z: Helisel kaziklar geoteknik miihendisliginin bircok yerinde kullanilan bir kazik
Helisel Kazik, tiiriidiir. Helisel kaziklar basing, ¢ekme ve yanal gibi bircok kuvvete karsi
Helisel Plaka Capt, koyabildiginden geleneksel kaziklara gore daha ¢ok tercih edilir. Bu ¢alismada
Helisel Plaka Sayisi,

gevsek kum zeminde ve basing etkisi altinda helisel kaziklarin tasima giicti davranisi
laboratuvar ortaminda model deneyler tasarlanarak incelenmis ve ytk deplasman
egrileri yorumlanmistir. Bu deneylerde gomiilii kazik boyu (L), saft ¢capi (d) ve helis
aralig1 (s) sabit tutulmustur. Helis ¢ap1 (D) ve helisel plaka sayis1 (N) degisken
parametreler olarak ele alinmistir. Deney sonuglari helis ¢ap1 ve helis sayisi arttik¢a
tasima kapasitesinin de arttigini gostermistir.

Tasima Giicti,

Investigation of the Effect of Helix Diameter and Number of Helical Plates on Bearing
Capacity by Model Tests

Keywords Abstract: Helical piles are a type of pile used in many areas of geotechnical

He1¥cal Pile, . engineering. Helical piles are often preferred over traditional piles because they can

Helical Plate Diameter, f - - .

Helical Plate Number resist many forces such as compression, tension, and lateral loads. This study

Bearing Capacity, investigated ‘Fhe bear'ing' capacity behav.ior of helical piles. under compression in
loose sand soil by designing model tests in a laboratory environment, and the load-
displacement curves were interpreted. In these tests, the embedded pile length (L),
shaft diameter (d), and helix spacing (s) were kept constant. The helix diameter (D)
and the number of helical plates (N) have been selected as variable parameters. The
testresults showed that the bearing capacity increased as the helix diameter and the
number of helices increased.

1. Giris

Helisel kaziklar, yapilar1 desteklemek icin bir veya daha fazla helisel tasima plakasina sahip ¢elik kaziklar olarak
adlandirilir. Helisel kaziklar uygulama kolayligi acgisindan geoteknik miihendisliginin bir¢cok alaninda
kullanilmaktadir. Tipik bir helisel kazik u¢ ve uzatma bdlgelerinden olusur. U¢ bolgesinde helisel tasima plakalari
bulunur. Uzatma boélgesi saft kismini da igerir [1]. Tipik bir helisel kaziga 6rnek Sekil 1'de verilmistir.
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Sekil 1. Tipik Helisel Kazik

Helisel kaziklar bati Kanada ve ABD’de konut binalary, ticari binalar ve endiistriyel tesislerde siklikla kullanilan
diger temellere gore bircok avantaja sahip temel sistemleridir. Temellerde yliksek basing kapasitesi ve hizh
kurulum hizi sebebiyle tercih edilir. Ayn1 zamanda helisel kaziklar yer alt1 suyundan etkilenmezler [2]. Manevra
kabiliyetleri kazik cakma ve iskele delme makinalarindan daha fazladir. Dar alanlarda uygulanabilirliginden dolay:
mevcut binalarda kullanilabilirler. Bu 6zellikleri sayesinde pratik, cok yonli ve ekonomiktir [3]. Bir¢ok arastirmaci
tarafindan helisel kaziklar lizerine ¢alisma yapilmistir [4-12]. Lutenegger yaptig1 calismada helisel kaziklarin
tarihsel gelisiminden bahsetmistir [13]. Thusa ve arkadaslari tarafindan yapilan ¢alismada farkli yogunluklardaki
kum zeminde helisel kaziklarin davranislari model deneylerle incelenmistir [14]. Emirler tarafindan yapilan
calismada helisel kaziklarin tasima kapasiteleri laboratuvar model deneyleri ve sonlu elemanlar yontemi ile ele
alinmistir [15]. Kunduz tarafindan yapilan ¢alismada laboratuvar model deneyleri ile gevsek kum zeminde farkl
helis ¢aps, farkl helis aralikli ve farkl helis sayisina sahip helisel kaziklarin yanal yiik etkisi altindaki davranislari
yorumlanmistir [16]. Mursal tarafindan yapilan ¢alismalarda helisel kaziklarin kum zemin iginde 6rselenme etkisi
sayisal ve analitik yontemlerle arastirilmistir [17].

Kurniawan ve arkadaslari (2016) tarafindan yapilan ¢alismalarda kil zemine yerlestirilen helisel kaziklarin basing
etkisi altindaki davranislar incelenmistir. Deneylerde helis ¢ap1 ve farkl dizilim segenekleri analiz edilmistir.
Deneylerde helisler 15-15-15 cm, 20-20-20 cm, 25-25-25 cm, 15-20-25 cm ve 25-20-15 cm caplarinda
yerlestirilmis olup kaziklar iizerindeki helisler aras1 mesafe sabit tutulmustur. Deneyler sonucunda helis ¢api
arttikca tasima kapasitesinin de arttig1 belirlenmistir. Helisel kazik iistten alta dogru helisel capin azaldig
durumda (25-20-15 cm), helisel kazik alttan iiste dogru helis ¢apinin azaldigi duruma (15-20-25 cm) ve liniform
helislere gore daha biiyiik eksenel sikistirma kapasitesine sahip oldugu tespit edilmis ve sonug olarak farkli helis
caplarina sahip helisel kazik tizerindeki helis yerlesim diizeninin ekonomik olarak bir alternatif olabilecegi
sonucuna varmistir [18].

Tiredi (2021) tarafindan helisel kaziklar iizerinde yapilan ¢alismada, basing ytikiine sahip helisel kaziklarin
gevsek ve siki zemin kosullarinda tekil ve ¢oklu helislerin davranislari laboratuvar model deney ve biiylik 6l¢cekli
arazi deneyleri ile incelenmistir. Bu ¢alismada helisler aras1 mesafe (s), helis sayis1 (N) ve farkl helis ¢aplar1 (D)
gibi parametreler ele alinmistir. Calismalar sonucunda helis ¢apinin artmasiyla hem gevsek hem de siki zemin igin
tasima ytkiiniinde arttig1 belirlenmistir. s/D (helis aralig1 / helis cap1) etkisini inceledigi deneylerde ise helis
¢aplarini sabit tutmus (100 mm), helis araliklarini degistirmistir. Bu deneylerdes/D=1-1.5-2 - 2.5 - 3 oranlarini
kullanmistir. Deneyler sonucunda helis araligi (s) degisiminin tasima kapasitesine 6nemli derecede bir etkisinin
olmadig1 sonucuna varmistir. Incelemis oldugu bir diger parametre olan helis sayisi etkisinde, helis ¢apini sabit
tutmus (100 mm) olup kaziklar1 helissiz, tek helisli, ¢ift helisli ve ti¢ helisli seklinde gruplandirmistir. Bu deneyler
sonucunda helissiz kaziga gore artan helis sayisi ile hem gevsek hem de siki zemin durumunda tasima
kapasitesinde 3 ile 6 kat arasinda artis meydana geldigini belirlemistir [19].
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Sakr (2009) tarafindan yapilan ¢alismada tek ve cift helisli kaziklarin basing etkisi altinda davranislari
incelenmistir. Deneyler sonucunda cift helisli kaziklarin tek helisli kaziklara gore %40 daha fazla direng gosterdigi
belirlenmistir. Tek helisli kaziga ikinci bir helisi eklemenin direnci énemli dl¢lide arttirdig1 ve maliyet-fayda
acgisindan yararl olacagi ortaya konmustur [2].

Bak ve arkadaslar1 (2019) tarafindan kum zeminde tekil ve grup helisel kaziklarin tasima kapasiteleri deneysel
olarak irdelenmistir. Tekil helisel kaziklarda; helisler arasi mesafe, donme hizi ve eksenel yiik miktar1 gibi
parametreler arastirllmistir. Bu deneylerde tekil helisel kaziklarda helis ¢api1 sabit tutulmus (100 mm) helisler
arasi mesafe 50 mm ve 150 mm olarak alinmistir. Deneyler sonucunda tekil helisel kaziklarda helis araligi, donme
hiz1 ve eksenel yuk artisinin nihai yuki arttirdig belirlenmistir. Ayrica 50 mm helis araligina sahip kaziklarin
kurulum kosullarina karsi daha az duyarli oldugu, 150 mm helis aralifina sahip kaziklarin ise kurulum
kosullarindan daha fazla etkilendigi tespit edilmistir [20].

George ve arkadaslari1 (2019) tarafindan yapilan ¢alismada kohezyonsuz zeminde deplasman yontemiyle kurulan
helisel kaziklarin eksenel basing ve cekme kapasitesi altindaki davranislari laboratuvar model deneyler ve sayisal
yontemlerle ele alinmistir. Deneyler sonucunda helis ¢ap1 ve saft ¢capinin arttikga basing etkisi altinda tasima
kapasitesinin de arttig1 belirlenmistir [21].

Bu calismada, laboratuvar model deneyleri ile gevsek zemine yerlestirilen helisel kaziklarin basing etkisi altindaki
davraniglari incelenmistir. Model deneyler saft ¢apt d=22 mm ve helis ¢aplar1 D= 60-80-100 mm olan helisel
kaziklar kullanilarak yapilmis ve bu dogrultuda toplam 7 adet model deney gerceklestirilmistir.

2. Materyal ve Metot

Deneysel calismalar, iskenderun Teknik Universitesi Miithendislik ve Doga Bilimleri Fakiiltesi Insaat Mithendisligi
Geoteknik Laboratuvari’'nda yapilmistir. Deneyler, 1500 mm x 1200 mm x 1000 mm (uzunluk x genislik x
yiikseklik) boyutlarinda dikdortgen kesitli deney kasasinda yapilmistir.

Calismalarda kasanin kum ile doldurulmasi ve bosaltilmasi helezon sistemi yardimiyla saglanmistir. Sekil 2’de
helezon sisteminin calisma prensibi ve deney kasasi gortilmektedir. Kum kasanin altindaki delikten helezon
sistemi vasitasiyla bosaltilmaktadir. Kumun doldurulmasi ve bosaltilmasini saglayan helezon sistemi 25 cm
¢apinda ve 45° egimli celik boru mevcuttur. Diizenegin basinda 50 d/dk hizda donme yapan motor mevcuttur.
Sistemin tekerlekli olmasi ile istenilen yere hareket ettirilip kolaylik saglamaktadir.

Sekil 2. Deney Kasasi ve Helezon Sistemi

Deneyler gevsek zemin ortaminda gergeklestirilmistir. Deneylerde kullanilan kaziklar gelikten olup saft caplari
(d=22 mm) sabittir. D=60-80-100 mm boyutlarinda helisler kullanilmistir. Deneylerde kullanilan helisel kaziklar
Sekil 3’te gosterilmistir.
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H‘elissiz D=60.mm-D=80 mm D= 100 mm

T

y

Sekil 3. Helisel Kaziklar

Helisel kaziklar zemine helisel kazik tork motoru montaji diizenegi kullanilarak yerlestirilmistir. Sekil 4’te helisel
kazik tork motoru montaj diizenegi gosterilmistir. Sekil 5’te ise kaziklarin kum zemine yerlestirildikten sonraki
hali verilmistir.

Sekil 4. Helisel Kazik Tork Motoru Montaj Diizenegi
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Sekil 5. Kaziklar Cakildiktan Sonraki Gortiniim

Helisel kaziklarin kum zemine yerlestirilmesinden sonra kazigin iist kismina yiik hiicresi yerlestirilmistir.
Deplasman olgerler yiik uygulanan kismin iki tarafina yerlestirilerek deneyler yapilmistir. Deney diizeneginin
goriniimi Sekil 6’da yer almaktadir.

Sekil 6. Deney Diizenegi

Deneylerde kullanilan kum iskenderun kum ocagindan temin edilmistir. Yapilan birtakim deneyler sonucunda
zemine ait parametreler Tablo 1 ve Tablo 2’de verilmistir.
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Tablo 1. Deney kumunun zemin parametreleri

Parametre Deger

Efektif Dane Capi, D10 (mm) 0.260

D30 (mm) 0.441

Deo (mm) 0.775

Uniformluk katsayisi, Cu 2.981

Stireklilik katsayisi, Cr 0.965
Zemin sinifi, (USCS) SP

Tablo 2. Elek Analizi

Elek No Elek Aciklig1 Elek Uzerinde Kiimtilatif Elek Altina Gegen  Elek Altina Gegen
(mm) Kalan (gr) Toplam (gr) Toplam (gr) Yiizde

No. 10 2.000 0.00 0.00 2000.00 100.00

No. 16 1.180 305.70 305.70 1694.30 84.72

No. 30 0.600 794.60 1100.30 899.70 4499

No. 40 0.425 320.50 1420.80 579.20 28.96

No. 50 0.300 288.70 1709.50 290.50 14.53

No. 80 0.180 290.50 2000 0.00 0.00
TOPLAM 2000

Tek bir helisel kazigin kullanildig1 deneylerdeki kazik geometrisi Sekil 7’de ve deney planina ait bilgiler de Tablo
3’te verilmistir.

1 Q: Basing Yuku

1
|

r'y —_—

L:  Gomulu 4 |
Kazik Boyu TR #t g rels ekl

s:Helis

arahg

_'| <+
d:Saft Capi

Sekil 7. Kazik Geometrisi (Tiiredi, 2021)
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Tablo 3. Laboratuvar Deneyler (LD)
Helis araligy, s Helis plaka Helis capi, D

Deney Kodu (mm) sayisy, N (mm) s/D
LD-1 - 0 0
LD-2 1 60
LD-3 1 80
LD-4 1 100
LD-5 90 2 60 /60 1.5
LD-6 120 2 80/80 1.5
LD-7 150 2 100/ 100 1.5

3. Bulgular

Kaziklarin basing etkisi altinda davranislarini incelemek amaciyla laboratuvar ortaminda toplam 7 adet deney
yapilmis ve yiikk-deplasman egrileri lizerinden davranislart yorumlanmistir. Yiik-deplasman egrileri helis ¢ap1
etkisi, helisel plaka sayisi parametreleri tizerinden ele alinmistir.

3.1. Helis cap1 etkisi

Laboratuvar ortaminda yapilan deneyler sonucunda elde edilen helis ¢api etkisine ait yiik-deplasman egrisi Sekil
8'de kaziklara ait geometri ile birlikte verilmistir. Sekil 8 incelendiginde helis ¢apinin artmasina bagh olarak ytik
degerlerinde biiyiik artislar meydana geldigi goriilmektedir. 8 cm ¢apl kazigin 6 cm ¢apl kaziga gore yaklasik %
53 daha fazla yiik tasidigi, 10 cm ¢aph kazigin da 8 cm ¢aph kaziga gore yaklasik % 40 daha fazla yiik tasidig:
belirlenmistir.

1300 LD-1 LD-2 LD-3 LD-4

1200 LD-4
1100

1000

900 cm cm em

LD-3
800
700

600

YUK (N)

LD-2
500

400 :

300 /

200 LD-1
100

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
DEPLASMAN (mm)

Sekil 8. Helis Cap1 Etkisi

iki helis plakasimin kullanildigi deneylere ait yiik-deplasman iliskileri Sekil 9’da verilmigtir. Grafikler
incelendiginde cift helisli kaziklarda helis cap1 arttik¢a yiikiin de arttig1 tespit edilmistir. LD-7'nin tasidig1 yiik LD-
6’ya gore yaklasik %27 daha fazla ve LD-6’nin da LD-5’e gore yaklasik %43 daha fazla yiik tasidigi tespit edilmistir.

101



Helis Cap ve Helisel Plaka Sayisinin Tagima Giiciine Etkisinin Model Deneylerle Arastirilmasi

Bu artislarin sebebinin kaziklardaki helislerin kum ile temas eden yiizey alanlarinin artmasi ve basing etkisi altinda
siirtiinmeye bagli olarak tasima giiciiniin artmasi oldugu diisiiniilmektedir.

1600 . LD-5 LD-6 LD-7
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200
100

LD-7

LD-6

LD-5

YUK (N)

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
DEPLASMAN (mm)

Sekil 9. Cift Helisli Kaziklarda Helis Cap1 Etkisi

3.2. Helis sayis1 etkisi

Laboratuvar ortaminda yapilan deneylerde (D=6cm) helis sayisi etkisi yiik-deplasman egrisi iizerinden
incelenmistir. Kaziklardaki helis sayisi arttik¢a tasima giiciiniin arttig1 ve helisli kaziklarin helissiz kaziklara goére
¢ok daha fazla yiik tasidig1 sonucuna varilmistir. Sekil 10 incelendigi zaman LD-5’in LD-2’ye gore yaklasik % 35
daha fazla tasima kapasitesine sahip oldugu belirlenmistir.

750 LD-1 LD-2 LD-5
700
650
600
550
500
450
400
350
300
250
200
150
100

50

LD-5

LD-2

YUK (N)

LD-1

0 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
DEPLASMAN (mm)
Sekil 10. 6 cm Capl Kaziklardaki Helis Sayis1 Etkisi
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Helisel plaka capinin 8 cm olarak alindig1 deneylerde helis sayisi etkisi Sekil 11’de ele ahmmugtir. ilgili grafikler
incelendiginde de LD-6'min LD-3’e gore yaklasik % 27 oraninda daha fazla tasima kapasitesine sahip oldugu
sonucuna varilmistir.

1500 1D-1 1LD-3 LD-6
LD-6
1100

1000
D=8cm
900 s/D:15

D=8cm D=8cm LD-3

800
700
600

YUK (N)

500
400
300

200 LD-1

100

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
DEPLASMAN (mm)

Sekil 11. 8 cm Caplh Kaziklardaki Helis Sayisi etkisi

Sekil 12’de verilen grafiklerde helisel plaka ¢apinin 10 cm olarak kullanildig1 deneyler ele alinmistir. Sekil 12
incelendigi zaman 10 cm ¢apli ¢ift helisli kazigin 10 cm capli tek helisli kaziga gore yaklasik % 15 daha fazla tasima
kapasitesine sahip oldugu belirlenmistir.

1600 LD-1 LD-4 LD-7
1500 LD-7

1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200
100

YUK (N)

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
DEPLASMAN (mm)

Sekil 12. 10 cm Capl Kaziklardaki Helis Sayisi etkisi
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4. Tartisma ve Sonug¢

Bu ¢alismada gevsek kum zeminine yerlestirilen helisel kaziklarin basing etkisi altinda davranislar laboratuvar
model deneyleri ile incelenmistir. Bu dogrultuda helisler aras1 mesafe (s/D = 1.5) sabit tutulmus, farkli helis caplari
(D = 60 mm, 80 mm, 100 mm) ve helis sayis1 (N = 0, 1, 2) se¢ilmis ve bu parametrelerin ytik-deplasman egrisi
tizerindeki etkileri incelenmistir. Bu calismadan elde edilen verilere dayanarak asagidaki sonuglara ulasiimistir.

e Helis sayisi etkisinde; helissiz kazigin tek helisli kaziklara gore ¢ok az yiik aldigi, 6 cm ¢apli kazigin helissiz
kaziga gore yaklasik 2.9 kat, 8 cm ¢apli kazigin helissiz kaziga gore yaklasik 4.4 kat ve 10 cm ¢apli kazigin
helissiz kaziga gore yaklasik 6.22 kat daha fazla ytk aldig1 belirlenmistir.

e Cift helisli kaziklarda helis sayis1 etkisinde ise, ¢ift helisli 8 cm ¢apli kazigin ¢ift helisli 6 cm ¢apli kaziga
gore yaklasik 1.43 kat, cift helisli 10 cm ¢caplh kazigin ¢ift helisli 6 cm ¢apli kaziga gore yaklasik 1.88 kat
ve ¢ift helisli 10 cm ¢apli kazigin cift helisli 8 cm capli kaziga gore yaklasik 1.31 kat daha fazla yiik aldiklar
tespit edilmistir.

e Helis ¢api etkisinin incelendigi veriler ele alindig1 zaman, helis sayisi arttikea yiik tasima kapasitesinin de
arttig1 sonucuna varilmistir. Cift helisli 6 cm capli kazigin tek helisli 6 cm ¢apli kaziga gore yaklasik 1.35
kat, ¢ift helisli 8 cm capli kazigin tek helisli 8 cm ¢aplh kaziga gore yaklasik 1.26 kat ve cift helisli 10 cm
capl kazigin tek helisli 10 cm ¢apli kaziga gore yaklasik 1.19 kat yiik tasima kapasitesinde artis gosterdigi
elde edilmistir.

Deneysel veriler gocme mekanizmasi acisindan degerlendirildiginde tasima giiciindeki artislarin sebebinin
kaziklarda yer alan helisel plakalarda kum ile temas eden yiizey alanlarinin artmasi ve basing etkisi altinda
sturtiinmeye baglh olarak diren¢ kazanmasi oldugu diisiiniilmektedir. Laboratuvar model deneyleri sonucu elde
edilen veriler ile literatiir taramasi sonucu elde edilen veriler karsilastirildiginda benzer sonuglar elde edildigi
belirlenmistir. Helisel kaziklar giiniimiizde birgok miihendislik alaninda kullanilmaktadir. Kolay kurulumu ve ucuz
maliyete sahip olmasi tercih edilmesini saglamaktadir. Deney sonuglarindan kaziklardaki helis sayisi ve helis
capini arttirarak tasima kapasitesinin kolay, ucuz ve basit bir sekilde artabilecegi sonucuna ulasilmistir.
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Oz: Bu calismada, NiCoFeCu esash orta entropili alasimlarin (OEA) iiretimi
elektrodepolama yontemi ile gergeklestirilmistir. Siire¢ parametrelerinin kaplama
tizerindeki etkileri, Taguchi deney tasarimi yontemi ile incelenmis ve optimize
edilmistir. Sicaklik, pH, akim yogunlugu ve karistirma hizi olmak iizere dort temel
parametre belirlenmis; her biri {i¢ seviyede degerlendirilmistir. Deney tasariminda
L9 ortogonal dizisi kullanilarak tam faktoériyel tasarima kiyasla deney sayisi onemli
6lciide azaltilmistir. 5754 aliiminyum altlik iizerine elde edilen kaplamalar, SEM
goruntiileri ile degerlendirilmis ve parametrelerin yiizey morfolojisi iizerinde
belirleyici etkiler gosterdigi saptanmistir. Homojen ve yogun yapili kaplamalarin
genellikle 45°C sicaklik, pH 3.5, 200 mA/cm? akim yogunlugu ve 100 rpm
karistirma hizi kosullarinda olustugu gézlemlenmistir. Kaplamalardaki element
oranlarinin ideal deger olan %25 atomik dagilima yaklasmasi hedeflenmis ve bu
dogrultuda gerceklestirilen dogrulama deneylerinde, fark degeri %29.57 olarak
elde edilmistir. Parametrelerin istatistiksel etkileri ANOVA analizi ile
degerlendirilmis; her ne kadar p-degerleri 0.05'in iizerinde olsa da, akim yogunlugu
ve karistirma hizinin sirasiyla %45.19 ve %43.76 katki oranlariyla giktilar iizerinde
belirgin etkiler olusturdugu goérilmiistiir. Sonug olarak, elektrodepolama stirecinde
Taguchi yontemi ile belirlenen optimum parametrelerin, kaplama kalitesini ve
metal bilesenlerin esit oranda biriktirilmesini anlaml sekilde iyilestirdigi ve bu
yaklasimin zaman ve maliyet a¢isindan verim sagladigi gosterilmistir.

Production of NiCoFeCu Medium Entropy Alloy Coatings by Electrodeposition

Keywords
Electrodeposition,
MEA,

Coating,

Taguchi

Abstract: In this study, NiCoFeCu-based medium entropy alloys (MEAs) were
produced using the electrodeposition method. The effects of process parameters on
the coating quality were investigated and optimized using the Taguchi design of
experiments. Four key parameters—temperature, pH, current density, and stirring
speed—were identified and evaluated at three levels each. By employing the L9
orthogonal array, the number of experiments was significantly reduced compared
to a full factorial design. Coatings deposited on 5754 aluminum substrates were
analyzed via SEM images, which revealed that the parameters had a decisive impact
on surface morphology. It was observed that homogeneous and dense coatings
generally formed under conditions of 45 °C temperature, pH 3.5, 200 mA/cm?
current density, and 100 rpm stirring speed. Achieving a uniform atomic
distribution close to the ideal 25% for each metal was targeted, and validation
experiments conducted under the optimal parameter set yielded a minimum
deviation of 29.57%. The statistical effects of the parameters were evaluated using
ANOVA,; although the p-values were above the 0.05 significance threshold, current
density and stirring speed exhibited significant influence on output with
contribution ratios of 45.19% and 43.76%, respectively. In conclusion, the optimal
parameters identified through the Taguchi method notably improved the coating
quality and compositional balance, while also enhancing the time and cost efficiency
of the electrodeposition process.
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1. Giris

Yiiksek entropili alagimlar (YEA), genellikle bes veya daha fazla elementin, her birinin alasim icindeki orani %5 ila
%35 arasinda olacak sekilde ve ¢ogunlukla esit atomik oranlarda birlestirilmesiyle olusur. Buna karsilik, iki ila
dort element iceren ve daha diisiik karisim entropisine sahip sistemler ise orta entropili alasimlar (OEA) olarak
siniflandirilir. YEA'lar, ¢ok sayida elementin neredeyse esit oranlarda karistirilmasiyla olusur ve yiiksek karisim
entropisi sayesinde tek fazli, kararl yapilar elde edilir. OEA'lar ise daha az sayida element icerir, bu da entropinin
orta seviyede kalmasina ve bazen ¢ok fazl yapilar olusmasina neden olabilir. Genel olarak, sistemdeki element
sayisi arttikca karisimdaki atomlarin olasi konfiglirasyonlar1 da artar; bu da entropi degerinin ytlikselmesine ve
kat1 ¢ozelti olusumunun daha olasi hale gelmesine neden olur. [1,2]. OEA’lar, mekanik 6zellikler, 1s1l kararlilik ve
korozyon/oksidasyon direnci agisindan YEA’lar kadar olmasa da geleneksel alasimlardan daha iistiindir. Bu
alasimlar: ergitme ve dokiim, toz metalurjisi, kat1 hal yontemleri, eklemeli tiretim (3D baski), fiziksel ve kimyasal
buhar biriktirme, pliskirtme sekillendirme/hizli katilastirma teknikleri ve elektrolitik biriktirme
(elektrodepolama) gibi farkli iiretim yontemleri ile tiretilebilirler.

Elektrodepolama, kati bir alt tabaka tzerinde metal katyonlarinin elektrik akimi vasitasiyla dogrudan
indirgenmesi yoluyla metalik kaplama olusturan elektrokimyasal bir yontemdir. Bu yontemle, metalik veya
metalik olmayan alt ylizeyler iizerine kaplamalar yapilabilmektedir. Glinlimiizde elektrodepolama yontemiyle
kaplanmis iirlnler gilinliik yasamda yaygin olarak kullanilmaktadir. Saatlerde giimiis kaplama, gozliik
cercevelerinde altin kaplama ve otomotiv ile havacilik endiistrilerindeki ¢esitli parcalarda uygulanan elektrolitik
kaplamalar buna ornektir. Elektrodepolama islemi, elde edilen yiizey o6zelliklerinin diger ydntemlerle
saglanmasinin miimkiin olmadig1 durumlarda kritik 6neme sahiptir. Bu yéntem 6zellikle korozyon ve asinma
direnci gibi 6zellikleri nedeniyle tercih edilmektedir. Metalik kaplamalarin temel amaglari arasinda malzemelerin
fiziksel ve kimyasal 6zelliklerini iyilestirmek, gérsel goriiniimiinii korumak ve gelistirmek bulunur. Ornegin;
korozyon korumasi i¢in bakir, nikel, krom, ¢inko veya kadmiyum; estetik gériiniim i¢in bakir, nikel ve krom; sertlik
ve asinma direnci icin krom veya akimsiz nikel kaplamalar tercih edilmektedir [3]. Elektrodepolama
parametreleri, yiiksek entropili ve orta entropili alasimlar i¢in 6nemli farkliliklar gosterebilmektedir [4]. Aliyu ve
Srivastava (2022) [5], ¢oklu bilesen elektrodepolamanin proses detaylarini inceleyerek optimum parametrelerin
kaplama kalitesi lizerindeki etkisini vurgulamistir. Ayrica, Freitas ve arkadaslar1 (2023) [6] ile Haché ve
arkadaslar1 (2023) [7], elektrodepolamayla elde edilen yiiksek entropili alasim kaplamalarin morfolojik
ozelliklerinin optimizasyonu iizerine odaklanmistir. Shojaei ve arkadaslar1 (2022) [8] ise elektrodepolama
yontemi ile iiretilen alasimlarin korozyon ve asinma direnci 6zelliklerini kapsaml sekilde degerlendirmistir.

Elektrodepolama yonteminin dezavantajlarindan biri kaplanacak numunenin iletken olmasi zorunlulugudur.
Ayrica birden fazla element iceren kaplamalarin tiretimi, proses parametrelerinin (pH, sicaklik, akim yogunlugu,
karistirma hiz1 vb.) coklugu sebebiyle kompleks ve deney sayisi agisindan fazladir. Cok sayida deney yapilmasinin
neden oldugu zaman ve maliyet dezavantajlarini azaltmak amaciyla deney tasarim metotlar gelistirilmistir. Bu
calismada, s6z konusu gereksinimler i¢in Taguchi deney tasarim metodu sec¢ilmistir. Taguchi yontemi, liretim
streclerinde diisiik maliyetle yiliksek kalite elde etmek amaciyla yaygin kullanilan, sistem tasarimi, parametre
tasarimi ve tolerans tasarimi olmak {izere li¢ asamali bir yaklasimdir. Ortogonal diziler sayesinde daha az deneyle
daha genis kapsamli analizler gerceklestirilebilir. Deney sonuglar1 Sinyal/Glrilti (S/N) oranlariyla
degerlendirilerek, en yiiksek S/N oranina sahip parametre seviyeleri ideal olarak belirlenir. Bu yaklasim,
sistemleri kontrol edilemeyen faktorlere karsi daha az hassas hale getirerek kaliteyi artirmay1 hedefler [9].

Bu ¢alisma termokimyasal islemlere kiyasla zaman, maliyet ve yliksek sicakliklarda islem gerektirmeyen bir
yontem olmasindan kaynakli elektrodepolama yontemi ile OEA tretimi tercih edilmistir. Elektrodepolama
yontemiyle OEA tiretimi; sicaklik, akim yogunlugu, pH ve karistirma hizi olmak iizere dort temel islem parametresi
kullanilarak Taguchi deney tasarimiyla gergeklestirilmistir. Her bir parametre ii¢ farkli seviyede degerlendirilmis
ve bu amagla L9 ortogonal dizisi tercih edilmistir. Boylece klasik tam faktoriyel deney tasariminda 81 deney
gerekirken, yalnizca 9 deneyle kapsamli analizler yapilabilmistir. Deneylerde alt tabaka olarak 5754 aliiminyum
alasimi kullanilmis ve bu altlik tizerine NiFeCoCu esasli OEA kaplamalari yapilmistir. Kaplama siirecinde her bir
metalin kaplama i¢indeki atomik oraninin yaklasik olarak %25 olmasi hedeflenmis ve bu hedef dogrultusunda en
uygun islem parametreleri Taguchi deney tasarim metodu ile belirlenmistir.

2. Materyal ve Metot

Bu ¢alismada, silire¢ parametrelerinin performans lizerindeki etkilerini degerlendirebilmek amaciyla Taguchi
deney tasarim yontemi kullanilmistir. Deneysel ¢alismalarda, ilgili stireci temsil eden faktorler ve her faktor icin
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belirlenen seviyeler dogrultusunda ortogonal dizi segilerek minimum sayida deney ile maksimum bilgi elde
edilmesi hedeflenmistir. Taguchi yontemi, deney sayisini 6nemli 6l¢iide azaltarak zaman ve maliyet acgisindan
avantaj saglamakta; ayni zamanda siire¢ lizerinde en etkili parametrelerin hizlica belirlenmesine olanak
tanimaktadir. Deneylerde kontrol edilebilir parametreler sistematik sekilde degistirilmis, kontrol edilemeyen
guriilti faktorlerinin etkisi ise en aza indirilmeye ¢alisilmistir. Elde edilen ¢ikt1 verileri, Taguchi metoduna uygun
olarak Sinyal/Giiriiltii (S/N) oranlari ile degerlendirilmistir. Bununla birlikte, kullanilan Taguchi yénteminin bazi
siirhliklari da bulunmaktadir. Ozellikle, bu yontem faktérler aras etkilesimleri goz ardi ettigi icin, 6rnegin pH ile
sicaklik veya akim yogunlugu ile karistirma hizi gibi parametreler arasindaki etkiler dogrudan
degerlendirilememektedir. Bu durum, elde edilen sonuglarin yalnizca ana etkilerle sinirli oldugunu ve sistemin
karmasik davranislarini tam olarak yansitmayabilecegini gostermektedir. Ayrica, Taguchi ydntemi yanit
degiskeninin ¢ok boyutlu oldugu durumlarda yetersiz kalabilir ve etkilesimlerin dogrusal olmadig: sistemlerde
sinirl temsil giiciine sahiptir. Sinyal/giiriiltii oranlar1 sabit kaliplara dayanmakta olup, bazi 6zel miihendislik
senaryolarinda uygun degerlendirme saglayamayabilir. Az sayida deneyle genelleme yapilmasi da bazi
durumlarda deneysel giivenilirligi azaltabilmektedir [9, 10]. Bu nedenlerle, sonug¢larin yorumlanmasinda dikkatli
olunmali ve daha karmasik sistemlerde alternatif yontemler diisiiniilmelidir. Bununla birlikte, bu ¢alismada belirli
ve sinirli sayida parametrenin etkisini analiz etmek amaciyla yapilan deney tasariminda, Taguchi yontemi yerinde
ve yeterli bir tercih olmustur.

Calismada altlik olarak, kimyasal bilesimi Tablo 1'de verilen 5754 Aliiminyum alasimi kullanilmistir. Alt tabakanin
kaplama alam kontrollii bir deney ortami saglamak amaciyla 1 cm? ile simrlandinlmistir. Elektrodepolama
islemlerinde karsit elektrot olarak platin tel, referans elektrot olarak ise Ag/AgCl elektrot tercih edilmistir.

Tablo 1. Al althgin EDS Tablosu
C-K O-K Mg-K Al-K CI-K Cr-K Mn-K
AIALTLIK 9,27 6,69 3,05 80,57 0,27 0,06 0,10

Althgin yiizey hazirligy, kaplama ile alt tabaka arasindaki aderansi artirmak ve kaplama sirasinda olusabilecek
olumsuzluklar1 minimize etmek acisindan kritik 6neme sahiptir. Yiizey hazirligi, ylizeydeki kir, yag ve oksit
tabakalarini temizlemek lizere cok asamal olarak gerceklestirilmistir. ilk olarak alt tabaka yiizeyi sirasiyla 600,
800, 1000 ve 1200 numarali zimpara kagitlari ile mekanik olarak zimparalanmistir. Ardindan, ylizey 6nce aseton,
ardindan metanol ile detayl sekilde temizlenmis, her temizlik asamasinin ardindan saf suyla durulanmistir. Son
asamada, yiizey aktivasyonunu artirmak ve oksit tabakasini gidermek amaciyla %20'lik hidroklorik asit (HCI)
¢ozeltisinde 10 saniye asindirilmis ve son olarak saf suyla tekrar durulanarak elektrodepolama islemine hazir hale
getirilmistir.

Elektrodepolama islemleri, Watts tipi elektrolit banyolarinda gergeklestirilmistir. Tiim kaplamalar, sabit akim
kosullarinda 3600 saniye siireyle; 50, 100 ve 200 mA/cm? akim yogunluklarinda, karigtirmasiz, 100 ve 200 rpm
karistirma hizlarinda, 25, 35 ve 45+ 1 °C sicakliklarda uygulanmistir. Banyo sicakliklari, kendinden 1sitmali
karistiric1 sistem tarafindan otomatik olarak kontrol edilmistir; hedef sicaklik degerine ulasildiginda isitma
durmakta, sicaklik istenilen degerin altina diistiigiinde ise tekrar devreye girmektedir. Bu sistem +1 °C toleransla
calisacak sekilde ayarlanmistir. Her deney oncesinde, pH degerleri silfiirik asit (H,SO4) ve sodyum hidroksit
(NaOH) ile ayarlanarak 1.5, 2.5 ve 3.5 seviyelerinde sabitlenmistir. Banyoda kullanilan metal kaynaklari sirasiyla:
nikel siilfat (NiSO,) ve nikel kloriir (NiCl,) [Ni kaynagi], demir siilfat (FeSO,) [Fe kaynagi], kobalt stilfat (CoSO,)
[Co kaynagi] ve bakir kloriir (CuCl,) [Cu kaynagi] seklindedir. Bu bilesikler sirasiyla NiSO,4: 50 g/L, NiCl,: 45 g/L,
FeS0,4: 20 g/L, CoSO4: 20 g/L ve CuCl,: 10 g/L konsantrasyonlarinda banyoya eklenmistir. Ayrica kompleks yapici
olarak sitrik asit, pH tamponlayici olarak borik asit ve kaplama morfolojisini iyilestirmek amaciyla katki maddesi
olarak sakkarin (1g/L) ile sodyum dodesil siilfat (SDS, 0.2 g/L) eklenmistir. Kimyasal bilesenler, yukarida
belirtilen sirayla banyo ¢ozeltisine dahil edilmistir. Elde edilen kaplamalarin yiizey morfolojileri, Ultra Kuru EDS
Dedektorlii Thermo Scientific Apreo S taramali elektron mikroskobu (SEM) ile 2500x biiyiitmede incelenmis; ayni
cihaz kullanilarak enerji sacilim spektroskopisi (EDS) analizleri gerceklestirilmistir.

3. Bulgular

Elektrodepolama yontemi ile elde edilen kaplama kalitesi, banyo kompozisyonu, pH, akim yogunlugu, sicaklik,
karistirma hizi1 ve kaplama siiresi gibi parametrelere baghdir. Bu ¢alismada elektrodepolama kosullar,
literatiirden belirlenen dort temel parametre (pH, sicaklik, akim yogunlugu, karistirma hizi) géz éniinde tutularak
Taguchi L9 ortogonal dizisi ile tasarlanmistir [11]. Her parametre icin ii¢ farkli seviye belirlenmis ve Tablo 2’de
gosterilmistir.
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Tablo 2. Elektrodepolama parametreleri ve seviyeleri

Deney Faktorleri Birimi Seviye

I I 111
pH - 1,5 2,5 35
Sicaklik °C 25 35 45
Akim yogunlugu mA/cm? 50 100 200
Karistirma Hizi dev/dk 0 100 200

Ug seviyeli bu dort parametre tam faktériyel bir deney tasarimu ile yapilacak olsaydi, 34=81 deney ile yapilmasi
gerekmektedir. NiCoFeCu orta entropili alasim kaplamanin, atomik olarak yilizde oranlarinin birbirlerine en yakin
sekilde olmas1 amaciyla elektrodepolama parametrelerinin etkilerini tanimak ve dogrulamak icin ise Taguchi
yaklasimi L9 dizisini énermistir. Onerilen L9 dizisinin faktor seviyeleri Tablo 3’te verilmistir

Tablo 3. L9 dizisi deney parametreleri
Deney Parametreleri

Deney Adi

pH

Sicaklik

Akim Yogunlugu

Karistirma Hizi

OEA1

I

I

[

[

OEA 2

I

11

I1

I1

OEA3

I

I

I

I

OEA 4

11

I

I1

I

OEA5

11

11

I

I

OEA 6

11

I

I

I1

OEA7

I

I

I

I1

OEA 8

111

11

[

I

OEA9

111

111

11

[

Elektrodepolama yontemi liretim sartlar1 Taguchi deney tasarim metodu kullanilarak degerlendirilmistir. Secilen
degerlere literatiir gozetilerek araliklar verilmistir [5] 2-4 Sayida esas alasim elementinden olusan alasimlar orta
entropili alasimlar olarak adlandirilmaktadir. Biitiin coklu element iceren alasimlarda karisim entropisi, element
oranlarinin esit konsantrasyonlarda olmasi durumunda maksimuma ulagsmaktadir [1,2]. OEA’larda deney tasarim
metodu ile tespit edilmeye calisilan durum ise her bir metalin kaplama icerisinde esit miktarlarda katilimini
gormektir.

Kaplama icerisindeki element oranlar1 EDS analizleri ile tespit edilmistir. EDS ile kaplama igerisindeki
elementlerin net miktarlarini, agirlik olarak ytiizdelerini ve atomik olarak yiizdelerini tespit edebiliriz. OEA’larda
baz alinan agirlik atomik agirliktir. Bu sebeple degerlendirme siirecinde dort element oldugu icin her bir elementin
kaplama icerisinde varacagl nihai hedef %25 olarak ele alinmistir. Bu durumun EDS sonuglar ile
degerlendirilmesinde Denklem 1 baz alinmistir.

Fark = |25—Ni| + |25—Fe| + |25—Cu| + |25—Co| (D)
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Sekil 1. Al altlik iizerine biriktirilen kaplamalarin SEM resimleri

Elementlerin atomik agirlik olarak EDS deneyleri sonucu elde edilen degerler dikkate alinmistir. Denklem i¢inde
element kisaltmalari ile kastedilen degerler kaplama icerisindeki atomik agirliklarina karsilik gelmektedir. EDS
analizlerinde % atom olarak sadece kaplama metalleri dikkate alinmistir. Orta entropili alagim tretiminde yine
atomik olarak %25’e en yakin olacak Denklem 1 kullanilarak hesaplama yapilmistir. Tablo 4’te EDS sonuglarina
gore atom yiizdeleri verilmistir. Sekil 1'te bu deneylere ait SEM gorintiileri verilmistir. Taguchi deney tasarimi
dogrultusunda farkli islem parametreleri ile elde edilen NiCoFeCu orta entropili alasim kaplamalara ait SEM
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goriintiileri incelendiginde, kaplama yilizey morfolojilerinde 6nemli farkliliklar gézlemlenmistir. Goriintiiler,
kaplamalarin pH, sicaklik, akim yogunlugu ve karistirma hizi gibi parametrelere duyarh olarak degisen yapisal
karakteristiklerini agik¢ca yansitmaktadir.

Bazi kaplamalarda yogun, homojen ve kompakt yapilar (I, IX) olusmusken; bazi1 6rneklerde ise daginik, gozenekli
veya topakli morfolojiler (III, IV) ortaya ¢ikmistir. Homojen yapilarin genellikle daha iyi parametre
kombinasyonlariyla (6rnegin yiiksek sicaklik ve optimum akim yogunlugu) elde edildigi; gozenekli ve diizensiz
yapilarin ise diisiik iyon difiizyonu, yetersiz karistirma ya da yiiksek gaz ¢ikisi gibi olumsuz etkilere bagh olarak
gelistigi anlasilmaktadir (V, VIII). Ozellikle baz1 gériintiilerde gdzlemlenen kiiresel kabarcik yapilar: (C), hidrojen
¢ikisi gibi elektrokimyasal reaksiyonlarin kaplama siireci lizerindeki etkisini gostermektedir [12-14]. Sonug
olarak, SEM analizleri, deney parametrelerinin kaplama kalitesi ve ylizey yapisi izerinde belirleyici rol oynadigini
kanitlamaktadir. En homojen ve siki kaplamalar (6zellikle 1X), genellikle ytliksek sicaklik, optimum pH ve yeterli
karistirma hizi kombinasyonlarinda elde edilmistir. Bu nedenle SEM goriintiileri, deneysel tasarimin
dogrulanmasi ve ideal kaplama sartlarinin belirlenmesi agisindan kritik 6neme sahiptir.

Tablo 4. Metallerin % Atom bilgileri

Fe-K | Co-K Ni-K Cu-K
OEA 1_Al 18,04 | 6,59 25,73 49,64
OEA 2_Al 16,23 | 15,4 39,92 28,45
OEA 3_Al 12,36 | 28,24 54,76 4,63
OEA 4 Al 13,04 | 2,55 16,18 68,23
OEA 5_Al 8,45 10,35 41,21 40
OEA 6_Al 15,9 28,2 51,43 4,47
OEA 7_Al 31,16 | 8,06 28,88 31,9
OEA 8 Al 7,79 | 481 22,28 65,12
OEA 9_Al 14,08 | 16,33 40,9 28,69

Taguchi yonteminde sonuglar degerlendirilirken ti¢ farkli sekilde degerlendirme yapilir: Biiylik olan daha iyi,
nominal olan daha iyi ve kii¢iik olan daha iyidir. Taguchi metodunda "Smaller is Better" (kii¢lik olan daha iyidir)
ifadesi, performans kriterinin daha kii¢iik olmasinin tercih edildigi durumlar icin kullanilir. Bir sistemin ya da
prosesin ciktisinda daha kiiciik degerler daha iyi performans gosterdigi anlamina gelir. Denklem 1 kullanilarak
hesaplanan farkin en kii¢iik degeri ideal OEA (Her bir metalin atom agirlig1 olarak %25 oraninda biriktirilmesi)
tiretimi i¢in gecerlidir [15]. S/N oranlarinin tespitinde Denklem 2 kullanilmistir.

v = ~10logy (5 X1, ) @)
y; : Her bir deneydeki ¢ikt1 (6l¢im degeri)

n: Ol¢iim sayisi

Denklem 2 kullanilarak 4 farkli parametrenin 3 farkli kademesi tercih edilmis ve aliiminyum altlik lizerine
NiCoFeCu orta alasimli kaplamalar elde edilmistir. Tablo 5’'te deney tasarim metodundan elde edilen sonuglar

verilmistir.

Tablo 5. Al altlik i¢in seviye ve faktor degerlerinin atanmasi ve deneysel sonuglar

Deney Adi Deney Parametreleri
pH | Sicakhk Akim Karistirma FARK S/N Orani
(eC) Yogunlugu Hiz1 (rpm) (dB)
(mA/cm?)

OEA 1_Al 1,5 25 50 0 50,74 34,1070
OEA 2_Al 1,5 35 100 100 36,73 -31,3004
OEA 3_Al 1,5 45 200 200 66,01 -36,3922
OEA 4_Al 2,5 25 100 200 86,46 -38,7363
OEA 5_Al 2,5 35 200 0 62,41 -35,9051
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OEA 6_Al 25 |45 50 100 59,26 35,4552
OEA 7_Al 35 |25 200 100 33,88 30,5989
OEA 8_Al 3,5 35 50 200 80,24 -38,0878
OEA 9_Al 3,5 45 100 0 39,18 -31,8613

Sekil 2'de Taguchi metodu kullanarak elde edilen grafikler verilmistir. Burada A: Sicaklik, B: pH, C: Akim ve D:
Karistirma hizini temsil etmektedir. Sekil 2 grafigi bir Ana Etki Grafigi (Main Effects Plot for Means)'dir ve dort
farkli faktoriin (A, B, C, D) her bir seviyesinin ortalama tizerindeki etkisini gostermektedir. Grafikte her faktor (A,
B, C, D) icin 3 seviye yer almaktadir. Her faktor icin en altta kalan (en diisiik ortalamaya sahip) seviye, tercih
edilmesi gereken seviyedir [12]. Buna gore; sicaklik i¢in Seviye 3 (45 2C), pH icin Seviye 3 (3,5), Akim i¢in Seviye
3 (200 mA/cm?) ve karistirma hizi i¢in ideal sart seviye 2 (100 rpm) degeri minimum degeri vermistir.
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Seviyeler
Sekil 2. Al altlik tizerine biriktirilen numunelerin ortalama performans (FARK degeri) iizerindeki etkilerini gésteren ana etki
grafigi.

Tablo 6. Ortalamalar icin Yanit Tablosu

Seviye A B C D
1 51,16 | 57,03 | 63,41 | 50,78
2 69,38 | 59,79 | 54,12 | 43,29
3 51,10 | 54,82 | 54,10 | 77,57
Delta 18,28 4,98 9,31 | 34,28
Rank 2 4 3 1

Sekil 2’'de verilen grafigin degerlerini gosterir tablolar, Tablo 6’da verilmistir. Bu degerler, sistemin daha
ongoriilebilir ¢iktilarla ¢alismasini saglarken, deneysel tekrarlanabilirligi artirmak agisindan kritik 6nemdedir.
Ozellikle karistirma hiz1 parametresinde Seviye 2’nin secilmesi, 200 rpm seviyesinde gériilen varyans artisini
minimize etmek a¢isindan anlamlidir. Bu baglamda, proses parametrelerinin sadece ortalama performansa gore
degil, ayn1 zamanda deneysel kararliliga gore optimize edilmesi gerektigi bir kez daha dogrulanmistir.

Tablo 7. Varyans Analizi

Kaynak DF Adj SS Adj MS F-Value P-Value %P
A 2 8,86 4,43 0,13 0,884 2,658487
B 2 26,16 13,08 0,41 0,683 8,384458
C 2 93,17 46,58 2,21 0,191 45,19427
D 2 91,34 45,67 2,14 0,199 43,76278
HATA 6 210,667 35,111

Tablo 7’de verilen ANOVA sonuglarina gore, incelenen dort farkli parametrenin sistem ¢iktisi tizerindeki etkileri
ylizdelik (%) katk: oranlariyla hesaplanmistir. Analiz sonuglarina gore kaplamalarin performansina en fazla etki
eden parametre, %45,19 ile akim yogunlugu (Faktér C) olarak belirlenmistir. Bu parametreyi %43,76 ile
karistirma hiz1 (Faktor D) takip etmektedir. Sirasiyla daha diisiik etkiye sahip olan diger parametreler ise %8,38
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ile pH (Faktor B) ve %2,66 ile sicaklik (Faktor A) olarak gdzlemlenmistir. P-degerleri incelendiginde, tiim
faktorlerin 0.05 esik degerinin lizerinde oldugu goriilmektedir. Bu durum, istatistiksel olarak faktdrlerin anlamli
bir etki gostermedigine isaret etmektedir. Ancak, 6zellikle akim yogunlugu ve karistirma hizi faktorlerinin yiiksek
F-degerleri ve toplam varyans tlizerindeki yiiksek ytizdelik katkilari, bu iki parametrenin pratikte sistem ciktisi
tizerinde belirleyici rol oynadigini géstermektedir. Ayrica, bu ¢alismada elde edilen tahmin modelinin giivenilirligi,
R? degeri ile degerlendirilmistir. Modelin R? degeri %97,49 olup, bu deger modelin deneysel verilerle olduk¢a
uyumlu oldugunu ve yiiksek diizeyde aciklayicilik sagladigini gostermektedir. Taguchi yontemi yalnizca
istatistiksel degil ayn1 zamanda miihendislik bakis a¢isiyla degerlendirme yapilmasini dnerir. Dolayisiyla, her ne
kadar p-degerleri istatistiksel anlamlilik gdstermese de, bu parametrelerin pratikte sistem performansi iizerinde
belirleyici oldugu sonucuna ulasimistir. Bu durum, Taguchi metodolojisinin miihendislik problemlerinde
optimize parametrelerin belirlenmesinde hala giiclii ve faydali bir ara¢ oldugunu ortaya koymaktadir [16, 17].

3.1. Dogrulama deneyi

Dogrulama deneyi i¢cin OEA’larin atomik olarak %25 biriktirilmesi hedefine en yakin sonuglari veren parametreler
olan sicaklik 45 2C, pH 2.5, karistirma hiz1 100 rpm ve akim yogunlugu 200 mA/cm2 degerlerinde deneyler
yapilmistir. Dogrulama deneyi 3 tekrarla yapilmistir ve ortalamalar1 dikkate alinmistir. Uretilen numunelerden
ortalamaya en yakin olan segilerek, EDS ve SEM goriintiileri alinmistir. EDS sonuclarina gore elde edilen veriler
Tablo 8’de verilmistir. Tabloya gore 4 farkli metalde birbirine oldukea yakin biriktirilmistir. Taguchi yénteminin
onerdigi 9 deneye gore ise fark diisiik ¢ikmistir ve bu durumda yontemin ve deneylerin dogrulugunu ispat
etmektedir.

Tablo 8. Dogrulama deneyi EDS sonuglari
Fe-K Co-K Ni-K Cu-K FARK

Dogrulama Deneyi 21,41+0,18 19,91+0,27 39,78+0,57 18,89+0,47 29,57

Dogrulama deneyine ait kaplamanin SEM goriintiisii Sekil 3’te sunulmustur. Yapilan SEM analizleri, uygulanan
deney parametrelerinin kaplama morfolojisi ve yiizey kalitesi lizerinde belirleyici bir etkisi oldugunu ortaya
koymaktadir. En yogun ve homojen kaplama yapilari, yliksek sicaklik, uygun pH degeri ve yeterli karistirma hizi
kombinasyonuyla elde edilmistir. Bu baglamda, SEM gériintiileri hem deneysel tasarimin gegerliligini dogrulamak
hem de ideal kaplama kosullarini belirlemek agisindan 6nemli bir kanit saglamaktadir.

' A S AR ¢ atd ! = ‘ ° ®
(0.8 A, e e, = n IS
det  mode HV spot  curr WD  —10 V1

ETD  Custom 20.00kV 10.0 0.40nA 9.8 mm 2500x  12:23:36 PM Apreo
Sekil 3. Dogrulama deneyine ait kaplamanin SEM goriintiis
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4. Tartisma ve Sonug¢

Bu calismada, NiCoFeCu esash orta entropili alasimlarin elektrodepolama yontemiyle tretimi basariyla
gerceklestirilmistir. Elektrodepolama siirecine ait sicaklik, pH, akim yogunlugu ve karistirma hiz1 gibi dért temel
parametre, Taguchi deney tasarimi kullanilarak optimize edilmis ve bu sayede deney sayis1 azaltilirken siireg
verimliligi artirnlmistir. Uygulanan L9 ortogonal dizisi ile gergeklestirilen deneylerde, optimum parametre
kombinasyonu (sicaklik: 45 °C, pH: 2.5, akim yogunlugu: 200 mA/cm?, karistirma hizi: 100 rpm) belirlenmis; bu
kosullarda kaplamalar iiretilmistir. Kaplamalarin SEM gorintiileriyle degerlendirildiginde homojen, yogun ve
piiriizsiiz bir yiizey yapisina sahip oldugu tespit edilmistir. ANOVA analizine gore p-degerleri istatistiksel
anlamlilik sinir1 olan 0.05’in lizerinde yer alsa da, 6zellikle akim yogunlugu ve karistirma hizinin sirasiyla %45.19
ve %43.76’lik katki oranlari ile sistem performansi tizerinde belirgin etkileri oldugu ortaya konmustur. Bu sonug,
yalnizca istatistiksel degerlendirmelere degil, ayn1 zamanda miihendislik yorumlarina da dayali ¢ok yonlii bir
analiz gerekliligini vurgulamaktadir. Ayrica, EDS analizleri dogrulama deneylerinde her bir metalin alasimdaki
hedef orani olan %25 atomik yapiya olduk¢a yakin degerler (%29,57) elde edildigini géstermistir. Bu bulgular,
orta entropili alasimlarin kaplama teknolojilerinde uygulanabilirligini ve elektrodepolama yonteminin bu
alandaki potansiyelini acikca ortaya koymaktadir. Sonug olarak, bu ¢alisma NiCoFeCu esasli OEA kaplamalarinin
tiretiminde elektrodepolamanin basarili bir yéntem oldugunu gostermistir. Taguchi yontemi ile yapilan sistematik
optimizasyon siireci, sadece yiiksek kaliteli kaplamalar elde etmeyi saglamakla kalmamis, ayni zamanda deneysel
zaman ve maliyetleri de ciddi 6l¢iide azaltmistir. Bu yaklasimin, ileri islevsel kaplama sistemleri gelistirme
¢alismalarina saglam bir temel olusturabilecegi degerlendirilmektedir.
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Keywords Abstract: In this study, the barrel and bullet geometries of a 9x19 mm calibre pistol
Finite Elemen_t A.nal}’SIS' system were modelled using the finite element method, and the thermo-mechanical
InterlogBlalllstlc, behaviour developing as a result of the internal ballistic process after firing was
JWL Model,

analysed numerically. AISI 4340 and brass materials were assigned to the barrel and
bullet used in the weapon system, respectively; the sensitivity of material behaviour
to high temperature and strain rate was represented by the Johnson-Cook (JC)
model. The internal ballistic pressure-time data were obtained using the Vallier-
Heydenreich equations, and the stress, plastic deformation, temperature, and bullet
exit velocity values developing between the bullet and the barrel over time were
analysed in the Explicit Dynamics module of the Ansys Workbench software. The
analysis results were validated with experimental data obtained from the actual
firing rig; it was determined that the obtained bullet exit velocity showed a deviation
of 1.82% from the experimental measurement. Additionally, the plastic deformation
occurring in the bullet core after firing was compared with the bullet geometry
scanned after actual firings, and the physical accuracy of the numerical model was
evaluated numerically. The study demonstrates that validated numerical models are
an effective tool for optimising ballistic design processes by reducing the need for
prototypes.

Gun Barrel.

9x19 mm Tabanca Namlusunun i¢ Balistik Siirecinin Sonlu Elemanlar Yontemiyle
Analizi ve Deneysel Dogrulama

Anahtar Kelimeler 0z: Bu calismada, 9x19 mm Kkalibreye sahip bir tabanca sistemine ait namlu ve
Sonlu Elemanlar Analizi, mermi geometrileri sonlu elemanlar yéntemi ile modellenmis ve atesleme sonrasi
I¢ Balistik, ic balistik silirece bagh olarak gelisen termo-mekanik davraniglar sayisal olarak
JWL Modeli,

analiz edilmistir. Silah sisteminde kullanilan namlu ve mermi i¢in sirasiyla AISI 4340
ve piring malzeme atanmis; malzeme davramslarinin yiiksek sicaklik ve sekil
degistirme hizina duyarliigi Johnson-Cook (JC) modeli ile temsil edilmistir. ¢
balistik basin¢-zaman verileri, Vallier-Heydenreich denklemleri yardimiyla elde
edilmis ve zamana bagl olarak mermi ile namlu arasinda gelisen gerilme, plastik
deformasyon, sicaklik ve mermi ¢ikis hizi degerleri Ansys Workbench yaziliminin
Explicit Dynamics modiiliinde analiz edilmistir. Analiz sonuglari, gergek atis
dizeneginde elde edilen deneysel verilerle dogrulanmis; elde edilen mermi ¢ikis
hizinin deneysel 6l¢iimle %1,82 oraninda bir sapma gosterdigi belirlenmistir.
Ayrica, atesleme sonras1 mermi ¢ekirdeginde meydana gelen plastik deformasyon,
gercek atislar sonrasi taranmis olan mermi geometrisi ile karsilastirilmis ve sayisal
modelin fiziksel dogrulugu sayisal olarak degerlendirilmistir. Calisma, dogrulanmis
sayisal modellerin, prototip gereksinimini azaltarak balistik tasarim siire¢lerini
optimize etmede etkili bir ara¢ oldugunu ortaya koymaktadir.

Tabanca Namlusu.
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1. Introduction

In the design of firearm systems, the accurate modelling of the internal ballistic process is of critical importance in
terms of firearm safety, effectiveness and service life. Internal ballistics is a highly complex physical process that
involves the formation of explosive gases, the movement of the bullet within the barrel, bullet-barrel interaction,
and the analysis of pressure, temperature, and stress distributions. The literature on this process is generally
categorised into two main areas: experimental studies and numerical/computational analyses.

Experimental studies have mostly focused on directly measuring the pressure, temperature and stress values
generated during firing and evaluating the effects of these physical events, such as wear, stress accumulation and
barrel life. Morphy and Fisher [1] found that the high temperatures caused by explosive gases create wear on the
barrel surface and demonstrated that carburisation provides protection against this effect. Ozcan [2] evaluated
the effect of surface treatments such as boronising, carburising, and boron carburising on the rifling geometry and
demonstrated that the powder boronising method is applicable while maintaining surface quality. Degirmenci [3]
conducted extensive firing tests with different ammunition configurations and successfully predicted the pressure
distribution inside the barrel with high accuracy using velocity functions created from these data. Similarly, Piticari
etal. [4] analysed the effect of muzzle attachments on vibration behaviour using high-speed imaging methods and
demonstrated that these attachments can be accurately controlled. Zhang and Jia [5] combined experimental and
mathematical modelling to evaluate the performance of automatic weapon mechanisms, including friction and
buffer effects. This study provided important insights, particularly for the design of weapon systems with high
firing rates.

Numerical studies, particularly using approaches such as the finite element method (FEM) and computational fluid
dynamics (CFD), have focused on modelling the complex physical phenomena that occur during firing. Nelson and
Ward [6] numerically investigated the effects of heat transfer on deformation in barrel walls; Huang [7] analysed
the development of damage caused by explosions in a 105 mm cannon barrel using an energy density criterion
and predicted the fragmentation that occurs at high pressure. Deng et al. [8] analysed the internal ballistic motion
of a 5.56 mm rifle bullet using a non-linear discontinuous finite element method and used the pressure-time data
obtained with the Vallier-Heydenreich method as input for the FEM model. The bullet exit velocity they obtained
showed 95% agreement with experimental data. Sonmez [9] analysed the stresses caused by internal pressures
obtained with different types of gunpowder in the barrel combustion chamber on a time-based basis. Oztiirk [10]
used the CFD approach to examine the effect of barrel design on recoil force and showed that optimised barrel
geometry reduces this force. Akcay and Yiikselen [11] calculated the convective heat transfer coefficients based
on internal ballistics theory and analysed the temperature distribution of the rifle barrel over time. Danis [12]
developed zero- and one-dimensional ballistic models and successfully predicted the muzzle velocity using
analyses based on the Noble-Abel gas flow model. Glindiizer [13] analysed the model created using the internal
ballistic data of the M101 gun barrel on the CATIA and ANSYS Workbench platforms and evaluated the stress
distributions depending on the barrel wall thickness. Tawfik [14] numerically investigated the stability of the
barrel under the effect of the bullet during firing using the Euler-Bernoulli rod model. Stiavnicky et al. [15]
analysed the dynamic loads applied to the barrel during the firing of a NATO 5.56 mm bullet using LS-DYNA
software and modelled the barrel vibration behaviour.

In general, internal ballistic analyses are conducted either experimentally or through simulation, but these two
approaches are often considered separately. Experimental methods provide realistic data but can be time-
consuming, costly, and dangerous, while numerical models are often limited by idealised assumptions and
simplified material models. In our previous study, internal ballistic pressure-time data obtained using the Vallier-
Heydenreich method were directly applied to the model in the Ansys Explicit Dynamics platform, and the bullet
exit velocity was verified against experimental values. However, since these pressure loads did not directly model
explosive effects, temperature distributions and gas-expansion behaviour could only be represented to a limited
extent.

In this study, time-dependent pressure data obtained using the Vallier-Heydenreich equations were applied in the
Explicit Dynamics module of Ansys Workbench software to model the internal ballistic process using the finite
element method. Thus, fundamental quantities such as stress, plastic deformation, temperature distribution, and
bullet exit velocity were calculated during the interaction between the bullet and the barrel. The calculated bullet
exit velocity was compared with experimental shots conducted in a standard ballistic test setup to evaluate the
accuracy of the model, and it was observed that the analysis results were in high agreement with the experimental
data. Additionally, the plastic deformation geometry obtained in the bullet core as a result of the simulations was
quantitatively compared with the scanned bullet form after the actual firing, and the physical reality of the
numerical model was verified. In this regard, the study enables reliable predictions to be obtained in the ballistic
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design process by bringing together experimental and numerical data in a holistic approach and makes a
meaningful contribution to empirical-based analysis approaches in the literature.

2. Material and Method

In this section, the properties of the materials used and the methods used within the scope of the study will be
explained.

2.1. Material
The barrel and bullet parameters examined in the study are given in Table 1.

Table 1. Barrel and bullet parameters

Calibre 9 mm

Barrel length 86

Number of rifling grooves 6 (right)

Powder charge 0.325¢g

Bullet weight 8+0.075¢g

Bullet jacket material Brass

Bullet core material Lead-Antimony Alloy
Muzzle velocity 350 m/s

Barrel material AISI 4340

The Johnson-Cook material model parameters for the barrel and bullet are given in Table 2 [16].

Table 2. ]JC parameters of materials

Material AISI 4340 CUOFHC2
(Barrel) (Bullet)
A (MPa) 792 90
B (MPa) 510 292
n 0.26 0.31
0.014 0.025
m 1.03 1.09
Tr 27 27
Tm 1519.9 1082.9
& (s1) 1 1

2.2. Methods
In this section, the methods used will be explained.
2.2.1. Explicit dynamic analysis

Within the scope of this study, the Explicit Dynamics analysis module of Ansys finite element software was used
to solve internal ballistics problems. The explicit method can be effectively used to solve many problems, including
high-frequency dynamic analyses, large deformations, geometric non-linearities, complex contact conditions,
complex material behaviours (material damage, material failure), and the propagation of shock waves in solids
and fluids [16].

2.2.2. Thermo-elastic-plastic material model
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Within the scope of this study, due to the fact that the stress considered varies depending on temperature, strain
and strain rate, it is necessary to accurately model the behaviour of the barrel and bullet material under high
temperature/deformation and deformation rates. The Johnson-Cook (JC) material model is used to describe the
behaviour of metals under high temperature/deformation and deformation rates. It is generally used to model
material behaviour in high-speed impact, forming (rolling) and machining processes involving ductile metals. The
JC model is particularly suitable for ductile metals subjected to high strain rates and temperatures, making it an
appropriate choice for interior ballistic simulations involving materials like AISI 4340 and copper-based alloys.

c6=[A+BeM(A+Clne* )1 -T"™) (1

Here, o represents the equivalent stress, € is the plastic strain, A is the yield strength, B is the strain hardening
coefficient, n is the strain hardening exponent, C is the strain rate sensitivity coefficient, and m is the thermal
softening exponent.

T—Tref

[e*=—, T'= [] (2)

€0 Tim—Tre

Here, €* denotes the dimensionless strain rate, T* is the homologous temperature, T is the melting temperature
of the material, and T is the deformation temperature. €, represents the reference strain rate, and Trer is the
reference deformation temperature. To obtain the constants in Eq. 1, stress-strain curves at different temperatures
and strain rates are required [13].

2.2.3. Finite elements model

In explicit analyses, the mesh density directly affects the accuracy of the results and the solution time. Using a very
dense solution mesh will increase the number of elements, resulting in a decrease in the characteristic length value
of the elements. A decrease in characteristic length will reduce the time step value of the analysis and increase the
solution time. However, if the solution mesh is not sufficiently dense, the finite element model will not be able to
accurately reflect the problem.

The appearance of the original barrel model referenced is shown in Figure 1. However, a simplified geometric
model was prepared for analysis, as shown in Figure 2. These simplifications were made to divide the geometric
model into quadrilateral-based elements, reduce the number of elements, and increase the characteristic length.
The aim was to reduce the analysis time. While making these simplifications, care was taken to ensure that the
behaviour of the original model was not altered as much as possible. Additionally, in order to divide the barrel
geometry into quadrilateral-based elements, it was divided into 12 separate parts along the lands and grooves
helices, and each node point was merged with the others.

Figure 1. Original barrel geometry model.
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Figure 2. Simplified barrel analysis model.
In order to divide the bullet model into rectangular-based elements of similar dimensions, the tip of the bullet,
which does not come into contact with the barrel during movement, was cut perpendicular to the direction of

movement (Figure 3) and divided into eight pieces. The bullet volume is modelled as smaller in the analysis model,
and to achieve the same mass, the bullet density is increased in the analysis model to maintain the same mass (8

-17

Figure 3. Simplified bullet analysis model.

The solution grids for the barrel and bullet geometry are shown in Figures 4 and 5, respectively. Only three-
dimensional linear hexahedral elements, as shown in Figure 6, were used to create the solution grid. A total of
108,600 nodes were used in the solution grid for the barrel geometry and 109,968 nodes for the bullet geometry.
Although the mesh was sufficiently refined, a mesh independence study was also conducted to ensure the
reliability of the results. Meshes with varying element sizes were tested, and the resulting muzzle velocity values
varied by less than 2.5%, confirming the numerical stability of the model.

=1

5
4@

Figure 4. Barrel FE mesh model.
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Figure 5. Bullet FE mesh model.

1 2

Figure 6. Linear hexahedral element

2.2.4. Boundary conditions and forces

In the barrel analysis model, the left end surface of the barrel shown in Figure 7 is fixed. This means that there will
be no displacement in any direction for the selected surface.

Figure 7. Barrel fixed surface

The pressure obtained from the internal ballistic equations was applied to the rear surface of the bullet in a manner
that varied with time, as shown in Figure 8. The graph of this pressure applied to the rear surface of the bullet is
shown in Figure 9.

Figure 8. Bullet pressure application surface

The internal ballistic data were obtained using the Vallier-Heydenreich method based on experimental data tables
[17].

In Eq. 3, the pressure ratio (7) is shown, where Payg represents the average pressure formed inside the barrel
during firing and Pm represents the maximum pressure inside the barrel.
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" (3)

The bullet path (Sm), time (tm) and velocity (Vm) at the moment when the gas pressure given in Eq. 4-6 is at its
maximum can be calculated using the ballistic factors dependent on the pressure ratio in Table 3.

Sp=L-2") (4)
. 2-L-0(n)

oY 5)
Vi =V - @(r7) (6)

Table 3. Heydenreich ballistic table

n Y U)) () ®(M) () ()
0.20 0.0262 0.150 0322 0.274 0.744
0.25 0.0360 0.196 0.337 0.306 0.792
030 0.0471 0.246 0.352 0.338 0.842
0.35 0.0597 0.300 0.367 0.368 0.893
0.40 0.0740 0.358 0.383 0.400 0.946
0.45 0.0903 0.420 0.399 0.432 1.000
0.50 0.1090 0.487 0.416 0.465 1.056
0.55 0.132 0.560 0.435 0.501 1.116
0.60 0.160 0.642 0.457 0.541 1.180
0.65 0.192 0.734 0.482 0.585 1.249
0.70 0.231 0.835 0.511 0.635 1322
0.75 0.283 0.958 0.546 0.697 1.406
0.80 0.360 1.115 0.592 0.779 1.507

The time the bullet spends in the barrel (to) and the gas pressure at the muzzle (Po) are calculated according to the
experimental ballistic factors T(#n) and I1(n) in Eq. 7-8.

t, = 2- LV[;I'(n) %
Fo = Pag - T1(7) (8)

After determining the bullet position at maximum pressure, the A parameter given in Eq. 9, which is related to the
position of the bullet at any given moment, is determined.

S
/l—g 9

Using the experimental data table of the Vallier-Heydenreich method, the pressure, velocity and time at any

position in Eq. 10-12 can be determined with the help of the variables W(A), ®(A) and §(A) dependent on the
parameter A. Table 4 shows the weapon information required for the Vallier-Heydenreich method.

P=PR, w(d) (10)
V =V -¢(4) (11)
t=t,-6(4) (12)
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Table 4. Pistol parameters

Barrel length (L, mm) 86
Maximum pressure (Pm, MPa) 230
Bullet initial velocity (Vo, m/s) 350
Powder mass (my, g) 0.325
Bullet Mass (M, g) 8
Bullet Diameter (D, mm) 9

The average pressure was calculated using Eq. 13 with the information given in Table 4. Thus, the pressure-time
graph showing the pressure change over time required in Figure 9 was obtained.

M +%-m
P :2'(—+ : pj.VOZ
L.z D?

(13)
250
200
150

100

Pressure (MPa)

a1
o

0 0,0001 0,0002 0,0003 0,0004 0,0005
Time (s)

Figure 9. Pressure changes over time

2.2.5. Initial velocity test method

In order to verify the analysis results, the bullet muzzle velocity obtained from the finite element model was
compared with the muzzle velocity obtained from the test data. The experimental measurements were carried out
in accordance with the TOP 3-2-045/4.1 Initial Inspection Test Standard. Within this scope, three pistols were
selected and their serial numbers were recorded. The selected pistols were mounted on firing stands in order and
made ready for firing, and then a maximum of ten test shots were fired with each pistol for the calibration of the
velocity measurement device and the stand system. During the actual velocity measurements, twelve shots were
fired with each pistol, and the bullet velocities at a distance of 10 metres were measured and recorded. After the
highest and lowest values were removed from the measurement results, the average value of the remaining ten
shots was taken to determine the muzzle velocity for each pistol. The test setup is shown in Figure 10.
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Figure 10. Speed measurement test setup

3. Results

The effects on the barrel and bullet resulting from the firing of a 9 mm calibre pistol were examined through
analysis. In order to verify the accuracy of the analysis results, the muzzle velocity obtained from the analysis
results was compared with the muzzle velocities obtained from the experimental results. The muzzle velocity
obtained from the analysis results was 349.58 m/s, as shown in Figure 11. The muzzle velocity results for three
different serial numbers of pistols obtained from the experimental results are given in Table 5. The muzzle velocity
values for pistols with serial numbers 15, 21, and 22 are 344, 345, and 341 m/s, respectively. The average muzzle
velocity obtained from the experimental shots was calculated as 343.33 m/s, with a standard deviation of 2.81
m/s, indicating a consistent and repeatable firing performance under the test conditions. The deviation between
the numerically predicted muzzle velocity (349.58 m/s) and the experimental average (343.33 m/s) is only 1.82%,
indicating a high degree of correlation and validating the numerical model.

Figures 11 and 12 show the velocity and position of the bullet over time. When examining the velocity graph of the
bullet, it can be seen that the bullet's velocity is very slow up to approximately 100 ps; however, after 100 s, the
velocity value increases significantly (accelerates). In other words, a significant portion of the bullet's initial
internal ballistic energy is expended on the plastic deformation of the bullet as it becomes compressed between
the lands. After marks form on the bullet's outer surface due to compression by the lands, the bullet accelerates
and travels through the barrel.
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Figure 11. Bullet velocity-time graph

[mm]
[=4]
[
uw

0. 1.e4 2.e4 3.e4 4.5501e4

[s]
Figure 12. Bullet location-time graph

Table 5. Barrel exit velocity experiment results

Pistol 15 Pistol 21 Pistol 22
340 m/s 347 m/s 345m/s
343 m/s 344 m/s 341m/s
344 m/s 348 m/s 354 m/s
349 m/s 340 m/s 341m/s
337m/s 350 m/s 342m/s
356 m/s 340 m/s 345m/s
348 m/s 354 m/s 340 m/s
346 m/s 341 m/s 338m/s
343 m/s 349 m/s 343 m/s
341 m/s 342 m/s 336 m/s
346 m/s 344 m/s 339m/s
347 m/s 349 m/s 341 m/s
AVG 344 m/s AVG 345 m/s AVG 341 m/s

The movement of the bullet inside the barrel at t=0 ps, t=75 ps, t=150 ps, t=225 ps, t=300 ps, t=375 ps and t=455
us is shown in Figure 13 as A, B, C, D, E, F and G, respectively.
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Figure 13. Bullet movement inside the barrel at various time steps (t=0-455 ps)

The equivalent stress, which can also be expressed as the von Mises stress formed in the barrel, is given in Figure
14 as A, B, C, D, E, F and G for t=0 ps, t=75 ps, t=150 ps, t=225 ps, t=300 ps, t=375 ps and t=455 ps, respectively.
Additionally, the time-dependent variation of the equivalent stress is shown in Figure 15.
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Figure 14. Time-dependent evolution of maximum equivalent von Mises stress in the barrel
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Figure 15. Change in maximum equivalent stress over time

This equivalent stress value obtained is the maximum equivalent stress generated during the movement of the
bullet and occurs in the grooves. The equivalent stress value generated in the barrel grooves is 1141.6 MPa for a
maximum t=146 ps (Figure 18), the equivalent stress value formed in the grooves is 942 MPa at t=209 ps (Figure
16), and the maximum equivalent stress formed on the outer surface of the barrel is approximately 938 MPa at
t=154 ps (Figure 17).
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Figure 16. Maximum equivalent stress formed in the grooves (t=209 ps)
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Figure 17. Maximum equivalent stress formed on the outer surface of the barrel (t=154 ps)
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Equivalent Stress
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Figure 18. Maximum equivalent stress formed in the barrel section (t=146 ps)

When examining the equivalent stress formed in the barrel section shown in Figure 18 (t=146 ps), it can be seen
that the yield stress (1010 MPa) is concentrated in a very small local area. As seen in Figure 19, the maximum
equivalent stress occurs at the sharp corners of the grooves, and the stresses around this region are below the
yield stress.
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Figure 19. Local stress region formed in the grooves.

As a result of the pressure exerted by the grooves on the bullet, the bullet material has undergone plastic
deformation. The maximum amount of plastic deformation in the bullet is 0.27, as shown in Figure 20. Figure 21
shows the plastic deformation that occurs during the bullet's movement inside the barrel. The symmetrical
distribution of plastic deformation is a result of the bullet interacting smoothly with the inner wall of the barrel.
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Figure 20. Time-dependent change in equivalent plastic deformation on the bullet
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Figure 21. The equivalent amount of plastic deformation generated during the movement of the bullet inside the barrel

The range shown in Figure 22, where the strain rate is at its maximum, covers the area where plastic deformation
and stress are at their highest.
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Figure 22. The strain rate that occurs during the movement of the bullet inside the barrel

After the test, the deformed bullet geometries were scanned using 3D scanning methods and STL files were obtained. The
surface sample obtained from this scan is shown in Figure 23. The deformed geometry was compared with the actual geometry
by taking a cross-section from a plane 2 mm away from the bullet base, and the amount of deformation on the radial axis was
measured as a maximum of 0.122 mm, as shown in Figure 24. As a result of the analyses performed using FEA, the deformed
bullet core was compared with the original bullet core, and the maximum deformation was measured as 0.111 mm, as shown
in Figure 25. When the tests and analyses were compared, the difference between them was calculated as 0.011 mm.
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Figure 23. Scanned Bullet Core and Cross-Section

Line length|0,122mm

Figure 24. Comparison of the deformed bullet section with the undamaged initial bullet section as a result of the tests
conducted
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Line length|0,1111mm

Figure 25. Comparison of the deformed bullet section with the undamaged initial bullet section as a result of the analyses
performed

4., Discussion and Conclusion

In this study, the internal ballistic process in a 9x19 mm calibre pistol barrel was successfully modelled using the
finite element method (FEM), and the numerical analysis results were verified with experimental data. The
primary objective of the study was to develop a numerical model capable of reliably predicting the complex
thermomechanical behaviours such as stress, plastic deformation, and velocity that occur between the barrel and
the bullet during firing.

The bullet muzzle velocity, which is the most critical parameter in the validation of the analysis results, was used
as the primary indicator of the model's validity. As a result of the numerical analysis, the bullet muzzle velocity
was calculated as 349.58 m/s. This value shows a deviation of 1.82% when compared to the average muzzle
velocity of 343.33 m/s obtained from experimental shots fired with three different pistols. This high degree of
agreement between numerical and experimental results demonstrates the overall accuracy of the model and its
ability to represent the internal ballistic process.

The physical accuracy of the model is further reinforced by comparing the plastic deformation that occurs in the
bullet after firing. Bullets examined using 3D scanning after actual firing showed a maximum deformation of 0.122
mm in the radial axis. The finite element analysis (FEA) predicted this deformation to be 0.111 mm. The minimal
deviation of 0.011 mm between experimental and numerical deformations highlights the model’s capability to
accurately predict mechanical response during bullet-barrel interaction, validating both geometric fidelity and
material behaviour.

The analyses revealed that the bullet's velocity was quite slow in the initial moments of its movement (up to
approximately 100 ps), during which a significant portion of the internal ballistic energy was expended on plastic
deformation as the bullet became wedged into the rifling and lands. Acceleration was observed to begin once the
bullet had fully seated itself into the rifling and lands. Stress analysis in the barrel showed that, as expected, the
highest stress (1141.6 MPa) occurred when the bullet applied pressure to the sharp corners of the rifling and lands.
Although this stress value exceeded the yield stress (1010 MPa) of the barrel material, AISI 4340 steel, in an
instantaneous and very small local area, it was understood that this did not threaten the overall structural integrity
of the barrel.
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In this study, certain geometric simplifications were applied to the bullet and barrel models in order to reduce
computational complexity and meshing effort. For instance, small fillets, chamfers, and the rounded nose of the
bullet were omitted, and sharp transitions were used in several contact regions. While these simplifications
significantly improve simulation efficiency, they may also result in local stress concentrations, particularly near
sharp corners and contact interfaces. Although a quantitative comparison between simplified and fully detailed
geometries was not conducted within the scope of this study, the observed consistency between the numerical and
experimental results in terms of muzzle velocity and deformation suggests that the global mechanical response of
the system remains reliably captured. Nonetheless, the potential impact of these simplifications on local stress
predictions is acknowledged as a limitation, and future work may involve detailed geometry-based validation for
enhanced accuracy in local mechanical behaviour.

Within the scope of this research, simplifications were made to the barrel and bullet geometries to optimise the
calculation time, and the gas pressure generated by the combustion of the propellant was applied to the model as
a pressure-time curve obtained using the Vallier-Heydenreich equations, rather than a direct fluid-solid
interaction simulation. Despite these simplifications, the high degree of agreement between the obtained results
and experimental data demonstrates the effectiveness of the developed methodology.

In conclusion, this study demonstrates that experimentally validated finite element models are a powerful and
efficient tool for reducing prototype dependency and development costs in the design and optimisation of firearm
systems. The proposed model provides a reliable foundation for evaluating the effects of various parameters such
as barrel materials, rifling geometries, and ammunition characteristics on ballistic performance and barrel
longevity. In future work, the current model could be further enhanced by incorporating a more detailed
representation of propellant gas behaviour through Computational Fluid Dynamics (CFD) simulations. Although
fluid-solid interaction models such as CFD offer greater insights into gas expansion and thermal effects, their
implementation was beyond the scope of this study due to computational and modelling constraints. Nevertheless,
integrating coupled CFD-FEM approaches remains a promising direction for achieving a more comprehensive
simulation of the internal ballistic process.
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Keywords Abstract In this study, the ballistic response of high-hardness ARMOX 600T armor
ARMOX 600T, steel under repeated impacts of 0.3 caliber Fragment Simulating Projectiles (FSP)
High-hardness armor steel, was numerically investigated. ARMOX 600T, with a Brinell hardness of

Repeated impact,
Ballistic performance
Finite element analysis,

approximately 600 HB, is widely used in heavy armor applications due to its
excellent combination of hardness and impact resistance. It is particularly preferred
in armored vehicle structures and fixed protection systems where high levels of
ballistic protection are required. Numerical simulations were conducted using the
ABAQUS/Explicit finite element software, and the material behavior was defined
using the Johnson-Cook strength and damage model. Three successive impacts
were applied to the same location of 5 mm thick ARMOX 600T plates at velocities of
500 m/s, 750 m/s, and 1000 m/s. The study comprehensively examined the
deformation geometries and stress distributions of both the projectile and the
armor plate. The results revealed that projectile velocity and the number of impacts
play a critical role in maintaining the structural integrity of high-hardness steel
armors subjected to repeated ballistic loads. In this context, the findings provide
valuable insights for armor designers and researchers evaluating ballistic
performance under multiple-hit scenarios.

0.3 Kalibre FSP Karsisinda Yiiksek Sertlikli ARMOX 600T Celiginin Tekrarh Atislardaki
Balistik Performansinin Sayisal Olarak incelenmesi

Anahtar Kelimeler 0z: Bu galismada, yiiksek sertlikli ARMOX 600T zirh celiginin 0.3 kalibre FSP

ARMOX 600T, y (fragment simulating projectile) mermilere kargi tekrarli balistik darbeler altindaki
¥ullzsekls§rtl£kh zirh geligi, davranisi sayisal olarak incelenmistir. ARMOX 600T, yaklagik 600 HB (Brinell
eKrarll darbpe,

sertligi) degerine sahip olup, yiiksek sertligi ve darbe dayanmmi ile agir zirh
uygulamalarinda yaygin olarak kullanilan bir zirh geligidir. Ozellikle zirhl araglar ve
sabit koruma sistemlerinde, yiiksek seviyede balistik koruma saglamak amaciyla
tercih edilmektedir. Sayisal analizlerde sonlu elemanlar yoéntemi tabanh
ABAQUS/Explicit yazilimi kullanilmis ve malzeme davranisi Johnson-Cook akma ve
hasar modeli ile tanimlanmistir. Her biri 5 mm kalinliginda olan ARMOX 600T zirh
plakalarina, sirasiyla 500 m/s, 750 m/s ve 1000 m/s hizlarda ii¢ tekrarh atis
uygulanmistir. Atiglar ayni noktaya gelecek sekilde modellenerek, plakanin
kiimiilatif hasar davranisi analiz edilmistir. Elde edilen sonuglar, tekrarl darbelere
maruz kalan yiiksek sertlikli ¢elik zirhlarin yapisal biitiinliigiiniin korunmasinda
hizin ve darbe sayisinin kritik rol oynadigini ortaya koymaktadir. Bu baglamda,
calisma sonuglari hem zirh tasarimcilarina hem de balistik performans
degerlendirmesi yapan arastirmacilara énemli bilgiler sunmaktadir.

Balistik performans,
Sonlu elemanlar analizi
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1. Introduction

The changing perception of threats today and the nature of military conflicts have brought new requirements for
the performance of ballistic protection systems [1], [2]. Especially urban conflicts, asymmetric warfare conditions,
and the increased use of fragmenting munitions have necessitated making armor systems resistant not only to
single munitions impacts but also to consecutive (repeated) strikes at the same point [3], [4]. In this context, the
ability of ballistic armor to maintain its structural integrity not only against the first impact but also when exposed
to multiple high-velocity munitions has become a critical engineering objective for modern defense systems . With
this increasing need for protection, high hardness steel armor materials have gained importance. Due to both their
cost and high mechanical performance, these materials are used in many areas from armored vehicles to fixed
defense systems [5], [6]. However, the ballistic behavior of such materials has mostly been evaluated with single-
shot scenarios, and the effect of consecutive impact loading has not been sufficiently investigated. However, in real
field conditions, multiple ammunition impacts at short intervals on the same area of an armor plate can lead to a
much different damage distribution and fragility development compared to the first impact. In this context,
systematic analysis of repeated impact scenarios is of great importance for both theoretical and applied ballistic
research. High hardness steels are advanced engineering materials that are widely used in ballistic systems.
Materials in this class increase their deformation resistance, especially due to their high hardness values, and
create an effective energy absorption mechanism against ammunition [7], [8]. While the high hardness level makes
penetration on the first surface it encounters more difficult, it also helps the core structure spread the impactloads
to a wider volume. ARMOX 600T steel, which stands out among high hardness steels, has a hardness of
approximately 600 HB Brinell and draws attention with its impact resistance.

ARMOX 600T is currently used in applications requiring high-level ballistic protection such as armored carriers,
land vehicles, security walls and fixed defense systems [9], [10]. The success of the material in these areas is related
not only to its hardness value but also to its ability to maintain high ductility. However, one of the most important
engineering dilemmas in such high hardness materials is that the tendency to crack increases with increasing
hardness. Therefore, the behavior of steels such as ARMOX 600T against repeated ballistic impacts is of strategic
importance in terms of material integrity, beyond superficial damage. Although experimental ballistic tests allow
direct determination of the behavior of the material, the high cost, time-consuming and dangerous nature of these
tests have led researchers to numerical modeling approaches. For this reason, the finite element method (FEM) is
widely used in ballistic analyses due to its capacity to model complex impact and deformation behaviors with high
accuracy [11], [12]. In particular, advanced simulation platforms such as ABAQUS/Explicit have become an
important tool in the simulation of ballistic tests. One of the most critical elements in numerical modeling studies
is the accurate definition of material behavior [13], [14]. The Johnson-Cook yield and damage model used for this
purpose is a successful approach in representing complex behaviors of metal materials such as high-speed plastic
deformation, temperature effects and strain rate changes [13], [14], [15]. The use of this model is important in
terms of realistically reflecting the deformation process of both the armor plate and the FSP ammunition.

There are studies in the literature on the behavior of high-hardness steels under single ballistic impacts. These
studies generally focus on results such as the penetration resistance of the material, crater depth, ballistic limit
velocity and front-back face deformations. However, most of these studies have been carried out on a single shot.
In real conflict environments, ammunition impact often leads to random or consecutive repeated impacts in the
same area. Therefore, the local damage caused by the first impact causes the armor to weaken against subsequent
impacts. For this reason, when evaluating the ballistic performance of the armor plate, it is necessary to focus not
only on the first impact but also on how it resists repeated impacts. However, this subject has been studied very
limitedly in the literature. Some studies conducted on the subject are summarized below.

Gode etal. (2023) [16] conducted repeated shots with 7.62x51mm M61 AP bullets on 12mm thick targets in their
studies with ARMOX600T armor steel. According to the results obtained, it was stated that the steel plate
prevented penetration in the first three shots; however, it was pierced in the plugging mode in the fourth shot. In
addition, the authors examined and reported the damage in detail with microstructural analysis and optical
scanning. Another study was conducted by Siriphala et al. (2012) [17]. Plugging is a common ballistic failure mode
observed in high-strength metallic plates, characterized by the formation and ejection of a plug-shaped fragment
from the rear surface of the target. This failure typically occurs when the projectile pushes through the material
by shearing it along its boundary, rather than causing extensive ductile deformation. In the relevant study, firing
tests were performed on the ARMOX600T plate with the M193 bullet and numerical model verification was
performed with Euler solvers such as ABAQUS/Explicit. According to the results, the 7 mm thick plate stopped the
bullet in the first three shots, while plug penetration was observed in the fourth shot. Qiang et al. (2022) [18]
conducted numerical simulations of multiple FSP impacts on thin metal plates. Simulations using the Johnson-
Cook model reported that the experimental data were in good agreement with less than 5% deviation. It was stated
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that there was hole growth, cracking, and load distribution on the plate, especially after double shots. A study on
ARMOX 500T was also conducted by Mao et al. (2023) [19]. In the related study, high-velocity impacts were
modeled with LS-DYNA/Explicit. Implicit fracture and penetration behaviors were investigated by updating the
Johnson-Cook parameters. The model provided realistic damage predictions by comparing with experimental
results. In a study conducted by Van der Wal et al. (2018) [20], V50 tests were performed against FSP impacts by
applying various pre-layer materials on ARMOX 600T and RAMOR 450 plates. It was stated that the V5, value of
ARMOX 600T increased by approximately 100m/s with 6mm HPL coating. How the layered structure affects the
impact is presented in detail. In the study of Gogmen et al. (2023) [21], ARMOX 500T steel was numerically
considered with both Johnson-Cook and Modified Mohr-Coulomb (MMC) models. The MMC model with lode
dependence predicted cracking better than JC.

The aim of this study is to numerically investigate the mechanical behavior of high hardness ARMOX 600T armor
steel under three consecutive impacts with 0.3 caliber FSP ammunition. Three consecutive impacts at 500 m/s,
750 m/s and 1000 m/s velocities were applied to armor plates, each 5 mm thick, and the cumulative damage
relationship with the number and speed of impacts was investigated. In numerical analyses, dynamic, high-speed
impact events were modeled using ABAQUS/Explicit software and the deformation processes of both the
ammunition and the armor plate were investigated in detail. The material behavior was defined with the Johnson-
Cook yield and damage model; thus, both plastic deformation and crack formation were captured realistically. The
simulation results comprehensively evaluated the effects of different impact velocities and consecutive loading on
ballistic performance by revealing the stress distribution, penetration depth, back face deformations and
structural integrity loss of the armor after each impact.

2. Numerical Methods

The numerical model developed in this study includes a 0.3 caliber Fragment Simulating Projectile (FSP), a high-
hardness ARMOX 600T armor steel plate, and the clamping fixtures used to constrain the plate. Ballistic impact
analyses were performed using the commercial finite element software ABAQUS/Explicit® [22], which is well-
suited for solving highly dynamic, nonlinear problems such as high-velocity impacts. As illustrated in Figure 1, a
detailed three-dimensional model was constructed to simulate the ballistic response of ARMOX 600T under
repeated high-speed impacts. The chemical composition of ARMOX 600T is presented in Table 1, and it reflects the
typical alloying elements used in ultra-high-hardness armor steels.

One of the most critical aspects of numerical analysis is the accurate definition of material models and their
corresponding parameters to ensure realistic results. In this context, the Johnson-Cook constitutive and damage
model was employed for both the ARMOX 600T armor plate and the FSP to capture strain rate-dependent plastic
deformation and failure behavior under high-speed loading conditions. Both the armor and the projectile were
modeled using reduced-integration 8-node 3D solid elements (C3D8R). The support and clamping fixtures were
assumed to behave as rigid bodies and were represented using 4-node 3D rigid surface elements (R3D4).

For the boundary conditions, all degrees of freedom of the clamping fixtures were fixed to replicate the physical
test constraints and prevent movement of the armor plate. The projectile was allowed to move only along the firing
direction. Contact interactions between the projectile and the armor, as well as between the armor and the
clamping fixtures, were defined using ABAQUS’s General Contact algorithm. This algorithm provides a robust and
efficient framework for capturing the complex contact behavior and surface interactions that occur during high-
speed impacts.

This comprehensive modeling approach enabled detailed investigation of the plastic deformation, contact forces,
stress accumulation, and progressive failure mechanisms occurring throughout the repeated impact process.

Table 1. Chemical Composition of Armox 600T [23]

Material C max Si Mn max P max S max Cr max Ni max Mo max B max
(%) (%) (%) (%) (%) (%) (%) (%) (%)
Armox 600T 0,47 0,1-0,7 1,0 0,010 0,005 1,5 3,0 0,7 0,005

The damage modeling of the materials used in this study is detailed in this section. The focus is primarily on the
Johnson-Cook (J-C) constitutive and failure model, which is widely used to represent the plastic deformation,
penetration, and perforation behavior of metallic armor plates under high strain-rate loading conditions. The
model is also employed to characterize the failure behavior of the projectile material.
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Figure 1. Numerical Model and 0.3 Caliber Simulated Projectile

The Johnson-Cook dynamic failure model is particularly suitable for simulating ductile damage in metals and is
fully supported within ABAQUS/Explicit [22]. It defines the onset and evolution of damage based on an
accumulative plastic strain criterion that considers the effects of stress triaxiality, strain rate, and temperature.
The material parameters required for the J-C model are typically obtained from experimental studies involving
quasi-static and dynamic mechanical testing.

The constitutive behavior of the ARMOX 600T armor steel, including its strength and failure parameters, is defined
using the Johnson-Cook material model, as summarized in Table 2. The corresponding parameter values were
taken from the literature [24], based on material tests conducted on high-hardness steels with similar
compositions and mechanical characteristics.

The equivalent flow stress o in the Johnson-Cook model is empirically described by Equation (1) [25]:

o= [A+B(e,)" 1+ cin ()] [1 - (TT:T)m] (1)

where:
e ¢ isthe equivalent plastic strain,
& is the plastic strain rate,
& is the reference strain rate,
T is the current temperature,
Troomand Ty, are the room and melting temperatures of the material, respectively,
and A, B, C, n, m are material-specific constants.

This model effectively captures the material's strain rate sensitivity and thermal softening, both of which are
critical in high-velocity impact scenarios.

The damage initiation and evolution criteria for the projectile material were also defined using a Johnson-Cook
damage formulation, with specific parameter values derived from literature data on standard FSP materials. These
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parameters govern the onset of ductile fracture and are crucial for accurately predicting projectile break-up and
penetration behavior.

Table 2. Johnson-Cook Material Model Parameters for Armox 600T [24]

Parameter Armox 600T

Elastic Modulus, E/GPa 207
Specific Heat Capacity, cp, / J/kgK 450
Density, p/kg/m?3 7850
Melting Temperature, Tm/K 1800
Elastic Limit, A/GPa 1.58
Characteristic Constant for Plastic Behavior, B/GPa 0.958
Characteristic Constant for Plastic Behavior, n 0.175
Sensitivity to Strain Rate, C 0.00877
Material Constant Including Temperature Dependency, m 0.712

The Johnson-Cook dynamic damage model is based on the equivalent plastic strain accumulated at the integration
points of finite elements. Failure is assumed to occur when the cumulative damage parameter exceeds a critical
value of 1. The damage parameter, denoted as DDD, is defined as follows:

p=3(32) )

Aef
where:
e Ag, is the increment of equivalent plastic strain during each loading step,
o gis the strain to fracture under the current state of stress, strain rate, and temperature.

The strain to fracture & is further expressed as a function of stress triaxiality ¢, strain rate &, and normalized
temperature T*, given by:

& = [Dy + D, exp(D; - 6)] [1 + Dy In (i)] [1+ DsT*] (3)
where:
e o= UL is the stress triaxiality (ratio of hydrostatic pressure to equivalent von Mises stress),
eq
o Tr=_1Troom joihe homologous temperature,

Tmelt—Troom

e Di through Ds are material constants determined experimentally.

This formulation enables the model to accurately predict failure under complex loading conditions, such as those
encountered during high-velocity impact and penetration events.
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Figure 2. Stress-Strain Diagram of 4340 Steel (RC 33), Strain Rate: 500 /s [26]

Figure 2 shows the true stress-strain curve of the 0.3 caliber Fragment Simulating Projectile (FSP) made of AISI
4340 steel, obtained at a strain rate of 500/s and room temperature.

The ARMOX 600T armor plates used in this study have dimensions of 100 mm x 100 mm x 5 mm. In each
simulation scenario, three successive impacts were applied to the same location on the plate. The impact velocities
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were defined as 500 m/s, 750 m/s, and 1000 m/s, respectively. To simulate repeated impact scenarios, three 0.3
caliber Fragment Simulating Projectiles (FSPs) were included in the numerical model. Through careful contact
definitions in ABAQUS, interactions between the projectiles were suppressed, allowing each projectile to impact
the previously deformed geometry without interference. This setup enables a more realistic representation of
damage accumulation and degradation of structural integrity under multiple-hit conditions.

The projectiles used in the analysis are standard 0.3 caliber Fragment Simulating Projectiles (FSPs) made of AISI
4340 steel. These projectiles conform to the STANAG 4569 standard and are widely used for evaluating the
penetration and perforation resistance of armor materials. In the numerical model, the geometry and material
properties of the FSP were implemented based on data available in the literature [26].

In the numerical model, the target plate was represented by approximately 812,754 nodes and 761,914 elements,
while the 0.3 caliber FSP projectile was modeled using 3,365 nodes and 16,635 elements. To enhance solution
accuracy in the impact region, cubic elements with an edge length of approximately 0.1 mm were used on the
contact surfaces between the plate and the projectile. Along the plate thickness, at least 18 layers of elements were
assigned to accurately capture plastic deformation and stress accumulation during the high-speed impact event.

All degrees of freedom of the clamping fixtures were fully constrained to prevent any rigid body motion of the
armor plate. The edges of the plate were tightly fixed, and only the projectiles were allowed to move, specifically
along the Z-direction (impact axis). Initial velocities were assigned to the projectiles to initiate the ballistic impact.
The simulation time and time increment were governed by ABAQUS/Explicit's automatic time stepping algorithm
to ensure accurate resolution of high-speed deformation events. The element deletion technique was employed to
allow for progressive material failure without numerical instability due to excessive element distortion.

3. Results and Discussion

Figure 3 shows the three dimensional finite element mesh created to represent both the plate and the bullet. In
the modeling, smaller meshes were assigned to increase the local solution sensitivity in the impact region by
adaptively tightening them. In this way, stress intensities and deformation types were estimated more accurately.
By assigning the optimum number of layers throughout the thickness of the plate, local plasticity and delamination
like effects that occur at the moment of impact could be observed in detail.

Figure 3. Element mesh structure along the cross-section and thickness

The behavior of three consecutive ballistic impacts of high hardness ARMOX 600T steel at a speed of 500 m/s was
investigated by numerical simulation and the results are presented in Figure 4. During the first impact, a limited
stress field was observed in the impact area of the target plate. This impact caused only local plastic deformation
in the material and no holes or fractures were formed on the rear surface of the armor. This shows that ARMOX
600T can absorb the kinetic energy of the first impact to a large extent and has a high energy dissipation capacity.
The bullet was severely deformed; its tip was crushed and spread. The second impact was applied to the same area
that had previously been locally weakened. According to the results, the stress distribution spread over a wider
area and the deformation depth increased with this impact. The residual stresses from the previous impact
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Figure 4. Stress distributions, deformation geometries and deformed projectile at the first and last contact moments of the

plates with the projectile for a projectile velocity of 500 m/s. Stress is expressed in Pa.

increased the effect of the second impact, and a wider plastic deformation layer was formed on the plate. Although
the second impact did not completely penetrate the plate, this cumulative damage accumulation indicates that the
structure was approaching the limit of resistance to repeated impacts. The material was pushed outward in the
direction of projection, and the shape of the plate was more obviously distorted. When the third hit was made to
the weakened area caused by the previous two shots, both the width and density of the stress rings reached a
higher level. The stress distribution has now reached a level that affects not only local but also peripheral areas.
The deformation zone on the front surface of the plate has grown and the stress accumulation has increased even
more. This situation indicates that the material has started to reach its limiting stress levels and poses a potential
risk of penetration. Despite this, the simulation results show that the armor maintains its structural integrity after
the third hit and no penetration occurs. The bullet, on the other hand, has been crushed more extensively and has
suffered serious deformation compared to the first two shots. These findings show that high hardness steel armors
exhibit quite effective performance especially after the first impact, but with successive impact effects, there is a
gradual decrease in the energy absorption capacity of the structure. It has been determined that repeated shots,
especially to the same point, significantly reduce the local mechanical strength of the layer and make it more
susceptible to breakage or puncture.

The results of the repeated shots performed at a speed of 750 m/s are presented in Figure 5. When compared to
the 500 m/s shooting scenario, it was observed that the effect of three consecutive shots at a speed of 750 m/s on
the plate increased significantly. During the first impact, it was determined that a much more dense and wide-
spread stress distribution occurred in the impact region. The diameter of the deformation region also increased
significantly. These results show that the increasing impact speed stressed both the local and the surrounding
material structure more due to the kinetic energy. The bullet underwent a significant change in shape as a result
of this shot, and its tip flattened and expanded. The second impact was applied to the local damage area created
by the first impact, and the stress accumulation in this area increased considerably. The stress area spread over a
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Figure 5. Stress distributions, deformation geometries, and deformed projectile at the first and last contact moments of the
plates with the projectile for a projectile velocity of 750 m/s. Stress is expressed in Pa.

wider diameter, which revealed that the structure was strained not only at the contact point but also in the
peripheral areas. The deformation geometry shows progressive plastic deformations on both the front surface of
the plate and the regions close to its back surface. Although the plate was still not penetrated, the deformation
became permanent after the second shot and the structural integrity of the target approached the limit. Serious
structural deteriorations were detected in the bullet. The results obtained after the third impact show that the
material is approaching its limit performance. It was observed that a widespread plastic deformation zone was
formed in the armor plate. The diameter of the stress rings almost covered the width of the plate, which shows
that the structure is at the limit of its energy dissipation capacity. The depression and deformation volume formed
on the plate surface increased significantly. The third bullet underwent much higher deformation. This
deformation shows that the armor has absorbed the impact energy to a large extent and that this absorption has
now permanently weakened the armor structure. Repeated impacts at higher speeds, such as 750 m/s, push the
performance limits of ARMOX 600T steel and reveal that the energy absorption capacity of the target decreases,
especially after the second and third impacts. These findings once again emphasize that repeated ballistic impact
scenarios are critical for a realistic armor design. While the ability of the material to maintain similar performance
after the first impact is limited, impacts at increasing speeds cause the system to enter a fatigue-like deterioration
process.

The stress distributions, target deformations and bullet shape changes of the repeated shots at 1000 m/s speed
given in Figure 6 show that the armor system has reached its critical limits. In the first shot, a high stress
accumulation localized in the contact area was observed, similar to other speeds. However, this time, plasticity
signs spread over a wider area around the impact area and the target material started to show collapse behavior
earlier. In the second shot, the bullet hitting the previously weakened area of the plate caused a significant
puncture and a large volume of material loss in the target. The stress distributions reveal that the shock effect
created by the high speed spreads over a wider circumferential area and that energy absorption is no longer
limited to elastic deformation. At this stage, the bullet shape change has occurred at a more advanced level, and
large-scale deformations are detected, especially at the ends. After the third shot, the plate has lost its structural
integrity to a large extent. The stress fields are more irregular and spread out compared to the previous shots. This
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Figure 6. Stress distributions, deformation geometries and deformed projectile at the first and last contact moments of the
plates with the projectile for a projectile velocity of 1000 m/s. Stress is expressed in Pa.

shows that the target material can no longer spread the energy homogeneously and that local accumulations and
fractures have increased. The bullet has deformed to the extent that it has almost lost its geometric integrity.

Comparative deformations are given in Figure 7. Accordingly, it clearly shows that as the bullet speed increases,
the shape change in the armor plate increases dramatically in terms of both size and spread area. While the
deformations that occur especially at 500 m/s remain limited, the damage area and permanent collapse areas that
occur at 750 m/s and 1000 m/s have expanded significantly. In the 500 m/s shots, an impact crater formed on the
target at the first impact, but this collapse did not progress with the second and third shots. This shows that the
ARMOX 600T material has sufficient plasticity and strength reserves to absorb low-velocity impacts. Although the
bullet changed shape significantly at this speed, it was determined that the target material had a good energy
absorption capacity. In the 750 m/s speed, the deformation area and permanent damage dimensions increased
with each successive shot. The collapse that started with the first impact expanded with the second shot and a
local perforation limit was reached at the center in the third impact.

When the deformation color scales in Figure 7 are considered, it is seen that the target's ability to dissipate energy
is limited at this speed and local accumulations begin to form. In the 1000 m/s case, the energy of the bullet can
no longer be sufficiently absorbed by the target. In all three repeated shots, it is observed that the collapse area
expands circularly and the armor plate comes very close to being penetrated. In this case, the deformation is not
limited to the center but spreads to a wider peripheral area. At the same time, it is determined that the shape
change of the bullet becomes more irregular and chaotic compared to the previous speeds.
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Figure 7. Plate deformations for projectile velocities of 500, 750, 1000 m/s Deformation is expressed in mm.

4., Conclusion

In this study, the ballistic behavior of ARMOX 600T armor steel plates against repeated high-speed impacts was
numerically investigated at speeds of 500, 750 and 1000 m/s. The results obtained revealed that as the bullet
speed increased, there were significant changes in the stress distribution, deformation character and energy
absorption capacity of the target material. In shots fired at a speed of 500 m/s, the plate largely absorbed the
impact energy and exhibited effective resistance with limited plastic deformation, while the bullet was
significantly crushed. In the speed of 750 m/s, the stress distribution expanded, moderate deformation was
observed in the target and significant deterioration in the bullet structure. In shots fired at a speed of 1000 m/s, it
was observed that the penetrating effect increased, the plate was locally punctured and seriously deformed, and
the bullet shape changed dramatically. In addition, the increase in the accumulated damage in the structure in
repeated shots caused the structural integrity to weaken and the energy absorption capacity to decrease. These
findings reveal that not only the projectile velocity but also the repeated impact effect must be taken into account
in armor design.
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Anahtar Kelimeler 0z: Yiiksek frekans kaynak yéntemi, son yillarda seri ve hizl1 imalata uygun olmasi
Yiiksek Frekans Kaynak, ve celik sac bant kenarlarinin 1s1 ve basing etkisiyle herhangi bir ilave tel veya
Kaynak Parametreleri, elektrot kullanmaksizin birlestirme isleminin gerceklestirilebilmesi ve birlestirme
lelsh_ Boru Profil [{I‘etlml, " kalitesinin istenilen niteliklerde olmasi sebebiyle dairesel, kare ve dikddrtgen kutu
Elektrik Ark Kaynagy, Is1 Tesiri ) s . . o . ..

Altindaki Bolge profillerin 1ma'la.1t1n.da tercih edilen b1r yqntem olmustur'. Literatiirde yapilan
calismalarda bilim insanlar1 kaynak bolgesinde malzemenin yapisinda meydana
gelen mekaniksel degisikliklere dair arastirmalar ve yiiksek frekansl kaynak
makinesinin iiretiminde iyilestirmesine dair arastirma yapmislardir. Fakat kaynak
parametrelerinin degistirilmesi ile hangi kaynak hatalari ile karsilasilabilecegi ve
boru-profillerin mekanik o6zelliklerini nasil etkiledigi konulari1 hakkinda yeterli
bilginin olmadig tespit edilmistir. Bu ¢alismada, kare kutu profili degisik kaynak
parametreleri (kaynak hizi ve empeder konumu, empeder ¢api, indiiksiyon bobin
konumu, indiiksiyon bobin c¢api, kaynak role c¢api) ile lireterek mekanik
ozelliklerin nasil etkilendigi ile ilgili deneysel calismalar yapilmistir. Mekanik
ozelliklerin tespitinde yassiltma, genisletme ve cekme deneyi, sertlik 6l¢iimu gibi
teknikler kullanilmistir. Elde edilen nicel ve nitel verilerin Minitab Programi ile
regresyon korelasyon analizi ile degisik kaynak parametrelerinin malzemenin
mukavemetinde sertliginde etkileri belirlenmistir. Analiz sonucu ¢ekme dayanimi,
akma dayanimi ve kopma uzamasi icin en dogru iliskiye sahip parametreler tespit
edilmistir. Yiksek mukavemetli kaynak bélgesi ve akma dayanimi istenirse
indiiktér ¢apini toleranslar dahilinde 40mm secilmesi ve empeder tolerans
dahilinde 10mm ileride ayarlandiginda ¢ekme mukavemeti 375-380 N/mm?,
kopma uzamasi ise 13-14 N/mm? élgiiliirken, tam tersi durumda malzeme daha
fazla tokluga sahip olacag icin egme ve biikmelere karsi daha fazla dayanikl bir
malzeme elde etmek i¢in indiiktor ¢apini toleranslar dahilinde 34mm secilmesi ve
empeder tolerans dahilinde 10mm geride ayarlanmasi durumunda ise ¢ekme
mukavemeti 355-360 N/mm? kopma uzamasi ise yiiksek 16,7-17 N/mm?
Olglilmiistir.

Investigation Of The Effect Of Mechanical Parts Used In High Frequency Induction
Welding Machines On Welding Quality And Determination Of Their Mechanical

Properties
Keywords Abstract: The high frequency welding method has been a preferred method in the
High Frequency Welding, production of circular, square and rectangular box profiles in recent years because
Welding Parameters, it is suitable for serial and fast production and because the steel sheet band edges
g\izlgigﬁ};fe Profile can be joined without using any additional wire or electrode under the effect of
Electric Arc Welding heat and pressure and the quality of the joint is at the desired level. In the past,

Heat Affected Zone scientists have conducted research on the mechanical changes that occur in the
structure of the material in the welding area and on the improvement of the
production of the high frequency welding machine. However, it has been
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determined that there is not enough information on which welding errors can be
encountered by changing the welding parameters and how they affect the
mechanical properties of the pipe-profiles. In this study, experimental studies
were conducted on how the mechanical properties were affected by producing the
square box profile with different welding parameters (welding speed and impeder
position, impeder diameter, induction coil position, induction coil diameter,
welding roll diameter). In determining the mechanical properties, techniques such
as flattening, expansion and tensile tests, hardness measurement were used. The
effects of different welding parameters on the strength and hardness of the
material were determined with the regression correlation analysis of the obtained
quantitative and qualitative data with the Minitab Program. As a result of the
analysis, the parameters with the most accurate relationship for tensile strength,
yield strength and elongation at break were determined. If high strength weld zone
and yield strength are desired, when the inductor diameter is selected as 40 mm
within the tolerances and the impeder is set 10 mm ahead within the tolerances,
the tensile strength is measured as 375-380 N/mm? and the elongation at break is
measured as 13-14 N/mm?, while in the opposite case, since the material will have
more toughness, when the inductor diameter is selected as 34 mm within the
tolerances and the impeder is set 10 mm behind within the tolerances, the tensile
strength is measured as 355-360 N/mm? and the elongation at break is measured
as high as 16.7-17 N/mm?.

1. Giris

Karbon salinimini azaltmaya yonelik stirdiiriilebilirlik hedefleri dogrultusunda, yiiksek frekans kaynak yontemiyle
tiretilen ince cidarli boru ve profillerin, ¢cevre dostu ve yliksek performansl yapilari sayesinde farkli sektorlerdeki
kullanim alanlarinin éniimiizdeki yillarda artacagi 6ngoriilmektedir. Tiirkiye, 2010 yilina gelindiginde 3,5 milyon
tona yakin c¢elik boru iiretimiyle Avrupa’nin en fazla dikisli ¢elik boru tireten iilkesi konumuna yiikselmis,
Tiirkiye’den sonra Avrupa’da en fazla ¢elik boru tireten tilkeler italya ve Almanya’dir. 2022 yilinda ise bu rakam
Tiirkiye’ de 4,8 milyon tona ulasmis ve ¢elik boru sektoérii Avrupa’nin en fazla dikisli ¢elik boru iireten tilkesi olma
unvanini korumustur. Ozellikle ince cidarh dairesel kesitli i¢i bos bor ve profiller, maliyet ve agirhk ekonomisi
acisindan bakildiginda bir¢ok sektérde ve bilesenlerinde giinden giline kullanimi yayginlasmakta, insanoglu da
daha cevreci ve yiiksek performans 6zelligine sahip doga dostu bu malzemenin kullanildig1 yere gore nasil bir
mekanik 6zelliklere sahip olacagina ihtiya¢ duymaktadir. Dikisli ¢elik boru iiretimi gerceklesirken ERW boru
tiretiminde iki metalin uzunlugu boyunca kaynakli baglanti saglanabilmesi i¢in gliniimiiz teknolojisinde genellikle
oldukga gelismis bir yontem olan HF (High frequency) yani yiiksek frekansl kaynak cihazlarindan faydalanilarak
¢ok hizli ve seri bir iiretim saglanir. Bu calismada kare kutu profillerin iiretimi esnasinda kaynak akimi, kaynak
gerilimi, kaynak hizi, empeder konumu, empeder ¢api, indiiksiyon bobin konumu, indiiksiyon bobin ¢api, kaynak
role konumu ve kaynak role baskisi etkenleri degistirilerek bu parametrelerin kaynak kalitesini nasil etkiledigi ve
mekanik 6zellikleri nasil degistirdigi ile ilgili deneysel ¢alismalar yapilmistir. Mekanik o6zelliklerin tespitinde
yassiltma (TS 237 EN 10233), kose genisletme (TS EN 10234) ve cekme deneyi (TS 138 EN 10002-1) teknikleri
kullanilmistir. Yapilan bu deneysel calisma ile literatiire ve profil imalat sektoriine kaynak olusturulmasi
amaclanmistir.

Literatiir Taramasi

Literatiir taramasinda ¢esitli arastirmacilar”, ERW kaynak teknolojisiyle tiretilen farkli malzeme tiirlerinin nasil
sonuclar doguracagi ile ilgili calismalar yapmistir. Ornegin tarihsel olarak en yakin zamanda Fan Yang ve ark.
(2024) tarafindan yapilan calismada dikisli boru tiretimi sirasinda kalic1 sekil degistirme sonrasi ITAB boélgesi
icinde ve disinda kalan alanlarin elastik-plastik sonlu elemanlar ydntemiyle simiile edilmis ve serit deformasyonu
detayli olarak incelenmistir. Christian Egger ve ark. (2022) tarafindan yapilan ¢alismada benzer ¢alisma
yuriitmiisler ve kaynakli borunun, kaynak dikisinin geometrisinin, sikistirmaya uygulanan kuvvetin; rulolar ve
bant kenarlar1 boyunca sicaklik ve 1sidan etkilenen kisimdaki sertlik dagilimi gercgekgi bir sekilde simiile edilmistir.
Gholamreza Khalaj ve ark. (2017) ) tarafindan yapilan ¢alismada ise ERW teknolojisi ile tliretilen borularin kaynak
bolgesindeki mikro yapi gelisimi ve mekanik o6zelliklerin gelistirilmesi maksadiyla sogutma kosullarini
degistirerek elde dilen verileri analiz etmislerdir. Kaynak bdlgesine lizerine 1sil islem uygulayarak kaynak
bolgesinde daha kaliteli kaynak elde edilmeye ¢alisilmis ve sonucta temperleme 1s1l isleminin daha etkili oldugu
gorilmiistiir. P. Yan ve ark. (2011) ) tarafindan yapilan ¢alismada ise yaptiklari ¢calismada ise malzemeye farkli 1s1l
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islem uygulayarak calisma yapmissalar da hammaddeden kaynakli malzemedeki farkli mekanik 6zelliklerdeki
malzeme yapisy, kristalografik doku ve daha biiyiik tane boyutu oldugu saptanmistir. Bu 3 farkl bilimsel calismada
daha giivenilir bir kaynak edilebilirlik ile ilgili ¢calismalar yiritilmiistir. Fakat butiin deneyler de kritik
bolgelerdeki gerilme yogunluklar: tespit edilmesinde yardimci olurken, sertlik ve tokluk ve kopma uzamasi gibi
verilerin tespit edilmedigi eksiklikler goriilmiistiir. ERW teknolojisiyle seri ve hizli tiretim yapilirken anlik olarak
kaynak kalitesinin kontrol edilmesi ¢ok dnemlidir. Aksi halde ytiksek fire onaranlari ve miisteri sikayetleri ile
karsilagilabilir. Bunun i¢in hattin iistiinde Eddy Current tahribatsiz muayene 6l¢iim yéntemi vardir. Hakan GUNAY,
Siileyman KARADENIZ, (2008) tarafindan yapilan ¢alismada ise boyuna dikisli celik borularin girdap akimi
yontemiyle kontrol uygulamalar1 konulu arastirma yapmislardir. Elektromagnetik bir test yontemi olan (Eddy
Current) girdap akimi testleri boruya hasar vermeden tiim boru hacminin veya kaynak dikisi cevresinin kontrolii
icin kullanilmakta oldugunu ve bu calismada, ¢elik boru imalatinda hatasiz boru iiretimini saglayacak en énemli
test yontemlerinden birisi olan girdap akimi test uygulamalarinin temellerine, uygulama yontemlerine, test
sistemlerine ve testi etkileyen parametrelerin nasil kontrol altinda tutulmasi gerektigine deginilmistir. John
Wright tarafindan yapilan ¢alismada ise kaynak kalitesinden daha ziyade ERW kaynak teknolojisiyle liretim
sirasinda Enerji verimliligin optimize edilmesi ile ilgili calismalar yapmustir. Uriiniin kaynak Kalitesi ve verimi
diismeden en verimli kaynak hem de en kaliteli kaynak edilebilirlik konusunda optimize ¢alismalar1 yapilmis ve
enerjide dogrudan tasarruf saglayacak parametreler iizerine yogunlasmistir. Cunfeng Kang ve ark.da, tarafindan
yapilan ¢alismada ise John Wright gibi yine ERW teknolojisinde enerji verimliligini diisiirmeye yonelik calismalar
yapmis ve kaynak bolgesindeki Vee acikligini degistirmek suretiyle verimliligi takip etmistir. Sonugta kaynak
bolgesindeki V agis1 ne kadar kiiciik olursa 1sitma verimligi o kadar diisiik oldugunu, ac1 ne kadar yiiksek olursa,
1sitma verimliliginde o kadar yiiksek oldugunu arastirmistir. By D. Kim ve ark. tarafindan yapilan calismada ise
ERW teknolojisi ile iiretilen malzemenin kaynak bélgesini Yiiksek Frekansli Elektrik Diren¢ Kaynagi Goriintii
Isleme teknolojisi ile incelemis, goriintii verilerinden elde ettigi bu ¢calismada kaynak noktasinin yakininda,
kusurlar1 ortadan kaldirmaya veya en aza indirmeye yonelik ¢alisma yapmistir. Joonmin Lee ve ark. (2017)
tarafindan yapilan ¢alismada ise yilinda Erw teknolojisi ile liretilen malzemenin akma gerilmesindeki degisimi
tahmin etmeyi amaglayan, ERW haddeleme islemi i¢in sayisal bir simiilasyon modeli olusturulmustur. Prerana Das
ve ark. (2017) tarafindan yapilan ¢alismada ise Yiiksek 1s1l islem sirasinda boyuna kaynakli borulardaki sicaklik
profilinin simiilasyonu Frekans Indiiksiyonlu (HFI) kaynak islemi ile ilgili arastirmalar yapmiglardir. Yiiksek
frekansl indiiksiyon kaynag1 sirasinda kaynak kalitesine 1sidan etkilenen bolgenin en 6nemli faktorlerden
birisinin saptamislardir. Bu ¢alismada celik borudaki 3 boyutlu sicaklik profilinin sayisal hesaplama analizi
yapilmistir. Elektromanyetik modeli termal modelle birlestirerek modeli yiiksek frekansli akim ve manyetik
alanlar tiip, bobin ve empeder degerlendirilmistir.

Prerana Das ve ark. (2019), Ahmet Serdar GUNDOGDU, Orhan, S. tarafindan yapilan calismalarda ise yiiksek
frekansh indiiksiyon kaynagi yontemiyle iiretilen boyuna dikisli ¢elik borularda kullanilan mikro alasimh
malzemelerin kaynak zayifliginin azaltilmasi ile ilgili calisma yapilmistir. Kare kutu profillerin iiretimi esnasinda
kaynak akimi, kaynak gerilimi, kaynak hizi, empeder konumu, empeder c¢api, indiiksiyon bobin konumu,
indiksiyon bobin ¢api, kaynak role konumu ve kaynak role baskisi etkenleri degistirilerek bu parametrelerin
kaynak kalitesini nasil etkiledigi ilgili deneysel ¢alismalar yapilmistir.

Prerana Das ve ark kaynak hattinin hizi, yaklasan serit kenarlarinin agisi, indiiksiyonun fiziksel konfiglirasyonu
bobin, empeder, sekillendirilmis ¢elik serit ve kaynak rulolarinin birbirine gére, kaynak rulolarinin basinci ve
indiksiyon bobinindeki yiiksek frekansh akimin frekansi oldugunu belirlemisler, Sezai Orhan ise, kaynak hiz,
empeder konumu, empeder c¢api, indiiksiyon bobin konumu, indiiksiyon bobin ¢ap1 kaynak makara konumunu
degistirerek kaynak kalitesini nasil etkiledigi saptayan ¢alismalar yapmistir. Fakat bu ¢alismalarda kaynak makara
caplarina hic deginilmedigi goriilmiistiir. Ustelik bu parametrelerin kaynak kalitesi {izerindeki etkisine ayr1 ayr1
deginilmis, fakat biitiin parametrelerin birbiri ile i¢ ice birlikte degerlendirildiginde ne gibi sonuglar ¢ikacagina
iliskin ortada bir bosluk oldugu tespit edilmistir. Bu calismada 6zellikle yiiksek frekansh indiiksiyon (HFI) kaynag:
ile Giretilen kaynak baglantisinin kalitesi bir takim proses parametrelerine bagli oldugunu tespit edilmis ve kaynak
edilirken farkli parametrelerine malzemenin mekanik 6zellikleri lizerinde (¢ekme dayanimi, akma dayanimi,
kopma uzamasi, sertlik) ne gibi degiskenliklere etki ettigi analiz edilmistir. Mekanik 6zelliklerin tespitinde
yassiltma (TS 237 EN 10233), kése genisletme (TS EN 10234) ve cekme deneyi (TS 138 EN 10002-1) teknikleri
kullanilarak nitel veya nicel veriler elde edilmistir. Elde edilen veriler, analiz edilmesinde Mintap yazilimsal bir
istatistik program kullanilmistir. Bilim insanlari calismalarinda elde ettigi verileri tecriibeyle ve sayisal verilerden
yorumlayarak bir kaniya varmaya ¢alismis oldugundan analiz elde edilen bulgularin analiz edilmesinde bosluk
oldugu gorilmiistiir. Bu bosluk minitab istatistik analiz programi sayesinde histogrami, boxplot, scatterplot, x-bar
ve regresyon ve ¢oklu korelasyon yontemleri sayesinde farkli parametrelerin malzemenin mekanik 6zellikleri
tizerindeki etkilesimi, standart sapmasi, varyansi, ortalamasi, minimum ve maksimum degerleri kolayca analiz
edilmis ve nihai iiriin lizerinde nasil bir mekanik 6zellik isteniyorsa ona gore hangi parametre degerlerinin tercih
edilecegi analiz edilmistir.
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E Yeniyil, C Boga, U Esme (2019) tarafindan yapilan ¢alismada ise Ultrasonik kaynak, Al, Cu, Ni gibi malzemeleri
kolayca birlestirebilme 6zelligi ile giines enerjisi sistemlerinin bileseni olan giines kollektoérlerinin kaynaginda
tercih edilen bir yontem haline geldigini tespit etmislerdir. Gilines kollektorlerinin kaynaginda sistem
parametreleri, elbette kullanilan malzemelerin 6zelliklerine gére ayarlanmali, béylece numuneler arasindaki 1s1
transferi etkilenmeyecegi gibi bu calismada, giines kollektorlerinin se¢ici kaplamali levhasi ve 1s1 tasiyici borulari
ultrasonik dikis kaynag1 kullanilarak kaynaklanmis ve kullanilan Cu-DHP bakir alasimina gére optimum kaynak
parametreleri belirlenmistir.

O Er, MK Kiilekci, U Esme, C Boga (2021) tarafindan yapilan calismada ise Siirtiinme karistirma nokta kaynagi
(FSSW), esas olarak demir dis1 metalleri ve alagimlarini birlestirmek i¢in kullanilan bir kati hal kaynak yéntemi,
diger kaynak islemlerinin aksine, FSSW kirlilik icermemesi ve dolgu malzemesi olmamasi gibi avantajlara sahip
oldugundan bu ¢alismada, Taguchi yéntemi ve Gri iliskisel Analiz (GRA) kullanilarak siirtiinme karistirma nokta
kaynakli EN AW 5005 aliiminyum alasiminin ¢oklu tepki optimizasyonu i¢in bir girisimde bulunulmustur.

S Ocalir, U Esme, C Boga, MK Kiilekci 2020 tarafindan yapilan ¢calismada ise EN AW-5083-H111 ve EN AW-6082-
T651 olmak iizere iki aliminyum alasim malzemesi, takim omuz ¢api, mil hiz1 ve ilerleme hizi1 parametreleri
dikkate alinarak Siirtiinme Karistirma Kaynag: yontemi ile birlestirilmistir. Bu kaynak parametreleri kullanilarak
kaynak baglantilarinin akma dayanimi, cekme dayanimi ve mikro sertlik gibi mekanik 6zellikleri ve metalografik
ozellikleri karsilastirmali olarak incelenmistir. Kaynak baglantilarinin akma dayanimlar1 136-217 MPa arasinda,
¢ekme dayanimlar1 159-230 MPa arasinda ve ylizde uzamalari ise % 2,28-5,44 arasinda bulunmustur.

1.2. Problem durumu

Bu calismada, yiiksek frekans kaynagi ile boru iiretimi ile ilgili genis bir literatiir bilgisine ve saha gozlemlerine yer
verilmistir. Ayrica kaynak boélgesindeki malzemenin mekanik o6zellikleri laboratuvar cihazlan ile 6lgiilerek
degerlerin hangi parametreye gore nasil etkilendigi ile ilgili ele edilen veriler irdelenmistir.[14]

Yapilan bu ¢alismada, yiiksek frekansh indiiksiyon kaynaginda farkli iiretim parametrelerinin kaynak boélgesi
tizerindeki mekanik 6zellikleri iizerine ¢alisma yapilmis ve sonuglanmistir. Denemelerin daha giivenilir ve daha
saglikli veriler elde edilebilmesi i¢in baz1 degiskenlikler (makine, kalip, bant genisligi, hammadde, insan (operatér)
farki, sogutma) sabit tutulmus ve biitiin deneyler pes pese gerceklestirilmistir. Bu calismada, belirli iiretim
parametreleri (kaynak hizi, empeder pozisyonu, indiiktér ¢api, empeder capi, makara ¢api) degistirildiginde
mekanik 6zellikler lizerinde farkli sonuglar elde edilebilecegi varsayilmis ve bu dogrultuda deneysel incelemeler
gerceklestirilmistir. Yapilan deneysel c¢alismalar sonucunda, degistirilen {iretim parametrelerinin ¢ekme
dayanimi, akma dayanimi, kopma uzamasi ve sertlik gibi mekanik 6zellikler lizerinde istatistiksel olarak anlaml
etkiler olusturdugu tespit edilmistir.

1.3. Arastirmanin amaci

Yiiksek frekansh kaynak teknolojisiyle iiriin tiretmek uzun yillardan beri var olan bir {iretim prosesidir. Fakat bu
kaynak edilebilirlik ile ilgili kaynak teknolojisi lizerine ge¢miste ve glinlimiizde bir¢ok calismalar kaynak makinesi
treticileri tarafindan yapilmistir. Sezai Orhan tarafindan (2008) yilinda yapilan ¢alismada sadece her
parametrenin kaynak tizerindeki etkisi ile ilgili ayr1 ayr1 calismalar ve deneyler yapilmis oldugu tespit edilmistir.
Bu ¢alismada ise birden fazla degisken parametrelerin ortak bir sekilde degismesinin sonuclari, korelasyon ve
regrasyon analizi degerlendirilerek sonugclar1 minitab analizi ile ortaya konmustur.

1.4. Arastirmanin 6nemi

Bu calismanin 6nemi, ERW kaynagi ile iiretilen triinlerin farkli parametre sonucu birbiri ile i¢ ice etkilesiminin
tespit edilmesinde 6nemli katkilar saglamak i¢in yapilmistir. Arastirmanin temel katkisi su sekilde 6zetlenmistir;

e Hammadde Se¢iminde Verimliligin Optimize Edilmesi; belli bir mekanik 6zelliklere sahip bir malzemenin
kaynak edildikten sonra ortaya ¢ikan yeni mekanik 6zelliklerinin tespit edilmesi ile malzeme se¢iminde
daha bilingli kararlar alinmasini saglar. Yeni malzeme tiirlerinin gelistirilmesine ve mevcut malzemelerin
performanslarinin iyilestirilmesine katki saglar. Bu hem arastirma hem de endiistri a¢gisindan yenilikei
¢Oziimler sunar.

e Mekanik Degerlerine Goére Uretim Parametrelerinin Tespit Edilmesi: iiretime baslamadan énce
malzemenin kullanim alanina ve yerine gore istenen mukavemete gelebilmesi i¢in iiretilmeden 6nce
parametre degerlerinin ona gore ayarlanmasi saglanir.
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e Elektrik Enerjisi Sarfinin Daha Ekonomik Olmasi: Farkli parametrelerden elde edilen sonuglara gore

yeteri kadar kaynak amper girdisi saglanir ve enerji girdilerinde tasarruf saglanirsa daha siirdiirtlebilir
mithendislik ¢6zlimleri sunabilir. Malzemelerin daha verimli kullanilmasi, iiretim maliyetlerini azaltirken
cevresel etkileri de minimize eder.
Sonug olarak, bu ¢alismanin énemi, yliksek frekans kaynagi teknolojisi ile tiretilen tiriinlerin kapsamli bir
sekilde incelenmesi ile ilgili olup, miihendislik uygulamalarinda bu teknoloji ile liretilen {iriinlerin istenen
mekanik 6zelliklerde tiretilmesini ve verimli, giivenli bir sekilde kullanilmasini saglamak i¢in kritik bir rol
oynamaktadir.

2. Malzeme ve Metot

Yiiksek Frekansh indiiksiyon kaynag), indiiktér bobini ile empeder arasindaki kaynak edilecek malzemenin akim
yardimiyla kaynatilmasi islemidir. Diger bir ifadeyle transformatdre bagl olarak calisan indiiktore yiiksek
frekansh akim ytiklenir, yuvarlak sekildeki malzemenin ise kesistigi acik agizlarda ise manyetik alan olusturulur,
Lenz kanuna goére manyetik alan igerisinde bulunan elektrik motorunun da indiiklenmesi sonucu akiminda
indiiklenmesi olusur, Foucault akimlarinin Joule etkisi ile 1s1 ag1ga ¢ikarirlar bodylece acgik iki agiz kisminda apex
noktasinda kaynak olusabilecek kadar 1s1 meydana gelir ve kaynak makaralarinin baskisi sayesinde 1s1 kenarlari
bastirilir ve birlestirilir.

Bu calismada degisken parametrelerden hammadde, bant genisligi, tiriin, makine, operator, tiriin gibi degiskenler
sabit tutulmus, empeder konumu ve ¢api, kaynak makara ¢api, indiiktor ¢api, kaynak hizi gibi etkenler toleranslar
dahilinde degistirilerek, kaynak bolgesi tizerinde ve mekanik 6zelligin degismesine nasil bir performans gosterdigi
arastirilmistir. Deney ¢alismasinda iiriin olarak 40x40x1,20mm ol¢ilisiinde iirtin tretilmesi noktasinda deneme
yapilmasi kararlastirilmistir. Biitiin deneylerin tek bir makine de yapilmasi, ayn1 makine operatort ile siirecin
yuriitiilmesi kararlastirilmistir. Biitiin deneyler icin en 6nemli girdilerden birisi olan hammaddenin de sabit
tutulmasi belirlenmistir. Hammaddeden kaynakl farkliliklar farkli sonuglari ortaya koyma ihtimali ¢ok yliksek
oldugu i¢in hammaddeye bagh degiskenliklerin ortadan kalkmasi hedeflenmistir.

2.1. Sabit ve degisken parametrelerin tespit edilmesi

2.1.1. Hammadde se¢imi

Deneysel calismada DIN EN 10130 standardinda DCO1 kalite 1,20mm kalinligindaki ¢elik sac kullanilarak, yiiksek
frekans indiiksiyon kaynagi metodu ile farkli kaynak parametrelerinde 40x40x2 mm ebadinda profiller
tiretilmistir. Calismada kullanilan sacin hammadde sertifikasindaki kimyasal degerleri ve mekanik degerleri Tablo
1’de goriilmektedir.

Tablo 1. Hammadde sertifikasindaki mekanik ve kimyasal degerler.

Uretici Detay Mekanik Degerler Kimayasal Degerler
Bt Kalnhk Cekme Akma % C Mn Si s P Al
Dayimnimi Rp Dayimimi Rp Uzama
0,2N/mm? 0,2N/mm?
Atakas 1,09 316 190 38 0,046 | 0,186 | 0,004 | 0,006 | 0,009 | 0,107

Deneyde kullanilacak olan malzeme segrasyon hatalari icermeyecek sekilde tercih edilmistir. Hammadde Erdemir
6112 kaliteye denk gelecek sekilde secilmistir. Atakas tarafindan liretilmis olan hammadde y181n tavlama yéntemi
ile 151l islenmis elektrik diren¢ kaynagina uygun bir hammaddedir. Kaynak kalitesine etki eden %Cu bakir orani
%~0.15-0.35 arasinda olacak sekilde, cekme dayanimi ve akma dayanimi minimum ve maksimum degerlerin
ortalamasi gelen iirlin tercih edilmistir. Biitiin denemelerde ayn1 hammadde kullanilmistir.

2.1.2. Bant genisligi secimi

Bant genisligi tercihi ITAB bolgesinde segrasyon olusmamasi agisindan énemlidir. Kaynak bolgesi mikroskop
altinda incelendiginde olusan kaynak akis cizgilerinin yataya paralele yakin olmasi istenir. Eger bant genisligi
olmasi gerekenden daha dar tutulursa segrasyon olusma riski daha fazla artar. P. Yana, O.E. Gungor ve ark. (2011)
tarafindan yapilan deneysel calismalarda bant genisliginin 1mm daraltilmasi akis ¢izgisinin 4-7derece yataydan
uzaklasmasina sebebiyet vermis oldugu goriilmiisltiir. Bu nedenle 40x40mm tiretilecek iiriin i¢in en uygun bant
genisligi icin 159mm olacagi kararlastirilmis ve biitiin deneylerde ayni bant genisligi kullanilmistir.
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2.1.3. Vee acikligi secimi

ERW (Electric Resistance Welding - Elektrik Diren¢ Kaynagi) boru iliretiminde gecen "Vee agikligl”, tiretim
siirecindeki kaynak bolgesinde olusan "V" seklindeki agiklig1 ifade eder. Bu agiklik, kaynak kalitesini dogrudan
etkileyen ¢ok kritik bir parametredir. Vee a¢ikliginin kaynak kalitesinin yiiksek olmasi icin miimkiin oldugunca
kisa olmasi istenir. Fakat Vee mesafesi kaynak makaralarinin dis ¢apina bagli olarak degisir. Vee mesafesi indiiktor
ile apex noktasi arasindaki mesafede olusan iki kenar bant arasindaki dl¢iidiir. Kaynak makara ¢ap1 128mm biiyiik
secildiginde mesafe uzaklasir ve Vee a¢iklig1 genis ayarlanir, 103mm kiiciik se¢ildiginde ise mesafe kisalir ve Vee
acikligl dar ayarlanmustir.

2.1.4. Makine ve kalip se¢cimi

Degiskenlik ne kadar cok olursa, deney sonucunda da farkli degerlerin olusmasina neden olur. Makine ve
kaliplardaki farkliliklar da deneyde farkli sonuclarin olugsmasina neden olmamasi i¢in sabit tutulmustur. Biitiin
deneylerde form finpass ve kalibre makaralari ile makine ayni olacak sekilde se¢ilmistir.

2.1.5. indiiktor se¢imi

Indiiktér akim yiizey etkisinden dolay1 borunun dis yiizeyinde olusur. Bu sebeple akimin en diigiik kayipla
malzemeye aktarilmasi i¢in bakir malzemeden yapilir. Borunun dis ¢api ile indiktorin i¢ cap1 arasindaki bosluk
miimkiin oldugunda en dar olacak sekilde (indiiktor i¢ ¢capint miimkiin oldugunca boru dis ¢apina yakin) segilirse
indiiktorden en ytliksek verimi elde edilir. Fakat kaynak akis yoniine dogru malzeme hareket ettiginde de
indiiktorin malzemeye siirtmemesi gerekir.

2.1.6. Empeder ebat se¢cimi ve konumu

Empeder’den en yiliksek verimi elde etmek i¢in miimkiin oldugunca boru i¢ ¢capina yakin secilmesi gerekir. Bu oran
pratikte boru i¢ capinin %75'i ile sinirl olur. Burda da indiikt6ér se¢iminin tam tersi sekilde borunun i¢ ¢apr ile
empederin dis ¢ap1 arasindaki bosluk miimkiin oldugunda en dar olacak sekilde segcilirse empederden en yiiksek
verimi elde edilir. Fakat kaynak akis yonline dogru malzeme hareket ettiginde de empederin malzemeye
stirtmemesi gerekir. Empederin ¢ap1 biiylidiik¢e kaynak hizi da artar.

Deney calismasinda iiretecegimiz 40x40x2,0mm profilin boru ¢ap1 50,8mm’dir. Malzemenin et kalinlig1 ise
2,00mm oldugundan boru i¢ ¢apini hesap ederken Boru Dis Capi - Et kalinhig1 x 2 = Boru i¢ Cap1 formiiliinden
faydalanilir. Buna gore; 50,8mm - 2,00 x 2 = 46,8mm deney yapacagimiz borunun i¢ ¢ap1 olarak bulunur. Yapilacak
olan deney ¢alismamizda Empederin dis ¢apini 34mm ve 40mm olarak deneme yapilacaktir.

34mm sectigimizde 34 / 46,8 = %72,6 doluluk orani sahip iken,
40mm sectigimizde ise 40 / 46,8 = %85,4 doluluk orani sahip olur.

Empederi pozisyonu ile ilgili olarak ise, borunun tam merkezine yerlestirmek yerine miimkiin oldugunca kaynak
noktasina daha yakin bir pozisyonda yerlestirilirse daha kaliteli kaynak elde etmek miimkiin olur. Normalde
indiiktorin empederin tam ortasina gelecek sekilde pozisyonlanmasi, empederin ise kaynak bolgesine dogru ise
kaynak makaralarinin merkezini 3mm gececek sekilde ayarlanmasi gerekir. Bu deney ¢alismasinda empeder
kaynak makaralarinin merkezini 10mm gececek sekilde ve kaynak makaralarinin merkezini 10mm gerisinde
olacak sekilde ayarlanarak denemeler yapilmistir.

~——————  Alas Yoni
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Sekil 1. Empeder ve indiiktér Ebat Secimi ve Konumu
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2.1.7. Kaynak hiz1

Farkli kaynak hizi degerlerinin, liretilen profilin kaynak dikisi geometrisine ve mekanik 6zelliklerine etkisini tespit
edebilmek amaciyla 3farkl diisiik orta ve yiiksek olacak sekilde hizlarin, 40 m/dak, 60 m/dak, 80 m/dak hizlarda
tretimler gerceklestirilecektir.

2.1.8. Kaynak makara grubu

Baski miktarinin ne kadar artarsa kaynak kalitesine olumlu bir etki yarattif1 teorik olarak biliniyor olmasi
nedeniyle, deney calismasi sirasinda baski miktar1 degistirilmeyecektir. Bu deney ¢alismasinda farkli kaynak
makaralar1 ¢aplar1 kullanilarak kaynak kalitesinde meydana gelen kalite durumlar1 arastirilmistir. Literatiir
taramalarinda bu hususla ilgili bir calisma ge¢miste yapilmadigi goriilmiistiir. Makine ireticilerinin 6zel
yazilimlara makara ¢apinin maksimum ve minimum olarak kullanilabilecek ¢ap araliklari verilmistir. Bu ¢aplara
bagh kalarak maksimum degere yakin ve minimum degere yakin 2 farkli makara islenecek ve iiretim asamasinda
kaynak kalitesi lzerindeki etkisi arastirilacaktir. Kaynak makaralarinin ¢aplr minimum 103mm ve maksimum
128mm olacak sekilde 2 farkli makara tasarlanacaktir.

2.2 Deneysel ¢alismalardaki farkli kaynak parametrelerin irdelenmesi
Degisken parametrelere gore, toplamda 48 farkli durum ortaya konmustur. Her bir durum birbirinin tekrar eden
durumlar olmayip, parametrelerin degismesine gore farkli durumlar ortaya ¢ikmistir.

1.Durumda ; kaynak makara capi 128mm ve empederin capt 40mm sabit tutulmustur. indiiktér, kaynak
makaralarinin merkezine 100 mm mesafeye yerlestirilmis, iki farkl indiiktér (61 mm ve 67 mm) denenmistir.
Empeder pozisyonu, kaynak merkezine gore +10 mm ve -10 mm olacak sekilde degistirilmis; her kombinasyon
icin 40, 60 ve 80 m/dak iiretim hizlarinda tretim yapilmistir.

Tablo 2. Durum 1 Kaynak Parametreleri

indiiktor Makara Cap1 Eng;e(ller In((l;l;kfor Empeder Konumu Kaynak Numune
Konumu mm P P mm Hizi m/dk Kodu
mm mm
40 61 40 m/dk 1
mm mm Kaynak Makaralar1 Merkezini 10 m/
40mm 61mm mm gececek sekilde ileride 60 m/dk 2
1 k
40mm 61mm ayarianaca 80 m/dk 3
4 1 4 k 4
Omm 61mm Kaynak Makaralar1 Merkezinden 0m/d
40mm 61mm 10 mm geride olacak sekilde 60 m/dk 5
Kaynak Makara Kaynak 40mm 61mm ayarlanacak 80 m/dk 6
Merkezini Makara
100mm Cap1 128mm 40mm 67mm Kaynak Makaralar1 Merkezinden 40 m/dk 7
40mm 67mm 10 mm geride olacak sekilde 60 m/dk 8
40mm 67mm ayarlanacak 80 m/dk 9
40 67 40 m/dk 10
mm mm Kaynak Makaralar1 Merkezini 10 m/
40mm 67mm mm gececek sekilde ileride 60 m/dk 11
40mm 67mm ayarlanacak 80 m/dk 12

2.Durumda ; Kaynak makarasi ¢ap1 128 mm olarak korunmus, empeder ¢cap1 34 mm'ye diisiiriilmiistiir. Diger
parametreler Durum 1 ile ayni sekilde uygulanmistir (indiiktér mesafesi 100 mm, indiiktor ¢aplar1 61 mm ve 67
mm, empeder pozisyonlar1 +10 mm, {iretim hizlar1 40/60/80 m/dak).

Tablo 3. Durum-2 Kaynak Parametreleri

indiiktér Makara Cap1 Enz:};e(:er ln((i;l;kfor Empeder Konumu Kaynak | Numune
Konumu mm mrl; m11:1 mm Hiz1 m/dk Kodu

Kaynak 34mm 67mm Kaynak Makaralari 40 m/dk 13

Makara Kaynak 34mm 67mm Merkezini 10 mm gegecek 60 m/dk 14
Merkezini Makara 34mm 67mm sekilde ileride ayarlanacak | o, m/dk 15

Cap1 128mm
100mm
34mm 67mm 40 m/dk 16
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34mm 67mm Kaynak Makaralari 60 m/dk 17
Merkezinden 10 mm geride
34mm 67mm olacak sekilde ayarlanacak | 80 m/dk 18
34mm 61mm Kaynak Makaralari 40 m/dk 19
34mm 61mm Merkezinden 10 mm geride 60 m/dk 20
34mm 61mm olacak sekilde ayarlanacak 80 m/dk 21
34mm 61mm Kaynak Makaralar 40 m/dk 22
34mm 61mm Merkezini 10 mm gececek 60 m/dk 23
34mm 61mm sekilde ileride ayarlanacak 80 m/dk 24

Tablo 4. Durum-3 Kaynak Parametreleri

3.Durumda ; Kaynak makarasi ¢apt 103 mm olarak secilmis, empeder ¢ap1 34 mm sabit tutulmustur. Diger deney
parametreleri Durum 2 ile aynidir.

indiiktor Makara Capi Eng;e(ller In((l;l;kfor Empeder Konumu Kaynak Numune
Konumu mm P P mm Hiz1 m/dk Kodu
mm mm
34mm 61mm Kaynak Makaralar1 Merkezini 40 m/dk 25
34mm 61mm 10 mm gececek sekilde ileride 60 m/dk 26
34mm 61mm ayarlanacak 80 m/dk 27
34mm 61mm Kaynak Makaralar: 40 m/dk 28
34mm 61mm Merkezinden 10 mm geride 60 m/dk 29
Kaynak Makara Kaynak 34mm 61mm olacak sekilde ayarlanacak 80 m/dk 30
Merkezini Makara
100mm Cap1103mm 34mm 67mm Kaynak Makaralar1 40 m/dk 31
34mm 67mm Merkezinden 10 mm geride 60 m/dk 32
34mm 67mm olacak sekilde ayarlanacak 80 m/dk 33
34mm 67mm Kaynak Makaralar1 Merkezini 40 m/dk 34
34mm 67mm 10 mm gececek sekilde ileride 60 m/dk 35
34mm 67mm ayarlanacak 80 m/dk 36

Tablo 5. Durum-4 Kaynak Parametreleri

4.Durumda ; Kaynak makarasi ¢ap1 103 mm olarak sabit kalmis, empeder ¢ap1 bu kez 40 mm’ye ¢ikarilmistir. Diger
parametreler yine ayni sekilde sabit tutulmustur.

indiiktér Makara Cap1 Eng;e(lier In((i;gkfor Empeder Konumu Kaynak Numune
Konumu mm P P mm Hiz1 m/dk Kodu
mm mm
40mm 67mm Kaynak Makaralar1 Merkezini 40 m/dk 37
40mm 67mm 10 mm gececek sekilde ileride 60 m/dk 38
1 k
40mm 67mm dyarianaca 80 m/dk 39
Kaynak Makara Kaynak 40mm 67mm Kaynak Makaralari 40 m/dk 40
Merkezini Makara 40mm 67mm Merkezinden 10 mm geride 60 m/dk 41
1 1 i
00mm Cap1 103mm 40mm 67mm olacak sekilde ayarlanacak 80 m/dk 42
40mm 61mm Kaynak Makaralari 40 m/dk 43
40mm 61mm Merkezinden 10 mm geride 60 m/dk 44
40mm 61mm olacak sekilde ayarlanacak 80 m/dk 45
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40mm 61mm Kaynak Makaralar1 Merkezini 40 m/dk 46
40mm 61mm 10 mm gececek sekilde ileride 60 m/dk 47
40mm 61mm ayarlanacak 80 m/dk 48

2.3. Deneysel calismalarda yapilan testler ve muayeneler

2.3.1. Yassiltma Deneyi

Farkli kaynak parametrelerinde iretti§imiz numunelerin sekil alabilme kabiliyetini ve kaynak kalitesini
Olgebilmek icin yassiltma deneyi EN10233’e uygun olarak yapilmistir. Yassiltma testinde et kalinlig1 dis ¢capin
%15’'inden az olmasi gerekir. Boru kesiti, bir preste paralel yiizleyeler aras1 H mesafesi asagidaki Formiil-1 ile
verilen degere ulasana kadar yassitilir.

_ (1+e)t
()

H: Karsilikli diizlemler arasindaki uzaklik [mm]
D: Dis ¢ap [mm]

T: Et kalinlig1 [mm]

C: Sabite olup degeri Tablo-6’da verilmistir.

(1)

Tablo 6. Yassiltma Deneyi Standarti

Celik Kalitesi
Celik Ad1 Celik Numarasi C
E 155 1..0033 0,10
E 195 1..0034 0,09
E 235 1..0308 0,09
E 275 1..0225 0,07
E 355 1..0580 0,07

Deney sirasinda kullandigimiz hammaddenin Akma Dayanimi 190Rp 0,2N/mm? gelmektedir. Bu sebeple E degeri
icin E 155 standardina gore deney yapilmasi uygundur. C sabit katsayisi bu tabloya gore 0,10 degeri alinacaktir.
Deney i¢in hazirladigimiz numuneler 40x40 profil 6l¢iisii olup, boru dis ¢ap1 @#50,8mmdir.

D: 50,8 [mm)]

T: 1,09 [mm]

C:0,10

H=[(1+ 0,10)/(0,10+(1,09/50,8))]x1,09 =10mm olarak hesap edilmistir.

Numuneler EN 10233 standardinda belirlenmis degere ulasana kadar baski plakalar1 arasinda, bir tarafi kaynak
yanda (saat 3 pozisyonu) diger tarafi da kaynak iistte (saat 12 pozisyonu) olacak sekilde yassiltma islemi Baski
plakalar1 arasindaki uzaklik EN 10233 standardinda verilen yukaridaki denkleme gore 10mm olacak sekilde
uygulanmistir. Deney sonrasi numune parcalarda ¢atlak ve kirilma olmamalidir.
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4 ayr1 durum ve 48 farkli numune iizerinde yassiltma deneyi sonucu Nitel veriler elde edilmis olup KABUL yada
RED olarak tespitlerde bulunulmustur. Deney sonrasi numune pargalarda ¢atlak ve kirilma olmamalidir. Ancak
kenarlarda hafif ¢atlak red olarak degerlendirilmemistir.

Tablo 7. Yassiltma Deneyleri Sonuglar:

Numune Yassitma Numune Yassitma Numune Yassitma Numune Yassitma
Kodu Testi Deney | Kodu Testi Deney | Kodu Testi Deney | Kodu Testi Deney
Sonucu Sonucu Sonucu Sonucu

1 Kabul 13 Kabul 25 Kabul 37 Kabul

2 Kabul 14 Kabul 26 Kabul 38 Kabul

3 Kabul 15 Kabul 27 Kabul 39 Kabul

4 Kabul 16 Kabul 28 Kabul 40 Kabul

5 Kabul 17 Kabul 29 Kabul 41 Kabul

6 Kabul 18 Kabul 30 Kabul 42 Kabul

7 Kabul 19 Kabul 31 Kabul 43 Kabul

8 Kabul 20 Kabul 32 Kabul 44 Kabul

9 Kabul 21 Kabul 33 Kabul 45 Kabul

10 Kabul 22 Kabul 34 Kabul 46 Kabul

11 Kabul 23 Kabul 35 Kabul 47 Kabul

12 Kabul 24 Kabul 36 Kabul 48 Kabul

2.3.2 Agiz genisletme deneyi

Deney EN10234’e uygun olarak 602'lik konik bir mandrelle yapilacaktir. Boru kesiti Tablo-10’da gosterilen dis
captaki % artisa ulasilana kadar genisletilmistir.

Tablo 8. A1z Genisletme Deney Standarti

Celik Kalitesi Asagidakiler I¢cin D Capinda % Artis
Celik Ad1 Celik Numarasi T<4mm T>4mm
E 155 1..0033 22 17
E 195 1..0034 20 15
E 235 1..0308 18 12
E 275 1..0225 15 10
E 355 1..0580 15 10

Deney sirasinda kullandigimiz hammaddenin Akma Dayanimi 190Rp 0,2N/mm? gelmektedir. Bu sebeple E degeri
icin E 155 standardina gore deney yapilmasi uygundur. Deney icin hazirladigimiz numuneler 40x40 profil 6l¢iisii
olup, boru ¢ap1 #50,8mmdir. Numunenin detay et kalinlig1 ise 1,09mm oldugundan T degeri i¢cinde T<4mm
secilecektir. Deney icin kullandigimiz borunun dis ¢ap1 50,8 oldugundan Tablo-11 deki D dis ¢apindaki artis orani
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test edilmistir.

4 ayr1 durum ve 48 farkli numune tizerinde yassiltma deneyi sonucu Nitel veriler elde edilmis olup KABUL ya da
RED olarak tespitlerde bulunulmustur. Deney sonrasi numune parcalarda ¢atlak ve kirilma olmamalidir. Ancak

i

Sekil 3.‘Aglz Genisletme Deneyleri

kenarlarda hafif ¢atlak red olarak degerlendirilmemistir.

Tablo 9. Ag1z Genisletme Deneyleri Sonuclari

Numune Agiz Numune Agiz Numune Agiz Numune Agiz
Kodu Genisletme Kodu Genisletme Kodu Genisletme Kodu Genisletme
Deney Deney Deney Deney
Sonucu Sonucu Sonucu Sonucu
1 Kabul 13 Kabul 25 Kabul 37 Kabul
2 Kabul 14 Kabul 26 Kabul 38 Kabul
3 Kabul 15 Kabul 27 Kabul 39 Kabul
4 Kabul 16 Kabul 28 Kabul 40 Kabul
5 Kabul 17 Kabul 29 Kabul 41 Kabul
6 Kabul 18 Kabul 30 Kabul 42 Kabul
7 Kabul 19 Kabul 31 Kabul 43 Kabul
8 Kabul 20 Kabul 32 Kabul 44 Kabul
9 Kabul 21 Kabul 33 Kabul 45 Kabul
10 Kabul 22 Kabul 34 Kabul 46 Kabul
11 Kabul 23 Kabul 35 Kabul 47 Kabul
12 Kabul 24 Kabul 36 Kabul 48 Kabul

2.3.3 Sertlik test deneyi

Deneylerde farkl hizlar ve farkli makara gaplar ile kaynak baskilar1 uygulanarak kaynak bélgesinin 1s1 tesiri
altindaki yiizey sertliklerinde meydana gelen degisimler incelenmistir. Vickers sertlik 6l¢iim cihaz ile 5kg’lik
(HV5) yiik uygulanmak suretiyle dlgtimler yapilmistir. Her bir numune iizerindeki 1s1 tesiri altindaki 3 ayri

noktadan olgtimler yapilmistir.
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Tablo 10. Sertlik Ol¢iimii Deneyleri Sonuglari

Numun | Yiizey Sertligi Numun | Yiizey Sertligi Numun | Yiizey Sertligi Numun | Yiizey Sertligi

e Kodu | Ortalamasi e Kodu | Ortalamasi e Kodu | Ortalamasi e Kodu | Ortalamasi
(HRB) (HRB) (HRB) (HRB)

1 74,8 13 70,3 25 79,4 37 80,6

2 75,5 14 72,7 26 80,7 38 81,1

3 75,1 15 74,5 27 80 39 80,9

4 75,1 16 78 28 79,3 40 75,7

5 76,3 17 75,6 29 82,3 41 79,2

6 75,4 18 78,5 30 81,9 42 77,7

7 76,8 19 76,3 31 79,2 43 76,2

8 75,7 20 74,3 32 79,6 44 69

9 76,1 21 75,3 33 80,7 45 73,9

10 75,4 22 75,9 34 81,5 46 78,5

11 74,9 23 76,8 35 76,1 47 79,2

12 74,9 24 80,4 36 80,9 48 78,4

2.3.4. Cekme Testi Deneyi

Yiiksek frekans indiiksiyon kaynak teknigi ile farkli kaynak parametreleri kullanilarak iiretilen kutu kare
profillerin mekanik 6zelliklerini belirlemek amaciyla ¢ekme deneyleri yapilarak gerilim - uzama egrileri elde
edilmistir. Tablolar halinde biitiin numunelerin cekme deneyi sonuglar verilmistir. Farkli kaynak parametrelerine
ait numunelerin gerilim - uzama egrileri ayr1 ayr1 gosterilmistir. Farkl1 parametrelerle iiretilen her bir numune
lizerinden asagida gorselde gosterildigi sekilde kasik numunesi lazer yontemiyle kesip ¢ikarilmis ve her bir
numuneye ayri ayri cekme testi uygulanmistir.

Cekme Testiigin Cekme Testi igin
Kagik Numunesi Kagik
Cikarldikan Sonra Numuneleri

Zwick/Roell L/ Bl Cckme iglemi
2050 Cekme ; Kopma
Test Cihazi g ONCESI

Sekil 5. Cekme Testi Deneyleri
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Sekil 6. Zwick Cekme Testi Deney Sonuglari
Tablo 11. Cekme Testi Deneyleri Sonuglar:
Numune | Cekme Cekme Cekme Cekme Numune | Cekme | Cekme Cekme Cekme
Kodu Testi Testi Testi Testi Kodu Testi Testi Testi Testi
Cekme % Muk. | Kopma Akma Cekme | % Muk. | Kopma Rp MPa
Muk. N/mm2 | Uzamasi1 | Dayanim Muk. N/mm2 | Uzamasi
N/mm2 N/mm2 Rp MPa N/mm N/mm2
2
1 374 349 14,3 344 13 380 358 13,8 352
2 374 350 13,3 345 14 376 352 14,2 346
3 366 341 16 335 15 374 350 16 343
4 379 358 13,7 353 16 380 359 13,6 352
5 373 349 13,9 344 17 379 358 14,3 352
6 376 351 13,2 343 18 377 354 16,4 349
7 373 352 14,2 345 19 355 335 16,7 330
8 368 346 15,4 340 20 370 343 15 336
9 372 349 14,4 343 21 358 331 16,9 325
10 380 359 13,8 352 22 361 335 17 329
11 376 355 14,4 349 23 366 340 16,1 334
12 368 347 14,9 341 24 361 336 17,2 330
Numune | Cekme Cekme Cekme Cekme Numune | Cekme | Cekme Cekme Cekme
Kodu Testi Testi Testi Testi Kodu Testi Testi Testi Testi
Cekme % Muk. | Kopma Rp MPa Cekme | % Muk. | Kopma Rp MPa
Muk. N/mm2 | Uzamasi Muk. N/mm2 | Uzamasi
N/mm2 N/mm2 N/mm N/mm2
2
25 373 349 14,8 344 37 379 357 14 351
26 366 343 15,4 336 38 381 360 14,3 354
27 367 344 15,1 339 39 376 354 12,9 347
28 364 342 16,2 336 40 357 334 15,6 330
29 371 347 15,2 342 41 358 334 17,5 328
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30 367 345 15 339 42 357 335 14,7 330
31 373 350 14,3 344 43 358 332 15,2 326
32 375 354 13,6 349 44 366 339 16,3 334
33 367 345 16,3 339 45 367 341 15,3 337
34 373 351 14,4 345 46 359 332 15,8 326
35 380 356 12,9 350 47 365 339 15,3 334
36 377 355 14,5 350 48 359 334 15,4 329
2.4 Metot

Minitab, Pennsylvania State Universitesi'nde 1972 yilinda gelistirilmis bir istatistik yazilim programi olup, ilk
basta tniversite 6grencilerinin istatistigi 6gretmek amaciyla tasarlanan bu program, zamanla profesyonel bir
analiz aracina déniismis, mevcutta bir¢ok kurumsal isletmelerde, iiniversitelerde, arastirma gorevlileri ve
egitimciler tarafindan yaygin olarak kullanilmaya baslamistir. Minitabin amaci elde edilen nitel veya nicel verilerin
gorsellestirilmesi, analiz edilmesinde kullanilan yazilimsal bir istatistik programdir. Cesitli endiistrilerde ve
akademik kurumlarda istatistiksel analiz, kalite iyilestirme ve slire¢ optimizasyonu icin yaygin olarak tercih
edilmektedir.

Netice itibariyle, deneysel c¢alismalardan elde edilen 48 farkli durumdaki sonuglari minitab sayesinde
miithendislerin daha etkin tasarimlar yapmalarini, malzemelerin performansini optimize etmelerini ve triinlerin
mukavemet ve dayanikliligini artirmalarini saglar. Malzeme se¢iminde farkli kaynak parametrelerinin mekanik
ozellikler tizerindeki etkisi, coklu korelasyon analizi ile istatistiksel olarak degerlendirilmistir.

3. Modelleme ve analiz
3.1. Deneye olumsuz etki edecek degiskenliklerin sinirlandirilmasi

Biitiin deneysel ¢alismada DIN EN 10130 standardinda DCO1 kalite 1,20mm kalinligindaki celik sac kullanilarak
40x40x2 mm ebadinda profiller liretilmistir. Deneyde kullanilacak olan malzeme segrasyon hatalari icermeyecek
sekilde tercih edilmistir. Hammade Erdemir 6112 kaliteye denk gelecek sekilde se¢ilmistir. 40x40mm iiretilecek
iriin i¢in en uygun bant genisligi icin 159mm olacag: kararlastirilmis ve biitiin deneylerde ayni bant genisligi
kullanilmistir. Vee mesafesi indiiktor ile apex noktasi arasindaki mesafede olusan iki kenar bant arasindaki 6l¢i
oldugundan kaynak makara capi biiylidilkce Vee mesafesi de orantili olarak artacak sekilde ayarlanmistir.
Deneysel stirecte farkliliklarin etkisini sinirlamak amaciyla makine, kaliplar ve operator sabit tutulmustur.

Oncelikle hammadde ayarlanmis ve deney i¢in hazir edilmis ve aym giin icinde biitiin deneyler boru profil
hatlarinda tek kalemde iiretilmistir.

3.2. Deneyde test edilecek farkli parametreler

Indiktér, yiiksek frekans kaynak teknolojisinde baslhca kullanmlan diger bir ekipmandir. indiktér kaynak
makinesinde aldig1 enerji ile boru etrafinda manyetik bir aki olusturur. Borunun dis ¢api ile indiktdriin i¢ ¢api
arasindaki bosluk miimkiin oldugunda en dar olacak sekilde secilir. Bu ¢alismada iiretilen 40x40mm profilin
kaynak bélgesindeki boru cap1 50,8mm’dir. indiiktériin capida 50,8mm daha biiyiik olacak sekilde secilecektir.
Deney calismamda tolerans dahilinde 2 farkli indiiktér ¢apt 61mm ve 67mm tercih edilmistir.

Empeder’den en yiliksek verimi elde etmek i¢in miimkiin oldugunca boru i¢ ¢capina yakin secilmesi gerekir. Bu oran
pratikte boru i¢ ¢capinin %75'i ile sinirh olur. Burada da indiiktoér seciminin tam tersi sekilde borunun i¢ ¢apr ile
empederin dis ¢ap1 arasindaki bosluk miimkiin oldugunda en dar olacak sekilde (empederin dis ¢capini miimkiin
oldugunca boru i¢ ¢apina yakin) secilirse empederden en yiiksek verimi elde edilir. Deney c¢alismasinda
liretecegimiz 40x40x2,0mm profilin boru ¢ap1 50,8mm’dir. Malzemenin et kalinli1 ise 2,00mm oldugundan boru
ic capin1 hesap ederken Boru Dis Cap1 - Et kalinligi x 2 = Boru I¢ Capi formiiliinden faydalamlir. Buna gére; 50,8mm
-2,00x 2 =46,8mm deney yapilan borunun i¢ ¢ap1 olarak bulunur. Yapilan deney ¢alismasinda Empederin dis ¢ap1
34mm ve 40mm olarak tercih edilmistir.

Empederi pozisyonu ile ilgili olarak ise, borunun tam merkezine yerlestirmek yerine miimkiin oldugunca kaynak
noktasina daha yakin bir pozisyonda yerlestirilirse daha kaliteli kaynak elde etmek miimkiin olur. Bu deney
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calismasinda empeder kaynak makaralarinin merkezini 10mm gegecek sekilde ve kaynak makaralarinin
merkezini 10mm gerisinde olacak sekilde ayarlanarak denemeler yapilmistir.

Farkli kaynak hiz1 degerlerinin, tiretilen profilin kaynak dikisi geometrisine ve mekanik 6zelliklerine etkisini tespit
edebilmek amaciyla 3farkli diisiik orta ve yliksek olacak sekilde hizlarin, 40, 60, 80 m/dak hizlarda {iretimler
gerceklestirilmistir.

Baski miktarinin ne kadar artarsa kaynak kalitesine olumlu bir etki yarattig1 teorik olarak biliniyor olmasi
nedeniyle, deney calismasi sirasinda baski miktar1 degistirilmeyecektir. Maksimum degere yakin ve minimum
degere yakin 2 farkli makara islenecek ve iiretim asamasinda kaynak kalitesi lizerindeki etkisi arastirilacaktir.
Kaynak makaralarinin ¢api minimum 103mm ve maksimum 128mm olacak sekilde 2 farkl1 makara tasarlanmistir.

3.4. Analiz

Bu asamada, yassiltma, agiz genisletme, cekme ve sertlik dl¢ciimleri sonucu elde edilen sayisal bulgularin
malzemenin mekanik davranislari iizerindeki etkisi minitab programi ile analiz edilmistir.

Histogram diyagrami ile Cekme testi sonucunda elde edilen Cekme Mukavemeti, Kopma Uzamasi, %Mukavemet
ve Akma Dayinim degerleri analiz edilmis, Cekme Testi sonucu 48 adet numuneden elde edilen nicel veriler
Histogram grafigi lizerinde gosterilmis, ayrica minimum, maksimum, standart sapmasi, ortalamasi gibi tim

istatistiksel veriler Sekil-6 lizerinde gorsel olarak Minitab ile gdsterilmistir.
] Minitab - MINITAB.MPI

== BB 114 Q07d  CBBOHERD EDE B

File Edit Data Calc S5tat Graph Editor Tools Window Help Assistant

X
Session

Welcome to Minitab, press Fl for help.
Retrieving project from file: 'D:\TEZ KOPYR\MINITAB.MEJ'

Descriptive Statistics: Kopma Uzmasi N/mm2

Variable Mean StDev Minimum Maximum Range
Kopma Uzmasy N/mm2 14,973 1,164 12,900 17,500 4,600

Descriptive Statistics: Gekme Muk. N/mmz2

Variable Mean StDev Minimum Maximum Range
Gekme Muk. N/mm2 363,81 7,57 355,00 381,00 26,00

Descriptive Statistics: Akma Dayanimi MPa

Variable Mean StDev Minimum Maximum Range
Bkma Davanimi MPa 340,65 8,43 325,00 354,00 29,00

Sekil 7. Kopma Uzamasi, Cekme Mukavemeti ve Akma Dayinim Istatiksel Analizi

Boxplot kutu grafigi ile her bir degisken parametrenin, malzeme iizerindeki Cekme Mukavemeti, Kopma Uzamasi ve Akma
Dayinim degerleri lizerindeki etkisi arastirilmistir. Box plot (kutu) grafigi, verinin alt ve iist sinirlarini (minimum ve maksimum
degerleri, aykir1 degerler hari¢) gosterir. Verinin ne kadar yaygin (dagilmis) oldugunu anlamaya yardimci olur. Medyan
(ortanca) cizgisi sayesinde verinin ortasindaki degeri kolayca gormeyi saglar.

Cekme Deneyi sonucunda elde edilen verilerin ¢ekme mukavemeti lizerinde makara ¢ap1 mi, empeder ¢ap1 mi, empeder
pozisyonu mu, indiiktér ¢ap1 mi, kaynak hizinin mi etkisinin daha ¢ok olduguna dair korelasyon yéntemi kullanilarak inceleme
yapilmis olup;

Minitab - MINITAB.MPJ

=l S BocE 1AL CBROIEENCEE B

Eile Edit Data Calc Stat Graph Editor Jools Window Help Assistant

Session

Correlations: Makara Gapi mm; ¢ekme Muk. N/mm2
Pearson correlation of Makara Capl mm and Cekmes Muk. N/mm2 = 0,225
P-Value = 0,124

Correlaticns: Empeder Gapl mm; Gekme Muk. N/mm2
Pearson correlation of Empeder (api mm and Cekme Muk. N/mm2 = 0,081
P-Value = 0,586

Correlations: indiktér Gapt mm; Gekme Muk. Nimm2
Pearson correlation of Indiktdr Capl mm and Gelme Muk. N/mm2 = 0,448
P-Value = 0,001

Correlations: Kaynak Hizi m/dk; Gekme Muk. N/mm2
Pearson correlation of Kaynak Hizi m/dk and Celme Muk. N/mm2 = 4],\]99|
B-Value = 0,504

Sekil 8. Korelasyon Yontemi ile Parametrelerin Analizi
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Bu sonuglara gore, cekme mukavemetini arttirmak istiyor isek, degiskenlerden en fazla etkiyi indiiktér capinin
etkiledigi goriilmustir. Empeder Cap1 ve Kaynak Hizinin ise, cekme mukavemeti iizerindeki etkisi en diistiktiir.
Makara ¢apininda cekme mukavemeti izerinden etkisi oldugundan bahsedebiliriz, fakat digerlerine oranla daha
diisuktiir.

Scatterplot diyagrami ile Cekme Mukavemeti iizerinde diger degiskenliklerinin (kaynak hizi, makara ¢api, indiiktor
cap1 ve empeder ¢api) tamaminin birbiri arasindaki iliskiyi gormememize yardimci olan bir diyagramdir. Her bir
durum frakh simge (kare, yuvarlak, tiggen, art1 seklinde) farkl renklerle (kirmizi, siyah, turuncu yesil...) ifade
edilerek Cekme Deneyinde elde edilen sonuglarin tek bir grafik ilizerinde degerlendirilmesinde fayda
saglamaktadir.

Graphical Summary (6zet grafik) yontemi ile farkli parametrelerin sertlik 6l¢iimii tizerindeki iliskisi ¢ikartilmis ve
elde edilen verilerin kaynak kalitesi iizerinde etkisi olup olmadigi ile ilgili analizler yapilmistir.

4. Tartisma ve Sonug

Bu ¢alismada tiim veriler Minitab analiz programi ile analiz edilmis ve degisken parametrelerin kaynak bélgesinde
malzemenin mekanik 6zelliklerine ortaya koyulmustur.

Scatterplot of Cekme Muk. N/mm2 vs Kaynak Hizi m/dk
40 50 60 70 80
103 128 Makara Indiktér Empeder
A Caprmm Capimm Capimm
3804, b1 . 103 61 3
v n 103 61 40
o y'e - 3 103 67 34
E 375 4 < vl |& 103 67 40
= + b . 128 61 34
= ° < 128 61 40
¥ 3701 v 128 67 3
s + + |+ 128 67 40
] <
g 36514 s
&
360
n []
2 - N
355 -
T T T T T
40 50 60 70 80
Kaynak Hizi m/dk
Panel variable: Makara Capi mm

Tablo12. Scatterplot Diyagrami ile Parametrelerin Analizi

Yapilan arastirmalar sonucu biitiin deneylerin yassiltma, agiz genisletme testlerinden basaril bir sekilde gectigi
gorilmistiir. Sertlik 6l¢limlerinde de farkli degerler saptanmis ise de birbirlerine ¢ok yakin degerlerde oldugu ve
standart sapmalarinin kayda deger bir miktarda olmadigindan biitiin parametreler i¢in ayni oldugu kabul
edilmistir. Deneylerin sonucunda Cekme, akma ve kopma uzamalarinda farkl sayisal degerler elde edilmis ve
bunlara gére su kaniya varmak miimkiin olmustur;

Kaynak hizinin, empeder ¢apinin ve makara ¢apinin ¢ekme, akma ve kopma iizerinde etkileri oldugu ancak bu
etkinin diisiik oldugu saptanmistir. Empeder pozisyonunu degistirmek ve indiiktér capini degistirmek ise
malzemenin ¢ekme, akma ve kopma uzamasi lizerinde daha fazla etkisi oldugu goriilmiistiir. Eger ki malzeme de
islem sonrasi yiiksek mukavemetli kaynak bolgesi ve akma dayanmimi istenirse, indiiktor ¢apinin toleranslar
dahilinde biiyiik secilmesi ve empederin tolerans dahilinde ileride ayarlanmasi mukavemetin daha dayanikl
olacaginy, yiik tasima kapasitesinin yiiksek olacagi anlamina gelirken, kopma uzamasi diisiik olmasi sebebiyle
kirilganhginda diisecegi anlamina gelir. Eger ki malzemede islem sonrasi yiiksek ¢ekme ve akma dayanimi diisiik,
fakat kopma uzamasi yiiksek olmasi istenir ise bu sefer tam tersi islem yapilmali ve bu durumda malzeme daha
fazla tokluga sahip olacagi icin egme ve biikmelere karsi daha fazla dayanikli bir malzeme elde etmek miimkiindiir.

Yapilan biitiin ¢calismalarda, diisiik toleranslh degisikliklerin malzemenin mekanik 6zelligi iizerinde nasil etki ettigi
arastirlmistir. Yassiltma ve agizda genisletme test sonucu elde edilen verilerin tamaminda “Kabul” kriterinde
¢ikmasi parametrelerin dar toleransh se¢ilmesinden kaynaklanmistir.

Degiskenlerin mukavemet akma ve kopma dayanimi {izerindeki etkisi arastirilmis ve en fazla etkinin indiiktor capi
ile empeder pozisyonunda oldugu goriilmistir. Bu sebeple kaynak bolgesinde ytliksek cekme mukavemet ve akma
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dayanimi isteniyorsa, empeder pozisyonu tolerans icinde kaynak makara merkezinden ileri olacak sekilde
ayarlanmali, indiiktor ¢ap1 da optimum biiyiik secilebilir. Sezai Orhan tarafindan (2008) yilinda yapilan ¢alismada,
indiiktor capinin boruya temas etmeden minimum se¢ilmesinin daha dogru olacagi bahsedilmis ise de, yapilan bu
calismaya gore, tolerans dahlinde indiiktoriin daha biiyiik secilmesi, lizerinden gecen akinin artmasiyla birlikte
daha mukavemetli ve akma dayanimi yiiksek {iiriin elde etmenin miimkiin olabilecegi saptanmistir. Ayrica bu
calisma bize farkli birden fazla parametrenin ayni anda degistirildiginde nasil bir sonug¢ elde edilebileceginin
etkisini gosteren bilimsel bir ¢alisma olmustur.

Yiiksek mukavemetli kaynak bolgesi ve akma dayanimi istenirse indiiktor ¢apini toleranslar dahilinde 40mm
secilmesi ve empeder tolerans dahilinde 10mm ileride ayarlandiginda ¢ekme mukavemeti 375-380 N/mm?,
kopma uzamasi ise 13-14 N/mm? élgiiliirken, tam tersi durumda malzeme daha fazla tokluga sahip olacag icin
egme ve bitkmelere kars1 daha fazla dayanikli bir malzeme elde etmek i¢in indiiktér ¢apini toleranslar dahilinde
34mm secilmesi ve empeder tolerans dahilinde 10mm geride ayarlanmasi durumunda ise ¢ekme mukavemeti
355-360 N/mm? kopma uzamasi ise yiiksek 16,7-17 N/mm? él¢iilmiistiir.
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Abstract This study presents a finite element-based numerical investigation of the
high strain rate behavior of superelastic NiTi shape memory alloys (SMAs) using the
built-in superelastic material model in ABAQUS/Explicit. Dynamic compression
simulations inspired by Split Hopkinson Pressure Bar (SHPB) loading were
conducted at projectile velocities of 5, 10, 20, and 40 m/s. A cylindrical NiTi
specimen with 6 mm length and 6 mm diameter was modeled under axial impact
loading conditions. The superelastic response of the alloy was defined using
standard material parameters representative of Ti-50.8 at.% Ni compositions,
including distinct elastic moduli for austenite and martensite, transformation strain,
and stress thresholds for forward and reverse phase transformation. Strain rate
values were computed based on nodal velocity differences at the specimen ends,
resulting in a transition from moderate to extreme strain rate regimes ranging
approximately from 600 to over 7000 s™*. Simulation results revealed strain rate-
dependent behavior in phase transformation onset, strain capacity, and hysteresis
width.

Siiperelastik NiTi Alasimlarinin Yiiksek Sekil Degistirme Hiz1 Davranisinin Sayisal

incelenmesi

Anahtar Kelimeler
Siiperelastik

NiTi alasimlari

Yiiksek gerinim hiz
ABAQUS/Explicit
Sonlu elemanlar analizi

0z: Bu calisma, ABAQUS/Explicit yazihmindaki yerlesik siiperelastik malzeme
modeli kullanilarak, stiperelastik NiTi sekil hafizali alasimlarin yiliksek gerinim
hizlarindaki davranisinin sonlu elemanlar yontemiyle sayisal olarak incelenmesini
sunmaktadir. Split Hopkinson Basma Cubugu (SHPB) yiikleme kosullarindan
esinlenilerek, 5, 10, 20 ve 40 m/s ¢arpma hizlarinda dinamik basma simiilasyonlari
gerceklestirilmistir. Eksene paralel darbe yiiklemesine maruz birakilan NiTi
numunesi, 6 mm uzunluk ve 6 mm c¢apa sahip silindirik bir geometri ile
modellenmistir. Siiperelastik davranis, Ti-%50.8 at. Ni alasimi karakteristigini
temsil eden standart malzeme parametreleri kullanilarak tanimlanmistir. Bu tanim;
Ostenit ve martensit fazlarina ait farkli elastik modiiller, doniisiim sekil degistirmesi
ve ileri/geri faz doniisimiine ait gerilme esiklerini icermektedir. Numune
uglarindaki nodal hiz farklarina dayali olarak hesaplanan gerinim hiz1 degerleri,
yaklasik 600-7000 s~ arasinda degismis ve orta ile ok yiiksek gerinim hizi rejimleri
arasinda belirgin bir gecis gozlemlenmistir. Simiilasyon sonuglari, faz doniisiim
baslangicinda gecikme, doniisiim geriniminde azalma ve histerezis genisliginde
daralma ile kendini gésteren hiz bagimli davranisi net bir sekilde ortaya koymustur.
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1. Introduction

Shape memory alloys (SMAs) are attractive materials due to their unique functional properties. Unlike
conventional materials, SMAs are capable of recovering their original shape after significant deformation when
subjected to thermal or mechanical stimuli. This distinctive behavior arises from a reversible, solid-to solid phase
transformation in the shape memory alloy (SMA), involving an ordered motion of atoms within the crystal
structure as it transforms from the high-temperature austenite phase to the low-temperature martensite phase,
changing from one lattice type to another [1, 2]. These alloys can undergo large recoverable strains of up to 8%
without permanent (plastic) deformation. Their shape memory effect (SME) properties which is driven by a
change of temperature and is used to design actuation system, excellent superelasticity (SE) which is controlled
by a change of load. For the SE, the material is initially at a temperature where the austenite phase, when stress is
applied, the austenite transforms into stress-induced martensite (SIM). Upon unloading, the SIM reverts back to
the original austenitic phase, allowing the material to recover the deformation imposed during loading [3]. In
shape memory alloys, the austenite phase is a highly symmetric cubic crystal structure, whereas the martensite
phase is a monoclinic structure and these distinct crystallographic arrangements result in significant differences
in their mechanical properties, such as elastic modulus, strength, and ductility. Moreover, shape memory behavior
of SMAs is dependent on processing history, temperature and strain rate and deformation and they display
nonlinear deformation behavior [4-6].

Among various SMAs, Nickel-Titanium (NiTi) alloys are the most widely used because of their excellent functional
characteristics high biocompability, corrosion resistance and high energy absorption capacity make them a great
candidate in many critical applications [7-9]. However, studies focusing on the dynamic properties of SMAs are
comparatively less than studies on their static behaviors [10, 11]. It was reported that transformation stress from
the austenite-to-martensite and work-hardening rate increases at around 1000 s-1[12]. In another study was
performed at 430 s-1 at various temperature and it was observed that work hardening as well [13]. Qui et al. [10]
studied the high strain rate effect on martensitic NiTi and they applied 1200s-1 strain rate between 1.4, 1.8, 3.0,
4.8,and 9.6 % strain, a critical compressive strain is observed between 4.8 and 9.6 % under high strain rate loading.
Their findings highlighted the rate-dependent nature of transformation initiation, which aligns with the phase
transformation delay observed in our simulation results at higher velocities. Nemat-Nasser et al. [11] provided a
detailed thermomechanical framework for understanding the behavior of NiTi-Cr alloys under both quasi-static
and dynamic loading, identifying asymmetries in tension-compression response and the role of adiabatic heating.
These insights support our modeling approach, which assumes adiabatic conditions and strain-rate-insensitive
transformation stress up to a threshold level. Liu et al. [14] emphasized that in martensitic NiTi alloys, the
transformation behavior is primarily governed by the applied strain magnitude rather than the strain rate. This
distinction is important in interpreting our numerical results, which suggest that strain rate sensitivity becomes
significant only after a critical strain level is exceeded. He et al. [15] conducted SHPB tests and numerical
simulations to investigate the rate-dependent superelastic behavior of NiTi SMAs under impact loading,
highlighting the relationship between strain rate, phase transformation, and energy dissipation. In addition to
dense metallic alloys, porous metallic systems have also demonstrated pronounced strain rate sensitivity. Xue et
al. [16] experimentally investigated ductile porous irons with varying porosity levels under both quasi-static and
high strain rate loading, revealing a significant increase in yield stress and energy absorption with increasing strain
rate, especially in low-porosity samples. Saghaian et al. [17] employed FE simulations to investigate spherical
indentation-induced local phase transformations in NiTi alloys, observing notable changes in unloading stiffness
and modulus that align well with experimental trends

While numerous studies have examined the mechanical and transformation behavior of NiTi alloys under static
and quasi-static conditions, dynamic investigations remain relatively limited. In particular, experimental works
such as those by Qiu et al. [10] and Liu et al. [14] have shown that while martensitic transformation is generally
governed by a critical stress threshold, the strain rate can significantly affect transformation kinetics, deformation
modes, and energy dissipation mechanisms. Similarly, Nemat-Nasser et al. [11] emphasized the complex interplay
between strain rate, temperature rise, and asymmetric tension-compression behavior under dynamic loading.
Despite these valuable contributions, few studies have employed detailed finite element modeling to simulate the
rate-dependent pseudoelastic response of NiTi alloys using ABAQUS/Explicit’s built-in superelastic material
model. Moreover, phase transformation behavior under extreme strain rate conditions (>7000 s™*) has rarely been
quantified in simulation-based studies.

Therefore, this study aims to numerically investigate the high strain rate behavior of superelastic NiTi alloys under
SHPB-inspired loading conditions using a validated superelastic constitutive model. The simulations cover a wide
range of impact velocities (5-40 m/s), capturing strain rates from 662 to 7203 s™*. The results provide new
insights into the evolution of von Mises stress, transformation strain, and martensite volume fraction under
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dynamic conditions, thereby contributing to the ongoing effort to model NiTi components for high-speed and
impact-critical applications.

2. Material and Methods

The superelastic material model available in ABAQUS is specifically designed to simulate Nitinol-based shape
memory alloys that undergo solid-solid martensitic phase transformations and exhibit superelastic behavior
under mechanical loading.

The superelastic material model is formulated based on the uniaxial stress-strain response of materials that
undergo stress-induced phase transformations (Figure 1). Such materials, including Nitinol, exist in the austenitic
phase under zero-stress conditions, which is assumed to exhibit isotropic linear elastic behavior. Upon mechanical
loading, the austenite phase begins to transform into martensite once a critical stress threshold is exceeded. The
martensite phase is likewise considered to follow isotropic linear elasticity. During the transformation process,
the overall elastic response of the material is computed using the rule of mixtures, based on the elastic properties
of both austenite and martensite phases [18].

E =E, +UEy —E)) (1)
v=v,+ vy —V4) (2)

Here, ¢ denotes the volume fraction of martensite, E, and E, represent the Young’s moduli of austenite and
martensite, respectively, while v, and v,, denote their corresponding Poisson’s ratios. Once the applied stress
exceeds a critical threshold, the austenitic phase is progressively transformed into martensite, which continues to
deform elastically. As a result, the material's elastic response is governed by the properties of pure austenite when
¢ = 0, and by those of pure martensite when { = 1 representing complete transformation. Upon unloading, the
martensitic phase gradually reverts to austenite, and the associated transformation strain is fully recovered.
However, the stress at which reverse transformation initiates differs from the forward transformation stress,
leading to a characteristic mechanical hysteresis in the stress-strain response.
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Figure 1. Uniaxial response of a superelastic material [18].

In this model, the total strain increment, A¢, is assumed to be the sum of the elastic strain increment, A¢€ and the
increment in transformation strain, 4" [18]

Ae = Ae®t + A&t (3)
The increment in transformation strain is calculated using the following flow rule [18]:

aGtT
do

Ae'™ = A7 (4)

where G is the transformation flow potential. The transformation potential is assumed to follow the Drucker-
Prager form [18]:

G =q—ptany (5)
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Where
p=- g trace(o) (6)

is the equivalent pressure stress, and

q:\/gﬁ (7)

is the Mises equivalent stress.

The transformation surface, F'", is also assumed to follow the Drucker-Prager form. It varies linearly with
temperature, T:

F"=q—-ptanp (8)

In the case of tensile loading, F'" should lie between o3, and o%; ; during unloading, F*" should be between o3, and
E
GtU-

A difference in the response of the specimen during loading in tension and compression can be obtained by
specifying a value of 63;, which is different from o7;.

The angles  and {r are calculated from the tensile and compressive transformation stress levels, the uniaxial
transformation strain, and the user-specified volumetric transformation strain.

To ensure physically meaningful and numerically stable results, the transformation stress levels—particularly
during unloading—must remain positive. If the reverse transformation stresses are defined as negative, the model
may fail to capture complete reverse transformation behavior and can lead to non-convergent or nonphysical
outcomes during the unloading phase.

Nonconvergence can also occur if the transformation is not fully reversed by the time q reaches 0, which could
happen for tensile hydrostatic pressures:

<oty (5 ) ©

Itis recommended that you avoid specifying parameters leading to a large value of tan 3 that can compromise the
performance of the model under hydrostatic tension.

Ao

Figure 2. Stress vs. temperature curve [18].

The superelastic material behavior implemented in the numerical model is based on the characteristic stress-
strain response of NiTi alloys undergoing stress-induced martensitic transformation. As illustrated in Figure 2,
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the material initially behaves elastically in the austenitic phase. Upon reaching a critical stress level,
transformation to martensite begins, resulting in a transformation plateau. Further loading leads to fully
martensitic behavior, again characterized by linear elasticity but with different stiffness. During unloading, a
reverse transformation occurs with a hysteresis loop, completing the superelastic cycle. In the model, the stress
levels at which phase transformations occur are defined at a reference temperature (T,) and are assumed to vary
linearly with temperature. To ensure physically meaningful results, these transformation stress values must
remain positive across all operating temperatures. Notably, the material parameters are temperature-dependent
in formulation, but they are implemented as fixed inputs in the model, without explicit definition as functions of
temperature or other field variables.

Table 1. Mechanical and geometrical properties of the incident, transmitted, and striker bars used in the SHPB simulations.

Property Value Unit
Density 8.2486 g/cm?
Diameter 19.05 mm
Yield Strength 2068.43 MPa
Young's Modulus 202.13 GPa
Wave Speed (Co) 4949 m/s
Length 1993.9 mm

Poisson's Ratio 0.33 -

Table 1 summarizes the mechanical and dimensional properties of the incident, transmitted, and striker bars used
in the SHPB model. Identical properties were applied to all bars to maintain wave uniformity and avoid dispersion.

The three-dimensional finite element model of the SHPB setup was developed in Abaqus/Explicit to investigate
the high strain rate response of superelastic NiTi alloy. The model includes a 300 mm long striker bar, 2-meter
long incident and transmission bars (diameter 19.05 mm), and a centrally located NiTi specimen (6 mm diameter,
6 mm length). All parts were meshed using reduced-integration 8-node linear brick elements (C3D8R), and the
total number of elements varied depending on the striker velocity. Mesh refinement was applied in the specimen
region to accurately resolve stress wave propagation and local phase transformation behavior.

A general contact algorithm was employed to define interactions between all components, including frictionless
interfaces. Boundary conditions were defined to allow free axial motion (along the bar axis) while restricting all
transverse and rotational degrees of freedom at both ends of the incident and transmission bars. The model was
configured to simulate impact loading through initial velocity assignment to the striker bar. Four different striker
velocities were used to generate compressive waves: 5 m/s, 10 m/s, 20 m/s, and 40 m/s, corresponding to
increasing levels of dynamic loading.

Table 2. Superelastic NiTi Material Model Parameters [17]

Parameter Value
Austenite Young’s Modulus (EA) 40800 MPa
Martensite Young’s Modulus (EM) 24200 MPa
Austenite Poisson’s Ratio (vA) 0.33
Martensite Poisson’s Ratio (vM) 0.33
Transformation Strain 0.0447
Start of Transformation (Loading) 390 MPa
End of Transformation (Loading) 479 MPa
Start of Transformation (Unloading) 106 MPa
End of Transformation (Unloading) 50 MPa
Reference Temperature 296 K
Plastic Yield Strength 643 MPa
Density 6450 kg/m?
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Incident Bar

2

Striker Bar

Transmitted Bar

Specimen

Figure 3. Finite element model of the Split Hopkinson Pressure Bar (SHPB) setup used in the simulation

To ensure purely elastic wave propagation within the bars, a high yield strength (2068 MPa) and a Young’s
modulus of 202.13 GPa were defined for the bar material. The bars were modeled with identical elastic properties,
and no plastic deformation was permitted. The total simulation time was set to 3 milliseconds, which was sufficient
to capture the full incident, reflected, and transmitted wave interactions as well as the complete deformation of
the NiTi specimen. The Figure 3 illustrates the full 3D finite element model created in Abaqus/Explicit to simulate
SHPB tests on a superelastic NiTi alloy.

Table 2 presents the calibrated material parameters implemented in the Abaqus built-in superelastic material
model to accurately capture the pseudoelastic behavior of NiTi alloys. These include the elastic moduli for
austenite and martensite phases, Poisson’s ratio, transformation strains, reference temperature, and
transformation stresses. The selected values were based on previously reported experimental studies and refined
to fit the strain-stress response at various strain rates. These parameters ensure a consistent phase transformation
response in simulations and support the predictive capability of the constitutive model under dynamic loading.

The three-dimensional finite element model of the SHPB setup was developed in Abaqus/Explicit to investigate
the high strain rate response of superelastic NiTi alloy. The model includes a 300 mm long striker bar, 2-meter
long incident and transmission bars (diameter 19.05 mm), and a centrally located NiTi specimen (6 mm diameter,
6 mm length). All parts were meshed using reduced-integration 8-node linear brick elements (C3D8R), and the
total number of elements varied depending on the striker velocity. Mesh refinement was applied in the specimen
region to accurately resolve stress wave propagation and local phase transformation behavior.

A general contact algorithm was employed to define interactions between all components, including frictionless
interfaces. Boundary conditions were defined to allow free axial motion (along the bar axis) while restricting all
transverse and rotational degrees of freedom at both ends of the incident and transmission bars. The model was
configured to simulate impact loading through initial velocity assignment to the striker bar. Four different striker
velocities were used to generate compressive waves: 5 m/s, 10 m/s, 20 m/s, and 40 m/s, corresponding to
increasing levels of dynamic loading.

To ensure purely elastic wave propagation within the bars, a high yield strength (2068 MPa) and a Young’s
modulus of 202.13 GPa were defined for the bar material. The bars were modeled with identical elastic properties,
and no plastic deformation was permitted. The total simulation time was set to 3 milliseconds, which was sufficient
to capture the full incident, reflected, and transmitted wave interactions as well as the complete deformation of
the NiTi specimen.

3. Results

In this section, the numerical simulation results of superelastic NiTi alloy specimens subjected to dynamic
compression loading at various strain rates are presented. The influence of increasing impact velocity on key
mechanical parameters such as maximum strain rate, stress-strain behavior, deformation patterns, and
martensite phase evolution is investigated in detail. These results provide critical insights into the rate-dependent
mechanical response and transformation characteristics of NiTi alloys under high strain rate loading conditions.
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This study involves several simplifying assumptions. First, the simulations were conducted under isothermal
conditions, thereby neglecting temperature rise due to adiabatic heating, which may influence transformation
stresses in real dynamic events. Second, the superelastic material model used does not include plasticity; hence,
permanent deformation effects at very high strain levels were not captured. These assumptions were adopted to
isolate and focus on the rate-dependent pseudoelastic behavior of the material. Nevertheless, future studies may
incorporate thermomechanical coupling and plasticity to provide a more comprehensive representation of NiTi
behavior under dynamic loading.

Figure 4 illustrates the strain rate-time profiles obtained from numerical simulations of NiTi specimens subjected
to impact velocities of 5, 10, 20, and 40 m/s. A clear trend of increasing peak strain rate is observed with rising
impact velocity, indicating the strong rate sensitivity of the material under dynamic compression.

Specifically, the peak strain rate increased from approximately 662 s™* at 5 m/s to over 7200 s™* at 40 m/s, as also
summarized in Table 3.

—_— 5m/s
— 10 m/s
6000 — 20 m/s
— 40 m/s
4000
Q)
—
o 2000
2
]
o
£
il 0 — —]
] N —
~2000
—4000
0.0010 0.0012 0.0014 0.0016 0.0018
Time (s)
Figure 4. Comparison of strain rate profiles for superelastic NiTi specimens subjected to impact velocities of 5, 10, 20, and 40
m/s

The strain rate response exhibits a symmetric bipolar waveform, with a sharp increase during the initial
compressive wave (loading phase) followed by a corresponding negative peak during wave reflection and
unloading. At higher velocities (20 and 40 m/s), the rise and fall of the strain rate curves become more abrupt,
suggesting a shorter deformation time and a steeper phase transformation response.

These findings confirm the expected behavior of superelastic NiTi alloys, where the phase transformation rate is
only slightly affected by the applied strain rate.. The more pronounced peaks at higher velocities imply a rapid

Table 3. Maximum strain rates

Impactor Velocity (m/s) Max Strain Rate (1/s)
5 662
10 1386
20 3293
40 7203

activation of stress-induced martensitic transformation, accompanied by localized deformation. The overall shape
and amplitude of the strain rate profiles align well with experimental trends observed in SHPB tests reported in
the literature.
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Figure 5. Numerical stress - strain behavior of NiTi as a function of strain rates.

Table 3 summarizes the maximum strain rate values obtained from the numerical simulations for each applied
impact velocity. As expected, a direct correlation is observed between the striker velocity and the peak strain rate
experienced by the NiTi specimen. The lowest impact velocity of 5 m/s resulted in a maximum strain rate of
approximately 662 s™*, whereas the highest impact velocity of 40 m/s generated a peak strain rate exceeding 7200
s~ This nonlinear increase suggests that the strain rate is not only influenced by the input velocity but also by the
dynamic interaction between the specimen and the incident stress wave.

The results demonstrate that even moderate increases in impact velocity can lead to significant amplification in
strain rate, which in turn affects the rate and extent of martensitic transformation. These findings highlight the
importance of strain rate effects when modeling and designing superelastic NiTi components for high-speed or
impact-sensitive applications.

Figure 5 shows the numerical stress-strain behavior of NiTi specimens subjected to four different strain rates:
662, 1386, 3293, and 7203 s™*. The left panel focuses on the low-to-moderate strain range (up to ~7% strain),
where the pseudoelastic characteristics of the material are most prominent. The right panel extends to larger
strain levels to highlight the overall deformation behavior under dynamic compression.

At lower strain rates (e.g., 662 s™*), the material exhibits a more gradual and extended plateau region, indicating a
slower and more distributed martensitic transformation process. The characteristic hysteresis loop is clearly
visible, suggesting substantial energy dissipation through reversible phase transformation. As the strain rate
increases, several notable changes are observed:

e The plateau region shortens and shifts to higher stress levels, implying a rate-dependent increase in
transformation stress.

e The unloading path becomes steeper, indicating faster reverse transformation kinetics at higher strain
rates.

e The maximum stress and total recoverable strain both increase with increasing strain rate, particularly at
7203 s7%, where the curve demonstrates a rapid transition from elastic to transformation response and
back.

These trends confirm the strong strain rate sensitivity of superelastic NiTi alloys. The acceleration of both forward
and reverse transformations at higher loading rates is consistent with the thermal-mechanical coupling

effects known in shape memory behavior. Furthermore, the reduction in hysteresis width and increase in peak
stress levels suggest that higher strain rates lead to more localized and energetic deformation mechanisms.
Overall, these findings support the accuracy of the numerical model in capturing the dynamic pseudoelastic
response of NiTi alloys, and emphasize the importance of strain rate consideration in applications involving impact
or high-speed loading.
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Figure 6. Numerical simulation results showing von Mises stress distributions in NiTi cylindrical specimens subjected to
different strain rates: 662, 1386, 3293, and 7203 1/s (i) first contact with bars, ii) midpoint deformation, iii) contact final
stage with bars. Stress values are expressed in Pascals (MPa).

Figure 6 presents the von Mises stress distributions in superelastic NiTi cylindrical specimens subjected to
different strain rates of 662, 1386, 3293, and 7203 s™*. For each strain rate, three representative snapshots are
shown: (i) just after the striker impacts the bar and stress waves initiate contact with the specimen, (ii) the
midpoint of deformation where transformation is actively progressing, and (iii) the final stage where deformation
ceases and stress levels begin to diminish. The first column at each strain rate corresponds to the initial moment
of contact, as indicated by the early step time values (e.g., 1.048E-03 s), where elastic wavefronts begin
propagating into the specimen. At this stage, stress concentrations appear near the interfaces, and the stress levels
are relatively moderate.
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Figure 7. Numerical simulation results showing deformation distributions in NiTi cylindrical specimens subjected to
different strain rates (662, 1386, 3293, and 7203 1/s). Displacement values are given in millimeters (mm).

The middle column illustrates the critical moment of maximum compression, as selected based on the time step
that coincides with peak strain rate for each case. Here, the von Mises stress levels intensify significantly and are
more widely distributed throughout the specimen, particularly at higher strain rates. For instance, at 7203 s™*, the
specimen shows distinct stress localization bands, possibly indicating martensitic transformation zones. The third
column displays the final snapshot near the end of the deformation cycle (e.g., around 1.946E-03 s), where the
specimen has experienced full compression and the stress waves begin to reflect. Stress levels generally reduce at
this point, though residual stress concentrations remain, especially at higher strain rates. This indicates that higher
impact velocities lead to more intense and uneven internal stress redistribution. Overall, the results reveal that
increasing strain rate not only raises the peak von Mises stress but also alters its spatial distribution. While low
strain rates show smooth and symmetric stress fields, high strain rates (3293 and 7203

s™) result in complex, asymmetric stress patterns, likely due to rapid phase transformation and inertia effects.
These observations align with the expected behavior of superelastic NiTi under dynamic loading conditions and
demonstrate the necessity of accounting for strain rate effects in SMA component design.
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Figure 7 presents the deformation distributions (displacement magnitude) in NiTi cylindrical specimens subjected
to different strain rates of 662, 1386, 3293, and 7203 s™*. Similar to the previous figure, each row corresponds to
a specific strain rate and includes snapshots taken at key time steps: (i) initial wave interaction, (ii) peak
deformation, and (iii) the end of the loading cycle. In the early time steps (e.g., 1.048E-03 s), the deformation is
minimal and concentrated near the specimen-bar interfaces, corresponding to the onset of stress wave
transmission. As time progresses (around 1.248E-03 to 1.448E-03 s), the displacement magnitude increases and
propagates along the specimen’s length. The middle frames at each strain rate represent the moment of maximum
deformation, where the central region of the specimen exhibits significant bulging or lateral expansion due to the
Poisson effect and stress-induced phase transformation. At the final stages (around 1.848E-03 s), the deformation
patterns reveal the residual displacement profile after wave reflection. Notably, higher strain rates (3293 and 7203
s™) induce more localized and asymmetric deformation zones, which may indicate non-uniform martensitic
transformation and the onset of transformation-induced inhomogeneity. Overall, the results demonstrate that
increasing strain rate intensifies the deformation magnitude and alters its spatial distribution. The symmetry
observed at lower rates becomes increasingly disturbed as the strain rate rises, revealing a more complex
mechanical response under dynamic loading. This highlights the need to consider strain rate-dependent
deformation characteristics when modeling the structural performance of superelastic NiTi components.

Figure 8 presents the numerical simulation results for the martensite volume fraction distributions in NiTi
cylindrical specimens under varying strain rates of 662, 1386, 3293, and 7203 s, For each case, the evolution of
stress-induced phase transformation is shown at multiple time steps, illustrating the spatial development and
saturation of martensitic regions during dynamic loading.

At the lowest strain rate of 662 s™%, martensitic transformation initiates locally near the contact surfaces and
remains limited throughout the loading cycle, as indicated by low transformation fractions and confined colored

175



Numerical Investigation of the High Strain Rate Behavior of Superelastic NiTi Alloys

regions. As the strain rate increases to 1386 s™%, the martensite fraction significantly increases and becomes more
uniformly distributed along the specimen axis, with transformation zones extending toward the core region. In the
higher strain rate cases (3293 and 7203 s™%), a near-complete transformation is observed in large portions of the
specimen, with volume fractions approaching unity in critical regions. Furthermore, the transformation pattern
becomes more complex and asymmetric at 7203 s™%, with cross-shaped martensitic zones forming along inclined
planes. These patterns suggest localized shear bands and intense transformation-driven deformation mechanisms.
Overall, the results clearly reveal that higher strain rates not only accelerate the martensitic transformation but
also expand its spatial coverage and intensity. This rate-dependent transformation behavior is a key characteristic
of superelastic NiTi alloys and must be carefully considered in the modeling of SMA components operating under
dynamic or impact loading scenarios.

4, Discussion and Conclusion

This study investigated the high-strain-rate behavior of super-elastic NiTi alloys using finite-element simulations
based on the built-in super-elastic material model in ABAQUS/Explicit. Dynamic compression simulations were
performed at impact velocities ranging from 5 to 40 m s, corresponding to strain rates of approximately 662 to
7203 s™*. The results show that increasing strain rate markedly influences the alloy’s mechanical response—most
notably the phase-transformation Kkinetics, stress distribution, and deformation patterns. Higher strain rates
triggered earlier and more extensive stress-induced martensitic transformation, as confirmed by both von Mises
stress fields and martensite-volume-fraction contours. Deformation also became increasingly asymmetric and
localized, evidencing the formation of transformation bands and non-uniform energy-dissipation mechanisms.
These rate-dependent effects are critical for designing NiTi-based components used in high-speed or impact-prone
environments such as aerospace structures, biomedical implants, and vibration-isolation devices. Consistent with
prior experimental findings that the onset of martensitic transformation in the elastic regime is governed primarily
by a critical stress rather than the deformation rate itself [11, 14], our simulations indicate that strain rate has
little influence on transformation behavior until that critical stress is reached. Overall, the numerical results agree
well with published experimental trends and confirm the predictive capability of the implemented constitutive
model. Future work will involve experimental validation using Split Hopkinson Pressure Bar (SHPB) tests and a
broader investigation of temperature and cyclic-loading effects on transformation dynamics.
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Keywords Abstract: Floods affect the road route where the Alandegirmeni bridge is located,
FlQOd: causing traffic stoppage, traffic accidents, loss of life and property. Using hydraulic
}Blggg&s software related to flooding, we investigate this issue and show how to reduce the

) . recurrence of floods. Using 100 and 500 year annual recurrent flood data, the
Hydraulic Modeling, . . . . .
Alandegirmeni Bridge, ex1st1n.g bridge was ar.lalyzed and found to.be madeql-lat.e. With the new modellpg to
Flood Risk. be revised, flood risk is prevented. According to the findings of our study, the bridge

was sized in such a way that approximately 1.5 meters of headroom is left when the
100-year flow passes and at least 1 meter of headroom is left when the 500-year
flow passes. As a result of the analyzes and corrections, the safety of the bridges is
ensured and hydraulic problems such as heave etc. that may arise from the bridges
are prevented.

Karayolu Taskin Alanindaki Képriiniin Hidrolik Analizi: Alandegirmeni Képriisii Yol

Giizergahi
Anahtar Kelimeler O0z: Alandegirmeni kopriisiiniin bulundugu yol giizergahinda meydana gelen
T3.1_$k1'1.1, tagkinlar, trafigin durmasina, trafik kazalarina, can ve mal kayiplarina neden
Kopri, olmaktadir. Taskinlarla ilgili hidrolik yazilimlar kullanarak bu konuyu arastirip,
HEC'RAS’ taskinlarin tekrarlanma sikliginin nasil azaltilabilecegini gosteriyoruz. 100 ve 500
Hidrolik Modelleme,

Alandegirmeni Képriisi, yulik yillik tekrarlayan taskin verileri kullanilarak mevcut képrii analiz edilmis ve

Taskin Riski. yetersiz oldugu gorilmiistiir. Revize edilecek yeni modelleme ile taskin riski
onlenmektedir. Calismamizin bulgularina goére kopri, 100 yillik akis gectiginde
yaklasik 1,5 metre, 500 yillik akis gectiginde ise en az 1 metre bosluk kalacak sekilde
boyutlandirilmistir. Yapilan analizler ve diizeltmeler sonucunda ko&priilerin
emniyeti saglanmis ve kopriillerden kaynaklanabilecek kabarma vb. hidrolik
problemlerin dniine gegilmistir.

1. Introduction

Floods can be defined as the submersion of areas that are normally not underwater due to high flow rates and
rising water levels in rivers. Excessive rainfall leads to flooding, which may occur as continuous precipitation
exceeding the soil's absorption capacity. The riverbed facilitates the overflow of water from riverbanks into
adjacent areas (1, 2, 3). Many people and properties are at risk, and floods also threaten vast expanses of fertile
land. Compared to other natural disasters, floods are considered among the most devastating (4,5,6) and their
impact on the environment is often greater than their impact on humans (7,8). For centuries, floods have been one
of the primary causes of natural disaster-related damages worldwide. The relationship between flood
environments and flood characteristics is of great significance (9).
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Accurately estimating the surface runoff volume caused by precipitation is crucial for calculating the amount of
water required for reservoir storage and determining flood probability (10). One effective approach to preventing
and mitigating flood-related losses is obtaining accurate data and information on flood risks through flood

mapping (11).

In 21st century urban planning, governments have made a paradigm change from 'fighting against water' to "living
with water". Urban planning strategies now prioritize the integration of pavements and infrastructure that
leverage systems to manage water, such as wetlands, green evaporative rain gardens, and permeable roads and
pavements. In addition to managing water, these systems are also important for ecological, economic and social
benefits and for saving human lives (12, 13,14).

In recent years, pre-packaged software programs have been increasingly used for flood modeling (9,15). The
Hydrologic Engineering Center’s River Analysis System (HEC-RAS), developed by the U.S. Army Corps of Engineers,
and MIKE 11-DHI, developed by the Danish Hydrology Institute (DHI), are among the widely utilized tools. These
programs analyze water surface profiles affected by hydraulic structures or route modifications. Additionally, they
contribute to the design of hydraulic structures by considering factors such as flood levels.

The HEC-RAS program, which is an excellent choice for performing one-dimensional hydraulic calculations in both
natural and constructed channel systems, plays a crucial role in the process of developing hydraulic models and
conducting hydraulic analysis of river routes (16, 17, 15)

In this study, it is aimed to calculate flood risk using HEC-RAS program in Alandegirmeni Bridge, which may cause
traffic accidents, loss of life and property in case of flood. As a result of determining the flood risk status, it is aimed
to create a data set for future situations by considering the economic damage. In addition, it is aimed to reduce the
loss of life and property, protect the environment, historical and cultural heritage and support sustainable
development by evaluating the risk of fatal damage during flood.

2. Material and Methods
2.1. Study area

The study area is located on the 35-04 highway route in the direction of Bergama-Kinik in izmir Province and is a
provincial road under the jurisdiction of the 2nd Regional Directorate of Highways. Figure 1 presents the map of
the Alandegirmeni Bridge Road Route and the connecting roads in the region. This is a road with heavy traffic
density.

The Alandegirmeni Bridge, which spans 30 meters, is situated between 10+050 km and 10+080 km along the
provincial road that begins in Bergama and extends northwest toward Kozak. Due to its inadequate physical and
geometric standards, the bridge poses challenges in terms of driving comfort and traffic safety. In this study, the
necessary modifications have been proposed and implemented to enhance the physical and geometric standards
of the bridge.
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Figure 1. Alandegirmeni Bridge Road Route
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2.2. Modeling

The HEC-RAS software, version 4.1.0, developed by the U.S. Army Corps of Engineers, was used to calculate water
surface profiles. The HEC-RAS program, with its graphical interface, is capable of performing steady flow water
surface profile calculations, one-dimensional (1D) and two-dimensional (2D) unsteady flow modeling, sediment
transport modeling for both steady and unsteady flows, and water quality analysis. The results can be displayed
in tabular and graphical formats, flood inundation maps can be generated, visualized, reported, and stored.

Based on literature research, HEC-RAS is commonly used in two main types of studies. The first category involves
the integration of HEC-RAS models with Geographic Information System (GIS)-based software, while the second
category focuses on analyzing the impact of existing or planned structures on river flow (17).

For steady-state flow conditions, HEC-RAS employs the one-dimensional energy equation to determine solutions.
To calculate energy losses, friction coefficients and contraction/expansion coefficients are required. The
momentum equation is used in situations where the existing flow regime changes suddenly. The program also
considers the effects of hydraulic structures such as bridges, culverts, reservoirs, and spillways on flow conditions.
Additionally, modifications in the analysis region can be integrated into the program, allowing for model updates
(15).

The key parameters to be defined include:

(a) Cross-section numbers and geometries along the river route
(b) Distances between cross-sections

(c) Manning's roughness coefficient

(d) Channel contraction and expansion coefficients

(e) Geometries of transverse structures obstructing the flow

The Manning Equation is used in HEC-RAS for determining water surface profiles. The formula, introduced by Irish
engineer Robert Manning in 1889, includes variables such as flow velocity, hydraulic radius, wetted area, wetted
perimeter, channel slope, and Manning's roughness coefficient (n). In flood analysis, the roughness coefficient (n)
must be carefully defined. For determining flow velocity in flood structures, experimentally derived values are
often used for different types of structures.

Among free-surface flow studies, Manning’s equation is the most commonly applied formula to determine the
velocity and discharge of flow within a channel. The equation is used to estimate the flow velocity in cross-sections
with specific characteristics.

1
v = LR%:18 1

n

In this equation, /0 represents the channel bed slope, R is the hydraulic radius, which depends on the channel
shape and water depth, and n is Manning's roughness coefficient. These three parameters characterize the physical
properties of the channel. The channel bed slope and hydraulic radius can be easily determined through
measurements.

An often-overlooked aspect when determining the roughness coefficient (n) in flood analyses using Manning’s
equations is the time-dependent variations in rivers that pass through urban areas. These variations arise from
both natural morphological changes in the riverbed and unplanned urbanization. For instance, seasonal changes
can lead to the growth of vegetation, or waste materials disposed of near the channel can significantly increase the
roughness coefficient.

Therefore, for more accurate results, it is essential to consider potential future changes in the open channel bed
during analyses. The roughness coefficient used in flood channel analyses depends on multiple parameters,
including the type of materials in the riverbed, the presence of vegetation, the number and shape of transverse
structures in the river, the cross-sectional shape of the channel, and the irregularity of the channel. The bed
roughness values were determined based on terrain conditions and bridge site photographs, using the HEC-RAS
Hydraulic Reference Manual, Table 1 (15).
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Table 1. Manning's Roughness Coefficients
Channel Type and Description Minimum Normal Maximum
A. Natural Streams
1. Main Channels

a. Clean, straight, no pools or deep 0.025 0.030 0.033
cracks

b. Same as above, but with more 0.030 0.035 0.040
stones and weeds

c. Clean, meandering, some pools 0.033 0.040 0.045
and shallows

d. Same as above, but with some 0.035 0.045 0.050
weeds and stones

e. Same as above, lower stages, 0.040 0.048 0.055
more ineffective slopes and

sections

f. Same as 'd' but with more stones  0.045 0.050 0.060
g. Slow stretches, grassy, deep 0.050 0.070 0.080
pools

h. Heavily vegetated areas, deep 0.070 0.100 0.150

pools, or floodplains with heavy
timber and brush

2. Floodplains

a. Pasture without brush

1. Short grass 0.025 0.030 0.035
2. Tall grass 0.030 0.035 0.040
b. Cultivated areas

1. No crops 0.020 0.025 0.030
2. Mature row crops 0.030 0.035 0.040
3. Mature field crops 0.035 0.050 0.060
c. Brush-covered areas

1. Sparse brush, heavy weeds 0.035 0.040 0.045
2. Light brush and trees in winter 0.040 0.045 0.050
3. Light brush and trees in summer 0.050 0.060 0.070
4. Moderate to dense brush in 0.060 0.070 0.100
winter

5. Moderate to dense brush in 0.070 0.100 0.120
summer

d. Trees

1. Cleared land with tree stumps,no  0.030 0.040 0.050
sprouts

2. Same as above, but with heavy 0.040 0.050 0.060
sprouts

3. Heavy timber, few trees, small 0.050 0.070 0.080
brush, flow under branches

4, Same as above, but with flow 0.070 0.100 0.120
reaching branches

5. Dense willows, straight 0.100 0.160 0.200

3. Mountain Streams, no vegetation
in the channel, banks usually steep.
Trees and brush submerged along

banks

a. Bottom: gravel, cobbles, and few 0.030 0.040 0.050
boulders

b. Bottom: cobbles 0.040 0.050 0.070

Open channel flow is classified as subcritical, critical, or supercritical based on the dimensionless Froude number
(Fr) (17). For a constant flow rate Q, when E > Emin, there are two different depths for the same specific energy
height:

a) For the river regime, the depth of the river flow is h = h_actual > h_critical, the velocity is V_actual < V_critical,
and Fr< 1.
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b) For the flood regime, the depth of the flood flow is h = h_actual < h_critical, the velocity is V_flood > V_critical,
and Fr > 1 (Table 2).

Table 2. Relationship Between Froude Number, Flow Velocity, Depth, and Slope (18).

Flow Regime Depth (h) Velocity (V) Slope (I) Froude Number
(Fr)

Subcritical Flow h > h_critical V < V_critical I < I_critical Fr<1

Critical Flow h = h_critical V = V_critical I = I_critical Fr=1

Supercritical Flow h < h_critical V >V _critical I > I_critical Fr>1

The Alandegirmeni Bridge is located on the Coraklik Stream, and the recurrence interval flood discharge values
for 2, 5, 10, 25, 50, 100, 500, and 1000 years, along with the 8.38 km? rainfall area data and an elevation of 117
meters, were obtained from the State Hydraulic Works (DSI). The discharge values used in the hydraulic analysis
of the bridges are presented in Table 3.

Table 3. Discharge Values Used in Hydraulic Analysis

Stream Q2 Q5 Q10 Q25 Q50 Q100 Q500 Q1000
Name(m?/s)
Coraklik 3,55 9.68 15.65 2540 34.18 44.24 64.03 75.55

The discharge values presented in Table 3 indicate a significant increase in flow rates with higher return periods,
emphasizing the necessity for robust hydraulic infrastructure to mitigate flood risks.

Figure 2. Alandegirmeni Bridge (KM 10+050~10+080) (a) Upstream view of the bridge; (b) Downstream view of the bridge.

For Alandegirmeni Bridge (KM 10+050~10+080), the boundary conditions were determined based on cross-
sections obtained from the map. The average riverbed slope was calculated as 0.024 at the upstream section and
0.03 at the downstream section. As observed in Figure 2, and based on Table 1, the roughness coefficient was
selected as 0.05 for the riverbed, while 0.08 was assigned for the left and right bank slopes, following the terrain
investigation of the streambed.

2.2.1. HEC-RAS analysis of the existing structure

In the model, the elevation at KM 10+050 is 120.146, while at KM 10+080, it is 120.335. The girder bottom
elevation at KM 10+050 is 118.146, and at KM 10+080, it is 118.335. The bridge is a single-span structure with no
skew angle (0°) and no slope. The skew angle refers to the angle between the natural flow direction of the stream
and the alignment of the bridge piers. The cross-sections of the existing Alandegirmeni Bridge in the HEC-RAS
model are presented in Figure 3.

Cross-sections were attempted to be taken every 10 meters along the thalweg line. However, due to terrain
constraints, some sections had to be taken at greater intervals. To ensure the most accurate representation of the
terrain, the cross-sections were extended to the left and right until the necessary elevation was achieved. The
bridge was modeled using the HEC-RAS software module designed for bridge structures.
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In accordance with the working principles of HEC-RAS, the cross-section numbers decrease from upstream to
downstream, with the last downstream section designated as section 0. The model was analyzed for Q100 and
Q500 discharge values using the HEC-RAS program.

This program offers solution options for determining water surface profiles under steady flow conditions,
including subcritical, supercritical, and mixed flow solutions.

Table 4. Existing Bridge Freeboard Values

Existing Q100 Discharge Q500 Discharge
Alandegirmeni Bridge
Bridge Bottom Elevation  Upstream Water Freeboard Upstream Water Freeboard
Surface Elevation (m) (m) Surface Elevation (m)
(m)
118.2 118.64 NONE 119.49 NONE

The results in Table 4 indicate that there is no available freeboard for both Q100 and Q500 discharge scenarios,
suggesting a high risk of overflow and potential structural inadequacy of the existing bridge under extreme flood
conditions.

~0.0000

Figure 3. Cross-Sections of the Existing Route

Figure 3 illustrates the cross-sections of the existing route, highlighting the alignment of the bridge with the
natural flow direction of the Coraklik Stream and the variations in topography across the study area.

Table 5. HEC-RAS Results for Q100 Discharge in the Existing Bridge

River Profile Total Min Water Critical Energy Slope Critical Flow Total Froude
Station Discharge Channel  Surface Depth Elevation (m/m) Velocity Area Width Number
Q (m3/s) Elevation Elevation (m) (m) (m/s) (m?) (m)
(m) (m)
122 Q100 44,24 117,91 119,36 119,42 120,00 0,030016 3,55 12,46 11,55 1,08
112 Q100 44,24 117,62 118,70 118,95 119,56 0,062226 4,11 10,76 13,95 1,49
102 Q100 44,24 117,33 118,89 118,71 119,22 0,015492 2,55 17,35 15,92 0,78
92 Q100 44,24 117,10 118,80 119,07 0,010590 2,29 19,43 17,69 0,66
82 Q100 44,24 117,07 118,84 118,19 118,96 0,004402 1,58 28,21 22,25 0,43
79 Bridge
65 Q100 44,24 116,61 118,04 118,04 118,46 0,027331 2,87 15,44 18,69 1,01
50 Q100 44,24 114,88 115,84 116,31 117,50 0,179011 572 7,74 13,67 2,42
40 Q100 44,24 114,54 115,54 116,03 116,49 0,035097 3,28 13,49 16,03 1,14
30 Q100 44,24 114,19 115,76 115,69 116,19 0,021658 2,90 15,24 15,07 0,92
20 Q100 44,24 113,99 115,63 11599 0,015179 2,64 16,78 14,49 0,78
10 Q100 44,24 113,70 115,39 115,82 0,018021 2,89 15,30 12,67 0,84
0 Q100 44,24 113,42 115,04 115,01 115,59 0,024013 3,30 13,41 11,39 0,97
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In Figures 4 and 6, the water surface profile along the stream has been generated for the Q100 and Q500 discharge
scenarios as a result of the analysis conducted on the existing bridge. Figures 5 and 7 present the cross-sectional
views for the Q100 and Q500 discharge cases, illustrating that these sections remain within the floodplain and are
insufficient to accommodate the expected flood flow.
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Figure 4. Water Surface Profile for Q100 Discharge in the Existing Bridge
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Figure 5. Cross-Section Views for Q100 Discharge in the Existing Bridge
Table 6. HEC-RAS Results for Q500 Discharge in the Existing Bridge
River Profile Total Min Water Critical Energy Slope Critical Flow Total Froude
Station Discharge Channel Surface Depth Elevation (m/m) Velocity Area Width Number
Q (m3/s) Elevation Elevation (m) (m) (m/s) (m?) (m)
(m) (m)
122 Qs00 64,03 117,91 120,84 119,79 120,93 0,002165 1,54 65,80 61,78 0,32
112 Qs00 64,03 117,62 120,83 120,88 0,000989 1,12 83,82 76,22 0,23
102 Qs00 64,03 117,33 120,83 120,87 0,000643 0,99 99,51 74,66 0,19
92 Qs00 64,03 117,10 120,83 120,86 0,000476 0,90 107,30 71,55 0,16
82 Qs00 64,03 117,07 120,83 118,44 120,85 0,000279 0,71 141,33 126,83 0,13
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79 Bridge
65 Qs00 64,03 116,61 117,68 118,29 120,22 0,261764 7,07 9,06 15,59 2,96
50 Qs00 64,03 114,88 116,13 116,58 117,57 0,102181 5,31 12,05 15,54 1,93
40 Qs00 64,03 114,54 116,27 116,29 116,85 0,026272 3,36 19,07 17,49 1,03
30 Qs00 64,03 114,19 116,16 116,01 116,60 0,017561 2,94 21,76 18,01 0,85
20 Qs00 64,03 113,99 116,04 116,43 0,013191 2,78 23,02 16,41 0,75
10 Qs00 64,03 113,70 115,77 115,57 116,27 0,017006 3,14 20,39 15,85 0,84
0 Qs00 64,03 113,42 115,39 115,38 116,06 0,024021 3,60 17,78 13,26 0,99
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Figure 6. Water Surface Profile for Q500 Discharge in the Existing Bridge
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Figure 8. Cross-Section Views for Q500 Discharge in the Existing Bridge

The analysis indicates that the bridges provide sufficient freeboard during the 100-year flood discharge, ensuring
structural safety while preventing hydraulic issues such as backwater effects. However, the hydraulic analysis of
the planned bridge at the existing elevation (Tables 5 and 6) shows that although adequate freeboard is maintained
during both the 100-year and 500-year flood discharges, hydraulic problems such as backwater effects and flow
disturbances still occur. Therefore, the bridge should be redesigned to ensure adequate freeboard and allow
uninterrupted flow beneath the structure during 100-year and 500-year flood events.
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2.2.2 HEC-RAS Analysis of the Revised Structure

For the revised bridge, the elevation at KM 10+050 is 122.093, while at KM 10+080, it is 122.220. The girder
bottom elevation at KM 10+050 is 120.093, and at KM 10+080, itis 120.220. The slope is +0.422%, and the bridge
features a single span with a skew angle of 0°.

Table 7. Freeboard Values for the Revised Bridge

Revised Q100 Discharge Q500 Discharge
Alandegirmeni
Bridge
Bridge Bottom Upstream Water Freeboard (m) Upstream Water Freeboard (m)
Elevation Surface Elevation Surface Elevation (m)
(m)
120.14 118.46 1.68 118.72 1.42

Figure 8. Cross-Sections of the Revised Route

Table 8. HEC-RAS Results for Q100 Discharge in the Revised Bridge

River Profile Total Min Water Critical Energy Slope Critical Flow Total Froude
Station Discharge Channel Surface Depth Elevation (m/m) Velocity Area Width Number
Q (m3/s)  Elevation Elevation (m) (m) (m/s) (m?) (m)
(m) (m)
122 Q100 44,24 117,91 119,36 119,42 120,00 0,030016 3,55 12,46 11,55 1,08
112 Q100 44,24 117,62 118,70 118,95 119,56 0,062226 4,11 10,76 13,95 1,49
102 Q100 44,24 117,33 118,81 118,71 119,19 0,019217 2,74 16,16 15,7 0,86
92 Q100 44,24 117,10 118,47 118,47 118,96 0,026258 3,11 14,24 14,5 1
82 Q100 44,24 117,07 118,48 118,19 118,71 0,01069 2,13 20,81 19,42 0,66
79 Bridge
65 Q100 44,24 116,61 118,04 118,04 118,46 0,027331 2,87 15,44 18,69 1,01
50 Q100 44,24 114,88 115,84 116,31 117,50 0,178583 5,71 7,75 13,67 2,42
40 Q100 44,24 114,54 115,54 116,03 116,49 0,035023 3,28 13,5 16,04 1,14
30 Q100 44,24 114,19 115,76 115,69 116,19 0,021658 2,9 15,24 15,07 0,92
20 Q100 44,24 113,99 115,63 115,99 0,015179 2,64 16,78 14,49 0,78
10 Q100 44,24 113,70 115,39 115,82 0,018021 2,89 15,30 12,67 0,84
0 Q100 44,24 113,42 115,04 115,01 115,59 0,024013 3,3 13,41 11,39 0,97
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In Figures 9 and 11, the water surface profile along the stream has been generated for the Q100 and Q500
discharge scenarios as a result of the analysis conducted on the revised bridge. Figures 10 and 12 present the
cross-sectional views for the Q100 and Q500 discharge cases, demonstrating that flooding is effectively prevented

Hydraulic Analysis of the Bridge in the Highway Flood Area: Alandegirmeni Bridge Road Route

and that the bridge deck remains completely unaffected by water contact.
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Figure 9. Water Surface Profile for Q100 Discharge in the Revised Bridge
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Figure 10. Cross-Section Views for Q100 Discharge in the Revised Bridge
Table 9. HEC-RAS Results for Q500 Discharge in the Revised Bridge
River Profile Total Min Water Critical Energy Slope Critical Flow  Total Froude
Station Discharge Channel Surface Depth Elevation (m/m) Velocity Area  Width  Number
Q (m3/s) Elevation Elevation (m) (m) (m/s) (m?) (m)
(m) (m)
122 Qso0 64,03 117,91 119,65 119,79 120,48 0,030041 4,05 16,11 13,96 1,11
112 Qso0 64,03 117,62 118,91 119,24 120,03 0,063271 4,69 13,66 14,63 1,55
102 Qso0 64,03 117,33 119,11 118,98 119,59 0,018227 3,05 21,02 16,60 0,86
92 Qso0 64,03 117,10 118,77 118,77 119,36 0,024264 3,42 18,79 16,86 0,99
82 Qso0 64,03 117,07 118,74 118,44 119,05 0,011495 2,46 26,10 21,35 0,70
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79 Bridge
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50 Qso0 64,03 114,88 116,04 116,58 117,88 0,146950 6,02 10,64 1495 2,28
40 Qs00 64,03 114,54 116,14 116,29 116,88 0,038431 3,81 16,80 17,00 1,22
30 Qso0 64,03 114,19 116,16 116,01 116,60 0,017560 2,94 21,76 18,01 0,85
20 Qs00 64,03 113,99 116,04 116,43 0,013191 2,78 23,02 16,41 0,75
10 Qso0 64,03 113,70 115,77 115,57 116,27 0,017007 3,14 20,39 15,85 0,84
0 Qso0 64,03 113,42 115,39 115,38 116,06 0,024021 3,60 17,78 13,26 0,99
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Figure 11. Water Surface Profile for Q500 Discharge in the Revised Bridge
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Figure 12. Water Surface Profile for Q500 Discharge in the Revised Bridge

According to the hydraulic data of the revised Alandegirmeni Bridge (Tables 8 and 9), the newly conducted
analyses confirm that the bridge ensures structural safety. During the 100-year and 500-year flood discharges,
sufficient freeboard, as shown in Table 7, has been maintained, validating the reliability of the analysis.
Additionally, hydraulic issues such as backwater effects and flow turbulence have been eliminated. These results
were achieved with the support of HEC-RAS, a computer-aided modeling program used for hydraulic analysis.

When preparing land use and urban development plans, building sustainable cities should be the basic principle
of planning. In order to create sustainable urban textures in floodplains, it is necessary to understand the existing
topography and work without changing the topography, to create permeable and legible textures with safer, open,
direct routes from high-risk areas to low-risk areas. The relationship between the attractiveness of rivers, which
are the main source of floodplains, and the selection of location in city establishment is known. The route here
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should be determined accordingly. In planning floodplains, perspectives should generally be shaped in line with
the decisions taken on the river.

3. Results

Using the HEC-RAS model, water surface elevations were calculated, and water surface profiles were generated
for various flow scenarios incorporating different geometries and freeboard values. The existing hydraulic model
was analyzed for Q100 and Q500 discharge values, and the results were presented in this study. The hydraulic
outcomes of the 100-year and 500-year recurrence interval floods, calculated based on the defined flow inputs,
were displayed in tables, and water surface profiles were numerically represented.

The existing Alandegirmeni Bridge was found to be hydraulically inadequate and was therefore redesigned. In the
newly constructed bridge, a freeboard of 1.68 meters was provided during the 100-year discharge, while a
freeboard of 1.42 meters was maintained during the 500-year discharge. The analysis and revisions ensured not
only the structural safety of the bridge but also prevented hydraulic issues such as backwater effects and
turbulence.

With these modifications, the bridge deck will remain unaffected by water contact, even under Q500 discharge
conditions. As a result, the provincial road under the jurisdiction of the 2nd Regional Directorate of Highways will
remain unaffected by flooding, thus preventing traffic accidents. Additionally, agricultural lands in the region will
be protected from potential flood damage. The modifications made to the bridge design ensure that, even during
extreme flood events, the bridge deck will remain unaffected by water contact, safeguarding the transportation
route and reducing the risk of traffic accidents. Additionally, the protection of agricultural lands from flood damage
enhances the overall safety and economic stability of the region. Another point that should be emphasized in this
study is that cities and city connection roads and bridges are at risk of flooding globally due to more frequent and
severe hydrometeorological events, sea level rise and climate change, but the most important point that should be
added is that unplanned urban development in general causes flooding risk. A risk-based approach to floodplain
management in urban planning, adopting a 'living with water' approach as well as a 'war on water' approach is
vital for accurate urban flood prediction models, especially for cities in developing countries.

4, Discussion and Conclusion

Yilmaz and his colleagues [19] demonstrated in their analysis of the Fidanlik Bridge that analyses could be carried
out in terms of the hydraulic effects of the stream. Ogras and Onen [20], on the other hand, encountered different
cross-sections and roughness values along the route due to the Dicle River being a natural river, and as a result of
their analysis, they proposed structures to be built to control the water here. In the literature, measures to be taken
to prevent disasters have been determined in advance as a result of the Hec_Ras analysis, and structures related
to these measures have been built.

The reason for the inadequacy of the capacity of the facility built for flood control is that the rainfall data during
the design period was low and the previously taken reference criteria were different. In this study, the flow and
manning coefficients used in flood analysis were re-prepared by DSI and since they were found to be greater than
the flow data and friction coefficient of the flood control facility, it was understood that the capacity of the current
flood control facility was inadequate as a result of the flood analysis. For the reasons stated above, a new culvert
should be built around the stream bed. The places where the flood control facility wall is inadequate should be
arranged. The walls of the flood control facility should be raised in a way that will save the current flow and
manning coefficient. The sediment and plant growth that cause the manning coefficient to increase in the flood
control facility should be cleaned regularly. If the problems mentioned above are resolved, the flood control facility
will pass its flow safely and damage to the surrounding structures will be prevented. Flood analyses are of great
importance in the selection of areas to be opened to new development and during the establishment of structures.
This article will contribute to the literature in the construction of new bridges and the renewal of old bridges.
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